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The fabrication of twalimensional systems for electronic devices is not straightforward with
top-down lowyield methods often employed leading to irregular nanostructures and lower
guality devices. Here a simple and reproducible method to triggeassdinbly of arrays of
high aspeectatio chiral copper heterostructures templated by the structural anisotropgkn bla
phosphorus nanosheetsll be presentedUsing quantitative atomicesolution aberration
corrected scanning transmission electron microscopy imagirgjtu heating transmission
electron microscopy and electron enelgys spectroscopy arrays of heterostructures forming
at speeds exceeding 100 nm/s and displaying-lamge order over micronsere observed

The controlled instigation of the selfsembly of the Cu heterostructures embedded in BP
was achieved using conventional electron beam lithography combined with sitecspecifi

placement of Cu nanoparticles. Density functional theory calculations were used to
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investigate the atomic structure and suggest a metallic nature of the Cu heterestgrown

in BP. The findings of this new hybrid material with unique dimensionality, chirality and
metallic nature and its trigged selassembly open new and exciting opportunities for next
generation, seléssembling devices.

1. Introduction

Unlike graphene, semiconductor féayer black phosphorus (BP) exhibits a direct bantigap
leading to diverse electronic and thermal propéttfeBP was first successfully synthesised
under pressure over a century Hgblowever, only has the recent successful exfoliation of
monolayer BP* * *1° |ed to its rediscovery for applications ranging from electmnic
catalysis, sensors to biomedical drug delivEr?. The structural anisotropy of BP leads to
anisotropy in the transport properties and therefore to additional unique opportunities for
applications 8 12 3%6,

For many of these applications, there is a need for hybrid structures to cahemerits of
low-dimensional materials for the design and fabrication of nanodevices by balancing
requirements for electronic/eteical properties, improved stability and optical tenability.
Multiple 2D materials, including BP, can be stacked vertically or stitchedh@ge form in
plane heterojunctions, which combine the characteristics of the constituent compgbuads
allowing the tuning of electrical as well as optipabperties'®3* 3" Another example of BP
hybrid structures has been achieved by placing carbon nanottilesn top of BP to
combine their properties. However, in general, Van der Waals heterostructurewigrca
variable interlayer distancend twist angles between the lay§td, 12]two features that are
almost impossible to control. This makes their properties varying from samgéanple and
the design of composite nanostructures becomes unpredictable atite imorst case,
unreliable. Furthermore, in order to preserve the properties of the individualatsaite the
heterojunctions, the fabrication of atomically sharp interfaces isatradiis, however, can be

extremely challenging. Even though attemptsyothesize lateral interfaces have been made,
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roughness due to interfacial steps and traces of unwanted substitutional dopsy)the
heterojunctions often result in a dilution or obliteration of the properties ohdterials[13]—

[16].

Here we propose a new hybrid nanostructure growth strategy. Our approach avoids she issue
described above and uses a-vmensional material to template the growth of novel hybrid
structures.

This strategy is demonstrated here for the first time with BP, which is used to guisi-th
assembly of highly directional Cu heterostructures templated by the underlyilng la
structure. Our work uses atonmesolution quantitative aberrati@orrected scanning
transmission electron microscopy (AATEM) imaging combined with simultaneousatten
energyloss spectroscopy (EELS) to demonstrate fthe situ selfassembly of Cu
heterostructures in a BP nanosheet matrix. Using density functional thedry ¢glEulations

we studied the thermodynamic stability and growth of the Cu heterostruchmeks
investigated their electronic structure.

2. Resultsand Discussion

2.1. Rapid in situ formation of Cu structurestemplated by BP lattice

High-angle annular dark field (HAADF) STEM imaging iilgure la shows the self
assembled highspectratio Cu structures as they formed through the contact of Cu
nanoparticles dropped onto the BP nanosheets. The same growth mechanism was observed for
both liquid exfoliated as well as mechanically exfoliated BP namtshe

The synthesis of the hybrid material did not invoarey surface treatment of the Bror
addition of surfactantdor C60 molecul€s to improve the reduced stability of BP. This is an
advantage of the sedfssembly technique described here since it reduces not only steps in the
synthesis process but it also keeps the BP surface structure as close as jmogsblof BP
nanosheets alone. However, the downside of keeping the BP surface intact and free of added

molecules is that the stability in air of the hybrid material is comparable to that of BP
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nanosheet$ “**® Therefore the material was therefore kept under vacuum conditions during
the synthesis of BP and the fsaksembly of the Cu structurehe Cu structure formation
was studied using situ heating transmission electron microscopy (TEM) and it was found
that when heated to 30Q, arrays of the structures as shown in figure 1bform rapidly. The
growth speed was observed to exceed 100 nm/sec (structures grew across the ldlofle fie
view within the minimum microscope acquisition time). More details on thereliffestages

of the heating experiment and the video showing the formation of the structures isishown
the supplementary informatioi®l(), sectionSI1 andMovie S1 respectively. We expect the
formation energy of these structures to strongly favourasslémbly as the BP was found to

be an especially effective scavenger of any local Cu in the surrgsndins includes the self
formation using the Cu from the TEM support grid itself when heated even in the absence of
specific Cu nanoparticle addition (also showrsih In all cases, the growth of the structures
solely occurred along the [010] direction, as shown in the images in figure 1a&b. No growth
was ever observed in any other direction. This strongly suggests that the Cu growth is
templated by the lattice of the BP. The schemaitia BP nanosheet as seen along the [001]
crystallographic directiorshown in figure 1ldllustrates the direction of the Cu structure
growth (seeSl, sectionSI2 for more details on the BP lattice structure). In BP the P atoms
join together to form a twdimensional puckered sheet with natural channels along the [010]
direction, forming adjacent hexagonal chairs in an orthorhombic arranggBgn[26]. A
computational investigation showed the Cu atoms diffusing avitw energy barrier (AE =
0.14eV) along the grooves of the BP lattice along the [010] direction (deta8ls section

SI5 for details on computational simulations), which further supports that the d@uhgis
templated by the BP lattice.

2.2. Controlled initiation of self-assembly of Cu structures

Here we describe two techniques to successfully achieve a controlled seeding ti€CBfn

In the first approach, Cu NPs were individually transferred using a +meohanical
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manipulator onto a mechanically exfoliated BP flake already deposited ocoa silafer. Cu

atom diffusion was then achieved by simply heating the system. The second and more
controllable technique involved using electron beam lithography to directly evaporate Cu to
specific sites on # exfoliated BP nanosheets, already deposited on a silicon substrate.
Heating to 300C enabled Cu diffusion. With both techniques, we achieved control over the

growth initiation sites as the growth was observed originating solely from theaB&sheet
areas where the Cu NPs had been deposited. More details on these methods can be found in
the S, sectionS! 3.

2.3. Polymorph, chiral Cu structureswith unique dimensionality

Imaging of the structures grown in the BP is displayed in figure 1lb)&ere various
structures in a muHiayered BP nanosheet are shown in the simultaneous dark field (DF) and
bright field (BF) imagesfigure 1dandfigure le respectively). The higlesolution images
figure 1d&eshow that the pair of structures to the-ledindside of the images appears to
undulate in a regular manner but the individual structure on thehagit side appears to be
straighter in comparison. The undulations have been found to follow a regular pattern wit
~2nm periodicity (se8l, sectionSI4 for more details).

Atomic resolution imaging of BP in both the [001] and RRZ/7 (tilted by 17° from [001],

with R17 and-R17 being of opposite tilt direction and equivalent by symmetry in BP as
described in the SI, section SI2) revealed that thetictares are only -atomswide (as
shown infigure 2a-e andfigure 2f-h respectively).The interaction of Cu with phosphorus
was found to be highly localized (figure 8ad sectiorSI 5). Coreloss electron energipss
spectroscopy (EELSJigure 2bd) confirmed both that the structures are composed of Cu and
that the separation between the Cu structures and the BP nanosheets is atomigally shar

The structures also appear to be regularly spaced along [100] direction (in theomirecti
perpendicular to the growth direction) as showrtignire 2g This spacing was found to be

multiples of0.45nm, which matchake theoretically calculated distanceveeen the grooves
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in the [010] direction of the BP lattice (more details on the undulations as vib# apacing
between structures can be found the SI, secigl), again confirming that the growth is
templated by the anisotropic geometry of the Bickat

DFT calculations showed that the diffusion of a Cu atom on a BP surface ocetsttially,
through a zigzag pathway joining the centres of the adjacent BP hexagonal chairs.
Furthermore we found that the process leading to the formation of ar€agces structure
becomes more energetically favourable with increasing nanostruabgté,levhich provides
further computational support for the great speed of the structure formation weedbser
experimentally (for more details on the energetics andiksef Cu interaction with BP see

Sl, sectionSl5). Hence, the BP sheets provide the template for the Cu growth as shown by the
combined evidence described above.

The undulations of the structure were clearly visible in atomic resolution inaggasowrnn

the STEM images in figure 2. In the thinner BP sheets, the Cu structures even @xhibite
undulations in the R1/R17 orientation (figure 2f). The undulating pattern of the structures
was found to vary in directionality across the structures. Struct&2stown in figure 2las

well as structure 4 (which exhibits only very slight undulations) are of diffezkirality
compared to structure 3. The structures also appear to introduce diffemestirgo the
different projections of the BP structure of #amne thickness: structures3introduce a step,

but structure 4 does not appear to do so (marked with a red dotted line in figpuree2bame

step difference was observed in the RRZ/ orientation as shown in figure 2e. In both
regions, the BP sheatljacent to the Cu structures exhibits the same STEM intensity which
indicates that the thickness is approximately constant (a quantitative STEpMianall be
presented below). This suggests that the observed difference in stepping behaviour is not a
result of differing BP thicknesses. The observed differences in undulating patterng@nd st
introduction could however result from different horizontal stacking of structirésferent

chirality and/or vertical offset between structures as well as frffereht Cu thicknesses or a
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combination of all. Occasionally, Cu structures that terminate in the BP sheebbserved
(shown in Sl). This further supports the suggestion that the Cu structures are indeed
heterostructures of a certain thickness whicpeap to vary in thickness between different
structures.

However, in order to confirm the thickness of the Cu structures as well as to study their
physical properties and formation process, a structure model of the arrange@ardraf P
atoms within one period of undulation is needed. First, we developed an empirical structur
model to provide information on the projected Cu structures by comparing image simulations
guantitatively with calibrated experimental STEM images. In a second step, weyedplo
comprehensive DFT simulations to discuss the physical properties for a catafogjosest

match Cu structures.

2.4. Wire versus heterostructure: thickness determination using quantitative imaging

HAADF STEM imagecontrast quantification performed over a Cu//Bikéd in its R17R17
direction was employed to study the precise thicknesses (the height of the structhees

EM projections) by quantitatively comparing experiment with simulatitis.

Since the structure of the BP is well known, the comparison of thickisgeshdent STEM
intensity simulations with calibrated experimentahages allows for the accurate
measurement of the sheet thickness in regions of pure BP. The average BFRcKmssistin

the region shown iigure 3a was measured to be 5.5 nm in the RRTIF orientation, the
equivalent of 9 BP unit cells. This knowledge of the exact BP thickness was then employed to
develop an empirical structure model for the Cu structure to consistently adoouhe
relative contrast in the Cu sites compared to the BP sites. On first assessment, fibansigni
additional contrash the Cu sites compared to the BP sites in a nanosheet of 5.5nm thickness
cannot be explained by the addition of an individual Cu nanowire. Hence experimental and
computational evidence strongly suggests that the Cu structures forming iR Hre B fat

2D heterostructures. In order to confirm this hypothesis, the knowledge of the dXact B
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thickness and the periodicity of the Cu structure assessed by template matchiegstimag

in figure 3c) were used to develop the empirical model structure faCuhleeterostructure
shown in figure 3b. The validity of this empirical model structure was assessagl usi
dynamical multislice simulations with the MULTEM softwar® to obtain the simulated
image shown in figure 3d which shows a close match to experiment in theRRZ7/
projection. The close match between the relative contrast in the electron npgrosco
projections and # image simulated from the empirical model structure suggests that the Cu
structure is indeed a 2D heterostructure and not an individual nanowire Bkg@rimentally,

the Cu heterostructures were observed in BP for thicknesses from ~5 or maelsioitly.

These 2D heterostructures are most likely composed of stacks of structures thett wite

each other to form regular but chiral polymorph 2D heterostructures of Cu in the BP
nanosheets composed of several layers of BP.

Armed with this knowledge we proceeded using density functional theory (DFT) calculations
to study the nanoscopic, atomic and electronic structure of the Cu heterostructures.

2.5. Theoretical investigation of chiral polymorphism and metallic nature

The chiral polymorphism of the observed experimental structure was confirmed byour D
calculations which showed different metastable chiral polymorphs of widthngarfigpm

0.365 nm to 0.375 nm, depending on the structure. We then simulated images using the
calculated DFT structures to ditgccompare them to experimental electron micrographs
(using the fast image simulation tool Prismatic ST¥Mee methosi section for details of the
simulation parameters).

The Cu heterostructure that most closely matched the experiment was also one of the
computationally most stable, with a formation energy of 0.60 eV/Cu ate®3($tructure in

Sl, section SI5). As observed in the experimenta situ measurements, the DFT 2D
heterostructure also forms along the natural BP growth channel in the [010]odirand

extends transversally along the [001] direction. The DFT heterostructurés rssm the
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vertical alignmentof threeatomswide Cu wires with a triangular cross section, growing
interstitially within BP layers as shown kgure 4.a. Wires belonging to adjacent BP layers
grow with an offset of one BP lattice parameter along the [010] direction, such ¢hat th
heterostructure, appears continuous along the growth path, when observed along the [001]
direction, while gaps are exposed when the structure is rotated by 17° (or by -17 “depending

on the chirality of the heterostructure).

As described earlier, R17 ar®17 orientations of clean BP are equivalent by symmetry, but
the chiral nature of the Cu heterostructures investigated causes thisteyitarze broken.
Without knowledge of the exact 3D structure there is no way to distinguish between both
orientations ex@rimentally. However, it is possible to observe the DFT structures from
different orientations and compare the simulated EM projections of the DFTustrirc the

R17 and-R17 orientations. When doing so, it becomes evident that the simulated images of
the same chiral struatl in the R17 andR17 orientations are indeed distinct (as shown in
Figure 4.ab, additional image simulations of all orientations can be found in the SlI, Figure
S14 and Figure S15).

The simulated images of theS-3 structure are shown in Figure 4ifj) [001] and iii)-R17
orientations respectivelyrhe corresponding experimental electron micrographs are shown in
i) and iv) respectively. Several different polymorphs of theS-3 structure were
computationally observed, mainly differing for the chirality of the structure and the
disposition and/or density of the atoms along the central axis of Cu heterostruidter
formation energies of such polymorphs are very similar, and range from 0.6 to 0.7 eV/Cu

atom (seesl, sectionSI6: T structures irSl Table S1).

To computationally confirm that the Cu structure is indeed a 2D heterostructuretaal n
individual Cu nanowire, we separately simulated the isolated nanowereafdted within the

BP, and found out that, although thermodynamically vialite, formation within BP
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(formation energy of ~0.27 eV/Cu atom) is less favorable than the formation of the 2D
nanostructure.

In addition, both the same undulations in the simulated images as observed expdyimental
and the continuity of the Cu heterostructure as observed from [001] directioiullgre
recovered only whemelaxing the replicatettanowire unit to form the heterostructure (SI,
Figure S14 and Figure S15).

Furthermore, we found that the image simulations of the EM projections of thetElre
reproduce the step in the BP lattice in ##1l7 but not in the R17 orientation as observed
experimentally. These findings prove that the chiral nature of the Cu hetetagris at the
origin of the conformational variations observed experimentally.

Besides the most stable structure and its chiral polymorphs, our computatisumtd show

that a number of other metastable heterostructures can also be formed (withoformat
energies ranging from 0.5 to 0.2 eV/Cu atom), either composed by intercalated nanotubes
with hexagonal crossections, or by nanowires with pentagonal or irregular €sessgons.

The Cu atoms in these structures partially occupy substitutional positiarsa afiissociative
processes leading to the release of P atoms. (A full catalogue of 2D haettvoss and the
corresponding image simulations can be found in the SI Table S1.)

The analysis of the density of states of th8-3F structure (see figure 4c) suggests that the
heterostructure is metallic. This is proven by a densification of the densityes atatind the
Fermi level of the decorated system, with Bloch states and charge density localizetitaeo

wire (see Sl section SI5 for more details). This metallic character is present in all the
metastable nanostructurelsserved computationally. An overlap of Cu and P centered states
localized around the wire is also observed at all energies. As stated, because several other
structures of similar formation energy could also form, there may be otheropiecind
structural variations of these wires.

3. Conclusion
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Initiating the seHassembly of the metallic Cu heterostructures in situ in the BP nanosheets
and thereby producing a hybrid material represents a novel way to fabricate nanodevices.
Issues occurring during conventional fabrication of hybrid structures, including uwitadrie

effects of stacking and relative orientation of materials, unwanted tstiosial doping across
heterostructures and interface roughness may thereby be elegantly avoided. ekMoreov
controlledseeding of Cu in BP was achieved witlheam lithography, a standard technique
used in the semiconducting industry which is readily scalable. Importantly, thisale ¢he

use of existing technology and hardware to fabricate and design futdbad8B electronic
devices The synthesis of the hybrid material did not involved any surface treatment of the
BP* or addition of surfactantsor C60 molecules to improve the reduced stability of BP

This is an advantage of tlsel-assemblytechniquedescribed hersince it reduces not only
steps in the synthesis process but it also keeps the BP surface sasctose as possible to

that of BP nanosheets alone. However, the downside of keeping the BP surface intaet and fre
of added molecules is that the stability in air of the hybrid matsridmparable to that of

BP nanosheetS: “*** Thereforeadding the metallic nature, unique dimensionality dew
atomswide and microns long) and chirality of the Cu heterostructures to the inherently
promising properties of BP make this ebWybrid material of great interest for a whole range

of potential applicationsn plasmonics, nanocatalysis, nanosensors, ICT and related areas
The very high aspect ratio of the Cu heterostructures in the BP nanosheetsifurtsases

the structural misotropy already existing in BP nanosheets. This structural anisotropy in BP is
at the root of very desirable, hightlyrectional optical, thermal and electrical properties in BP

2. 6.8, 3% and these properties are expected to be further enhanced by the addition of the
embedded metallic heterosttures and further studies of this are planned. Most importantly,
the addition of chirality to the highlglirectional properties inherent to BP allows for an
additional degree of freedom when it comes to device fabrication which makegrtgisng

novel hybrid material unique and of great interest for use in electronics.
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4. Experimental Section

SamplesThe black phosphorus was purchased from Smart Elements (Art. Nr. 003933), and
crystals were stored in a glove box (MBraun) to avoid degradatigh &dd Q levels below

0.1 ppm). The mechanical exfoliation was carried out using NITTO blue Bap&50E-CM)

inside the glove box. Liquighase exfoliation was carried out using isopropyl alcohol (IPA)
as a solvent and sonication using a sonicRipher Scientifi} for 4 hrs at 60% amplitud€.

The obtained dispersions were centrifuged kheaaeus Multifuge X1 Centrifugat 3000 rpm

for 90 minutes, followed by the separation of the supernatant from thexfiorated material.

The exfoliated sheets were depedion TEM holey carbon 200 mesh Cu grids purchased
from SPI Supplies. Initially the wire growth was achieved by thermally tiggdtie TEM

grids in a vacuum oven §210° mbar) kept at 110C for 5 days. The thermal treatment could

also be achieved usirgghot plate (IKA RCT basic) kept @00 °C for 5 min.

Growth of Copper heterostructureBor the controlled growth study, we used two different
approaches: First, we dragast Cu nanoparticles on an SEM stub and then lifted them by
Coulomb interaction using a fine needle (Picopreb&GB Industries controlled by
Kleindiek-nanotechnik) in a Carl Zeiss Auriga FIB, operated at 5 kV. This way we could

transfer particles onto exfoliated BP flakes deposited atop a silicon wafee(kltywVafer).

The second methodology involved first exfoliating the BP nanosheets and transferring them
onto a silion wafer, followed by lithography using a Raith beam blanking system on a Carl
Zeiss Supra 40 SEM and then bpeam metal evaporation using a Temescal. More details on

both growth procedures can be found in the SI.

Microscopy: Scanning Electron Microscgp(SEM) images of the controlled growth study
were acquired using a Carl Zeiss Ultra operated lat. SAberrationcorrected STEM (A€
STEM) HAADF imaging and EELS were carried out in a NION UltraSTEM200, operated a

60 kV: for these experiments, the probe convergence-aagie was 3%nrad with a probe
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current of 35A, resulting in a probe size of 142 Further imaging was carried out in a Nion
UltraSTEM100MC ‘Hermes’, also operated at BY: for these experiments, the probe
convergence serangle was 31nad with a probe current of §6A, resulting in a probe size
of 1A. The HAADF detector inner and outer angles were calibrated as@band 18%nrad
respectively. Both microscopes are fitted with a Gatan Enfinium spectrometeEES. In
situ heating mesurements were performed arS/TEM FEI TITAN 80300, operated at 300
kV using a DENSwildfire holder. It is based on a MicelectroMechanical System
(MEMS), controlling the temperature environment locally on the device-pgirt-probe.
The temperaturevas initially varied from room temperature to 3@ at 50°C interval and
kept at 300°C for 65 min. The temperature was then raisesbio °C with 50 °C interval. The
mechanically exfoliated BP was placed over the MEMS electron transparent windows and Cu

nanoparticles (Sigma Aldrich 774111-p@ere dropcast over it.

Image processingThe HAADF STEM image shown fige 2b was frame averaged and the

image shown in fig.3b was franaeraged?®, then templatenatched, then denoiséd.

EELS processingDigital Micrograph was used to perform the EELS and STEM analysis.
Principal Component Analysis (Mivariate Statistical Analysis from the Interdisciplinary
Centre for Electron Microscopy (CIME) using 60 components were used Hfooisiag the

STEM EELS maps shown fig.2.*°

Density functional theoryThe DFT approach was applied as implemented in the CP2K code
(www.cp2k-0r8) The CP2K Kohn and Sham orbitals were expanded in a mixed Gaussian{double
 plus polarization, DZVP) and plaiveaves basis set. A 600 Ryd energy-ofitwas used for

the planewave expansion of the electronic density. Tether and Goedgesr
pseudopotentials were used for all atoms, and Brillouin Zone integration stastedto the
I'-point. The geometry and simulation cell were relaxed until the maximum forcecbn ea
atom was less than 0.01 eV/A. The PBExchange and correlation functional was used with

13



a Van der Waalsorrection at the GrimmB3 level ®* The Nudged Elastic Band (NEB)
approach in its climbing image implementation was used toi@eaenergy barriers along the

Cu diffusion pathway heterostructute®®. Adsorption energies per Cu atom were evaluated
asAE = (Bsp + NEcy — Ecu@sr— N'Ep)/N, where Bpis the energy of the reference bulk BP slab,
Ecu is the chemical potential of a Cu atom (as taken from a reservoir represented by a 841
atoms Cu cluster), &asp is the energy of the decorated BP slabs the number of the
adsorbed Cu atoms @in tablke SI13 in SI) andv' the number of P atoms that have been
released (Rpstin Table S1, in the Sl). EP is the energy of a P atom, taken from a reservoir
represented by the ideal BP bulk referenimare detail about the modelling of thaterstitial

periodcal 2D heterostructures within BP is reported in Sl.

Quantitative HAADF STEMQuantitative STEM imaging was carried out at the FEAX-

EM Titan class microscope at EMAT (Antwerp), which is equipped with an aberration
corrector for the prob®rming sysem. The microscope was operated at 120keV primary
energy and HAADF STEM images were acquired with a Fischione Model 3000 detector
operated in its linear range, with acceptance angles of 46 to 215 mrad. Measusteste
were normalised to the incidengdmm intensity and compared to simulations employing the
MULTEM software, which took the inhomogeneous detector sensitivity and partiahlspati
coherence into account. Thermal diffuse scattering was simulated with tle& fobbpnon
model in an Einstein approximation using 20 phonon configurations. Statistical parameter
estimation theory was employed as implemented in the StatSTEM software [3ddled thre
intensity distribution of each atomic column with a Gaussian in both simulatidn an
experiment. This ylds the integral scattered intensity of an atomic column, the scattering
crosssection, which increases monotonically with specimen thickness. In order to improve
the precision, we measured the cresstion of a Rlumbbell and compared with its simulated

counterpart to determine the specimen thickness in Fig. 3a.
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Further image simulationsFaster, less comprehensive image simulations of BP were
performed using the Prismatic Software for STEM simulatfo8ettings used: 1 frozen
phonon per simulation for simulations shown in Sl, 5 frozen phonons for the main paper
(when directly comparing for the same structure, only slight improvements inleote

were observed when comparing images generated using between 1 up to 20 frozen phonons);
potential bound = 0.4; Pixel size = 0.1x0.1A. Images were generated for outer detector
angles up to 20@nrad. A source size of 0& was addedas well as a realistic noise level

using a Matlab routine based on a Poisson distribution function.
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Supporting I nformation
All supporting Information is available from the Wiley Online Library.
The following information can be found in the maihfite:
e Sl 1 Exsitu and Insitu Heating Experiments
e SI2 Orientations of Black Phosphorus
e SI3 Controlled instigation of seissembly of Cu heterostructures
e Sl4 Undulations of copper heterostructures arspacing between copper
heterostructures in black phosphorus

e SI 5 Computational Approach and Modelling

In addition the following files are provided separately:

e Table S1. Catalogue showing the stable and energetically favorable 2D copper (Cu)
heterostructtes within black phosphorus (BP) bulk as found using an iterative
combination of density functional theory (DFT) and image simulatoisiatic).

e Movie Sl.In-situ heating Transmission Electron Microscopy (TEM) of the growth

process of the Cu heterostiuies
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Figure 1: Rapid self-assembly of Copper (Cu) heterostructures of high aspect ratio

templated by the Black Phosphorus (BP) lattice. a) High-angle annular dark field (HAADF)
Scanning Transmission Electron Microscopy (STEM) image of the heterostructunes for
during in situ heating to 308C. The Cu heterostructures were found to form rapidly, with
formation speed >100 nm/sdy).Large arrays of parallel Cu heterostructures in the BP were
found to selassemblec) Atomic model of a BP nanosheet viewed along the [001]
crystallographic directions; the red arrow illustrates the direction of the €erostructure

growth.d) High resolution HAADF STEM image agmplcorresponding Bright Field (BF)
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image of the same region as marked in red in b), showing a pair of undulating Cu lines and a

third straighter line of Cu.
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Figure 2. Three-atoms-wide polymorph chiral Copper (Cu) structures templated by Black
Phosphorus (BP) nanosheets. Orientationsa-e) R17/R17 andf-h) [001] revealed that the

Cu structures are only-atomswide witha)" a sharp interface between Cu and phosphorus
(marked with blue dotted line})-d) Compositional analysis (using CL EELS) confirmed that
the structure is composed solely of @&kh) Polymorphisms and chiralityin the EM
projections of the Cu in the BP, different stepping behavior was observed (dotted red line vs
continuous blue linenie) and red line inh)). f) In the thinner BP sheets, the Cu structures
exhibit undulations in the R17 orientation. Relative intensities of the Cuwstaan thinner

BP sheets (inset if)) were different compared to the thicker BP nanosheets))irg) Cu
structures exhibit undulating patterns and were regularly spaced (red markimg3he
undulating pattern varied across the structures: 1,2 and 4 (where 4 only showed very faint
undulating pattern) are of different chirality compared to 3. In tha@gutions of theR17/-

R17 orientation, the Cu structures appear to introduce a different step into the Efgions
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of same thickness. Structures Introduce a step, but 4 does not (red dotted liffdjnage

was frameaveraged as described in [3%].

Thickness (BP unit cells)

Figure 3: Thickness of copper (Cu) heterostructures in the BP determined using
guantitative imaging. a) The typical thickness of the BP nanosheets for Cu//BP hybrids (here
in R17/R17 orientation) was found to be 9 unit cells, or ~BrB. b) Empirical modé
structure obtained to estimate thickness of the Cu in the BP lattice overlaideoveliate
matchedexperimentalSTEM image of Cu structures in BP nanoshéetperimental image
alone inc¢)*). d) MULTEM simulated image obtained from the empirical modtieicture
confirming that the Cu structures have a certain thicknedsar{teaveraged [35], then

templatematched, then denoised.)
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Figure 4: Theoretical investigation of chiral polymorphism and metallic nature. Chiral,
stable and energeticallfavorable Copper (Cu) heterostructures in the Black Phosphorus
(BP) nanosheets found using an iterative combination of density functional theory, (DFT)
image simulation and comparison to experiment.Ball and stick representation of the
structure that wa found to provide the closest match with experiment in orientgtlO03,

[010], -R17, [100] and R17Green and cyan balls represent P and Cu atoms, respectiyely.
Simulated imagés of the structure shown i) [001] orientation andiii) -R17 orientation

and compared to experimental STEM images in the same orientation shaoraral iv)
respectivelyc) Density of states (DOS), of the structure as showa irepresented with a
dashed black line, suggests that the heterostructure iBEhaanosheet is metallic. DOS of
the clean BP substrate and the Projected DOS on P and Cu atoms of the structure are also

represented in red and green, respectively.
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