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Realization of large-area ultraflat chiral blue
phosphorene

Ye-Heng Song 1,2,7, M. U. Muzaffar 3,7, Qi Wang1, Yunhui Wang1, Yu Jia1,4,5,
Ping Cui 3, Weifeng Zhang 1,2 , Xue-Sen Wang 6 & Zhenyu Zhang 3

Blue phosphorene (BlueP), a theoretically proposed phosphorous allotrope
with buckled honeycomb lattice, has attracted considerable interest due to its
intriguing properties. Introducing chirality into BlueP can further enrich its
physical and chemical properties, expanding its potential for applications.
However, the synthesis of chiral BlueP remains elusive. Here, we demonstrate
the growth of large-area BlueP films on Cu(111), with lateral size limited by the
wafer dimensions. Importantly, we discovered that the BlueP is characterized
by an ultraflat honeycomb lattice, rather than the prevailing buckled structure,
and develops highly ordered spatial chirality plausibly resulting from the
rotational stacking with the substrate and interface strain release, as further
confirmed by the geometric phase analysis. Moreover, spectroscopic mea-
surements reveal its intrinsic metallic nature and different characteristic
quantum oscillations in the image-potential states, which can be exploited for
a rangeof potential applications including polarizationoptics, spintronics, and
chiral catalysis.

The isolation of graphene1 with remarkable electrical and mechanical
properties has opened the prelude to studying other monoelemental
two-dimensional (2D) materials2–6. As a Group-V monoelemental 2D
material, black phosphorene with tunable band gap and high carrier
mobility7,8 has become one of the high-profile 2D materials recently.
Apart from black phosphorene, BlueP (single-layer Blue Phosphorus, a
theoretically proposed phosphorous allotrope)9 with the same buck-
led honeycomb lattice as stanene10 has also attracted increasing
attention in recent years due to its wide band gap and excellent elec-
trical properties9. In addition, density functional theory (DFT) com-
putational studies11 showed that, under tensile stress, buckled BlueP
could transform into an ultraflat honeycomb lattice just like graphene
with aDirac-conedispersion of electronic states near the Fermi energy,
providing a new Dirac fermion system. Chiral materials that break the
mirror symmetry and show different responses to externally incident

left-handed or right-handed polarized light have promising applica-
tions in optoelectronics12, spintronics13, valleytronics14, and chiral
catalysis15. Recently, chiral graphene has been realized in the twisted
bilayer graphene system16, which exhibits strong circular dichroism.
Evidently, introducing chirality into BlueP can further enrich its phy-
sical and chemical properties and expand the application potentials.

Due to the lack of corresponding bulkmaterials, BlueP canonly be
synthesized through bottom-up methods. A recent theoretical work17

showed that BlueP could be synthesized on GaN(001) through a half-
layer-by-half-layer growth mechanism. Meanwhile, several groups
reported experimental investigations on the molecular beam epitaxy
(MBE) growth of nanometre-size BlueP layers on Au(111)18, Ag(111)19,
and copper oxide substrates20. Recently, such growth was also
attempted on Cu(111), and a buckled BlueP with Dirac cone was
observed21. However, large-area ultraflat chiral BlueP on the Cu surface
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remains elusive, which might be used to develop new types of chiral
catalysts. Thewell-knownsuccessof large-area graphenegrowthonCu
foils22,23 inspires us to tackle the challenging task.

In this study, we report the epitaxial growth of large-area ultraflat
chiral BlueP onCu(111) surface byMBE, as large as the substrate, which
is limited by the wafer size. Scanning tunneling microscope (STM)
results reveal that, due to the strong stretching effect for matching
with the substrate, the BlueP is configured on the Cu(111) as an ultraflat
honeycomb lattice rather than the buckled structure. Importantly, the
ultraflatBlueP sheet develops highly ordered chiral superstructure.We
propose a plausible mechanism to explain the formation of the chiral
superstructure, which can be attributed to the contrary rotational
stacking with substrate and the interface strain release generated by
themismatch of the heteroepitaxial lattice. The strain distributionfield
obtained through geometric phase analysis (GPA) on high resolution
STM images further supports this inference. Scanning tunneling
spectroscopy (STS) data demonstrates that the ultraflat chiral BlueP is

metallic rather than semiconducting in the case of buckled BlueP. In
addition, field-emission resonance (FER) spectroscopy reveals the
different characteristic quantum oscillations in the image-potential
states (IPSs) above the Fermi level for adjacent chiral units, suggesting
they possess different local work functions (LWFs); and they are both
larger than that of Cu(111), manifesting electron transfer from the
substrate. Moreover, we have achieved a reversible transformation
between the chiral and achiral phases of ultraflat BlueP, which reveals a
distinctive growth mode for phosphorene structures.

Results
Ultraflat chiral BlueP on Cu(111)
As illustrated in Fig. 1a, the epitaxial growth of BluePwas carried out by
depositing phosphorus on a Cu(111) surface held at ~200 °C. The
sample growth details are described in theMethods. Figure 1b displays
the reflected high-energy electron diffraction (RHEED) patterns
taken before (upper image) and after (bottom image) deposition of
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Fig. 1 | Epitaxial ultraflat Blue phosphorene (BlueP) on Cu(111). a Schematic
diagram of ultraflat BlueP on Cu(111). b Reflected high-energy electron diffraction
(RHEED) patterns ofCu(111) and ultraflat BluePonCu(111). c Line scan profiles along
the green and orange lines as marked in (b), which show the distance of first
diffraction streaks (L1 and L2) becomes larger after growth of ultraflat BlueP.
d Large-area scanning tunneling microscope (STM) topography image
(2.0 × 0.4μm2, VS = 5.0 V, It = 200pA, 78 K. VS, bias voltage, It, tunneling current) of
~1 monolayer (ML) ultraflat BlueP, in which the dashed white lines separate two
domains. e, f Line scan profile as marked in (f) and enlarged STM image

(30 × 15 nm2, VS = 5.0 V, It = 200pA) of (d). g High-resolution STM image
(12 × 12 nm2, VS = 2mV, It = 2 nA) of ultraflat BlueP, in which an ultraflat honeycomb
lattice is clearly visible in the spiral triangle units A and B. The black diamonds in (f)
and (g) mark the unit cell of superstructure. The inset is the zoom-in high-resolu-
tion STM image (2 × 2 nm2), in which the blue spheres mark the phosphorous
atoms. The yellow diamond marks the unit cell of ultraflat BlueP. h Energy differ-
ence as a function of buckling height for both freestanding and supported BlueP,
referenced to themost stable structure. Amore positive numbermeans less stable.
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~1 monolayer (ML) phosphorus on the substrate. Before deposition,
the diffraction streaks of Cu(111)-
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are clearly visible with inci-
dent electrons along the 1�10

� �

direction. After deposition, the line
profiles (see Fig. 1c) show that the diffraction streak spacings expan-
ded, indicating that a new surface periodicity emerged. The measured
diffraction streak spacing is 216 pixels for bare Cu, and 228 pixels for
the BlueP covered sample, suggesting a ratio of lattice periods of ~ 0.95
(BlueP/Cu). Figure 1d is the large-area STM image after phosphorus
deposition, where the phosphorene sheets completely cover all the
terraces, and there exist two different domain areas (see Supplemen-
tary Fig. 20). Its corresponding enlarged STM image (see Fig. 1f) shows
a highly ordered hexagonal superlattice with a period of ~4.7 nm, as
measured from the line scan profile in Fig. 1e. The high-resolution STM
image displayed in Fig. 1g reveals atomic-scale details of the two spiral
triangles (denoted as unit A and unit B) in the hexagonal supercell. In
the centers of units A and B, the honeycomb lattice is clearly visible,
and the yellow diamondmarks a unit cell. The measured lattice period
is ~4.18 Å, consistent well with the RHEED results (notice the period of
Cu(111)-
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p

is 4.41 Å, and 4.18/4.41 ≈0.95). The lattice period
obtained here is much larger than that of freestanding buckled BlueP
(3.32 Å)9, suggesting that the grown BlueP is tensilely strained to a
large extent, which leads to the formation of an ultraflat honeycomb
lattice, analog to graphene. Our DFT calculation results show that
freestanding ultraflat BlueP is metastable (see Fig. 1h). Once introdu-
cing the substrate, we unambiguously reveal that all the P atoms of
ultraflat BlueP can couple strongly with the Cu(111), which significantly
reduces the relative energy compared to a buckled counterpart. The
existence of phosphorus on the sample was also confirmed with semi-
quantitative X-ray photoelectron spectroscopy data, as displayed in
Supplementary Fig. 2. Based on these results, we can conclude that we
have obtained an ultraflat BlueP on Cu(111), rather than the prevailing
buckled structure21. In particular, the large-area ultraflat BlueP can be
as large as the substrate, as all the terraces are completely covered by
the ultraflat BlueP sheets; the size of ultraflat BlueP is only limited by
the wafer size24.

It is noticed that the spiral triangle units show asymmetry (see
Fig. 1g), and the ordered structure composed of such asymmetric
units usually presents chirality25, which lacks mirror symmetry. In
Fig. 2a, two different domains (marked as R and L) are separated by a
domain wall (as marked by the white lines) and linked by mirror
symmetry, suggesting that they possess opposite chirality. Figure 2b, c
are the high-resolution STM images obtained in the R and L regions,

respectively. For these two chiral domains, six spiral triangle bound-
aries interlace at every node (appear as bright trimers in Fig. 2b, c) and
form an asymmetric hexagonal petal (as marked by white hexagonal
petals in the images). The atomic resolution STM image (see Supple-
mentary Fig. 13) and line scan profile (see Supplementary Fig. 4) show
that these bright protrusions at the nodes are composed of three P
atoms (a P trimer) located on the phosphorene layer. In R and L
domains, the asymmetric hexagonal petals are like fans rotating
counterclockwise (denote as right-handed chirality) and clockwise
(left-handed chirality), respectively. As illustrated by the schematic
diagram in Fig. 2d, one can obtain another chirality by performing a
mirror flip operation. In reciprocal space, we also can define the
domains’ chirality referred to in previous works26 based on the inten-
sity of Bragg peaks (see Supplementary Fig. 6).

The origin of chiral superstructure
It is natural to ask why the ultraflat BlueP studied here exists a chiral
superstructure that is quite different from that previously predicted9.
Our STM results reveal that the ultraflat BlueP has a lattice period of ~
4.18 Å. Although it is stretched a lot compared to freestanding buckled
BlueP (3.32 Å), it is still slightly smaller than the Cu(111)-
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lattice
period (4.41 Å). Themismatch of the heteroepitaxial lattice can induce
a conventional moiré pattern, which has been observed in previous
works of graphene on Cu(111)27. However, for the ultraflat BlueP
studied here, we did not observe a conventional moiré pattern but a
web-like spiral pattern (chiral superstructure). The absence of the
conventional moiré pattern may suggest the topmost Cu(111) surface
might be epitaxially matched with the ultraflat BlueP lattice, which
indicates a marked reconstruction of the underlying Cu(111). The large
binding energy (0.56 eV/P atom, see Supplementary Fig. 32) between P
atoms and top layer Cu atoms is revealed by our calculations, which
could provide a strong driving force for the reconstruction of the
underlying Cu(111). Similarweb-like spiral patterns have been reported
in graphene/Ru(0001)28, and graphene/Cu(111)29. All these systems
have a common feature: the overlayer lattice periods are slightly
smaller than the underlying substrate. The ultraflat BlueP on Cu(111)
studied here also exhibits this feature. Tominimize the surface energy,
the systems would undergo a structure relaxation, resulting in a web-
like spiral pattern.

Here, we propose a plausiblemechanism, as shown in Fig. 3a, b, to
illustrate the chiral superstructural formation process. Figure 3a is a
simple model of placing a layer of compressed Cu (brown dots,

a b c
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Fig. 2 | Ultraflat BlueP with two chiral superstructures. a STM image
(80 × 80nm2, VS = 5.2 V, It = 200pA) that coexists two chiral domains (separated by
the white lines), as marked as R and L. The green and yellow arrows guide the base
vectordirection of the chiral superstructures, showing anangle of ~8°.b, c Enlarged
high-resolution STM images (30 × 30nm2, VS = 2mV, It = 2 nA) of R (right-handed

chirality) and L (left-handed chirality) areas. The green and yellow arrows guide the
base vector direction of R and L phases and the white fans indicate the chiral
superstructures. The black diamonds mark the unite cell of the chiral super-
structures.d Schematic diagramof chiral transformation, indicating one can obtain
another chirality by performing a mirror flip operation.
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matching with the ultraflat BlueP) on a Cu slab (blue dots, not com-
pressed) with a small rotational angle, showing a conventional moiré
pattern induced by latticemismatch. Based on the relative positions of
the top and bottom layer atoms, the surface can be classified into four
regions: node regions, near-Face Centered Cubic (n-FCC) regions,
near-Hexagonal Close Packed (n-HCP) regions, and the border regions
where surface Cu atoms sit at near-bridge sites, asmarked in Fig. 3a. To
minimize the surface energy, the structure relaxes via atomic dis-
placement. Under appropriate latticemismatch and twisted angle, the
n-FCC and n-HCP regions transform into FCC and HCP regions (called
chiral units A and B, respectively), separated by a web-like network of
borderlines (see Fig. 3b). The similar chiral superstructure has been
reported in previous works29,30. Depending on the sign of rotational
angle, the relaxed structure forms different chirality (see Supplemen-
tary Figs. 7 and 8). To verify ourmodel, we carefully analyzed the strain
distribution field of the high resolution STM images (Fig. 3c) with the
help of GPA, which has been used to analyze the lattice distortion in
transmission electron microscopy (TEM) and STM observations31,32.
The tensor components εxy, εxx, and εyy (Fig. 3d–f) represent the
strain field distributions generated by GPA. As shown in Fig. 3d–f,
near the node regions marked with the black dots, the strain varies
rotationally around the nodes, which means the atomic distortion
direction also varies around the nodes, thus forming web-like spiral
patterns. Furthermore, at the centers of the chiral units A and B, the
strain is close to zero (represented by white color in Fig. 3d–f), being
consistent with the fact that the atomic displacement at the center of
n-FCC and n-HCP regions is minimal. More detailed GPA results are
provided in the Supplementary Information. As the number of atoms

is very large in the supercell of the ultraflat chiral BlueP, it is hard to
investigate it through ab initio simulations. Nevertheless, machine
learning force field approaches such as the one demonstrated
recently33 could be exploited in future studies to explore its origin at
the atomic level.

Spectroscopic characterization of ultraflat chiral BlueP
Having determined the structure of ultraflat chiral BlueP, next, we
focus on its electronic structures. Figure 4a displays the dI/dV spectra
obtained on Cu(111) without (blue line) and with ultraflat chiral BlueP
(green line), respectively. On bare Cu(111), the spectrum shows the
well-known contribution of surface states starting at VS (sample bias
voltage) ≈ −0.6 V. While on the ultraflat chiral BlueP/Cu(111), it exhibits
a slow upward trend when VS < +0.5 V but a fast upward trend when
VS > +0.5 V. The small-energy scale STS (see Fig. 4b) indicates ametallic
character for ultraflat chiral BlueP, which could be developed for the
transparent electrode. To further reveal its electronic structure, we
have also performed DFT calculations. As shown in Supplementary
Fig. 33a, the band structure of an isolated ultraflat BlueP shows a
metallic character as its lattice has a large in-plane stretch, consistent
with the previous study that the bandgap decreases with the increase
of the strain9. When considering the Cu(111) substrate (see Supple-
mentary Fig. 33b), P and Cu hybridized bands appear near the Fermi
level and it also keeps a metallic character. Also, a recent work21

reported the fabrication of buckled BlueP with a lattice period of
~3.4 Å on Cu(111). In that work, it was found that the isolated buckled
BlueP hold a large band gap. However, their experimental and DFT
results show that the buckled BlueP on Cu(111) is ametallic character,
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Fig. 3 | Distributionof the strainfieldon the ultraflat chiral BlueP surface. aThe
simulation of unrelaxed initial structure of the interface displaying the typical
moirépattern. Thebrown andbluedots representCu atomson the surface and sub-
surface layers, respectively. Here, n-FCC and n-HCP represent near-Face Centered
Cubic and near-Hexagonal Close Packed, respectively. b The proposed relaxed
structure displaying the spiral bridge sites that separate local FCC/HCP-stacked
areas of copper (Here, FCC andHCP represent FaceCentered Cubic andHexagonal

Close Packed, respectively.). The black curves guide the domain walls. The inset
shows the zoom-in image of FCC area. cHigh-resolution STM image of left-handed
(upper panel) and right-handed (bottom panel) chiral regions. d–f The εxy, εxx and
εyy strain maps of the STM images in (c) generated by the geometric phase analysis
method (here, εxx and εyy are normal strains, εxy is shear strains.). The black dots in
(c)–(f) mark the position of nodes. The twisted hexagon marks the chiral
superstructure.
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which was attributed to specific hybridization between the P and Cu
electronic states. This is similar to the silicene on Ag(111)34, which
exhibits a strong Si-Ag hybridization. In contrast, the BlueP on Au
(111) exhibits a semiconductor bandgap35. In order to alleviate or
remove the coupling from the metal substrate and make the prop-
erties of pristine BlueP accessible, in the future, one can intercalate
different atoms or molecules at the BlueP/Cu(111) interface to
recover its intrinsic electronic properties, as demonstrated in gra-
phene/metal systems36,37.

One attractive aspect of the ultraflat BlueP on Cu(111) is the exis-
tence of chiral superstructure. What is the difference between chiral
units A and B is an interesting issue. By applying a bias voltage higher
than the LWF of the sample, the FERwill occur when the tip Fermi level
aligns to the nth Stark-shifted IPSs38,39, as illustrated in Fig. 4c (red
lines). Here, we performed FER spectroscopy to investigate their
intrinsic difference. Figure 4d displays the series of FER spectra
obtained on chiral units A, B, and Cu(111). As shown in Fig. 4d, the nth
peaks of IPSs of chiral unit A systematically shift to higher energy
compared to chiral unit B. Additionally, then = 1peaks for chiral units A
andB are all higher than that onCu(111). As the voltage of thefirst IPS is
around the LWF40,41, the FER spectra reveal that the LWF increases from
Cu(111) to chiral unit B, and further to chiral unit A, suggesting electron
transfer from the Cu substrate to BlueP. Our detailed calculations (see
Supplementary Fig. 35) also reveal that electron transfer is from the
substrate to BlueP, consistent with the experiment. By plotting the
voltages of IPSs (Vn) with respect to n2/3, as shown in Fig. 4e, the data
points lie on a straight line. The LWFs extracted from the linear fitting
are ϕA = 4.90 ±0.1 eV, ϕB = 4.38 ± 0.1 eV, and ϕCu = 4.24 ±0.1 eV. The
larger LWF for chiral unit A indicates a higher apparent barrier height
than chiral unit B, as the apparent barrier heights correlate positively
with sample LWF42. As reported previously43, in Au(111) herringbone

regime, the HCP region has a higher apparent barrier height than the
FCC region due to the slightly higher concentration of atoms in the
HCP region. Considering the similar surface reconstruction mechan-
ism between Au(111) herringbone and the ultraflat chiral BlueP, we
suggest that chiral unit A belongs to HCP region, and chiral unit B is
FCC region.

The difference of LWF between chiral units A and B can also be
revealed by examining the evolution of STM images with the bias
voltage (see Supplementary Fig. 17). From −2.5 V to +0.1 V, the
morphologies of chiral units A and B show little difference, as they
closely follow the real atomic-scale corrugation. As the bias is raised
above +1.0 V, the morphologies change significantly compared with
atomic corrugation (see Fig. 1g). Particularly, the apparent heights
(brightness) of chiral units A and B show large difference when
VS > +4.5 V. And this apparent height difference between chiral units A
and B show an oscillatory behavior. This peculiar behavior can be
explained by spatial variations of energy shifts of the IPSs44. When the
bias voltage reaches the first peak of the IPS in chiral unit B, unit B
becomes higher (brighter) than unit A. Continuing to raise the bias
voltage then reaching the first peak of IPS in unit A, the contrast would
be inversed. This contrast reversal behavior at high bias voltage also
confirms that the chiral units A and B have different resonance states,
thus, different LWFs.

The evolution of the phosphorene structures
In our experiment, we observed four different phosphorene structural
phases as the phosphorous coverage increases, including the chain,
strip, chiral, and hexagonal phases, as shown in Fig. 5. At proper sub-
strate temperatures (200–250 °C), a single structural phase can
be obtained on the surface, and its specific structural phase
dependson the coverageof phosphorus. Through tuning the substrate
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temperature and phosphorus coverage, we can achieve the transfor-
mations from the chain to strip, to chiral, and finally to the hexagonal
phase. Importantly, under proper annealing conditions (~350 °C), the
phosphorous atoms can slowly desorb from the surface, decreasing
coverage and achieving a completely reversible transformation (see
Fig. 5). More details about the controllability of these competing
phosphorene structures can be seen in Supplementary Information
Note 5. On the mechanistic side, our results also indicate that the
formation of atomically thin 2D phosphene sheets on the Cu (111)
surface is a self-limiting process, which does not form a second layer
after reaching a full layer.When the chainphase fully covers theCu(111)
surface, the deposited phosphorus atoms enter the first layer of
phosphene sheets, increasing the surfacedensity of phosphorus atoms
and reducing the distance between the phosphorus atoms (as evi-
denced by the observation that the bond length becomes shorter as
seen in the high-resolution images of Fig. 5). This evolution leads to
stronger interaction between the phosphorus atoms and weaker
interaction between the phosphorus and copper atoms; thus various
comprehensive changes in the interfacial interaction ultimately dictate
the selection of the new structural phases. The interaction strength of
P-Cu atoms for different phosphorene phases is also revealed by the
annealing experiments (see Supplementary Fig. 26), which shows that
the chain phase is the most stable while the hexagonal phase is the
most unstable, consistent with our analysis based on the bond length.
Qualitatively, the stronger interactionwith the substrate should induce
a stronger effect on the electronic states of phosphorene by the sub-
strate. Therefore, we suggest that the chain phase has the strongest
hybridization between the P and Cu electronic states, while the hex-
agonal phase has the weakest hybridization. The STS results (see
Supplementary Fig. 27) show that all these phosphorene phases are of
a metallic character, making it difficult to quantitatively determine
their specific interaction with the substrate from the STS results. To
further understand how the electronic structures of different phases
are affected by the substrate, further ARPES experiments and DFT
calculations are needed.

Discussion
In summary, we have obtained the large-area ultraflat chiral BlueP on
Cu(111) by MBE, as large as the substrate, which is limited by the wafer
size. STMresults reveal that the BlueP formedonCu(111) surfacehas an
ultraflat honeycomb lattice and a chiral superstructure. We suggest a
plausible mechanism to explain the formation of the chiral super-
structure, which originates from the rotational stacking with substrate
and interface strain release. The strain distribution fields of high-
resolution STM images generated by GPA further confirm this expla-
nation. However, the exact formation process of chiral superstructure
may come from other mechanism, and we cannot rule out it. More-
over, through STS, we demonstrate the metallic nature of the ultraflat
chiral BlueP. A systematic shift of characteristic quantum oscillations
in the image-potential states is observed on adjacent chiral units,
indicating higher LWFs for chiral units A than B, and both are larger
than Cu(111). These results suggest that a strong interaction with the
Cu(111) substrate remarkably impacts the intrinsic electronic proper-
ties of BlueP.

The demonstrated capability of controlled mass production of
chiral templates may enable further developments of novel chiral
functional platforms. As an example, chirality-induced spin selectivity
in electron transmission has been reported experimentally in a thin
chiral molecule layer grown on metal substrates13,45, which could
be used to generate highly polarized electron beams. As shown in
Supplementary Figs. 17 and 18, the STM morphology and surface
electronic states exhibit the periodic spiral patterns related to the
chiral superstructure, indicating that the surface electronic states of
BlueP are stronglymodulated by the chiral superstructure aswell. This
character implies that different chiral phases might lead to opposite
spiral potentials46 and show different responses to the incident
polarized photons or spin-polarized electrons, which can be exploited
for a range of potential applications in polarization optics and spin-
tronics. As the XPS result shows, it is vulnerable to environmental
degradation (see Supplementary Fig. 2); therefore, proper encapsula-
tion schemes such as those implemented in the cases of silicene47,48,
black phosphorus49, and blue-phosphorene on Au50, could be exploi-
ted in future explorations of its potential practical applications. In
addition, as the surface plays an important role in many chemical
processes such as adsorption, catalysis, and crystallization, devel-
oping chiral surfaces and understanding their enantioselectivity are
potentially rewarding. Chiral surfaces possess enantioselective phy-
sical and chemical properties, making them suitable for many other
enantioselective chemical and physical processes, including multi-
phase catalysis, enantioselective sensing, and crystallization15,51.
Specifically, chiral surfaces can provide an environment for various
isomeric enantioselective processes used in industries such as
pharmaceuticals and agricultural chemicals. The active nature of the
chiral BlueP stabilized on Cu(111) might be essential in rendering the
system highly desirable for enantioselective chemical processes.
Therefore, the discovered chiral BlueP could provide a platform of
chiral metal surface for studying chiral catalysis, chiral recognition,
and chiral separation.

Methods
Experiments
Samplepreparation and in situ STM/STS analysis were carried out in an
Omicron UHVMBE LT-STM system (base pressure: 2 × 10−10 mbar). The
Cu(111) crystal surface was cleaned by cycles of Ar+ sputtering (1.1 keV,
10−5 mbar) and annealing (500 °C, 15min). Phosphorus vapor was
generated from InP pieces heated at ∼500 °C in a standard Knudsen
cell, and deposited on the substrate held at ~200 °C. The phosphorus
flux was kept at ~0.1ML per minute. After in situ STM analysis, the
amount of phosphorus on some samples was measured semi-
quantitatively using an ex-situ XPS facility. Our STM/STS measure-
ments were performed on samples held at either 78 K or 4.5 K with a

Increasing coverage (Deposit phosphorous, 200-250 C)

~0.5 ML ~0.95 ML ~1.0 ML ~1.3 ML

chain phase strip phase chiral phase hexagonal  phase

4.40 8.00 Å 4.18 4.36 Å 4.18 4.18 Å 4.10 4.10 Å

a
~70°

a b a b a b

Decreasing coverage (Annealing, ~350 C)

a b c d

e f g h

2 nm

6 nm

Fig. 5 | Reversible transformationsofphosphorene. a–d STMtopography images
(30 × 30nm2, all the panels have the same scale bars) with different coverages of
phosphorene grown on Cu(111), showing four different phosphorene structures,
including three non-chiral structures (a, b, and d) and one chiral structure (c).
e–h High-resolution STM images (10 × 10 nm2, all the panels have the same scale
bars) corresponding to (a–d). The red quadrilaterals mark its corresponding unit
cell. The corresponding lattice constants are also indicated below the images.
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PtIr tip, and the electronic properties of the tipswere checked on clean
Cu(111) sample. The topographic images were acquired using a con-
stant current mode. Differential conductance dI/dV spectra were col-
lected through a standard lock-in techniquewith amodulation voltage
of ~10–20mV at 773Hz. In the main text and the Supplementary
Information, most of the STM experiments were performed at 4.5 K
and the other experiments performed at liquid nitrogen temperature
(78 K) were specified in the Figure caption. The XPS experiments were
performed ex situ by taking the as-prepared sample out into air, and
transferring it into the XPS system (AXIS SUPRA+ with a monochro-
matic Al Kα X-ray source, hν = 1486.6 eV).

Computational details
The density functional theory (DFT) calculations were performed
using the projector-augmentedwave (PAW)method52, implemented in
the Vienna ab initio simulation package (VASP)53, with the Perdew-
Burke-Ernzerhof (PBE) exchange and correlation functional54. The
kinetic energy cutoff of the plane-wave basis was chosen to be 400 eV,
and the Brillouin zone (BZ) was sampled by Monkhorst-Pack k-mesh
with a density of 2π × 0.02/Å. A correction to the total energy (DFT-
D2)55 was applied to describe the long-range van der Waals interaction
between adlayer and substrate. The bulk lattice constant of Cu was
scanned as 2.52Å, while that for freestanding buckled BluePwas found
as 3.28 Å. The interfacial interaction between BlueP and Cu(111) sub-
strate was investigated by placing BlueP (1 × 1) on a 3-layer slab of
Cu(111) with a surface lattice constant of 4.18 Å. The bottom layer Cu
atomswerefixed asbulkgeometry, and the remaining atomswere fully
relaxed in all the calculations. Our calculation results revealed that due
to such a large lattice mismatch, the buckled BlueP becomes flat after
structure optimization. To assess the stability of the ultraflat BlueP on
Cu(111) surface, we calculated the binding energy per P adatom,
defined as Eb = –(Etotal –Np × Ep – Esub)/Np. Here, Etotal is the total energy
of the combined system,Np is the total number of P adatoms at a given
coverage, Ep is the energy per P atom calculated from an isolated P4
molecule, and Esub is the energy of the substrate. To eliminate spurious
interaction between two adjacent slabs, a vacuum layer of thickness
larger than 15 Å was applied. The atomic structures were fully relaxed
until the force on each atom was less than 0.01 eV/Å with the bottom
layer of copper atoms fixed.

Data availability
Relevant data supporting the key findings of this study are available
within the article and the Supplementary Information file. All raw data
generated during the current study are available from the corre-
sponding authors upon request.

References
1. Novoselov, K. S. et al. Electric field effect in atomically thin carbon

films. Science 306, 666–669 (2004).
2. Mannix, A. J. et al. Synthesis of borophenes: Anisotropic, two-

dimensional boron polymorphs. Science 350, 1513–1516 (2015).
3. Zhu, F. F. et al. Epitaxial growth of two-dimensional stanene. Nat.

Mater. 14, 1020–1025 (2015).
4. Wu, Z. et al. Large-scale growth of few-layer two-dimensional black

phosphorus. Nat. Mater. 20, 1203–1209 (2021).
5. Reis, F. et al. Bismuthene on a SiC substrate: A candidate for a high-

temperature quantum spin Hall material. Science 357,
287–290 (2017).

6. Ma, K. Y. et al. Epitaxial single-crystal hexagonal boron nitride
multilayers on Ni (111). Nature 606, 88–93 (2022).

7. Li, L. et al. Black phosphorus field-effect transistors. Nat. Nano-
technol. 9, 372–377 (2014).

8. Chen, C. et al. Growth of single-crystal black phosphorus and its
alloy films through sustained feedstock release. Nat. Mater. 22,
717–724 (2023).

9. Zhu, Z. & Tománek, D. Semiconducting layered blue phosphorus: a
computational study. Phys. Rev. Lett. 112, 176802 (2014).

10. Xu, Y. et al. Large-gapquantumspinHall insulators in tinfilms. Phys.
Rev. Lett. 111, 136804 (2013).

11. Li, Y. & Chen, X. Dirac fermions in blue-phosphorus. 2D Mater. 1,
031002 (2014).

12. Tang, Y. & Cohen, A. E. Optical chirality and its interaction with
matter. Phys. Rev. Lett. 104, 163901 (2010).

13. Gohler, B. et al. Spin selectivity in electron transmission through
self-assembled monolayers of double-stranded DNA. Science 331,
894–897 (2011).

14. Srivastava, A. et al. Valley Zeeman effect in elementary optical
excitations of monolayer WSe2. Nat. Phys. 11, 141–147 (2015).

15. Shukla, N. & Gellman, A. J. Chiral metal surfaces for enantioselec-
tive processes. Nat. Mater. 19, 939–945 (2020).

16. Kim, C. J. et al. Chiral atomically thin films. Nat. Nanotechnol. 11,
520–524 (2016).

17. Zeng, J., Cui, P. & Zhang, Z. Half layer by half layer growth of a blue
phosphorene monolayer on a GaN(001) substrate. Phys. Rev. Lett.
118, 046101 (2017).

18. Zhang, J. L. et al. Epitaxial growth of single Layer bluephosphorus: a
new phase of two-dimensional phosphorus. Nano Lett. 16,
4903–4908 (2016).

19. Yang, S. et al. Regular arrangement of two-dimensional clusters
of blue phosphorene on Ag(111). Chin. Phys. Lett. 37,
096803 (2020).

20. Zhou, D. et al. Epitaxial growth of flat, metallic monolayer phos-
phorene on metal oxide. ACS Nano 14, 2385–2394 (2020).

21. Kaddar, Y. et al. Dirac Fermions in Blue Phosphorene Monolayer.
Adv. Funct. Mater. 33, 2213664 (2023).

22. Li, X. et al. Large-area synthesis of high-quality and uniform gra-
phene films on copper foils. Science 324, 1312–1314 (2009).

23. Wu, T. et al. Fast growth of inch-sized single-crystalline graphene
from a controlled single nucleus on Cu-Ni alloys. Nat. Mater. 15,
43–47 (2016).

24. Wu, R. et al. Large-area single-crystal sheets of borophene on
Cu(111) surfaces. Nat. Nanotechnol. 14, 44–49 (2019).

25. Xu, Y. et al. Chirality of molecular nanostructures on surfaces via
molecular assembly and reaction: manifestation and control. Surf.
Sci. Rep. 76, 100531 (2021).

26. Ishioka, J. et al. Chiral charge-density waves. Phys. Rev. Lett. 105,
176401 (2010).

27. Gao, L., Guest, J. R. & Guisinger, N. P. Epitaxial graphene on Cu(111).
Nano Lett. 10, 3512–3516 (2010).

28. Starodub, E. et al. Graphene growth by metal etching on Ru(0001).
Phys. Rev. B 80, 235422 (2009).

29. Gutiérrez, C. et al. Imaging chiral symmetry breaking from Kekulé
bond order in graphene. Nat. Phys. 12, 950–958 (2016).

30. Shao, S., Wang, J., Misra, A. & Hoagland, R. G. Spiral patterns of
dislocations at nodes in (111) semi-coherent FCC interfaces. Sci.
Rep. 3, 1–7 (2013).

31. Hÿtch, M. J., Snoeck, E. & Kilaas, R. Quantitative measurement of
displacement and strain fields from HREM micrographs. Ultra-
microscopy 74, 131–146 (1998).

32. Zhao, W.-M. et al. Moiré enhanced charge density wave state in
twisted 1T-TiTe2/1T-TiSe2 heterostructures. Nat. Mater. 21,
284–289 (2021).

33. Li, P. & Ding, F. Origin of the herringbone reconstruction of Au(111)
surface at the atomic scale. Sci. Adv. 8, eabq2900 (2022).

34. Cinquanta, E. et al. Optical response and ultrafast carrier dynamics
of the silicene-silver interface. Phys. Rev. B 92, 165427 (2015).

35. Zhuang, J. et al. Band gap modulated by electronic superlattice in
blue phosphorene. ACS Nano 12, 5059–5065 (2018).

36. Yuan, G. et al. Proton-assisted growth of ultra-flat graphene films.
Nature 577, 204–208 (2020).

Article https://doi.org/10.1038/s41467-024-45263-6

Nature Communications |         (2024) 15:1157 7



37. Granas, E. et al. Oxygen intercalation under graphene on Ir(111):
energetics, kinetics, and the role of graphene edges. ACS Nano 6,
9951–9963 (2012).

38. Kolesnychenko, O. Y., Kolesnichenko, Y. A., Shklyarevskii, O. I. & van
Kempen, H. Field-emission resonance measurements with mechani-
cally controlled break junctions. Phys. B 291, 246–255 (2000).

39. Liu, X. et al. Borophene synthesis beyond the single-atomic-layer
limit. Nat. Mater. 21, 35–40 (2021).

40. Rienks, E. D. L., Nilius, N., Rust, H.-P. & Freund, H.-J. Surface
potential of a polar oxide film: FeO on Pt(111). Phys. Rev. B 71,
241404 (2005).

41. Ploigt, H.-C., Brun, C., Pivetta, M., Patthey, F. & Schneider, W.-D.
Local work function changes determined by field emission reso-
nances:NaCl∕Ag(100). Phys. Rev. B 76, 195404 (2007).

42. Ruggiero, C. D., Choi, T. & Gupta, J. A. Tunneling spectroscopy of
ultrathin insulating films: CuN on Cu(100). Appl. Phys. Lett. 91,
253106 (2007).

43. Aoki, T. & Yokoyama, T.Mapping the surface electrostatic potentials
of Au(111) by using barrier-height measurements. Phys. Rev. B 89,
155423 (2014).

44. Joshi, S. et al. Boron nitride on Cu(111): an electronically corrugated
monolayer. Nano Lett. 12, 5821–5828 (2012).

45. Ray, K., Ananthavel, S. P., Waldeck, D. H. & Naaman, R. Asymmetric
scattering of polarized electrons by organized organic films of
chiral molecules. Science 283, 814–816 (1999).

46. Evers, F. et al. Theory of Chirality Induced Spin Selectivity: Progress
and Challenges. Adv. Mater. 34, 2106629 (2022).

47. Tao, L. et al. Silicene field-effect transistors operating at room
temperature. Nat. Nanotechnol. 10, 227–231 (2015).

48. Molle, A. et al. Stability and universal encapsulation of epitaxial
Xenes. Faraday Discuss. 227, 171–183 (2021).

49. Wood, J. D. et al. Effective passivation of exfoliated black phos-
phorus transistors against ambient degradation. Nano Lett. 14,
6964–6970 (2014).

50. Grazianetti, C., Faraone, G., Martella, C., Bonera, E. & Molle, A.
Embedding epitaxial (blue) phosphorene in between device-
compatible functional layers. Nanoscale 11, 18232–18237 (2019).

51. Gellman, A. J. Chiral surfaces: accomplishments and challenges.
ACS Nano 4, 5–10 (2010).

52. Blöchl, P. E. Projector augmented-wave method. Phys. Rev. B 50,
17953–17979 (1994).

53. Kresse, G. & Furthmuller, J. Efficient iterative schemes for ab initio
total-energy calculations using a plane-wave basis set. Phys. Rev. B
54, 11169–11186 (1996).

54. Perdew, J. P., Burke, K. & Ernzerhof, M. Generalized gradient
approximation made simple. Phys. Rev. Lett. 77, 3865–3868 (1996).

55. Grimme, S. Semiempirical GGA-type density functional con-
structedwith a long-range dispersion correction. J. Comput. Chem.
27, 1787–1799 (2006).

Acknowledgements
This work was supported by the National Natural Science Foundation
of China (Grant Nos. 12004099, 11974323, and 12374458), the Innova-
tion Program for Quantum Science and Technology (Grant No.

2021ZD0302800), the Plan for Leading Talent of Fundamental Research
of theCentral China in 2020, the Intelligence Introduction Plan of Henan
Province in 2021 (No. CXJD2021008), the Anhui Initiative in Quantum
Information Technologies (Grant No. AHY170000), the Strategic Priority
Research Program of Chinese Academy of Sciences (Grant No.
XDB0510200), the Ministry of Education, Singapore, under the Aca-
demic Research Fund Tier 1 (FY2023, Grant No. 23-0450-A0001), and
the Distinguished/Outstanding Postdoctoral Fellowships of the Hefei
National Laboratory for Physical Sciences at the Microscale.

Author contributions
Z.Z., W.Z., and Y.S. conceived and designed the study. Z.Z. and W.Z.
supervised the project. Y.S. performed the experiments with the help of
Q.W. and Y.W., U.M. conducted the DFT calculations. Y.S., U.M., Y.J.,
P.C.,W.Z., X.W., andZ.Z. analyzed theexperimental and theoretical data.
Y.S., W.Z., X.W., and Z.Z. co-wrote the paper. All authors discussed the
results and commented on the paper.

Competing interests
The authors declare no competing interests.

Additional information
Supplementary information The online version contains
supplementary material available at
https://doi.org/10.1038/s41467-024-45263-6.

Correspondence and requests for materials should be addressed to
Weifeng Zhang, Xue-Sen Wang or Zhenyu Zhang.

Peer review information Nature Communications thanks Tianchao Niu
and the other, anonymous, reviewers for their contribution to the peer
review of this work. A peer review file is available.

Reprints and permissions information is available at
http://www.nature.com/reprints

Publisher’s note Springer Nature remains neutral with regard to jur-
isdictional claims in published maps and institutional affiliations.

Open Access This article is licensed under a Creative Commons
Attribution 4.0 International License, which permits use, sharing,
adaptation, distribution and reproduction in any medium or format, as
long as you give appropriate credit to the original author(s) and the
source, provide a link to the Creative Commons licence, and indicate if
changes were made. The images or other third party material in this
article are included in the article’s Creative Commons licence, unless
indicated otherwise in a credit line to the material. If material is not
included in the article’s Creative Commons licence and your intended
use is not permitted by statutory regulation or exceeds the permitted
use, you will need to obtain permission directly from the copyright
holder. To view a copy of this licence, visit http://creativecommons.org/
licenses/by/4.0/.

© The Author(s) 2024

Article https://doi.org/10.1038/s41467-024-45263-6

Nature Communications |         (2024) 15:1157 8

https://doi.org/10.1038/s41467-024-45263-6
http://www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/

	Realization of large-area ultraflat chiral blue phosphorene
	Results
	Ultraflat chiral BlueP on Cu(111)
	The origin of chiral superstructure
	Spectroscopic characterization of ultraflat chiral�BlueP
	The evolution of the phosphorene structures

	Discussion
	Methods
	Experiments
	Computational details

	Data availability
	References
	Acknowledgements
	Author contributions
	Competing interests
	Additional information




