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T
here appears to be a strong corres-
pondence between carbon structures
and their boron nitride (BN) counter-

parts. This was recognized early on by
comparing diamond with cubic BN (c-BN)
and graphite with hexagonal BN (h-BN). The
analogy also extends to molecules, e.g.,
benzene vsborazine, and fullerenes.1,2 More
recently, this has been confirmed by the
discovery of carbon and BN nanotubes
(NTs),3�5 as well as by the isolation of single
layers of graphene6 and h-BN.7,8 The suc-
cessful in situ production and observation of
monatomic carbon chains9 raises the ques-
tion of whether their BN equivalent exists.
The first theoretical predictions concern-

ing BN chains came before the discovery of
graphene.10 Abdurahman and co-workers
established that a linear BN structure was
energetically favorable as compared to the
zigzag alternatives. They determined that,
from the energy point of view, BN chains
should be more stable than their carbon
counterparts and predicted the existence of
both structures. More recently, other theo-
retical studies have focused on the potential
applications of BN chains. The self-assembly

of BN chains on graphene was investigated
as a possible route to doping,11 as these
formations change the local electronic
properties of graphene and provide anchor
points for other dopants.
In the present study we report the first

in situproduction andobservation of atomic
BN chains in an aberration-corrected trans-
mission electron microscope (AC-TEM), by
irradiating few-layer h-BN sheets with an
electron beam. By using state-of-the-art
low-voltage AC-TEM, we are able to observe
the formation and subsequent evolution of
these structures in real time at subnano-
meter resolution, while limiting the damage
incurred by our specimens. Our experi-
ments show that BN chains can be success-
fully produced, thus confirming the existing
theoretical predictions and furthering the
analogy between carbon and BN structures.
We find that the chains exist either sus-
pended between two sections of the h-BN
lattice or supported by a second h-BN
layer, which considerably increases their
stability. We provide evidence for the nature
of the chains through a combination of
high-resolution imaging and theoretical
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ABSTRACT We report the formation and characterization of boron

nitride atomic chains. The chains were made from hexagonal boron

nitride sheets using the electron beam inside a transmission electron

microscope. We find that the stability and lifetime of the chains are

significantly improved when they are supported by another boron nitride

layer. With the help of first-principles calculations, we prove the

heteroatomic structure of the chains and determine their mechanical

and electronic properties. Our study completes the analogy between

various boron nitride and carbon polymorphs, in accordance with earlier

theoretical predictions.
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assessment of the energies of the structures. We
calculate the mechanical and electronic properties of
the chains, study the interaction with the surrounding
environment, determine the behavior in the presence
of electron irradiation, and compare those to the
corresponding characteristics of other candidate and
precursor structures. The calculations support our
experimental findings and provide additional insights
into the physics of these new structures.

RESULTS

Figure 1 shows image sequences highlighting the
formation of suspended atomic chains. The sample was
held at 650 �C during the experiments. As a result of
electron irradiation, the few-layer h-BN samples be-
came progressively damaged and etched, leading to
the formation of large holes. Thegrowthof neighboring
holes led to the formation of narrow constrictions in the
h-BN lattice. In the case of single-layered samples, these
constrictions were narrow nanoribbons (Figure 1b),
while for bilayer regions they reconstructed toward
tubular structures (Figure 1a), similar to what has earlier
been observed in graphene.12 Most of the times these
narrow regions broke and separated the two parts of
the lattice. However, prior to breaking, on several
occasions, we observed the formation of linear chains.
Two examples are shown in Figure 1. The analogous
formation of dual chains, under identical conditions,
is illustrated in Figure S1. The detailed observation of
these structures was limited in all cases by their short
lifetime under the electron beam, which was on the
order of 1 s.
A single frame extracted from one of the image

sequences is shown in Figure 2a; the image has been
corrected for nonuniform background, but is other-
wise unprocessed. The highlighted area is enlarged in
Figure 2b, while a filtered version is shown in Figure 2c.
Several dark regions along the direction of the chain

can be observed, which are separated by an average
distance of 0.25 nm, which is close to the lattice
constant of BN.
The short lifetime and low resistance against irradia-

tion of the chains require us to use low exposure times
and electron doses. Determining the exact atomic
structure of the chain is difficult because of the rela-
tively low signal-to-noise ratio in our images. While our
results point toward an alternating B�N configuration,
obtaining this information directly would require
chains with longer lifetimes or higher stability. Never-
theless, the quality of our data is similar to what has
recently been published for very short monatomic
carbon chains, which are known to be better suited
for electron imaging.13

In order to accurately determine the structure and
properties of the chains, we performed total energy
calculations and molecular dynamics (MD) simulations
on several candidate structures. We considered BN,
B, and N chains along with the corresponding hexa-
gon-wide nanoribbons, as shown in Figure 3. N chains
proved to be unstable under the temperature and
pressure conditions used in this study, as expected.14

Table 1 summarizes the most important results for
B and BN structures.
The formation energies were calculated using the

following formula: Ef = Etot � (nBμB þ nNμN), where for
BN structures (which are stoichiometric with h-BN)
we used μB þ μN = μh‑BN, while for single-element
compounds we used the values of the stable phases,
μB = μR‑B and μN = (1/2)μN2

. First of all, we predict
that isolated one-hexagon-wide nanoribbons are not
stable and would transform into two BN chains. This is
in agreement with calculations that predict the same
effect for single-hexagon carbon nanoribbons,13,15 due
to a balance between bond formation energy and
bending energy of the two resulting chains. We also
calculated formation energies for larger BN nano-

Figure 1. Two series of images illustrating the formation of suspended atomic chains in bilayer (a) and monolayer (b) h-BN.
The data were acquired using 60 kV electrons, with the sample at 650 �C. The images were processed with amedian filter and
contrast-enhanced for clarity.
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ribbons, finding 5.83 and 5.89 eV for two- and three-
hexagon-wide ribbons, respectively. Second, boron
is known to form various triangular structures,16,17 such
as the case of the triangular B ribbon considered here,
which we also find to be lower in energy than the
atomic chains.
Multislice TEM image simulations of the candidates

are shown in Figure 2d,e. The periodicities of pure B
and N structures are too short (0.15 and 0.12 nm,
respectively), whereas the 0.26 nm bond length of BN
chain is in good agreement with the experimental
observation. The TEM image always shows a projection
of the system (on the horizontal plane); this does
however set a lower bound on the length, as the

projection is always smaller and supports our hypoth-
esis, because B, N (and C) chainswould all displaymuch
shorter periodicities. Finally, there is a strong possibility
that the chain is stretched, which would introduce
additional distortion of the bond length; some mec-
hanical deformation is already apparent in the image,
because the chain appears curved.
To this end, we carried out molecular dynamics

simulations on strained chains. The total run durations
in our MD simulations are naturally orders of magni-
tude smaller than in the experiments, but still serve
to provide us with upper bounds. BN (B) chains could
be stretched by up to 7% (10%) before breaking,
corresponding to bond lengths of 0.14 nm (0.17 nm).

Figure 2. Atomic structure of the suspended chains. A frame extracted from one of the image series is shown in (a); the image
has been corrected for nonuniformbackground, but is otherwise unprocessed. The datawere acquired using 60 kV electrons,
at 650 �C. The highlighted area is enlarged in (b). A version of the same area that has beenprocessedwith aGaussian blurfilter
(r = 2px) and contrast-enhanced is shown in (c). Multislice image simulations of B, N, and BN chains are shown in (d)�(f). The
effects of sample vibrations and asymmetricalmicroscope aberrations are omitted in the simulations. B andN atoms are inset
in blue and red, respectively.

Figure 3. Atomic structure (left) and electron displacement cross sections (right) of the investigated systems. A narrow BN
ribbon and chain are shown in panels (a) and (b), while panels (c) and (d) show hypothetical pure B structures.
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That is, the B structures cannot be strained enough to
match the experimental periodicity.
Further analysis of the stability is obtained by calcu-

lating the displacement thresholds (and correspond-
ing electron acceleration voltages) required for knock-
on displacements, which are shown in Table 1. On the
basis of the first value, the temperature-corrected18

displacement cross sections were calculated, and they
are plotted in Figure 3. The data show that BN chains
are themost stable under electron irradiation, followed
by B chains and B ribbons. The threshold further
decreases for wider BN nanoribbons (9/10.5 eV for B/
N, respectively, in the case of a two-hexagon ribbon).
Thus, all calculations (bond length, formation energy,
and displacement threshold) support that the ob-
served structures are BN chains.
We have additionally observed the formation of

supported atomic chains, as illustrated in Figure 4.
The formation mechanism was similar to the one
responsible for the suspended structures: two of the
h-BN layers in a trilayer area became damaged and
formedoneor several narrowconstrictions (Figure 4a1),
which subsequently reconstructed to chain-like struc-
tures (Figure 4a2). The main difference between the
suspended and supported cases is the high stability of

the supported structures, which determined their long
lifetime and allowed for detailed studies. The experi-
mentswere performed in a differentmicroscope,where
higher electron-accelerating voltages and doses could
be used. We have found that the resistance of the
supported structures to electron irradiation was higher
than that of the supporting h-BN layer. This is illustrated
in Figure 4a, which shows a case where two of the h-BN
layers are gradually etched, leaving behind several
chains which organized into a closed loop. The lifetime
of this system was limited only by the etching of the
supporting layer, as pictured in the last frame of the
sequence.
The images show regions with high and low con-

trast. The low-contrast regions appear broadened in a
way that would be consistent with rapid movement.
Our calculations indicate that BN chains interact very
weakly with the substrate layer (see Figure S2 and
the associated text). We find binding energies of
�0.12 eV/BN unit, which allows for them to undergo
rapid movement under the electron beam. Although
the interaction with the pristine substrate is minor, the
BN chains bind fairly strongly to undercoordinated
sites such as vacancies, as arrowed in Figure 4a3 and
a5 and confirmed by our calculations. The binding
energy of the chains to B vacancies, which are pre-
dominantly created under the electron beam, is espe-
cially strong and leads to an additional binding energy
gain of �2.92 eV per vacancy.
On the other hand, contrary to the case of sus-

pended systems, even one-hexagon-wide supported
BN ribbons remain stable because of the interaction
between the ribbon edges and the substrate sites (see
Figure S3 and associated text). Due to this interaction,
which overcomes the van der Waals binding, very
thin ribbons in fact prefer to stand up rather than
stay parallel to the substrate, thereby gaining up to
�0.8 eV/edge site. We can therefore assign the high

TABLE 1. Formation Energy, Displacement Threshold

(with the Corresponding Electron Acceleration Voltage),

and Maximum Bond Length (with Corresponding Strain)

for the Investigated Systemsa

system Ef (eV) Td (eV) [U (kV)] bmax (Å) [εmax (%)]

BN ribbon unstableb

BN chain 1.61 17.5/22 [80/125] 1.4 [7]
B ribbon 0.65 11.6 [54]
B chain 1.69 14.7 [68] 1.7 [10]

a In the BN systems, the first number stands for B, the second for N atoms.
b Transforms into two BN chains.

Figure 4. Image sequences illustrating the formation and evolution of supported atomic chains. The data were acquired
using 80 kV electrons, with the sample at 20 �C. The images were contrast-enhanced for clarity.
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contrast regions to thin BN ribbons standing vertically
on the substrate, while the low-contrast areas corre-
spond to vibrating BN chains.
MD simulations also predict that the open ends of

chains should be very reactive even with the pristine
surface, which is what is also seen experimentally.
Figure S4 shows the evolution of a chain that is initially
attached to a large defect on the surface (Figure S4a1)
and then reattaches to three other locations (a2�a4,
arrowed) before finally breaking.
The electronic structure of BN chains is presented in

Figure 5. Even thoughAC-TEMexperiments support BN
chains, we also calculated the electronic properties for
B chains, assuming that they may appear under parti-
cular conditions. We find that BN chains are insulating,
with a band gap that is close to that of 2D h-BN, while
B chains are nearly metallic (undergoing small Peierls
distortion accompanied by quadrupling the unit cell
size, as the Fermi vector corresponds to quarter filling
of the band).
The formation of the chains is governed by atom

displacement due to electron irradiation. A detailed
discussion of the electron-irradiation damage process
in h-BN is given in ref 20. According to ballistic dis-
placement cross-section calculations, the minimum
acceleration voltage required for inducing knock-on
damage in pristine h-BN is 80 kV. This value decreases
to 40 kV in the case of B atoms located at the edges
of large holes, while the threshold for N remains above
60 kV in all cases. Under our experimental conditions,
we find that vacancies are created and grow below the
knock-on threshold. An example is given in Figure S5,
which shows single-layer h-BN being progressively
damaged under 15 and 30 kV irradiation. Furthermore,
it appears that the rate of growth for the large holes
increases as the voltage is decreased. This is in agree-
ment with more recent observations on graphene,
which show similar effects with 20 kV electrons.18

This subthreshold damage is likely due to the localized
ionization of the specimen because of inelastic
interactions with the electron beam, combined with

beam-mediated chemical reactions between the sam-
ple and residuals in the microscope vacuum (typically
10�5 Pa).19 We have investigated a wide range of
temperatures and found that the damage rate is only
slightly reduced compared to the room-temperature
case. An ideal solution would combine subthreshold
accelerating voltages (in order to prevent knock-
on damage but still allow for sufficient resolution)
and ultrahigh vacuum in order to limit the effects of
chemical etching.
High-temperature imaging promotes structural re-

constructions due to thermal energy, which makes it
possible to overcome local potential energy barriers.
This comes at the expense of thermal drift, which
slightly degrades the image quality. High temperatures
also make it possible to evaporate hydrocarbons de-
posited on the h-BN layers, thus preventing their
migration toward the irradiated area during imaging.
Our in situ experiments were performed far from areas
where these impurities agglomerated. Additionally, in
all of our cases, the chains formed by the gradual
thinning of h-BN nanostructures, and not by the addi-
tion of new material/atoms. As such, we are confident
that the observed chains are BN-based and not a result
of, for example, the migration of carbon atoms in the
irradiated area.
According to our calculations, two-hexagon BN

nanoribbons are higher in energy than the correspond-
ing chain structures (4.83 eV for three chain units), while
three-hexagon nanoribbons are more stable than the
corresponding chains (6.44 eV for four chain units). The
fact that we have not been able to observe triple chains
in our experiments canbe explained by the fact that the
large energy barrier can only be overcome through
interactions with the electrons from the beam, which
require several synchronized collisions. The high speed
of the incoming electrons (∼0.5c) and the atomic-scale
thickness of our samples mean that at any given
moment there is only one electron passing through
the sample, despite the large beam current densities
used, rendering the scenario unlikely.

Figure 5. Band structure and DOS for BN (left) and B (right) chains. Horizontal dotted lines denote the VBM or Fermi level.
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As B and N atoms are removed from the edges of
the nanoribbons, (either through knock-on collisions,
in which case B will be displaced first, or via chemical
etching), they thin down to one-hexagon-wide ribbons,
which are unstable and transform into BN chains. It
is important to note that this mechanism may exclude
the case of pure B structures. Their formation is difficult
to understand in a situation where the B atoms are
preferential targets for sputtering. The cross sections
plotted in Figure 3 show that B ribbons and chains
would not be stable under our imaging conditions.
The displacement rate21 can be calculated as a

function of the beam current and displacement cross
section. In the case of the supported chains, p = σj =
10�3 s�1. This corresponds to lifetimes on the order of
several tens of minutes. The lower displacement
threshold of the chains (Table 1) compared to that
for the h-BN supporting layer20 explains why the life-
time of these structures is limited by the degradation of
the latter, in accordance with what is observed experi-
mentally. This argument however does not hold for the
suspended chains, which have much shorter lifetimes
despite the lower acceleration voltages used. Strain
was also considered as a possible cause of breaking.
Calculations predict an ultimate strain upper bound
of 7%, which is lower than the 5�12%22 or the more
recently calculated 18�19%15 for carbon chains. This
is introduced due to the degradation of the BN layer
on both sides of the chain. Another important cause
for mechanical instabilities could be the vibration of
the chains. These issues are less important for the
supported chains, as the underlying layer gives them
the freedom to adapt by changing their anchor points to
defects on the surface (Figure 4a3 and a5) or to other
points along the edge of the shrinking layer (Figure 4b3).
We additionally theorize that changes in the chain
structure and bonding could be accommodated by
atoms diffusing on the surface of the supporting layer.
It is interesting to compare the chain structures

observed in this study with their structural analogues,
atomic carbon chains. Using few-layer graphene as a
starting material, suspended chains have been ob-
tained and observed inside the TEM by several
groups.13,23�26,28 A common problem is the absence
of structural information in the images for the chains
themselves, even in cases where the microscope

resolution and signal-to-noise ratio should allow for
this information to be visible. This is likely due to
the vibration of the chains, which introduces blurring
in the images and is similar to what we see in the
present work. Recent calculations have shown a cor-
relation between the strain in carbon chains and
their vibration, which increases with the amount of
tension present.27 Electrically, these chains are very
poor conductors when compared to graphene, featur-
ing a band gap that increases with strain.27,28 This is
similar to our calculations, which predict that BN chains
are insulating.
Supported carbon chains have also previously been

observed.24,29 They share some common characteris-
tics with our BN structures: they appear to be more
stable than the suspended ones, allowing observation
times of more than several seconds. They are also
mobile on the graphene surface, performing small
jumps between intermediate stable positions. Addi-
tionally, ref 29 shows the evolution of a chain that has
its central part anchored on a point on the surface for
several seconds (supplementary movie 2). Although
the resolution is not sufficient for unambiguous iden-
tification of the structure, one of the possibilities is that
it is pinned to a surface defect, in agreement with our
observations.

CONCLUSIONS

To sum up, we have observed the formation and
subsequent evolution of atomic boron nitride chains in
real time at sub-nanometer resolution, by using low-
voltage AC-TEM. We have found that the chains exist
either suspended between twoparts of the h-BN lattice
or supported by a second h-BN layer and found that
their stability and lifetime are considerably improved
in the latter case. We have presented evidence for
the heteroatomic structure of the chains through a
combination of high-resolution imaging and energy
considerations based on DFT calculations. Our study
confirms the existing theoretical predictions and com-
pletes the structural analogy between carbon and BN
nanomaterials. Our results further indicate that the
electron beam is a well-adapted tool for engineering
low-dimensional materials with new morphologies
and can specifically be used for making atomic chains
of ionic materials.

METHODS
h-BN single crystals were mechanically exfoliated using

Scotch tape and transferred to silicon substrates with a layer
of thermal oxide. Few-layer flakes were then transferred to TEM
grids.30 Electron irradiation and high-resolution TEM imaging
were performed in a modified Jeol JEM-2100F microscope,
fitted with a cold field-emission gun and dodecapole-based
aberration correctors, operated at 30 and 60 kV31 and in a FEI
Titan 80-300 equipped with a Schottky-type field-emission gun

and a postspecimen hexapole aberration corrector, operated
at 80 kV. The suspended chains were held at 650 �C by using a
heating specimen holder (Jeol EM-21130), in which the temp-
erature of the crucible where the sample grid was located was
monitored by a thermocouple. The supported chains were
imaged at room temperature throughout the experiments.
A beam current density of ∼106e/nm2 s was used for imaging
the suspended chains and up to∼107e/nm2 s for the supported
chains. The samples were monitored by acquiring image se-
quences with an exposure time of ∼1 s; the overall frame rate
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was lower due to the data transfer overhead. The images were
processed using ImageJ.32 Multislice TEM image simulations
were performed using the QSTEM package.33

Density-functional theory (DFT) calculations were carried
out in the plane-wave basis within the projector-augmented
wave scheme as implemented in VASP.34,35 We adopted the
Perdew�Burke�Ernzerhof exchange�correlation functional,36

and in the case of supported chain calculations the van der
Waals interactions were accounted for.37 Total energies were
calculated using a 500 eV cutoff and k-point density of
25 k-points 3Å or higher. The energy cutoff was lowered to
400 eV in the DFT molecular dynamics runs. Displacement
thresholds were evaluated by running sets of MD calculations,
where the initial kinetic energy of the displaced ion was varied
in order to find the energy at which the displacement takes
place.38 The cross sections were then estimated on the basis
of theMcKinley�Feshbach formalism,39 taking into account the
thermal motion of the ions.18
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