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ABSTRACT: Finite-sized boron nanomaterials have received little attention in comparison to their graphene-like 2D boron 
analogues. It is with systems of precise atomic structures where the electrical conductance can be most fruitfully analyzed at 
the fundamental level. To understand how conductance varies with respect to the electronic structure, and particularly with 
vacancies, we study finite-sized boron nanoflakes (BNFs) and closely examine their remarkable changes in physical 
properties. Unlike carbon-based materials, we find from non-equilibrium Green’s functions density functional theory (NEGF- 
DFT) calculations that the charge transport of BNFs with 35-37 atoms is modulated by site-specific atomic vacancies. The BNF 
with no vacancy (B37) shows significantly lower conductivity (9.23 µS), than B36 with one vacancy (46.1 µS), and lower still 
than with two vacancies (B35, 54.2 µS). From the thermopower function, these nanomaterials change from strong hole 
conductors to electron and back to hole conductors with the addition of each vacancy, from a doublet (B37) to singlet (B36) to 
doublet (B35) ground state, respectively. The projected density of states also reveals a trend from semiconducting to 
metallic-like character. A key finding is the observation of vacancy-dependent electronic transmission Stark effects (ETSEs) 
with respect to bias voltage (±1 V) in these molecular junctions. B37 exhibits quadratic behavior of resonance shifting, B36 
shows competition between quadratic and cubic, and B35 exhibits a linear Stark effect, although this masks the nature of a 
cubic response at bias exceeding ±0.8 V. We prove that the vacancy position is a determining factor in the quadratic or linear 
ETSE behavior, from isomeric structures of these BNFs. The I-V responses also reveal that charge transport increases with 
vacancy for these nanoflakes. Thus, not only do vacancies affect nanoflake conductivity, but also the nature of electrical 
transmission in the presence of a voltage bias, which is important for transistor switching. It follows then, that rather than 
seeking to fabricate electronic devices with pristine, defect-free boron nanoflakes, we should, however, be introducing 
site-specific atomic defects for high-performance devices. 

1. Introduction
Research over the last few decades has shown that boron 
can not only replicate typical carbon-based structures, from 
fullerenes1,2 and nanotubes to 2D materials3, but also yield 
materials that are exotic in both structure and properties4, 
unlike any other element in the Periodic Table. For example, 
boron’s unique multi-center bonding enables both typical 
inorganic clusters5,6 and organic-like fragments7. The 
experimental observation of all-boron fullerenes8, 2D 
borophene sheets3,9 and nanoflakes10,11 are now well 
reported. 

Boron materials have wide-ranging applications 
including anticancer drug delivery systems12, carbon 
dioxide capture13, hydrogen storage14, supercapacitors15, 
lithium batteries and nanoplasmonics16. One interesting 
phenomenon is the correlation between structural stability 
and electrical properties in 2D materials. Defects, or more 
specifically atom vacancies, seemingly improve the charge 
transport properties, which is the inverse to normal 
carbon-based materials such as for graphene and nanotube 
devices17. 

There is a broad body of literature covering the 
electronic transport properties of boron materials. These 
include transmission in nanowires18,19, nanocones20, 
nanotubes21, pristine borophene sheets22 as well as 
hydrogen23 and oxygen24 surface defects in 2D boron. 
However, considering the intense interest in boron related 

technologies, there are limited reports on smaller 
molecular-scale structures, such as fullerenes25,26 and a 
lithium hydride boron complex14; no pristine boron 
nanoflake studies (with or without vacancies) are available 
to the best of our knowledge, although high thermal 
conductivities have been reported27.  

Here we probe how atom vacancies affect the electrical 
transmission properties of boron nanoflakes. We chose to 
investigate finite-size nanoflakes to closely understand how 
these properties relate to the molecular nature of boron 
systems. Thus, a suitable molecule-sized structure is 
needed. Fortunately, boron fullerenes2, clusters28 and 
fragments7,11 have gained considerable attention, 
particularly those of B35-37 nanoflakes10 (Figure 1).  From 
structural optimizations29,30 and stability analysis31,32, these 
were found to be stable and thus perfect candidates for our 
electrical transport investigations. 

We build on this broad body of work and show in this 
contribution how the single and double vacancies can lead 
to an increase in conduction. We report the reorganization 
energies with respect to the spin-state of the nanoflakes.  
Using non-equilibrium 
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B37 B36 B35
Figure 1. Three typical boron nanoflakes calculated to be stable10. The 
transmission and electronic properties of these structures and their 
isomers are investigated. 

Green’s functions density functional theory (NEGF-DFT) 
calculations, we also report on the exotic nature of the 
transmission spectra as a function of the eigenchannel 
around the Ohmic region, and detail the shift from an 
insulator-like nanoflake with no vacancies, exhibiting a 
quadratic Stark effect, to metallic-like species with two 
vacancies showing a cubic Stark effect. Finally, we also 
probe the thermopower functions for potential insights into 
realizing bias-dependent ambipolar switching devices.  

2. Computational Methods
All structures were assembled in the open-source molecular 
editor software package Avogadro33 (1.1.1). All structures 
were initially energy-minimized with a molecular 
mechanics Universal Force Field34,35 (UFF) in Avogadro, 
which gives a good starting geometry for subsequent 
calculations at the quantum mechanical level.  The resulting 
coordinates were optimized with quasi-Newton methods 
via quantum mechanics using Density Functional Theory 
(DFT).

The nanoflakes were first optimized in isolation with 
the hybrid-generalized gradient approximation (GGA) 
Becke three-parameter Lee−Yang− Parr (B3LYP) functional 
and the Pople double zeta with a polarization function 6-
31G* basis, in the Northwest Computational Chemistry 
Package (NWChem). Vibrational calculations confirmed 
their ground state geometries. The internal hole and 
electron reorganization energies were computed according 
to the method in reference36. The method involves the 
calculation of the vertical ionization/vertical electron 
affinity to the respective cation/anion surfaces, followed by 
optimization of the cation and anion geometries. Then an 
electron is added to the cation/is removed from the anion 
in the remaining single point calculations to return to the 
neutral surface. The differences between the energies of the 
single point and the optimized cation geometry are labelled 
λ1, and the energy difference between the electron affinity 
to the cation and the neutral surface is labelled λ2. The sum 
of  these two terms equals the hole reorganization energy, 
and the same approach is given to the electron 
reorganization energy. 

These were subsequently optimized on a gold slab of 
three layers (111) with the Perdew−Burke−Ernzerhof 
(PBE) functional and a DZP basis, in the Spanish Initiative 
for Electronic Simulations with Thousands of Atoms 
(SIESTA37, version 4.1-b3) program; using a k-grid size of 
4×4×1 for the scatter region and 4×4×50 for the electrodes, 
a density matrix tolerance of 1.0 × 10-5 and a force tolerance 
of 0.05 eV Å-1. Another slab was added to the other side of 
the molecule, and together with the former, now constitutes 

the scatter region. The structures in the scatter region were 
optimized once more at the PBE/DZP level.

B37 gave a relatively different optimized structure in 
the junction scatter region, in comparison with its isolated 
structure. A vibrational analysis was carried out on this 
structure and no negative frequencies were observed. No 
other optimized state could be found in the device region 
for B37, thus this structure was used for transport 
calculations. The Cartesian coordinates of all species, 
including the isolated and junction structure B37, are 
available in the SI. 

 The Green’s functions for six layers of gold (111) were 
individually calculated for the left and right electrodes. The 
nuclear coordinates of these electrodes were subsequently 
added to either side of the scatter region, and collectively 
form the device. Charge transport, computed with the 
TranSiesta38 program, was evaluated at the same level 
(PBE/DZP) for the transmission (PBE ultrasoft 
pseudopotentials). The resulting density matrix was 
post-processed with the tight-binding module (TBTRANS) 
which is part of TranSiesta, giving the final transmission as 
a function of the selected voltage bias, across the 
eigenchannel. The bias-dependent current was calculated in 
the tunneling regime from the Landauer formula39, the 
conductance was computed with the Landauer−non-
equilibrium Green’s function (NEGF) equation and the 
thermopower was calculated from the slope of the negative 
differential log of the transmission function; all methods are 
described in reference40.

The electronic coupling was calculated using 
non-adiabatic electron hopping model from D- + A  D + A- 
where D and A are two neighboring BNF molecules. The 
molecular orbitals were relaxed in the presence of a 
negative charge using Frozen Density Embedding in the 
ADF program41,42.  The transfer integrals were calculated 
based on the one-electron Hamiltonian of the fragment 
orbitals of D and A.

3. Results and Discussion
Structural properties such as bond lengths28, binding 
energies43,44, aromaticity43,45,46, vibrational modes2,29,45 and 
excited states29 of all-boron materials have been extensively 
discussed in the literature. Here, we focus on a brief 
structural characterization of B35-37 nanoflakes in isolation 
and in a junction, followed by a detailed analysis of their 
electronic transport properties. 

The BNFs have B-B bond lengths typical of boron 
nanomaterials which varies with respect to their nanoflake 
position both centrically and radially. B36 and analogues are 
reported43 to have shared sigma 2c-2e, 3c-2e and 4c-2e B-B 
bonding between the outer, middle and inner rings. The 
π-electrons are described as extensively delocalized10 
36c-2e bonds and the overall structures have concentric 
double aromaticity46. In general, we find the B-B bond 
distances range between 1.58 and 1.73 Å in the neutral 
ground states, depending on the measurement of the inner 
or outer rings and in agreement with boron clusters47.  

Discussion of doublet and triplet ground-state boron 
materials is limited in the literature, presented mostly for 
clusters48–50, and warrants more detail for these promising 
materials. Due to the odd number of boron atoms for B37 and 
B35, these two nanoflakes are doublets in their ground 
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states, while B36 can be either singlet or triplet. For charge 
transfer, loss of an electron from B37/B35 gives either singlet 
or triplet states (Figure 2A). The change to a triplet state 
(DT) is energetically accessible with a relatively small 
penalty (< 1 eV) in comparison to the DS process. The 
triplet ground state of B36 is higher in energy and has a 
lower vertical ionization energy (IEv) of 5.89 eV to the 
doublet state (TD), than the more stable singlet to doublet 
transition (SD) of 6.73 eV. Note that the triplet cations 
(and anions) of B37/B35 are also relatively higher in energy 
than their singlet states.  Similarly, the gain of an electron 
from the doublet states of B37/B35 leads to either singlet or 
triplet states. The vertical electron affinities (EAv) 
2.35-3.13 eV correlate with theoretical and experimental 
observations of boron nanoclusters1,47. In contrast to the 
ionization process, the formation of the ground-state triplet 
anion is lower (< 0.6 eV) than the ground-state singlet 
anion. 
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Figure 2. (A) Representations of spin states (singlet S, doublet D, 
triplet, T) of the isolated BNF neutral ground state (N) and charge 
transfer states (cation C, anion A). Levels not to scale, vertical 
ionization energy (IEV) and vertical electron affinity (EAV) are in eV. (B) 
Internal hole (λh) and electron (λe) reorganization energy (meV) of for 
the BNFs different CT spin states.  

The measure of stability towards charge transfer for 
any molecular material is the internal reorganization 
energy51, computed from the difference between the 
vertical and relaxed energy surfaces 

for holes and electrons (SI, Methods). Organic materials 
tend to be unstable towards charge injection, and ideal 
n-type materials are rare compared to p-type, with notable 
developments of non-fullerene acceptors52. However, 
electron-deficient elements doped into a material such as 
boron tend to be more stable towards negative charge. 
Boron-doped nanographenes53 have a lower electron 
reorganization energy (λe) than hole (λh), on the order of 97 
meV, however those of pure boron clusters, nanotubes and 
nanoflakes have yet to be investigated. Here, we find λe to 
be consistently higher than those of λh, for all charge 
transfer states except one, the λe (DT)of B35 which is 
170 meV in comparison to the λh

 (DT) = 560 meV (Figure 
2B). B35 also shows low λe =160 and λh = 150 meV for the 
DS CT state, demonstrating that a BNF with two vacancies 
has an excellent propensity for CT. Low λh values are also 
observed for B37 (DT) 180 meV and B36 (SD) 160 meV. 

Two sulfur atoms were added to the opposite corners 
of the BNFs, and along with the addition of two gold layers 
that constitute the scatter region. The sulfur atoms enable 
better contact with the gold surface, as is standard with 
typical molecular junctions54 and the 
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Figure 3. The BNF junctions, showing the orientation of the vacancy 
with respect to the z-direction (direction of transmission). 
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B36

B35

Figure 4. The projected density of states (DOS) for B (purple) and S 
(yellow) atoms for the nanoflakes in the scatter region (Au not 
showing).  

inclusion of the gold layers reduces an incongruency in the 
chemical potential between the electrodes and the scatter 
region. The BNFs were further optimized and six layers of 
gold for the electrodes were added, completing the device 
(Figure 3). The corners of the BNFs were chosen to facilitate 
contact via the sulfur atoms with the electrodes to remove 
ambiguity about the path of current upon entering and 

exiting the BNFs. Therefore, all transmission results pertain 
to the remaining atoms within the BNF and not necessarily 
to edge states, although this can’t be ruled out55. We note 
that interfacial hetero-junction type architectures are 
another possibility56, where the BNFs could be stacked such 
that the gold layers are in contact with its surface and so the 
current would flow through the sheet rather than across it, 
but this is beyond the scope of this work.

The projected density of states (DOS) was computed for 
the scatter region only, and the high number of gold states 
are not shown due to saturation of the spectra. The Fermi 
level sits at the upper edge of one band in the B37 density of 
states spectrum (Figure 4). For B36, the Fermi level sits in a 
gap, and the DOS for B35 is a continuous gapless spectrum. 
From these observations, we can expect semiconducting to 
metallic behavior across these three BNFs. The band gap of 
B37 correlates with carbon dot analogues57, but the 
decreasing gaps of B36 and B35 are not so easily explained. It 
is interesting that  the conductivity of graphene is found 
experimentally to increase with vacancies58, as we observe 
with our BNFs (vide infra), yet the underpinning electronic 
details are not currently understood as to why this is the 
case. It could be that as the number of vacancies go up, the 
number of unbound states, or radicals also increases and 
results in population of the gap/conduction bands. Another 
option is metal-induced gap states59 (MIGs), which can arise 
from strong coupling to the electrodes.

Next, we compute the electrical conductance of the 
ground states of these BNFs via NEGF-DFT using periodic 
DFT in the SIESTA program. The transmission spectra for 
each voltage bias 

-2 -1 0 1 2
1E-4

1E-3

0.01

0.1

1

  -0.6 V
  -0.8 V
  -1.0 V

   0.8 V
   1.0 V

      0 V    0.2 V
  -0.2 V    0.4 V
  -0.4 V    0.6 V

Tr
an

sm
is

si
on

 

E-Ef / eV

B
37A

-2 -1 0 1 2
1E-4

1E-3

0.01

0.1

1

B
36

Tr
an

sm
is

si
on



E-Ef / eV
-2 -1 0 1 2

1E-4

1E-3

0.01

0.1

1

B
35

Tr
an

sm
is

si
on

 

E-Ef / eV

  
-0.4 -0.2 0.0 0.2 0.4

0.01

0.1

1

Tr
an

sm
is

si
on

 

E-Ef / eV

±V

B

-0.4 -0.2 0.0 0.2 0.4
0.01

0.1

1
+V

Tr
an

sm
is

si
on

 

E-Ef / eV

-V

-0.4 -0.2 0.0 0.2 0.4
0.01

0.1

1

-V

Tr
an

sm
is

si
on

 

E-Ef / eV

+V

Page 4 of 13Journal of Materials Chemistry C



5

-0.8 -0.4 0.0 0.4 0.8

-0.3

-0.2

-0.1

0.0
E

TS
E

 S
hi

ft 


 / 
eV

Voltage Bias (V)

C

-0.8 -0.4 0.0 0.4 0.8
-0.2

-0.1

0.0

0.1

ET
SE

 S
hi

ft 


 / 
eV

Voltage Bias (V)
-0.8 -0.4 0.0 0.4 0.8

-0.2

-0.1

0.0

0.1

0.2

0.3

E
TS

E
 S

hi
ft 


 / 

eV

Voltage Bias (V)

Figure 5. (A) Transmission spectra with respect to the Fermi level of B37, B36 and B35 as a function of bias voltage on a logarithmic scale; (B) close-up 
view of the Ohmic region, showing the complex transmission shifting behavior across the Fermi level as a function of bias voltage (electronic 
transmission Stark effects, ETSEs); (C) ETSE shifts (ϑ/eV) of the resonance at the Fermi energy as a function of bias voltage and referenced to the 
resonance at zero bias.

between ±1 V are presented in Figure 5A. The Fermi level 
lies in a relatively wide resonance peak, the width of which 
increases with each added vacancy reflecting increased 
coupling to the electrodes40. From FWHM analysis56 
(Figure S7), we deduce the BNF-electrode coupling from the 
zero-bias resonance at the Fermi energy (from B37 to B35) to 
be 0.103, 0.314 and 0.024 eV respectively. Deep valleys next 
to the resonances are observed with B37 and B36 in the 
unoccupied eigenchannels, but these disappear with B35. 
The transmission for the BNFs increase with atom vacancy, 
from B37 (τ  = 0.119) having none, B36 (τ  = 0.595) with one 
and B35 ( τ  = 0.699) with two. The transmission of B37 has 
similarities with the transmission function at the Fermi 
level of borophene, a 2D boron monolayer with H-atom 
substituents and no vacancies (τ  < 0.1), while those of B36 
and B35 are similar to pristine borophene, which has 
vacancies (τ = ~0.7)60. The electrical conductances increase 
from 9.23 µS to 54.2 µS, accordingly. 

Upon inspection, the transmission for the BNFs 
appears to shift along the eigenchannel with respect to the 
voltage bias. This is indeed true, as found with a close-up 
view of the Ohmic region, clearly showing the shifting 
(Figure 5B). Such behavior is characteristic of a Stark effect. 
A Stark effect is the splitting of optical lines with an applied 
electric field. A first order (linear) Stark effect is the shifting 
in different directions (to higher or lower energies), and a 
quadratic Stark effect is the shifting in the same direction 
(either lower or higher energies). While optical and 
magnetic shifts are found commonly in a range of organic 
and inorganic materials61,62, the shifting of an electric 
transmission spectrum with an applied voltage is rare, 
although we have previously observed this the electronic 
transmission Stark effect (ETSE) in carbon-based 
nanobelts40. To be clear, an ETSE relates to the electronic 
transmission of a molecular junction, which is not to be 
confused with common ‘electronic’ stark effects63 in excited 
state absorption profiles (optical). ETSE adds to the known 
pool of constant-field (or direct-current, DC) Stark effects 
which include giant64, excitonic65, quantum-confined66 and 
vibrational67 effects; an AC equivalent is the Autler-Townes 
Stark effect in which the oscillation of a field changes an 
absorption lineshape68. There are  numerous theoretical 
and experimental reports of optical Stark effects in 
boron-doped Si materials69–71. However, there are very 

limited reports of an electrical transmission shift with bias 
voltage (ETSEs) for boron materials, and those are by Yang 
et al.25 who originally observed this with B40 clusters and 
±0.8 V bias, but provided no analysis of this phenomena, 
and Dai et al.72 present a linear electronic Stark effect with 
B40 clusters at a bias of 0.3 and 0.5 V. Similarly, we find the 
transmission spectra of the one-vacancy BNF B37 to shift to 
lower energies regardless of the size or sign of the bias 
(± 1V) and thus represents a quadratic ETSE. B36 shows 
complex behavior, but an overall trend to lower energies 
after an initial higher energy shift and appears to be 
competing between quadratic and cubic. Mixed-order Stark 
effects have also been observed in other elements, notably 
hydrogen73. Moreover, the two-vacancy nanoflake, B35, 
shows a splitting of the spectra with respect to bias sign, 
which initially indicates a linear type ETSE. A positive bias 
moves the transmission spectra to negative eigenchannels, 
while a negative bias does the opposite. However, close 
inspection of the differences between the occupied channel 
resonances as shown in Figure 5B for B35 reveals non-equal 
displacements for ±0.8 and ±1.0 V, in agreement with 
findings by Yang25, and are characteristic of cubic Stark 
effects74 at these higher bias.

The ETSE shifts (ϑ/eV) for each bias voltage are 
determined from the displacement of the resonance at the 
Fermi energy, referenced to the same resonance at zero bias 
voltage. We find at a bias of +1 V, the ETSE shift for B37 is ϑ 
= -0.273 eV and at -1 V, ϑ = -310 eV; the negative sign 
implies the transmission shift is to a lower eigenvalue, while 
a positive sign is to a higher eigenvalue. Because the 
transmission results were calculated with respect to the 
Fermi energy, a shift to lower eigenvalue means the 
transmission occurs through lower occupied energy states, 
while a positive eigenvalue is the transmission through 
higher unoccupied states.  The ETSEs of B37 within the ±1 V 
bias window are all negative, but this is not the case for the 
other two BNFs as shown in Figure 5C; the semi-linear ETSE 
shifts of B35 with cubic character are more clearly seen. The 
values of Figure 5C are presented in Table S2. 
Quantum-confined Stark effects of van der Waals 
heterojunctions56 exhibit shifts of 0.021 eV, those of 
germanium quantum well structures 0.8 eV, while 
protein-coupled gold nanoclusters75 range between 0.052 
and 0.079 eV. One of the earlier studies71 of B-doped Si 
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observed Stark shifts between 0.06 and 0.1 eV. Depending 
on the bias, the ETSE shifts of these BNFs range between 
|ϑ| = 0.046 to 0.310 eV, which are within the literature 
ranges.

It has been reported that the application of an electric 
field or a bias voltage decreases the gap of various 
materials76,77 which correlates with the decreasing gap of 
the B37 to B35 structures studied here. Yet the exact relation 
to the atom vacancies is not clear. It was proposed that one 
possible origin for quadratic type optical Stark effects 
relates to the removal of degeneracies in excited states71. 
However, a linear Stark effect was observed by Calvet69 with 
respect to bias voltage on a single atom impurity embedded 
in silicon. Moreover, we do not include excited state terms 
in our Landau transmission calculations, although the 
unoccupied levels are included when degeneracies may be 
affected by the vacancies. Linear Stark effects 
conventionally arise from molecules which possess a 
non-zero induced dipole moment, and a quadratic Stark 
effect with molecules that are symmetric74. We computed 
the dipoles and induced dipoles in an electric field (ensuring 
that the field values match those of the voltage bias). We 

find all three BNFs show a linear induced electric dipole 
across a 1 V window, stepped at ±0.2 V Å-1 (Figure S1-S3). 
B37 and B36 show similar trends for the individual x, y and z 
induced dipoles, while B35 exhibits opposite trends. Yet, the 
net induced dipoles are all relatively similar with no 
discernible differences. It should be noted that they all have 
dipoles in the absence of a field, with those of B37, B36 and 
B35 being 0.95, 1.07 and 1.92 a.u. respectively, giving the 
relationship B37 ~ B36 < B35. However, the trend is weak 
considering (1) the dipole of B35 is only double that of B37 
and B36; (2) 1.92 a.u. is relatively small yet comparable to 
other systems78. The interplay of bias-induced charging also 
modulates PCBM junctions79 and CO-terminated Ag tips80 
between quadratic and linear, however our BNF junctions 
exhibit both quadratic and linear ETSEs across the bias 
voltage range. We also compute the induced polarizabilities 
(Figure S5) and for completeness, the relative dielectric 
constant54 (Figure S6), and again the BNFs showcase similar 
behavior amongst themselves with no features that stand 
out. 

Turning to the symmetry element in Stark effects, the 
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Figure 6. (Top) Selected isomeric structures of B36 and B35 in stick representation; their connection to the electrodes are in the horizontal (z-axis) 
direction, the same as those in Figure 3. (Bottom) Close-up view of the transmission spectra of those B36 and B35 isomers with respect to the Fermi 
level as a function of bias voltage on a logarithmic scale; a wider eigenvalue range is required due to resonances around ±0.4 eV .

orientation of the BNFs in our junctions are such that the B37 
and B36 are symmetric in the z-direction, but the B35 is not. 
This is a clue as to the origins of the quadratic-to-linear 
ETSE. To determine whether or not the orientation of the 
vacancy with respect to the z-direction produces a 
quadratic or linear ETSE, we calculate the ±1 V bias 
transmissions of two isomers of B36 and B35; the structures 
of these BNFs are shown in Figure 6 in stick representation, 
where each point represents a boron atom. These 
structures were selected such that one isomer for both B36 

and B35 have their vacancies in line with the two sulfur 
contacts (B36-i and B35-i), so these should reproduce to some 
extent, the transmission and ETSE behavior of the parent 
structures (Figure 3). These vacancies were further 
arranged so that they are not in the direct path of current 
between the two sulfur connections (structures B36-ii and 
B35-ii) and should impart different behavior. It should be 
clarified that all these isomers were optimized in the 
junction so are at their energy minima.  
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Figure 7. (A) Electrical conductivity; (B) I-V curves; (C) Thermopower function (S) with respect to bias voltage (V) at the Fermi energy 
for the indicated molecules. The dashed lines are to guide the eye only.   

As expected, the transmission spectra for B36-i reveals 
complex behavior which is symptomatic of the parent B36 
structure. B35-i shows clear linear ETSE, also akin to its B35 
parent structure. The shifts are found to be ϑ = 0.092 eV 
(+1 V) and -0.130 eV (-1 V). Interestingly, B36-ii shows a 
quadratic ETSE, with shifts of ϑ = 0.241 eV (+1 V) and 
0.127 eV (-1 V), which is probably due to the flow of current 
unimpeded as the vacancy is above the horizontal path; this 
has a resemblance to the B37 structure and its transmission, 
except in this case, the quadratic effect is affecting the 
conduction channel. The transmission spectra of the B35-ii 
structure show no discernible ETSE behavior, as the 
resonances around -0.4 eV appear to show a quadratic ETSE 
while those at 0.4 eV show linear, and thus are not easy to 
determine. From these spectra we can deduce that the 
position of the vacancies relative to the electrode contacts 
is a key factor in the generation of the linear, quadratic or 
mixed ETSEs. 

Although the exact origin of the quadratic-to-linear 
ETSEs cannot be unambiguously ascertained, this study 
provides strong ground-work with the possibility that 
experimental observations will shed further light on their 
complex and exotic behavior. The importance, here, directly 
relates to the operation of boron-based molecular devices, 
whose electrical transmission will shift in the presence of an 
applied voltage bias, and thus, the conductance at the Fermi 
energy. We return to the analysis of the parent structures 
B35-37, and find the electrical conductance G (units of 
quantum of conductance) of B37 to be relatively lower than 
the other two BNFs (Figure 7A). A maximum conductance 
for B36 was only reached at ±0.6 V, as the transmission 
resonance passes through the Fermi energy with increasing 
bias. B35 shows a similar but higher conductance profile 
than B37.

The I-V relationships with bias voltage across a 2 V 
window (±1 V) was computed and is presented in 
Figure 7B. Note that all three molecules exhibit the 
characteristics of typical junction devices, some with 
notable performances. As expected, they behave as metals 
around the Ohmic region (±0.4 V), with B37 being the 
exception, followed closely by B35 at ±0.4 V. Thus, B37 gives 
an unimpressive response at high voltage bias (±1 V) and 
appears to be semiconductor-like. In contrast, at ±0.4 V, B36 
reaches a plateau, and delivers a slightly elevated current at 
higher bias, while B35 has a mild inflection at ±0.4 V, before 
soaring with higher bias. This I-V response is in quantitative 

correlation with that of boron nanosheets23 and boron 
nanotubes for gas sensors81.

Next we consider the charge carrier type of these BNFs, 
which have received little attention in the literature82 in 
comparison to other materials such as boron carbides83,84. 
The thermopower (Seebeck, S) function is a measure of the 
type of conduction, hole (p) or electron (n), and is the 
negative of the logarithmic derivative of the slope of the 
transmission function85,86. The thermopower of the present 
materials was computed as a function of bias voltage across 
a 2 V window (±1 V) and is presented in Figure 7C. It can be 
seen that the B36 nanoflake remains n-type across ±0.7 V, 
before shifting to p-type at higher bias of ca. 1 V. This abrupt 
change in charge carriers suggests applications in 
bias-dependent ambipolar switching. In contrast, the B37 
remains entirely p-type across the window, with a 
maximum around the Fermi energy, as is correlated with 
the thermopower of borophane82, while B35 has strong 
oscillations which largely remains p-type.

Lastly, we probe the potential for these BNFs to be used 
in applications such as in solid-state electronics or in van 
der Waals heterojunctions, by studying their electronic 
coupling between dimers stacked with a distance 
separation dz (Å) spanning 6 Å. The electronic coupling was 
calculated with a non-adiabatic electron hopping model 
using Frozen Density Embedding in the ADF program41,42. 
Although many permutations of the BNFs intermolecular 
positions with respect to each other are conceivable, such 
as slipped-stacking and herring-bone, we limit the scope to 
the z-axis. Remarkably, we find that the electronic coupling 
of the BNFs exceeds that of the latest carbon-based 
non-fullerene acceptors52, by an order of magnitude. This is 
due to (1) the atomic radius of boron is greater than carbon 
and (2) the boron orbitals are more diffuse due to lower 
electronegativity. Figure 8 shows that the coupling 
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Figure 8. Electronic coupling |J| of cofacial BNF dimers as a function of 
separation dz (Å). 

between dimers of B36 molecules is the weakest in 
comparison to the B37 and B35 dimers since these molecules 
are doublets, each with an unpaired electron which can 
extend and interact further. The |J| coupling for B35 is the 
largest, for all separations, but the exact origin is unclear.  
Even at the separation of typical aromatic carbon π-π 
interactions, such as 3.4 Å, where |J| = 0.057 eV42, we find 
the BNF coupling to be an order of magnitude larger, 
|J| = 0.52 eV for B37 and |J| = 0.66 for B35. Even at 5 Å, the 
couplings for all three BNFs range between 
|J| = 0.04-0.07 eV. This result showcases the strength of the 
intermolecular cofacial coupling for boron-based nanoflake 
materials and their potential for applications  in electronic 
devices.

4. Conclusions
An in-depth study of the electronic structures and transport 
properties of a closely-related series of three BNFs is 
reported, with striking findings. We observe that (1) the 
BNFs show varied electrical transmission Stark effects as a 
function of both atom vacancy and voltage bias, from 
quadratic (B37) to linear (B35) with mixed behavior from B36; 
(2) the I-V response from B37 reveals the weakest 
conductance out of the three, and is on par with defect-free 
boron sheets being lower than defect-containing sheets; (3) 
the largest conductance arises from the nanoflake having a 
single vacancy (B36) with n-type behavior, while the other 
two are p-type, (4) their intermolecular electronic coupling 
integrals of the BNFs exceed the largest coupling of the 
organic non-fullerene acceptors by an order of magnitude. 
These results can aid experimental findings by 
rationalization of the electronic structures and transport 
phenomena, and the design of advanced materials, while 
also contributing to the toolbox of molecular engineering 
for boron-based nano devices. 
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