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Abstract

Black phosphorus (BP) has recently emerged as a promising semiconducting two-
dimensional material. However, its viability is threatened by its instability in ambient
conditions, and by the significant decrease of its band gap in multilayers. We show
that one could solve all the aforementioned problems by interfacing BP with hexagonal
boron nitride (hBN). To this end, we simulate large, rotated hBN/BP interfaces using
linear-scaling density functional theory (DFT). We predict that hBN-encapsulation
preserves the main electronic properties of the BP monolayer, while hBN spacers can
be used to counteract the band gap reduction in stacked BP. Finally, we propose a
model for a tunneling field effect transistor (TFET) based on hBN-spaced BP bilayers.
Such BP TFETSs would sustain both low-power and fast-switching operations, including
negative differential resistance behaviour with peak-to-valley ratios of the same order

of magnitude as those encountered in transition metal dichalcogenide TFETs.
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Since its inception, the two-dimensional (2D) material community has switched focus several
times between different materials, aiming to satisfy different technological requirements. For
instance, the lack of a band gap in graphene caused an increased interest in semiconducting
transition metal dichalcogenides (TMDCs). While their many qualities have enabled their
remarkable success in semiconductor electronics,*? spintronics,® and optoelectronics,?* the
associated flaws of TMDCs are also of concern. Most notably, they only exhibit a direct band
gap when in monolayer form,® the carrier mobilities are far smaller than those encountered
in graphene, and their large band gap implies that the infrared (IR) spectrum cannot be

harnessed by TMDC optoelectronics.

In this context, the spotlight has recently shifted to layered black phosphorus (BP),%" a
material which rectifies the most important shortcomings of TMDCs. The band gap of BP
is direct even in stacked forms, and its value changes significantly with the number of layers:
from 0.3eV in bulk to 1.5-2.0eV for the monolayer.®? This range of values allows BP to
exploit a range of spectrum previously unharnessed by graphene and TMDCs, corresponding

to the mid- and near-IR. Moreover, the higher carrier mobilities (1,000 cm?/Vs)!® compared

to TMDC monolayers, the strongly anisotropic electronic and optical properties,!™1° as

well as the robustness under elastic strain!®'® have already ensured novel uses of BP in

9,10,12,19,20 21-23 24,25

electronic, photonic, and thermoelectric applications.

Unfortunately, alongside these highly desirable properties, BP also has drawbacks. Firstly,

it is highly sensitive to molecules present in air?® and it is structurally unstable in ambient
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conditions, meaning that pristine BP flakes are unusable after only a couple of hours.?
Such effects prevent the holes in monolayer BP from reaching their maximum predicted

mobility of 10,000 cm?/Vs.'! Secondly, the decrease of the band gap in BP stacks implies that



only the monolayer is usable for near-IR optoelectronic applications, limiting the external
quantum efficiency of such devices. This band gap decrease cannot be avoided by simply
misaligning the BP layers, as we have previously shown that stacked layers always interact
at I in reciprocal-space,” exactly where the BP direct band-gap is. Lastly, due to the band
gap being smaller than that of TMDCs, the current on/off ratio for BP transistors is lower;
therefore, pristine BP channels are not at first sight as appealing as TMDCs in ultra-low

power applications.

In this work, we propose that monolayers of an inert large-band gap insulator, such as hexag-
onal boron nitride (hBN), could solve or alleviate the aforementioned flaws of pristine BP.
By simulating large rotated hBN/BP interfaces, we deduce three main conclusions: hBN
encapsulation does not negatively influence any of the main electronic properties of BP,
hBN spacers prevent the band gap reduction in stacked forms of BP, and BP/hBN/BP het-
erostructures are suitable as tunneling field-effect transistors (TFETSs), an architecture that
allows BP to be of use in both high-speed and low-power applications. The first point sug-
gests that there is no electronic-structure downside to hBN-encapsulation, which is already

29,3132 The second conclusion is espe-

known to protect BP from environmental interactions.
cially relevant for optoelectronics, as it implies that hBN-spaced BP stacks have the same
light-absorption properties as monolayer BP, with the essential difference that more photons
are absorbed due to the increased thickness. Finally, since the operation of BP/hBN/BP
as a TFET is based on quantum tunneling, instead of thermionic excitation of carriers, we
encounter negative differential resistance (NDR) peaks3? with peak-to-valley ratios (PVRs)
comparable to those predicted for TMDC TFETs,?* as well as subthreshold swings below
the minimum theoretical limit for conventional field effect transistors.*® We note that intri-
cate heterostructure 2D stacks have already been experimentally obtained,?® meaning that
our proposition of hBN-encapsulated or hBN-spaced BP is realistic. Moreover, our first two

conclusions do not require hBN to be in monolayer form, though of course the currents in

the TFET application will decrease with the hBN-spacer thickness.



Since our hBN/BP heterostructures are too large for traditional DFT to be computation-
ally feasable, we utilise linear-scaling (LS) DFT, as implemented in the ONETEP code. 3738
This LS-DFT implementation is significantly more computationally efficient for large sys-
tems than plane-wave DFT methods, but with a tunable accuracy equivalent to the lat-
ter.3® Localized orbitals, coined non-orthogonal generalised Wannier functions (NGWFSs),
are self-consistently optimized in-situ, eliminating the need for basis set superposition cor-
rections?” and keeping the basis set size required for good convergence small. Moreover, the
density kernel is also self-consistently optimised, while constrained to be idempotent and

normalised. 4!

We utilise the optB88-vdW functional for exchange and correlation, due to its proven track-
record in describing both covalent and weak interactions in 2D materials.3® The projector-

augmented-wave (PAW) formalism*?

was employed for all the LS-DFT calculations, using
the atomic datasets developed by Garrity et al.,*® which have been validated for a wide range

of covalent compounds.

Furthermore, we utilised a 800eV cutoff energy, a 40.0 A vertical supercell spacing, and
NGWF's with a radius of 11.0 bohr for all involved atoms. Since the ONETEP calculations
were performed at the I' point, supercells must be chosen so as to converge with respect to
the k-point sampling of the underlying primitive cell. We find that the BP/hBN interfaces
must contain at least 12x12 hBN units and 11x8 BP units, in order to ensure sufficient
convergence. Prior to the interface simulations, the structures of the individual hBN and
BP layers were obtained by optimising the geometry of the primitive unit cells using the
QuantumEspresso** plane-wave DFT code. The results match well to experimental lattice
parameters (within ~ 1% for hBN,%>6 and < 3% for BP*7), as well as theory-derived ones
(obtained through MP2 for hBN*® and DFT for BP%?). The full reasoning behind all our

methodological choices is explained in the Supporting Information.

Since hBN and BP belong to different crystal systems (hexagonal P63/mmc, and orthorhom-



bic D18, respectively) with significantly different lattice parameters, it is clear that their su-
perposition produces Moiré patterns. To obtain the associated interface supercells, we have
defined orthorhombic hBN unit cells from 2x1 primitive hBN units, and afterwards followed
the instructions of Hermann® for the case of overlapping lattice-mismatched orthorhombic
layers. We chose a rotation angle which reduces the supercell size as much as possible,
while allowing a maximum strain of 1% in either direction of the BP layers. This value is
smaller than the 2% strain which would be required to noticeably modify the BP electronic
structure.'® The resulting structures for the encapsulated BP monolayer (hBN/BP/hBN)
and the spaced BP bilayer (BP/hBN/BP) are shown in Fig. 1.f and 1.g, respectively. Both
interfaces have a rotation angle of 40.9° between the hBN and BP layers, and also obey our
previously-discussed supercell-size constraints. Note that the 40.9° angle is not a prediction
for an experimentally observable orientation, but merely a means of reducing the supercell

size. However, based on our previous work on rotated TMDC interfaces,3°

we can expect
that the rotation angle between the hBN spacer and the BP layers has no significant influ-
ence on the stability or the electronic structure near I" for hBN/BP/hBN and BP/hBN/BP.
The hBN/BP/hBN simulation cell has 1824 atoms, while BP/hBN/BP has 1632 atoms. In
an effort to take into account structural modifications upon interfacing we first relaxed the
atomic positions in hBN/BP/hBN and BP/hBN/BP, with force tolerances of to 2 - 1073
a.u./bohr. For hBN/BP /hBN, the average distance between the inner P subplanes and hBN
was d=3.56 A, which is within the range of previously predicted values for smaller aligned
hBN/BP/hBN models.?"5? We encounter a similar BP-hBN interlayer distance (d=3.49 A)
in BP/hBN/BP, the important distinction being that the hBN-corrugation was 5 times
more pronounced in the case of BP/hBN/BP (Ad < 0.24 A) than in hBN/BP/hBN (Ad <

0.05 A).

One of the main goals of this work is to see if any significant alterations occur to the
electronic-structure of BP when it is either encapsulated by hBN or when hBN is used

as a spacer. As a measure of such effects, we utilise the one-particle Kohn-Sham spectral
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Figure 1: Unfolded spectral function for the BP monolayer (a), the top BP sheet in the
BP AA-stacked bilayer (c), the BP layer in the hBN/BP/hBN heterostructure (d), and
the top BP sheet in the BP/hBN/BP heterostructure (e). Primitive-cell Brillouin-zone
sampling path depicted in (b). Local densities of states of BP and hBN are shown for
hBN/BP/hBN (d) and BP/hBN/BP (e). All the energy scales are with respect to the mid-
gap level. Violet arrows in (d),(e) highlight band discontinuities due to hBN-BP interactions.
Artistic representation, and top/side views of the hBN/BP/hBN (f) and BP/hBN/BP (g)
heterostructures — P atoms are black spheres.

function Ag;x;(w), which is equivalent to the probability that an electron of momentum k
can be added/removed into/from band j, with an energy of w. In this manner, we also gain

means of direct comparison with angular-resolved photoemission spectroscopy experiments



(ARPES), as explained in previous works.3%%® To access only the Brillouin zone of the BP
primitive cell, we need to unfold the supercell spectral function by projecting the spectral
function operator onto the monolayer of interest and afterwards changing the representation

basis to the primitive-cell eigenstates of the monolayer in question:

Al = Y (W[ Vks) Ak (Txs|0”) (6, Ti;) | (1)
K,
pel
where A{(jvkj is the spectral function projected on layer I in the representation of the prim-

itive cell eigenstates |Vy;), Aksks is the heterostructure spectral function for the supercell

eigenstates |Vk ) and > ;|¢”) (¢,| projects onto the NGWFs of subsystem I.

Firstly, we investigate whether hBN encapsulation dilutes any of the desirable properties of
monolayered BP, such as the direct band gap at I', or the carrier effective masses. This serves
as a link with previous theoretical studies researching monolayer BP either encapsulated by
hBN515254 or interfaced with other semiconducting materials,® while our large-scale ap-
proach has the added advantage of allowing the simulation of rotated interfaces. Therefore,
our large, relatively unstrained, and rotated hBN/BP /hBN heterostructure provides a realis-
tic representation of hBN-encapsulation. We compare the unfolded spectral function between
the independent BP monolayer (Fig. 1.a) and the BP sheet in hBN/BP/hBN (Fig. 1.d). It
is clear that no alterations occur to the DFT-predicted band gap (0.84eV), as well as the
shape of the bands near the Fermi level. We note that DFT is well known to significantly
underestimate experimental band gap values,® but we are only interested in the relative
band-gap changes in hBN/BP interfaces. The local density of states (LDOS) plot in Fig. 1.d
clearly indicates that the hBN/BP /hBP interface has a type-I band-alignment, a conclusion
which also applies to BP/hBN/BP (Fig. 1.e). For both hBN/BP/hBN and BP/hBN/BP
(Fig. 1.d,e), the purple arrows highlight band discontinuities; these occur due to interactions
between hBN and BP at energies where the hBN-associated DOS is non-zero, i.e. >0.5eV

below the valence band maximum at I'. Therefore, we find that outer hBN sheets produce no



ill effects to the electronic structure of pristine monolayer BP. Moreover, it is experimentally
known?? that hBN substrates are usually free of charged impurities and provide shielding
from unwanted scattering potentials, while hBN overlayers protect from interactions with
air. 2?3132 Consequently, we expect that hBN-encapsulation can have only beneficial impli-

cations for realistic BP layers, in agreement with the observed increased carrier mobilities,

31

durable and reliable transistor operation in ambient conditions,”" or improved n-type charge

transport. 2932

Secondly, we prove that BP/hBN/BP interfaces (Fig. 1.g) can be utilised as means of counter-
acting the near-IR to mid-IR light-absorption shift that occurs in multi-stacked BP sheets.®
This effect is clearly observed as the transition from a 0.84eV DFT-predicted band gap
in monolayer BP (Fig. 1.a) to, for instance, a 0.34eV gap in the AA-stacked bilayer BP
(Fig. 1.c). To the best of our knowledge, the electronic-structure implications of such an
arrangement have not been studied in any other theoretical work. We start by compar-
ing the spectral function representation of the top BP sheet in the AA-stacked BP bilayer
(Fig. 1.c) with the spectral function of the top BP sheet in the BP/hBN/BP heterostructure

(Fig. l.e).

Consequently, in BP/hBN/BP the interaction between the BP sheets is greatly reduced by
the monolayer hBN spacer, as evident from the almost complete reversion to the monolayer
bandstructure of BP. The spacer limits the degeneracy breaking between the states of two
BP layers, significantly diminishing the splitting of the I'-point conduction band (CB) valley
and valence band (VB) peak in BP/hBN/BP compared to the BP AA-bilayer: 0.14eV
for the CB (0.49¢eV for the bilayer) and 0.06eV for the VB (0.68 for the bilayer). Most
importantly, the band gap of the combined system is significantly increased, from 0.34eV
in the bilayer case, to 0.82eV in the BP/hBN/BP heterostructure. This is explained by the
presence of the hBN spacer, which significantly increases the distance between the BP layers,

leading to a stringent reduction of their interlayer hybridisation. In essence, a BP bilayer is



transformed into a loosely interacting stack of BP monolayers. We thus demonstrate that
single-layer BP and BP/hBN/BP interfaces share a similar band gap, a fact that could be
used to greatly enhance the external quantum efficiency of BP optoelectronics in the near-IR
spectrum, as the use of thicker hBN-spaced BP multilayers instead of thin BP monolayers
would allow increased light absorption. We note that, even if the BP sheets of the bilayer and
the BP/hBN /BP interface were chosen to be in the AA-stacking, our qualitative conclusions

are generally applicable to any BP stacking in the case of hBN-spaced BP multilayers.

Furthermore, the remaining coupling between the BP layers in BP/hBN/BP, evident from
the residual splitting of the valence band maximum (VBM) and conduction band minimum
(CBM), can be effectively eliminated by using vertical electric fields. In Fig. 2 we plot the
unfolded spectral function and density of states for BP/hBN/BP, but now we project on each
BP monolayer separately (via Eq. 1) and analyse the results as a function of the applied

vertical electric field.

In the zero-field state (Fig. 2.a), the band edges are clearly split into equally-weighted com-
ponents in both the bottom and top layers, due to the symmetric degeneracy-breaking inter-
actions. However, by applying even a relatively small vertical field of 0.7V /nm (Fig. 2.b),
the spectral weights of the intrusions of one layer into the other decrease dramatically. More
specifically, in each split band-pair, the weight of one band decreases by a factor of ~30,
while the other doubles in weight, effects which are reversed in the other BP sheet, and
which are more pronounced for larger fields (Fig. 2.c). In essence, the BP layers can be
regarded as independent in the presence of vertical electric fields. In reality, substrate effects
or impurities would possibly break the degeneracy between the BP films even without a field,
achieving the same spectral weight redistribution effect. The hBN spacer vertically displaces
the BP films, inducing a larger potential difference between them in a constant field. Thus,
the band gap of the composite BP/hBN/BP system is highly tunable under electric fields,

showing a relatively linear dependence with a slope of 0.29eV nm/V; this tunability far
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Figure 2: Spectral function representations along the I'-Y direction for the bottom (left
insets) and top (right insets) BP layers in BP/hBN/BP, under constant vertical electric
fields: 0.0V/nm (a), 0.7V /nm (b), and 1.4V/nm (c); white bands have significantly lower
spectral weight than red bands. Center insets show the projected DOS on either BP layer.
Dashed lines highlight the split-band edges.
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exceeds what was previously encountered in pristine BP.4° The field-induced rigid shifts in
the projected density of states of each layer (Fig. 2 - center insets) clearly indicate a spatial
separation of electrons and holes, with the former being on the bottom BP layer, while the

latter are on the top BP layer.

This enhanced degree of control exerted by electric fields on the energy levels of the compo-
nent BP layers warrants consideration of the BP/hBN/BP interface as a potential candidate
for Tunneling Field Effect Transistor (TFET) architectures. A model arrangement is shown
in Fig. 3.a, where the BP/hBN/BP heterostructure is sandwiched between a 4-layer hBN
dielectric and a graphene gate on each side; gate voltages (Vpa, Vrg) control the carrier
concentrations on each BP layer, while a bias voltage (Vpg) is also maintained between the

BP films. More details can be found in the Supporting Information.

In conventional Metal-Oxide-Semiconductor Field Effect Transistors (MOSFETs), TMDC
channels are preferred over BP channels, due to the significantly lower on/off current ratios
identified in the latter,%!° owing to the smaller band gap of the multilayer BP currently
employed in such devices. A smaller band gap implies that thermal excitations can more
easily inject electrons from one layer into the other in the off-state, leading to a larger off-
state current and implicitly worse switching capabilities. However, in a TFET arrangement
(Fig. 3.a), the hBN barrier (Fig. 3.b) in between the BP layers strongly inhibits interlayer
thermal carrier injection, leaving only quantum tunneling as a current-generation mechanism.
Furthermore, the TFET concept is experiencing a rebirth in the context of 2D materials, as
these allow the possibility of cleaner interfaces, without dislocations or trap states, the main
causes for slower switching and increased background current in 3D TFETs. Consequently,
our proposal of a BP/hBN/BP TFET shows promise due to the superior quality of 2D

interfaces, as well as the possible reduction in thermally-induced currents.

11
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Figure 3: (a) 2D schematic of BP/hBN/BP transistor, also showing induced charges in the
dielectrics; associated charges in BP have opposite sign. (b) Band diagram, with ¢y being
the gate work-function, x the electron affinity of BP, and Er 1t and Ep g the Fermi levels to
the top and bottom BP layers, respectively; Ep 5 taken as energy reference. (c) Region (red)
in the BP primitive-cell Brillouin-zone that was sampled in calculating the energy dispersion
relation, as well as the coupling matrix terms. (d) The BP energy levels used in our model
(highest valence band and lowest conduction), as seen in the sampled reciprocal-space region.
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We calculate the tunneling current in the spirit of the Bardeen formalism:®”

1= TS 3 [0y (ks k)P 6[Basts) — Byrlier)] (£ — 17 2
%,J kpXkr

where ki and k7 are the in-plane momentum vectors in the bottom (B) and top (7)) layers,
and E;z(kg) are eigenvalues of the bottom layer eigenvectors i. The sum over eigenvectors
only contains the highest valence band and the lowest conduction band for each individual
BP layer (Fig. 3.d), and their description is restricted to the reciprocal-space region where
there is only one peak (valley) in the valence (conduction) band, i.e. the red shaded area
in Fig. 3.c. We ensure this constraint by choosing our drain-source and gate voltages such
that all generated electrons and holes, as well as the BP Fermi levels are guaranteed to be
at most 0.15 eV below the valence band maximum (VBM) and at most 0.30 eV above the
conduction band minimum (CBM). This boundary is only valid when |Vip|-E¢ (Fig. 3) is
smaller than the minimum between the aforementioned VB depth and CB height. Moreover,
having previously proven that electric fields fully decouple the BP layers in BP/hBN/BP
(Fig. 3), we can indeed utilise the bandstructure of the independent BP monolayer. Previous
works have employed parabolic dispersions, but here, with access to the full E-k relation via
Kohn-Sham eigenvalues, we instead sample it explicitly in the relevant region of reciprocal
space. The d-function enforces tunneling between bands with the same energies; however, we
emulate a realistic behaviour by using a Gaussian broadening og. The f;z and f;7 terms are
bottom and top-layer Fermi factors corresponding to levels i and j, with energies E;z(kg)
and E;7(ky), respectively; their role is to prevent transitions between similarly-occupied

levels.

We note that both the shifts in energy and Fermi levels are implicitly dependent on the
bias and gate voltages. Their positions can be exactly determined by solving a system of
non-linear equations for each set of gate and bias voltages, as explained in detail in the

Supporting Information. The coupling matrix term O;;(kg, k7) in the Bardeen formalism®’

13



represents the probability that a carrier can tunnel through a barrier from one momentum

state into another:

0i(ks, k7) = (is(ks) | V | ;7 (k7)) | (3)

where V is the scattering barrier potential of hBN and T;jT(kT) / @m(kg) are primitive-cell
eigenvectors from the top and bottom BP layers, respectively. Similar to the expression for
the spectral function representation, Eq. 3 was evaluated through an unfolding procedure,
explained in the Supporting Information (SI). In the SI derivations, one can observe that
Eq. 3 implicitly enforces strict in-plane momentum conservation. This condition can be
relaxed through a Gaussian broadening of effective width og, the inverse of which (o)
is essentially a real-space coherence length. According to this definition, large coherence
lengths are equivalent to small momentum-space Gaussian broadenings, which would induce

sharper and larger current peaks upon resonant tunneling.

Previous studies on TFETs3*585 have used simple analytical expressions for the barrier V.
In this work, because the full system has been explicitly simulated via LS-DFT, we can utilise
a more realistic form, obtained from the local (pseudo, Hartree and exchange-correlation)
potentials. Therefore, we implicitly take into consideration the interlayer distances and
atom corrugation patterns, both of which are accurately described by our chosen ab-initio
nonlocal van-der-Walls functional. For these reasons, our coupling matrix terms, derived
entirely from DFT-calculated quantities, can be expected to be more realistic than purely

analytical expressions.

To make our simulations as relevant as possible to future experiments, we employ rather con-
servative parameters, indicative of an imperfect system. The presence of random impurities
was implied by setting the band-energy broadening (og) to 20 meV, room temperature was
assumed unless specified, and the coherence length was set to a modest value of o 1=25.4nm,
well within the range of coherence lengths encountered in other studies.®* Surprisingly, even

in these relatively suboptimal conditions, our simulated BP/hBN/BP TFET shows promise

14



in each of the three main operating regimes. For comparison purposes, in the Supporting

Information we have also considered the cases where Oy 1—=6.4nm and o = 40 meV.

In the first mode (Fig. 4.a), we operate our TFET as a Zener diode, in reverse bias. The
operating principle can be understood by observing the relative band alignments of the BP
films, as shown in the miniature band diagrams in Fig. 4; the energy levels that can contribute
to tunneling in the T=0K limit are highlighted by darker shades of red (for the bottom BP)
or blue (for the top BP). In this particular case, the current is generated by valence electrons
from the top layer tunneling to unoccupied conduction states in the bottom layer, with both
layers being p-doped. In this regime, the subthreshold swing (SS), defined as the change in
gate voltage required to change the current by an order of magnitude, expresses the on/off
switching capabilities. In MOSFETS, the thermal carrier injection mechanism limits SS to
a minimum value of 60 mV /dec.?® By contrast, the TFET architecture is not constrained by
any lower bound in switching speed, as predicted for TMDC TFETSs.%® In fact, by calculating
SS for different back gate voltages (right inset of Fig. 4.a), we predict a SS lower than the
theoretical limit for MOSFETSs, over a range of six orders of magnitude of current. This
essentially implies that a BP/hBN/BP TFET could switch between the on and off state
faster than any MOSFET in existence, thus showing outstanding potential for high speed
electronics, even under our very conservative assumptions regarding the BP purity and lack
of in-plane momentum conservation for tunneling. In our model, the SS is lower than 60

mV /dec only for currents as large as 107° A /um?, when the transistor is not fully on.

As a quantitative analysis on the effect of the coherence length and energy broadening for
this mode, in Fig. S2 from the SI we show a comparison between different combinations
of coherence lengths (o, '=25.4 nm and 6.4 nm) and energy broadenings (65=20 meV and
40 meV). We find that the coherence length has no effect on the shape of the I-V character-

istics or the SS, except for a reduction of the current by a factor of 10. However, a change

from o0g=20 meV to =40 meV has more significant effects: while the current values are

15



40 | | | | L 1 1 1 1 110
(a) VBg=175V — — 10771 b 100
— 304 Vege=-0.75 V — - g 6 ] L 90 8
g Vpg=-5.00 V 1077 I <
=20 - e - =< - I
< 1079 4 -0
— 10 , A - - = =60
% = 10712 - ST
im 0.0 — ‘ ™ 40

0.80 0.90 1.00 1.10 1.20 29 30 31 32 33
IVps! [V] [ 1 Vea [V]

= | | | |
(b) > I Vpg= 625 V —

404 Vpg=-5.00V - L Vpg= 475V —
= 30 - > 1 -
i 2.0 - “ I B
< = .
v 101
R S — : =

0.00 0.05 0.10 0.15 0.20 0.25
Vps [V] (1) @ ®
4 | | | | | 9
(c) 0 Vpg= 125V — 10

034 VBG="0:50 V. — - .
= o ' “ “ 10 6
E VTG_ 1.00 V m
= 0.2 4 B S
Py A
< o1 103
2 N/ i i
'_'Q OO T T = T T 10 0 T T T T T

00 02 04 06 08 10 12 -0.50.00.51.0 1.5

Figure 4: Operation modes in the BP/hBN/BP TFET. The top-gate voltage (Vrg) is fixed
for each case, back-gate voltage (Vpg) is varied in steps of 0.50V for (a) and 0.25V for
(b),(c). Band diagrams show energy levels of the top (blue) and bottom (red) BP layers
— white suggests forbidden-energy gaps, darker red/blue highlights energy levels involved
in tunneling at 0K, black lines are the Fermi levels in each layer. (a) Left inset: current
dependence on bias voltage for the reverse-bias/Zener regime. Right inset: current (red)
and subthreshold swing (blue) dependence on the back-gate voltage, at fixed bias voltage
Vps=-0.6 V; dotted blue line shows the theoretical limit for SS in MOSFETSs. (b) Left inset:
negative differential resistance (NDR) peak for broken-gap arrangement, in forward bias. All
solid I-V curves are at a temperature of 300 K, while the dotted one is at 100 K, with the same
settings as the solid red line. (c¢) Left inset: NDR peak for the aligned-gap arrangement, at
low gate voltages. Right inset: peak-to-valley ratio (PVR) for different back-gate voltages,
for coherence lengths o, '=25.4 nm and ¢,'=6.4 nm; the valley current is measured at a
bias voltage 0.2V larger the NDR peak position, while op = 20 meV throughout.
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largely maintained, the I-V curves in Fig. S2 from the SI are broader, with less defined
features and peaks. More importantly, the SS is much larger, with its minimum value being
144.4 mV /dec for o = 40 meV, instead of 41.7 mV/dec as for o = 20 meV. Thus, the
switching speed is highly dependent on the impurity concentration in BP (linked to o), but

rather independent of the BP/hBN interface quality (linked to o).

The second operational mode (Fig. 4.b), is defined by a negative differential resistance (NDR)
peak.3? Such NDR peaks have applications in oscillatory circuits, memory devices, and even
multi-valued logic.% This mode is accessible by changing the bias voltage in the previously
discussed regime (Fig. 4.a) from reverse bias to forward bias. As before, the band diagrams
(Fig. 4.b - right insets) indicate a broken gap arrangement, but now both BP films require
degenerate doping for the NDR, peak to occur, with the bottom (top) layer being of n (p)
type. The tunneling carriers are clearly the conduction electrons in the bottom layer (dark
red shade) and holes in the top layer (dark blue shade). For increasing bias, the energy levels
of the top layer are essentially shifted down, until eventually one obtains a maximum current
(point 2 in Fig. 4.b) when the top-BP Fermi level aligns with the bottom-BP conduction
band minimum. For even higher bias, due to the forbidden energy gaps, the number of states

which can tunnel is cut off, leading to a decrease in current (point 3 in Fig. 4.b).

Without the hBN interlayer barrier, carriers from the n-side conduction band would eventu-
ally start to be thermally injected into the p-side empty states. This effect would lead to a
valley in the current, followed by an increase; this is a behaviour generally observed in Esaki
diodes, such as a recent realisation of a 2D BP/SnSe, diode.5! Such thermal excitations lead
to a lower peak-to-valley ratio in devices exhibiting NDR. However, the hBN barrier shifts
the thermally-driven current increase to higher forward-bias, thus extending the bias-voltage
range over which the tunneling current can decrease, and increasing the obtainable peak-
to-valley ratio. Note that if the temperature is lowered to 100 K, the current peak is more

pronounced, due to the steepening of the Fermi factors in Eq. 2. Such a behaviour is in
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perfect agreement with the experimentally-observed temperature dependence of NDR peaks
in MoS,/WSe, TFETs.52 We note that this operation mode exhibits the same dependencies
on the coherence length and energy broadening (see Fig. S3 in the SI) as described in the
previous TFET regime. On the other hand, the drawback of this operation mode is the fact
that large gate voltages are needed to enable the required degenerate doping of the BP layers

and ensure a broken-gap arrangement, meaning that energy efficiency is not ensured.

However, the third operational mode (Fig. 4.c), also showing NDR behaviour, is highly energy
efficient, as proven by the lower required gate voltages. Low-power operation can be achieved
because the band-gaps of the same-material (BP) films now need to be aligned, not staggered,
reducing the need for large bias or gate voltages. While the currents are an order of magnitude
lower than in the previous regime, the position of the NDR peak is significantly more tunable
under changes in gate voltage, a useful prospect for memory devices. The band diagrams
of Fig. 4.c show that the current generation is two-fold, between the bottom conduction
electrons and the top unoccupied conduction states, and from the bottom valence electrons to
the top holes. By increasing the bias to the point where the bands are perfectly aligned (point
2 in Fig. 4.c¢), a maximum number of carriers which can tunnel is obtained, hence a maximum
current. For even larger bias (point 3 in Fig. 4.c), however, while the number of tunneling-
capable carriers is maintained, the current drops due to the momentum-mismatch caused
by the band misalignment, i.e. decreasing coupling matrix terms |O;;(kg, k)| between the
top (k) and bottom (kz) momentum vectors. Clearly, this momentum-mismatch induced
current decrease would be most significant in TFETs with same-material films, such as our
BP/hBN/BP case or previously studied TMDC/hBN/TMDC architectures,®! and is highly
dependent on the coherence length o ! (see SI). We do not, compute any thermally-induced
current in our model, meaning we cannot precisely pinpoint the value and position of the
valley current associated with the current-voltage curves in Fig. 4.c. However, in the spirit
of Campbell et al.3* we define the valley current at a fixed offset of 0.2V from the NDR

peak; using this, we can obtain a measure of the peak-to-valley ratio (PVR) dependence on
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the back-gate voltage.

As shown in the right inset of Fig. 4.c, there are two distinct means for large PVR to occur:
either at low bias (Vpg), for back-gate voltages (Vpg) of the same polarity as the fixed
top-gate voltage (Vpq=-1.00V), or at higher bias for back-gate voltages of opposite polarity
to the top-gate voltage. In the former case, one has the advantage of low required bias,
implying an energy-efficient behaviour; however, the generated peak currents are also low.
In the latter case, the peak currents, as well as the PVRs increase dramatically, but at the
cost of larger gate bias voltages. Therefore, one has a choice between low-power /low-current

and high-power/large-PVR operation, depending on the technological application.

An important observation is that our obtained PVRs are of the same order of magnitude
(= 2-10%) as those predicted by Campbell et al.?* (10°) in TMDC/hBN/TMDC TFETs.
These results imply that BP can be as useful as TMDCs in TFET applications, as opposed to
the case of MOSFETSs where BP layers exhibit on/off current ratios' three orders of magni-
tude smaller than TMDC films.% Furthermore, BP multilayers have the advantage of signif-
icantly smaller band gaps than TMDCs, meaning that only small voltage changes are needed

to switch between the different operational modes presented in our work (Fig. 4.a,b,c).

As a last note, a change in coherence length produces profound changes in this operation
mode, as shown in Fig. S4 from the SI. Firstly, if the coherence length is four times smaller
(i.e. from 25.4 nm to 6.4 nm), the current decreases by a factor of 500, while the NDR peak
current becomes more sensitive to the back-gate voltage. Such enhanced effects are explained
by the increased momentum-coupling between alike bands (as in Fig. 4.c), as opposed to
bands of different character (as in Fig. 4.a,b). Not only the current, but also the peak-
to-valley ratios (PVRs) are highly dependent on the coherence length. For instance, upon
a fourfold reduction in coherence length, the maximum PVR is reduced by three orders
of magnitude, from 1.92 - 10® to 1.59 - 10°. If subsequently the energy broadening is also

increased from 20 meV to 40 meV, the maximum PVR is further reduced by another three
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orders of magnitude, to 1.22-10%. Therefore, both the current values and the peak-to-valley
ratios encountered in the aligned-band NDR regime are highly sensitive to both the BP/hBN

interface quality and the BP intrinsic purity.

In conclusion, we have shown that hBN encapsulation of BP does not worsen the desirable
electronic properties compared to pristine monolayer BP. This offers the prospect of stable
passivated flakes, allowing BP devices to function in ambient conditions.?%3! Moreover, hBN
spacers can be used to counteract the band gap reduction in stacked BP, thus improving
the efficiency of BP optoelectronic devices in the near-IR range, and allowing more control
over light absorption frequencies. Furthermore, based on our finding that the band gap
of the BP/hBN/BP heterostructure is highly tunable under electric fields, we propose and
simulate a tunneling field effect transistor built around such spaced BP bilayers. Lastly,
different operational modes were identified for this transistor, with applications ranging
from ultra-fast switching to low-power operation, or enormous peak-to-valley ratios as part

of negative differential resistance regimes.
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