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Strain controlled thermal regulator realized in two-dimensional black and blue phosphorene
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Mingyue Xia,"> Luneng Zhao,"? Yuan Chang,'> Hongsheng Liu®,”> Gang Zhang,>-* Wuxing Zhou,*

Jijun Zhao,>* and Junfeng Gao

12,8

1State Key Laboratory of Structural Analysis for Industrial Equipment, Dalian University of Technology, Dalian 116024, China
2Laboratory of Materials Modification by Laser; lon and Electron Beams, Ministry of Education, Dalian University of Technology,
Dalian 116024, China
3Institute of High Performance Computing A*STAR Singapore 138632, Singapore
4School of Materials Science and Engineering, Hunan University of Science and Technology, Xiangtan 411201, China

®  (Received 16 November 2023; revised 22 February 2024; accepted 23 February 2024; published 7 March 2024)

The reversible phase transition of two-dimensional material allotropes induced by strain engineering has
promising applications in nanoelectromechanical systems and memories. Here, we report a series of black and
blue phosphorene superlattice (BBPS) can be formed by reversible phase transition between them. The phase
transition is with low-energy barrier and can be well regulated by strain engineering, until black phosphorene
phase is fully transformed into blue phosphorene phase under strain of ¢ = 23%. At room temperature, BBPS
exhibits a high phase transition rate of about 10°® Hz, which enables reversible phase transition rapidly. Beyond,
the unique in-plane heterostructure of BBPS suppresses phonon transmission, lowering thermal conductivity to
only 25.6% of black phosphorene. Beyond, nonequilibrium Green’s function calculations indicate the thermal
conductivity crossing the black-blue phosphorene heterojunction suddenly drops to only 1/3 that of black
phosphorene. Therefore, strain engineering can not only achieve reversible phase transition but also modulate
the thermal conductivity in very large range, which is excellent in the field of heat flow manipulation and thermal

management.
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I. INTRODUCTION

Phosphorene is a promising alternative for emerging post-
graphene two-dimensional (2D) materials [1,2]. Black phos-
phorene («-P) is a semiconductor with a tunable direct
band gap [3-6], large on/off ratios and anisotropic behavior
[5,7-12]. Its unique puckered structure results in signifi-
cant anisotropy in in-plane thermal conductivity, with higher
conductivity along the zigzag direction compared to the arm-
chair direction [11,13,14]. Blue phosphorene (8-P), another
allotrope of phosphorus, is theorized to have a wider funda-
mental indirect band gap exceeding 2 eV [15]. And compared
to «-P, B-P demonstrates isotropic behavior. They exhibit ex-
tremely distinct electronic properties and thermal properties,
but their binding energies are very close, which indicates that
the B-P phase is as stable as the «-P phase [3]. So, it is
equally important to explore the synthesis of 8-P. Recently,
the B-P with a buckled honeycomb structure was successfully
prepared by molecular beam epitaxy, which utilizes Au(111),
Cu(111), and GaN(001) as substrates [16-21]. Meanwhile,
various theoretical investigations of B-P growth mecha-
nisms have been reported. Among them, inducing phase
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transition between allotropes serves as an effective strategy
to control the growth of 8-P [20,22-24], which has attracted
great interest in synthesizing high-quality monolayer 2D
materials.

Strain engineering is an effective strategy to tune the mi-
crostructure and properties of 2D materials. For example,
the lattice structures and energies of MX, (M = Mo, W,
X =S, Se, Te) are very close; the strain can easily induce a
reversible phase transition between 2H and 1T’ and forms a
2H-1T’ superlattice structure [25-31]. Moreover, the 2H-1T’
superlattice structure with low contact resistance has been
widely used in high-performance field-effect transistors [32].
Similarly, Zhao et al. reported that strain can introduce in-
teresting reversibility of the phase transition from B’-In,Se;
to «-In,Ses, in which the in situ TEM showed a clear B'-a
heterojunction superlattice [33,34].

Compared with MX, and In,Ses, the structures and en-
ergies of the phosphorene allotropes are rather close. It has
proved that the dislocations introduced in «-P can flip some
specific P atoms from the down to up position, thereby
transforming «-P into B-P [3,4,15]. The black and blue
phosphorene superlattice (BBPS) in this process was indeed
realized with a low potential barrier for phase transition [35].
Hu et al. also found that in-plane strain could transform «-P
phase into B-P phase. The «-P was extended into the unstable
flat hexagonal structure, and then quickly reconstructed into
B-P [36]. However, the mechanism of strain-induced phase
transition remains unclear.

©2024 American Physical Society
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In recent years, a large number of studies have shown
that the lattice thermal conductivity can be significantly
suppressed or improved under strain [37—41]. Phonon prop-
agation depends on lattice vibration, and the contribution of
phonons to thermal transport is related to their own charac-
teristics, such as group velocity, phonon lifetime, harmonic
property, etc. These characteristics are related to the bond-
ing state between atoms. Strong bonding strength between
atoms often means high group velocity, high phonon life-
time [42]. The more uniform atomic bonding strength means
higher phonon harmonic, improving heat transport. Strain en-
gineering can stretch or compress the distance between atoms,
thereby regulating the bonding state between atoms and
regulating phonon transport performance. Therefore, strain
engineering is also an effective means to control the lattice
thermal conductivity of materials. For example, Guo shown
that the biaxial strain of 4.02% on the monolayer PtSe, could
reduce the room-temperature lattice thermal conductivity by
60% [39]. Xie et al. reported that lattice thermal conductivity
of silicene can be increased by seven times in the case of
4% tensile strain [43]. In contrast to PtSe, and silicene, the
phosphorus atoms in the crystal structure of @-P and B-P are
arranged in two different and parallel planes. It is expected
that strain engineering can effectively regulate the lattice ther-
mal conductivity of a-P and §-P.

In this work, we reveal that black and blue phosphorene su-
perlattice (BBPS) can be self-reconstructed by applying stress
in monolayer phosphorene. The stability, strain-induced phase
transition, structural evolution barrier, electronic properties,
and thermal transport of BBPS are compelling, explored using
the density functional theory calculations. Our results indicate
the energy difference of the phase transition process is only
3.5 meV. At room temperature, the phase transition rate of up
to 10° Hz implies that the phase transition is highly sensitive
to external effects, and reversible phase transition can easily
occur between BBPS. The reversible phase transition of BBPS
can greatly reduce thermal conductivity comparing with pure
black and blue phosphorene. Our findings not only enrich
our understanding of the dynamic process of strain-induced
BBPS phase transition, but also pave the way for realizing
high-performance adjustable thermal switching by regulating
reversible phase transition.

II. COMPUTATIONAL METHODS

We choose the GGA-PBE and LDA functional in the
ground-state geometry optimization and thermal transport
property, respectively. As previously reported, GGA func-
tional has more physical components than LDA functional.
For the optimization calculation of black phosphorene geom-
etry, the GGA-PBE functional shows better consistency than
the LDA functional [44,45]. However, compared with LDA
functional, the PBE pseudopotential is too soft for NEGF, and
nonphysical imaginary frequencies will appear at the I" point.
Therefore, most calculations of phonon transmission use the
LDA functional. But regardless of whether GGA-PBE or LDA
is used, the general trend remains unchanged [46]. (See the
Supplemental Material [47] for detailed DFT calculations and
analysis method of black and blue phosphorene superlattices,
also see Refs. [48—61] therein)

The lattice mismatch is extremely low (~1.1%) between
zigzag direction of a-P and B-P. The minimal lattice mismatch
facilitates the formation of stable superlattices while mini-
mizing structural defects. As previously defined [59-61], the
number of the «-P and B-P in BBPS is denoted as «,, and S,
(m 4+ n = 8), and its atomic structure is depicted in Fig. 1(a).
First, we investigate the energy evolution with «-P and B-P
components in BBPS. When the ratio of « and  is equal, the
relative energy decreases with the increasing of the superlat-
tice width, which is due to the size effect. For example, the
relative energy of «;-f; is 31 meV/atom higher than that of
o4-P4, as illustrated in Fig. 1(b). To quantitatively assess the
energy loss at the BBPS interface, we explore the effect of
the 8-P components in BBPS as the 8-P components increase
from 0-8 keeping the sum of «-P and B-P components in
BBPS (m + n = 8) constant. For each BBPS structures, the
energy is recorded after full relaxation of the structure. The
findings reveal that the maximum relative energy of BBPS
exceeds that of «-P by a mere 3 meV, implying the BBPS
is an exceptionally stable structure. Consequently, large-scale
fabrication of BBPS may be achievable through strain engi-
neering.

Inspired by the extremely lower relative energy of BBPS
and previous studies of the strain-induced phase transition
of black phosphorene [36,62-64], we explore the detailed
process by which strain-induced «-P undergoes a series of
BBPS evolutions to §-P. As in previous studies, the sum of
the o-P and B-P component is fixed to § = m + n in order to
quantitatively analyze the regulatory properties of BBPS. We
plot the energy of per P atom in BBPS as a function of strain,
as shown in Fig. 2. The initial structure used for reference is
ag-fBo, with all strain values relative to it. In particular, only
one o-P component at a time can be transformed into S-P.
The «-P component nearest neighbor to §-P will participate
in the next phase transition.

Similar to the previous strain-regulated phosphorous
atomic chains phase transition [65], the intersection of the
two functions in the phase diagram represents the boundary of
the phase transition. Clearly, a stable BBPS structure can be
obtained by releasing the in-plane strain. This is because the
intersection region corresponds to the tensile and compressive
states of the two neighboring phases. For example, when a
strain ¢ = 0.91% is applied to ag-fy, the energy-strain curve
of ag-Bo can intersect the that of w7-B;. Then the ground
state of o7-B; is then obtained by fully relaxing the in-plane
strain. Following this sequential phase transition path, as
strain values reach 4.15%, 6.46%, 6.98%, 11.55%, 13.22%,
and 16.59%, the Ol6-,82, (15-;33, 0(4-,34, 0[3-,35, (12-,36, and 0(1-,37
superlattices will appear accordingly. At an in-plane strain &
= 20.73%, the «;-B7 structure is anticipated to transition into
the ap-Bs phase. Subsequently, when the strain increased to
23%, the ground state of the S-P phase can be achieved.

Previous studies have demonstrated that when the strain
reaches 29%, a-P transforms into an extremely unstable flat
hexagonal structure and then rapidly reconstructs into §-P at
low temperatures [36]. Conversely, the transition from the «-P
phase to the B-P phase requires slightly less strain through a
localized wavelike process than it does via an overall reorga-
nization. Apart from this, og-Bg phase is expected to transform
back into ag-By phase when the strain is relaxed. It is similar

104106-2



STRAIN CONTROLLED THERMAL REGULATOR REALIZED ...

PHYSICAL REVIEW B 109, 104106 (2024)

(@)

Black Phosphorene (m) Blue Phosphorene (n)

\ Wi:N\é\é\M

0.035 |(b) 0
o-B,

Relative energy (eV)
o
=3
S

0.015
o,
0.010 B 0-p,
05-B; 0,-B, " o-p,
0.005 O m 4h

05-Bs

os-P, osbs o,-p, 0,-Bs

0.1 02 03 04 05 06 0.7 0.8 09

Proportion of g-P in BBHS

FIG. 1. (a) Schematic diagram of a superlattice constructed from different proportions of blue phosphorene («,,) and blue phosphorene
(Bn), the black and blue atoms represent a-P and S-P, respectively. The overlap between the black-box region and the blue-box region at the
interface is the half-period coshared by «-P and g-P. (b) The relative energy is the energy difference per P atom of BBPS compared to «-P of

the same size.

to the reversible phase transition processes observed in TMDs
[25].

Subsequently, based on the structural stability of black and
blue phosphorene superlattice (BBPS) with eight components,
we established BBPS structure with 2, 3,4, 5, 6, and 7 compo-
nents, respectively. In Fig. S1[47], we list the relative energies
of each component of the BBPS structure. The increase in
components will significantly reduce the relative energy of the
BBPS. For example, when the ratio of black phosphorene and
blue phosphorene is 151, Eot4—ﬂ4 > Eot3—/33 > Eot2—ﬁ2 > Eo:l—ﬁ1~
When the ratio of black phosphorene and blue phosphorene
is 1:3, Eq2.g6 > Eq1.p3. Clearly, their relative energies are dif-
ferent. However, we found that the relative energy differences
under the same component are not obvious. The smaller the
component, the density of BBPS phase transition points will
decrease by strain-induced phase transformation. Likewise,
the larger the component, the denser the density of phase
transition points. Therefore, the strain-induced gradual phase
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FIG. 2. Phase diagrams are constructed by recording the energy
evolution of per P atom during the stretching and compression pro-
cesses of BBPS compared to ag-fy. All strain values are interpreted
relative to ag-By. The point of intersection on each colored curve
delineates the boundary of phase transition.

transformation from black phosphorene into blue phospho-
rene is expected to become a universal mode for BBPS with
different components.

In the above analysis, we have surprisingly found that
strain can controllably induce a reversible phase transition
from ag-By to ag-PBg. In order to further understand the mech-
anism of reversible phase transition, we conducted in-depth
research on the two important factors, namely the energy bar-
rier for phase transition and the phase transition rate. Previous
studies have shown that the bond-flipping path (BFP) is the
most optimal path of all phase transition paths, leading to
lower barrier height for unit cell and supercell [4,35,66,67].
As shown in Fig. 1(b), the energy of BBPS with 32 atoms is
very close to that of phosphorene, so we think it can be used as
a representative for simulating large-scale phosphorene phase.
Figures S2(a)-S2(b) [47] show the unit cell phase transition
path and phase transition barrier, which improves the testing
accuracy of our calculations.

Next, we explored the energy barrier height for phase tran-
sition from ag-By to «7-B; along the bond-flipping path in
Fig. 3(a) and Fig. 3(c). In particular, the transformation of
the -P component of «g- B into the B-P component requires
overcoming an energy barrier of 1.60 eV, which is only 0.005
eV higher than that of previous report [35]. It confirms that
the first energy barrier height for the phase transition of phos-
phorene along the bond-flipping path is size independent.

During this phase transition step, the structure of «7- B
is significantly warped and twisted compared to og-By. The
energy barrier height of «7-8; for phase transition to ag-8; is
reduced by 0.16 eV with respect to the first energy barrier, as
shown in Fig. 3(b) and Fig. 3(d). The BBPS phase transition
process does not show significant structural deformation in
this step. This finding is consistent with previous results and
confirms that except for the first phase transition step, the
barrier heights of other phase transition step are relatively
independent. Although the continuous local bond flipping of
the o-P component in BBPS is relatively independent, it is not
completely independent. Similar to the nucleation-diffusion
process in experiments [22], the local flipping of «-P compo-
nents can cause warping and twisting of the BBPS. Therefore,
it is not completely independent. Then, we can estimate the

104106-3



MINGYUE XIA et al.

PHYSICAL REVIEW B 109, 104106 (2024)

(2) (b)

o9 00 00 90 00 00 00 do oo po 92
- 1 - 000000
%Py o4 06 06 08 06 06 o¢| 08 0B oq £2,8%5 %% o 09| *%e
00000000000000 4 oo 9 o0
o0 90 90 oo ¢
‘oooooooooooooooo o %3 84 64 be °9 ”
T ‘9 0@ 00 0@ 00 09 9O P oo
TS, &% o0 |00 oo o0 o0 90 P %P
1 760 06 06 06 8¢ &0 TSzdﬂogoooooocooW [

00 9o 00 00 9¢

a2 ooooooooooog‘

o 92 9o 90 90 90 98 PR Tt stiseive" se o
o6 06 06 06 06 00 00 |¥ g

00

o0 00 90 9 e

B, g0 P2 o0 00 °° P
00 00 00 00 j

1.8

oo 90 90 oo 90 Mo
%4 oo 08 08 o0 °° o1

o o0 92 00 oo oo 12
[IGBZ dooooooooowoc"oqpopo

© (@ TS,

—
[

T
[
T

Energy (eV)

og-By— 0By o-Pr—agp,

o
w
T

o
=
T

Reaction coordinate

FIG. 3. (a)-(b) Energy change during bonding flipping
schematic path for the transition from ag-By to o7-B; and o7-8
to og-Pa. (c)—(d) Reaction paths of the as-By — o7-f1 and
a7-B1 — a6-B, BBLS phase transitions as a function of the energy
barrier.

phase change rate R as follows [68]:

R~ <’ﬂ> (_£> )
n ) P\ Tt )

where T, kg, and & are the temperature, Boltzmann, and Plank
constants, respectively. AE is the phase transition energy
barrier of per P atom for both ag-By — «7-8; and a7-8; —
a6-f2. We show the phase diagrams of the phase transition
rate in Figs. 4(a)-4(b). The phase transition frequency of
a7-B1 = a6-Py is slightly faster than that of as-By — ao7-61,
but they are all in the same order of magnitude. It has been
reported that phosphorene will thermally decompose up to
673 K, so the temperature range considered in our calculations
is 300 K ~ 673 K. At room temperature, the phase change rate
R is approximately 10° Hz. Besides, the phase transition rate
can reach 10° Hz at the thermal decomposition temperature
[68,69], indicating that phase transition can occur in only a
few nanoseconds. At the same time, it is proved again that
the reversible phase transition of BBPS can be easy adjusted
by strain. Consequently, strain can induce reversible phase
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FIG. 4. (a)—(b) Phase diagrams of the ag-fy phase transition to
a7-B1 and o;-B; phase transition to oe-f, at various temperatures,
respectively. The black and blue atoms in the inserts represent a-P
and S-P.
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FIG. 5. (a) Model of devices «-P and g-P and BBPS; (b) the
thermal conductance and (c) frequency-dependent transmission co-
efficient curves of devices @-P and S-P and BBPS.

transition in phosphorene and form superlattice heterostruc-
tures with varying proportions of coexisting phases.

In order to understand the electronic properties of the
BBPS during the phase transition, we calculated the energy
band structure of all BBPS and the corresponding charge
distribution of the valence band maximum (VBM) and con-
duction band minimum (CBM) shown on the right-hand side
of the energy band structure in Figs. S3(a)-S3(h) [47]. The
VBM of the ag-By derives from bonding orbitals between P
atoms in different layers and antibonding orbitals between
P atoms in the same layer [70]. However, as shown in Figs.
S3(a)-S3(h) [47], the B-P component in the BBPS can elim-
inate some of the charge contribution in the VBM. It is
presumed that the relative bending of the §-P configuration
during the phase transition may lead to the rearrangement
of the charges. Figure S3(i) [47] shows that the charges of
VBM and CBM are distributed throughout the space when the
B-P component completely occupies the BBPS. Therefore, the
strain applied on BBPS can not only control structural phase
transition but also influence its electronic properties.

Due to the phase transition from «-P to §-P, the heteroge-
neous interface composed of 8-P and «-P is inevitably formed
in the system. In order to study the effect of heterojunction
on heat transport, based on NEGF, we constructed a single
heterointerface device composed of 8-P and «-P as shown in
Fig. 5(a) to study its thermal transport behavior. It is found
that the thermal conductance of 8-P is higher than that of
«-P, but the thermal conductance of BBPS is much lower than
that of -P [0.87 GW/(m?K)] and a-P [0.60 GW/(m?K)], as
shown in Fig. 5(b). At room temperature, compared with §-P
and a-P, the thermal conductance of BBPS [0.22 GW/(m?K)]
decreased by 74.4% and 62.8%, respectively. Note that the
thickness of the device of «-P, 8-P, and BBPS are assumed
to be the interlayer spacing of «-P (0.53 nm) in this work
[71]. Through the phonon transmission coefficient curve,
it is found that compared with the perfect «-P and S-P,
the phonon transmission coefficient of BBPS is suppressed
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almost in the whole frequency range. Moreover, the phonons
with frequency larger than 7 THz in BBPS structure almost
do not participate in thermal transport. In addition, it can
be seen from Fig. 5(c) that the transport properties of some
low-frequency phonons are suppressed, and low-frequency
phonons are the main carriers of thermal transport. Therefore,
the thermal transport performance of BBPS is lower than that
of «-P and B-P. This means that the heterogeneous interface
formed during the phase transition will significantly reduce
the thermal transport performance of «-P or S-P.

III. CONCLUSION

In summary, we report that strain tunes the reversible phase
transition and thermal transport properties of phosphorene.
The phase transition from «-P to B-P occurs gradually in a
wavelike way under strain. According to the results of our
phase-transfer-rate—temperature curves, the phase transfer rate
at room temperature is as high as 10° Hz. Therefore, phos-
phorene can easily undergo a reversible phase transition under
strain. Furthermore, strain engineering rearranges the charge
distribution of the VBM in BBPS with B-P proportion in-
creasing. Most notably, the transport properties of low-energy

phonons, which are the key factor for thermal transport, are
suppressed over almost the entire energy range. This results in
a 70% reduction in the thermal transport properties of BBPS
compared to intrinsic «-P and B-P. Therefore, the reversible
phase transition also induces a reversible thermal conduc-
tivity. Therefore, strain can not only regulate the reversible
phase transition of BBPS, but also cause significant reversible
thermal conductivity characteristics. The results will enrich
the investigation of reversible phase transition and reversible
thermal conductivity in 2D materials, which may inspire new
applications of different phase superlattice structures of 2D
materials in thermofluidic operating systems and phase tran-
sition memories.
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