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Anisotropic thermal expansion of black
phosphorus from nanoscale dynamics of
Phosphorene layers

Laura Henry?, Volodymyr Svitlyk?, Mohamed Mezouar™,
David Sifré?, Gaston Garbarino?, Matteo Ceppatelli®¢, Manuel
Serrano-Ruiz¢, Maurizio Peruzzini¢ and Frédéric Datchid

Black phosphorus (bP) is a crystalline material which can be seen as an
ordered stacking of two-dimensional layers, referred to as Phosphorene.
The knowledge of the linear thermal expansion coefficients (LTEC) of bP is of
great interest in the field of 2D materials for a better understanding of the
anistropic thermal properties and exfoliation mechanism of this material.
Despite several theoretical and experimental studies important
uncertainties remain in the determination of the LTEC of bP. Here, we report
accurate thermal expansion measurements along the three crystallographic
axes using in-situ high temperature x-ray diffraction. From the progressive
reduction of the diffracted intensities with temperature we monitored the
loss of the crystal structure of bP across the investigated temperature range,
evidencing two thermal expansion regimes at temperature below and above
706 K. Below 706 K, we observe a strong out-of-plane anisotropy, while at
temperatures above 706 K a larger thermal expansion occurs along the a
crystallographic direction. From our data and by taking advantage of ab-
initio optimization, we propose a detailed anisotropic thermal expansion
mechanism of bP, which leads to an inter- and intra-layer destabilization. An
interpretation of it, based on the high T perturbation of the stabilizing sp
orbital mixing effect, is provided, consistently with high pressure data.

Introduction

Black phosphorus (bP) is the most stable allotrope of
phosphorus at ambient conditions of pressure and
temperature.! It has been first synthesized from white
phosphorus at high pressure (P> 1.2 GPa) and high
temperature (T> 500 K) in 1914 by P.W. Bridgman.2 bP has an
orthorhombic layered structure (space group Cmca) featuring
strong covalent intralayer bonds between phosphorus atoms
with sp?® hybridization and relatively weak van der Waals
interlayer forces which allow to obtain the single layer material
called Phosphorene by means of exfoliation techniques.? The
asymmetric unit of bP contains one P atom located on a mirror
plane (m site symmetry) and the symmetry elements of the
Cmca group generate in total eight equivalent atoms in the
unit cell (oC8 Pearson code). Due to its puckered lamellar
structure bP has exceptional anisotropic mechanical properties
and exhibits very contrasting directional Youngs’s modulus*
and a negative Poisson’s ratio.>
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In contrast to graphene,® which requires doping to become
semiconductor, and similarly to  transition metal
dichalcogenide (TMD) monolayers,” such as MoS,,
Phosphorene, the single layer monoatomic of P atoms, whose
ordered stacking builds up the orthorhombic crystal structure
of bP, is inherently a 2D semiconductor with a direct band gap
value of 2 eV significantly larger than bP (0.3 eV).3%? It also
exhibits a high carriers mobility (~1000 cm?V-1s71), good
current on/off ratio (~10*-10°) and anisotropic in-plane
properties along the zig-zag and arm-chair directions such as
DC, thermal conductivity and Hall mobility,!* which appear
very promising for novel applications in nanoelectronics and
nanophotonics.1%111213 The production of single- or multi-
layer Phosphorene has been successfully achieved via liquid,*
mechanical® or thermal thinning of bP.1> However, the
exfoliation mechanism of bP still remains poorly understood
and large variations of the exfoliation energy from -151
meV/atom to -80 meV/atom have been reported in different
ab-initio simulations.1617.18 As recently pointed out by Sansone
et al.,'® the discrepancy between the different theoretical
calculations arises from the difficulty to accurately describe
the covalent interactions and both middle- and long- range
dispersive forces at the quantum mechanical level. Sansone et
al. have extensively tested different ab-initio simulation
approximations using the correlation between the exfoliation
energy and cell volume of bP to extract an accurate exfoliation
energy of -92 meV/atom evidencing a strong in-plane and out-
of-plane thermal expansion anisotropy. To experimentally
validate this scenario, accurate thermal expansion
measurements are needed but, so far, very few and limited
data have been made available in the literature.20.21.22

Experimental methods

Pure highly crystalline bP was synthesized from red
phosphorus as described in reference 14. The reagents used
for the synthesis were purchased from Sigma-Aldrich with the
following purity grade: red phosphorus (> 99.99%), tin (>
99.999%), gold (> 99.99%), and Snl, (99.999%). The purity of
the synthesized bP crystals was verified by x-ray powder
diffraction, Raman spectroscopy, EDX analysis and ICP-MS
measurements, the latter giving a purity of 99.999+%.

In-situ angle dispersive x-ray diffraction (XRD) experiments
have been carried out at the beamline 1D2723 of the European
Synchrotron Radiation Facility (Grenoble, France). A schematic
of the setup is presented in Fig. 1. High and stable
temperatures up to 820 K were generated on a large sample
volume (~0.8 mm?3) placed inside a quartz capillary using a hot
gas blower from the company Cyberstar positioned at the
optimum distance (¥ 5 mm) from the sample. This device
generates a smooth laminar flow of hot air providing a
homogenous temperature distribution over a large volume of
more than 10 mm?3. This homogeneously heated volume is
much larger than the sample (1 mm3) ensuring very small
temperature gradients.

In order to prevent bP from reacting with the capillary and
with oxygen from the hot air flow, the loading was performed
in a glove bag filled with nitrogen and the powder sample was
confined in a diamond cylinder of 1.0 mm height with 1.0 mm

2| J. Name., 2012, 00, 1-3

inner and 1.5 mm outer diameters, respectively. Jhe diamond
capsule was inserted in a hexagonal PB6AEAOFHRIFIEOHBN
cylinder adjusted to the inner diameter of the capillary. The
remaining space below the sample container was filled with
non-reactive dried MgO powder. Finally, the capillary was
sealed with epoxy in the glove bag. The temperature was
regulated and determined with a precision of £1 K using a
Eurotherm controller and a K-type thermocouple inserted
inside the capillary and placed in contact with the sample
assembly. The temperature was increased at a constant rate of
10 K/min and systematically determined as the average of the
temperatures measured before and after the XRD data
collections. The XRD data were recorded after a temperature
stabilization time of approximately 1 minute.

D
DETECTOR E
F

A
S B

X-ray

GAS BLOWER

Fig. 1 Schematic of the setup: the bP powder (A) is located in a
diamond cylinder (B) and encapsulated in a hexagonal boron nitride
cylinder (C). The remaining space around the sample container is
filled with non-reactive dried MgO powder (D). A K-type
thermocouple (E) is placed inside the quartz capillary (F), in contact
with the sample assembly. A gas blower is positioned below the
sample at the optimum distance of 5mm.

We employed a highly focused (3x3 um? at FWHM), high
energy (33.17 keV) monochromatic x-ray beam to in-situ probe
the structure of solid bP. The two-dimensional diffraction
patterns were recorded in transmission geometry on a
MAR345 image plate detector. The sample to detector
distance, detector tilt angles and beam center were accurately
determined using a cerium oxide powder as standard. The
two-dimensional XRD images were integrated using the PyFAl
software?* as implemented in the DIOPTAS?> suite. The
program Fullprof?® was then used to refine the unit-cell
parameters and volume by Le Bail extraction of d-spacings
using a pseudo-Voigt peak shape function. The Le Bail
refinement of bP at ambient temperature is shown in Fig. 2.
We have excluded the 20 region between 6 and 7° due to the
overlap of the (021) reflection of bP and (002) reflection of
hBN which leads to a broad and asymmetric peak. The
resulting unit-cell parameters and volume that are in excellent
agreement with previous works?% 27 are listed in Table 1.

This journal is © The Royal Society of Chemistry 20xx

Page 2 of 8


https://doi.org/10.1039/c9nr09218h

Published on 10 January 2020. Downloaded by UNIVERSITY OF NEBRASKA on 1/10/2020 7:08:33 AM.

Pleasendo )\ :inl

Journal Name

20000 - —— Lebail fit
O Eaperiment]

—— Residual

15000

10000 . s

5000 A‘ j: J H
3G

0 | I 1 PR (A TR I
ki T Vg
e S e

Diffracted Intensity (arbitrary)

H] 10 12 14
2 theta (%)

Fig. 2 Integrated diffracted intensity of powder of bP at ambient
pressure and 298 K (open red circles), Le Bail fitting of bP (red ticks)
and hBN (blue ticks) using the Fullprof software (black line) and
residual between the experimental data and calculated profile
(lower blue trace). A good R-factor of 3.14% was obtained (see text
for the absence of fit in the 2theta region between 6 and 7 degree).
16 phosphorus diffraction peaks were employed for the LeBail
refinement of the lattice constants: the (020), (040), (111), (041),
(002), (131), (022), (112), (060), (042), (200), (151), (061), (132),
(220) and (221) reflections. The reflection at 6.7° indicated by an
asterisk is likely coming from the beamline collimating system
located downstream of the sample.

a(A) b (A) c(A) Vo(A3)  [MA) Ref.

3.3154 (1) |10.4771(3) | 4.3765(2) 152.021(9) | 0.3738 This work
3.318(6) | 10.47(3) 4.373 (9) 152.00 (10) | 0.6199 20
3.3136(5) | 10.478 (1) 4.3763 (5) 151.94 (3) 2.0701 27

Table 1. Unit-cell parameters a, b and ¢ and unit cell volumes
of bP at room temperature from this work and references 20
and 27. The corresponding x-ray beam wavelengths are also
listed.

Results and discussion

The temperature evolution of the XRD patterns and intensities
of the (020) and (111) reflections of bP are presented in Fig. 3a
and 3b. We observed a progressive reduction of the diffraction
peaks intensities at temperatures higher than 685 K and over a
large T domain of ~140 K. At T~780 K, the XRD signal of bP
completely vanished. We therefore confirm the observation by
Luo et al,'® who, using Raman scattering techniques,
demonstrated that bP starts to decompose at T<600 K with a
temperature dependent process and reported slow
decomposition kinetics (i.e. the speed at which bP material is
removed) of around 0.18 nm-min! at 500 K and 1.15 nm-min
at 550 K. The higher onset of the decomposition temperature
(T~685 K) observed in this work may be due to the difference
in the employed characterization techniques and slow
decomposition kinetics as compared to the timescale of the
XRD measurements. Indeed, Raman scattering is sensitive to
the surface while XRD probes the sample volume and requires
a larger amount of extracted material before a significant
reduction of the XRD signal can be observed. This provided a
temperature-time window to determine the thermal evolution
of bP beyond 685 K up to 780 K. At higher T, the sample was

This journal is © The Royal Society of Chemistry 20xx

(:USBRErsIns

ARTICLE

fully consumed and the XRD signal vanished. It is also worth
noting that no traces of other phases suchiastirecpraviausly
reported red phosphorus?® have been observed in the entire
investigated temperature domain.

a I 300K

Diffracted Intensity (a.u.)

3.8 40 42 4480 8.2 8.4 86 92 9.4 9.6

2 theta (°)
. L]
b 108 i . N

g .
£ 081 =
= [ ]
E 0.6 s ':b.
- -
2 04 .o
= .
£ 02| * (020) %
3 i .
% ool =1L . . , L

300 400 500 600 700 800

Temperature (K)

Fig. 3 (a) X-ray diffraction patterns of bP at all temperatures in the
300 K — 820 K range for the selected (020), (040), (111) and (041)
reflections. (b) Normalized peak area as a function of temperature
for the (020) and (111) reflections. Above ~685 K, a sudden peak
intensity drop of 30% is observed, followed by a progressive
reduction to zero at ~820 K.

The temperature dependence of the unit-cell parameters and
volume obtained from Le Bail fitting are presented in Fig. 4 and
the resulting linear and volumetric thermal expansion
coefficients are listed in Table 2. Two distinct thermal
expansion regimes are observed at temperatures below and
above 706 K. Below 706 K, a volumetric thermal expansion
coefficient a, of 24.8:10°® K1 is obtained. This value is in good
agreement with the one obtained by Faber et al.?2 (a,= 22:10°
K1) using in-situ powder XRD. However, this work was cited as
“private  communication” in reference 19 and, to our
knowledge, never published so far. This a, value is also in close
agreement with the one obtained by Sansone et al.’® (a,=
20.-10°% K1) using ab-initio computer simulations, but strongly
deviates from the values reported by Keyes et al.?2! and
Riedner et al.2® which, however, are both affected by large
uncertainties due to the few collected data points.

J. Name., 2013, 00, 1-3 | 3
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Technique a, a, o ay Tr (I\() Ref.
(10°5K1) (10°6K-1) (10°6K1) (10°6K-Y iew|Article Online
D(BI: 10.1039/CPNR09218H
Powder XRD 6.4 (1) 11.8(1) | 65(2) 24.8(2) 300-706 | This work
Powder XRD 12.2(7) | 13.3(6) | 7(1) 33 (1) 706-780 | This work
Single crystal 53 (5) 10 (2) 0(5) 63 (12) 300-475 | [20]
Powder XRD 8 (5) 11(2) 5(5) 22 (12) 300-575 | [22]
Powder XRD 22(2) 38 (4) 39 (4) 99 (10) 300-700 | [21]
DFT 1 11 8 20 300600 | [19]

Table 2. Volumetric and linear thermal expansion coefficients
from this work and the literature.
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Fig. 4 Temperature dependence of the unit cell parameters a (a), b
(b), ¢ (c) and volume V (d). The slope and intercept of the linear fits
in the two temperature regimes are indicated in the insert panels.

Accurate linear thermal expansion coefficients (LTEC)
0,=6.4-10% K1, a,=11.8-10° K! and a.=6.5-10% K1 were
obtained from the corresponding linear fits of the temperature
dependent  unit-cell parameters along the three
crystallographic directions a, b, and c. We observe a larger
LTEC along the b stacking direction dominated by weak van der
Waals interactions (Fig. 6). This result is in qualitative
agreement with the LTECs reported by Faber et al.22 and
Sansone et al.’®, which are indeed larger in the b direction
(Table 2). However, in contrast with the DFT calculations??,
below 706 K we do not observe any in-plane anisotropy as the
coefficients a, and a. are very close. It is worth to remark the
accuracy and precision of the data presented in this study in
comparison with the dispersion of the LTECs obtained from the
previous powder and single-crystal XRD studies (Riedner et

For temperatures higher than 706 K, we observed a drastic
change in the thermal response of bP. In particular, the LTEC
along the a crystallographic direction strongly increases by
90% compared to 11% and to 7% respectively along the b and
¢ directions. This clearly indicates an anisotropic in-plane
lattice destabilization of bP above this temperature threshold.

To further exploit the XRD data, we propose a lattice
destabilization mechanism which could ultimately lead to bP
decomposition. It is based on the temperature evolution of the
structural parameters of bP. For this purpose, we have
performed an ab-initio optimization of the atomic coordinates
y and z, which represent the sole degrees of atomic freedom
of orthorhombic bP, as a function of temperature. These
parameters could not be directly determined by Rietveld
refinement due to the presence of texture in the studied
powdered sample. The optimization was performed using the
Wien2k 18.2 code?® using the PBE-GGA exchange correlation
potential® for a k-mesh of 968 points in the Brillouin zone (BZ)
(144 k-points in the irreducible region of the BZ). For each
specific temperature point the lattice parameters obtained
from the corresponding x-ray diffraction data were used
without any volume optimization. As concluded from the
optimization procedure and shown in Fig. 5, the y coordinate
steadily decreases from 0.1028 to 0.1021 while the =z
coordinate increases from 0.0792 to 0.0798 in the 300-780 K
temperature range. The resulting absolute shifts are 0.007 and
0.003 A along the b and c directions, respectively.

al.?%, and Keyes??) where, as already mentioned, the collection 0.0799 . i . . . : 0.1029
of few high-temperature data points led to poor precision and ‘ . Laiis
K . . 0.0798 0.
accuracy in determination of the LTECs. »
o A " - 0.1027
L L]

- 0.1026
8 ooome4 "7 2
= Ay =
£ -0.1025 =
T 0.0795+ b e
[=] ~0.1024 @
3 3
& 0.0794 1]
L8] A _Ad F0.1023 =

0.0793 - . - 0.1022

A
007924 ® 4 L 0.1021
T - T T T T T T T T T
300 400 500 600 700 800

Fig. 5 Evolution of z and y atomic coordinates of bP as a function of
temperature.
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While the absolute changes are moderate, a clear tendency
towards a T-induced structural instability is observed. Indeed,
the reduction of the y coordinate induces a separation
between the adjacent corrugated P layers along the b direction
(Fig. 6, middle drawing, blue arrows), while the increase of the
z coordinate generates antiparallel movements of P atoms in
the ac plane (Fig. 6, middle drawing, red arrows).

Relevant intra- and interlayer P-P distances calculated using
the experimental lattice parameters and the optimized atomic
positions at 300 K and 800 K are represented in Fig. 6 and
listed in Table 3. From their temperature variation, we notice
that the planar intralayer distances increase of ~0.34% along a
(P1-P2 distance in Fig. 6) and 0.17% along the a-c direction (P1-
P3 distance). More interestingly, the layer thickness (P3-P4
distance) reduces by 0.05% and the interlayer distances (P5-P3
and P5-P1 distances) increase by ~1% resulting in an overall
flattening and separation of the Phosphorene layers. This
flattening is also evidenced in the temperature evolution of
characteristic angles (Table 4). These changes would induce a
reduction of the interlayer van der Waals interactions
preluding to decomposition or exfoliation.

Distances (A) | Distances (A) | Variation
at T= 300 K at T= 800 K

P1-P2 3.3154 3.327 +0.34%
(intralayer, planar along a axis)
P1-P3 2.2321 2.2359 +0.17%
(intralayer, planar along a-c axis)
P3-P4 2.2648 2.2636 -0.05%
(intralayer, layer thickness)
P5-P3 3.5678 3.6027 +0.98%
(interlayer, layer separation)
P5-P1 3.7800 3.8129 +0.87%
(interlayer, layer separation)

Table 3. Intra and interlayer distances in bP at 300 K and 800 K
obtained from the experimental lattice parameters and optimized
atomic positions. The different atomic positions (P1, P2, P3, P4 and
P5) are represented in Fig. 6.

T,K P1-P6-P2 P1-P6-P7
(degrees) (degrees)
298 95.91 101.84
370 95.91 101.86
471 95.92 101.86
568 96.00 101.90
666 96.05 101.92
707 96.06 101.91

Table 4. Temperature evolution of characteristic angles. The labels
P1, P2, P6, P7 refer to the atoms represented in Fig. 6.

From an electronic point of view, the loss of the pseudo-
tetrahedral local symmetry at the Phosphorus sites, associated
to the flattening of the layers, correspond to a weakening in
the valence shell orbital hybridization and to a consequent
decrease of the stabilizing sp? orbital mixing, consistently with
the significant increase of o, observed above 706 K. The
originating instability is here proposed to be at the origin of
the decomposition of the Phosphorene layers. This
interpretation is in agreement with the work of Kumar et al.3?
in which the thermal decomposition of few layer Phosphorene,
studied by STM microscopy, is reported to proceed along the
“zig-zag” (a) direction with the formation of crater-like holes.
This is consistent with the observed higher LTEC along this

This journal is © The Royal Society of Chemistry 20xx
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direction, particularly above 706 K and with the loss of the
layers stability due to their flattening!: 1Remsarkakbikyo2thie
temperature ranges of structural destabilization observed by
Kumar et al. and the one reported here are in good
agreement. In addition, the proposed decomposition process
is compatible with the stabilizing effect proposed by Seo and
Hoffmann3? for the orthorhombic structure of bP. Phosphorus
is indeed the only element of group V exhibiting the
orthorhombic structure (A17) at ambient pressure and the one
among pnictogens, where the sp orbital mixing is stronger. As
and Sb, the next higher Z element in the group, where the sp
orbital mixing is increasingly weaker, adopt instead a
rhombohedral layered structure (A7) at ambient conditions,
which is observed in P only above 4.8 GPa. The key role played
by the sp orbital mixing in stabilizing the layered structures of
Phosphorus has been recently confirmed by the observation of
the existence of pseudo simple-cubic (p-sc) structure at high
pressure.33:34

Fig. 6 (a) Crystal structure of bP indicating the “zig-zag” and
armchair directions, (b) Temperature induced in-plane atomic
movements as deduced from thermal expansion, (c) flattening and
separation of the Phosphorene layers.

The proposed mechanism suggests that temperature induces
strong structural instabilities in bP, as concluded from the
experimental and ab-initio computational data. The principal
destabilization factors are the weakening of the interplanar
interactions along the b direction and a change in the
character of the atomic interactions within the ac planes
corresponding to a flattening of the Phosphorene layers and
an elongation along the a direction.

Conclusions

We confirm from in-situ powder XRD that bP decomposes at
high temperature. In contrast with a previous report?¢, we did
not observe any intermediate phases up to the maximum
investigated temperature. We have accurately determined the
volumetric and linear thermal expansion coefficients and
evidenced the existence of two thermal expansion regimes. At
temperatures below 706 K, we found that bP expands
anisotropically mainly along the b crystallographic direction,
corresponding to an interlayer separation. Above this
temperature, a dramatic increase of the LTEC, observed along
the a direction, leads to an in-plane destabilization of the 2D

J. Name., 2013, 00, 1-3 | 5
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lattice of the layers, which flatten with temperature. The
stabilization of the bP structure originating from the sp orbital
mixing is thus reduced and decomposition of bP takes place.
The proposed mechanism provides a fundamental physico-
chemical insight about the high temperature stability of the
Phosphorene layers, with potential applications to design new
thermal exfoliation strategies for the synthesis of Phosphorene
based materials.
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