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Abstract

Black phosphorus (BP) has attracted much attention because of its anisotropic layer-dependent optical
and electronic structure and ultrahigh carrier mobility. Despite the importance of manipulating the
optical and electronic properties of BP by temperature variation, the response of the electronic band
structure to temperature and the underlying mechanism which are crucial to understand the related
applications haven’t been reported yet. Herein, temperature dependence of the electronic band structure
of BP has been measured by angle-resolved photoelectron spectroscopy (ARPES) and the band
dispersions are quantitatively characterized. While the hole effective mass along k, (11,) decreases with
temperature, that along k,, (1,) increases with temperature. We argue that the electronic band dispersion
along k, is decreased because it is dictated by the weakened interlayer and intralayer couplings, and the
increase of rm, with temperature is ascribed to the enhanced electron—phonon scattering. This work
reports the anisotropic temperature dependence of the electronic band dispersion of BP and reveals the
underlying mechanisms, which will expand the knowledge of electronic structure and benefit the
understanding of temperature dependent phenomena in this material.

Introduction

Inspired by the advent of experimental monolayer graphene, great efforts have been devoted to the study of two-
dimensional (2D) layered semiconductor materials for their potential applications in integrated electronic and
optoelectronic devices [1-4]. Compared with the zero band gap graphene [5, 6] and low carrier mobility
transition metal dichalcogenides (TMDCs) [7, 8], black phosphorus (BP), an emerging layered semiconductor,
has attracted much attention because of its unique optical and electronic properties [9—11]. Retaining the direct
band gap, the value is tunable from 0.3 eV in the bulk to 1.5 eV in the monolayer [10, 11]. The on/off ratio and
hole-dominated carrier mobility in BP-based field-effect transistors reach 10° and 10° cm* V™ 's ! respectively
[12—-15]. These properties perfectly overcome the limitations of graphene and TMDCs.

Electronic band structure of BP, which is the foundation to understand the electronic and optoelectronic
properties, has been intensively investigated by theoretical calculations [ 14, 16—18] and angle-resolved
photoelectron spectroscopy (ARPES) [19—24]. BP shows anisotropic in plane band structure because of the
puckering atomic structure along the x axis [9]. The thickness dependent electronic band dispersion has also been
studied as a function oflayers [14, 16, 23]. The hole effective mass (1115,), which is a reflection of the band dispersion
and an important parameter related to the carrier mobility, can be extracted from the calculated and measured
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electronic band. Qiao et al predicted the anisotropic layer dependent hole effective mass and high hole mobility
[14]. Most recently, Margot et al measured the electronic band structure of 2-9 layer BP with micro-focused
ARPES, confirming the decrease of 1, with layers along y and the almost independence in x direction [23].

As well as electric fields and surface dipoles, the electronic properties of BP can be modulated by temperature
[12,21, 25-28]. The bandgap of BP is sensitive to temperature [29-31]. Huang et al ascribed the abnormal
increase of thick BP band gap with temperature to weakened interlayer coupling and the normal decrease of
single layer BP band gap with temperature to intensified electron—phonon scattering and thermal expansion
[29]. Temperature dependent carrier mobility of BP has also been reported: below 100 K, the carrier mobility
remains unaffected and the electron-ionized impurity scattering is proposed to dominate; between 100 K and
300 K, the carrier mobility decrease with temperature, which is attributed to electron—phonon scattering [12].

Because of the layered structure, temperature affects not only the electron—phonon scattering but also the
interlayer and intralayer couplings in BP [29]. Therefore, the temperature dependence of the electronic
properties becomes complicated as it might arise from electron—phonon scattering and/or interlayer and
intralayer couplings. Despite the importance of the electronic band structure in understanding the optical and
electric properties of materials, the response of the band dispersion to temperature in BP hasn’t been reported
yet. In addition, the in-plane band dispersion of BP is anisotropic. It is intriguing to know whether the
temperature dependence of the band dispersion is also anisotropic. More important, the decisive role which
dictates the evolution of the band structure as a function of temperature needs to be clarified.

In order to address the above important issues in BP, we decoupled the interlayer coupling, intralayer coupling
and electron—phonon scattering effects on the electronic band structure in k, and k, momentum space by
measuring temperature dependent ARPES. The contribution of interlayer coupling, intralayer coupling and
electron—phonon scattering were analyzed from temperature dependent ARPES. By fitting m1;, and extracting the
difference between band peak and valley, the evolution of the electronic band dispersions along the k, and k,
directions can be monitored quantitatively. Our results suggest that the temperature dependence of m;, along the
two high symmetric directions and the underlying mechanism are totally different: 1, along k, (1, is decreased
with temperature because it is dictated by the interlayer and intralayer couplings, and 1, along k,, (171,) increases
with temperature which might arise from the electron—phonon scattering. This work presents a systematic
investigation of the effect of temperature on the electronic band structure of BP, finds the anisotropic temperature
dependence and reveals the underlying mechanisms, which will help to understand the temperature dependent
phenomena in BP and provide an example to study the temperature effect in other anisotropic 2D materials.

Experimental and computational details

All ARPES experiments were carried out at the beamline BL13U of the National Synchrotron Radiation
Laboratory (NSRL) in Hefei, China. The photon energy of 7.2 eV was used, and the overall energy and
momentum resolutions for the ARPES setup were better than 10 meV and 0.2°, respectively. The photoelectrons
were collected with a Scienta DA30 analyzer equipped with electrostatic lens allowing Fermi surface mapping
without sample rotation. Prior to cleaving, p-type single crystalline BP (Nanjing MKNANO Tech. Co.,Ltd.
(www.mukenano.com). thickness: 0.2 mm, lateral dimensions: 1 x 1 mm?)is securely mounted onto our
sample holder using silver epoxy. When employing silver epoxy, it is essential to heat the sample to 100 °C for
approximately 1 h using a heater (model SB 160 by Stuart). This step ensures proper adhesion and curing of the
epoxy. Subsequently, a ceramic post is attached, and the entire assembly is enveloped with a graphite coating.
This coating is crucial as it provides electrical conductivity to all materials surrounding the cleaved surface,
thereby mitigating charging effects that could occur during the photoemission process. To ensure precision and
quality at each stage of sample preparation, we utilize a microscope (manufactured by Bresser) for meticulous
inspection. In order to obtain a fresh surface for the BP samples in UHV, initially, within the preparation
chamber (10K, 9 x 10~ "! Torr, 0 RH), the post holding the sample was gently tapped using a wobble stick. Since
the bonding force of epoxy is stronger than the Van der Waals force between the interlayers of a layered material,
the crystal can be cleaved by this mechanical force, and a fresh surface results after cleaving. And then the sample
was transferred to the measurement chamber (10 K, 7 x 10~ "* Torr, 0 RH) for the ARPES experiments. The
energy zero in all photoelectron spectra was set at the Fermi level that was referenced to a copper plate in
electrical contact with the samples. No charging effect is observed during our measurements.

Al DFT calculations were performed using Materials Studio 2017 with the Doml3 software [32, 33]. A
generalized gradient approximation was used with the Perdew—Burke—Ernzerhof exchange correlation function
[34]. The following configurations were chosen for the geometry optimizations: convergence standards of 10>
Haon energy, 2 x 10> Ha A on the force,and 5 x 10> Aon displacement. The Brillouin zone was sampled
usinga4 x 1 x 3 gamma-centered Monkhorst—Pack grid [35-37]. The bands have been shifted to put the
maximum of the valence band at 0 eV.
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Figure 1. Anisotropic crystal and electronic structures of layered black phosphorus. (A) Layered crystal structure of black phosphorus.
(B) Schematic of the 3D Brillouin zone of black phosphorus. (C) Constant-energy contour acquired at the binding energy of 0.15 eV at
10 K. The ellipse shaped contour suggests the anisotropy of the band structure.
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Figure 2. (A) Photoelectron intensity maps recorded along the k, direction, which show the evolution of the valence band dispersion
as functions of sample temperature. (B) Corresponding second-derivative ARPES maps. The green dotted curves represent the
modeled dispersion of the valence band. The fitted hole effective mass (111;,) is indicated in the figures. The m,is omitted in the figures
for a good visualization.

Results and discussion

Layered BP has a unique crystal structure that is puckered along the x direction due to the sp” hybridization of
phosphorus atoms (figure 1(A)), leading to anisotropic in-plane optoelectronic and electronic properties

[9, 17, 22]. Figure 1(B) shows the accompanying Brillouin zone (BZ) of BP primitive cell. According to the
elliptic pockets in the constant energy contour at a binding energy of 0.8 eV (figure 1(C)), one can not only
discern the two high-symmetry directions of k, and k, but also see the anisotropic electronic band dispersion
along the two perpendicular in-plane directions.

Figures 2(A) and B show the temperature-dependent photoelectron intensity and corresponding second-
derivative maps along the k, direction. As shown by the green dotted lines in figure 2(B), the fitting curves
reproduce the band dispersion along the k, direction with a high degree of accuracy. The k,-direction band
dispersion is fitted by a parabolic expression,
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Figure 3. Photoelectron intensity (A) and corresponding second-derivative ARPES (B) maps recorded along the k,, direction, showing
the temperature dependence of the valence band dispersion. The orange arrows, red arrows and the green dots represent the binding
energies at the momentums of 0 A~ (band peak or valley) and 0.09 A~ (band peak or valley), and the valence band maximum at
various momentum, respectively. A represents the difference of the energies at 0 A and0.09 A71.(C) Corresponding energy
distribution curves (EDCs) at 0 A~ (blue curves) and 0. 09 A ! (red curves)at 10 K, 100 Kand 200 K, respectively. The orange arrows
and red arrows stand for the energy values acquiredat 0 A~ and 0.09 A%,

E = —(6 + (hky)*/2my) ()]

where E is energy, § is a constant, 1, is the hole effective mass, k, is the wave vector and /i is the reduced Planck
constant. As shown in figure 2(B), with the temperature changes from 10 to 200 K, the fitted parameters vary
from m, =0.217 + 0.012 m, (where m, is the free electron mass; 10 K), to 1, = 0.187 £ 0.007 m.at 100 K, and
finally to m, = 0.182 4 0.007 m, at 200 K. The hole effective mass decreases with the temperature within the
experimental error.

Identical measurements on the temperature dependence of the valence band along the k, direction were also
performed (figure 3). Figures 3(A) and (B) show the temperature-dependent photoelectron intensity and
corresponding second-derivative maps along the k, direction. As shown in figure 3(B), the green dots, the orange
and red arrows represent the valence band maximum at various momentum (band dispersion), the binding
energies at the momentums of 0 A ! (band peak or valley) and 0.09 A~ (band peak or valley), respectively. The
energy distribution curves (EDCs) of the band peak and valley at 10 K, 100 K and 200 K are shown in figure 3(C),
and we can extract the energy differences between the band peaks and valleys, respectively. A quantitative
analysis shows that the difference between the energies at 0.09 A~" and 0 A~" varies from 0.003 eV at 10 K, to
0eVat 100 K, and finally to —0.009 eV at 200 K. The difference is decreased with the increase of temperature,
which indicates the band dispersion is changed to be flat and the hole effective mass is increased.

Next, we discuss the decisive role that dictates the evolution of the band structure as a function of
temperature. There is a main feature of the hole effective masses as a function of temperature: the hole effective
mass along the k, direction is decreased upon heating, but that along the k, direction increase with sample
temperature. According to the previous study [29], the distance between two sub-layers decreases by ~0.4-0.6%
when the temperature decreases from 300 K to 10 K, which is comparable to the bulk one. Besides, for samples
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Figure 4. Bands along from slab calculations. The band dispersion at 100 K, 150 K and 200 K are shown with blue, green and red
colors, separately.

on BaF,, the interlayer interaction decreases 10% when the temperature decreases from 10 K to 300 K.
Increasing from 10 K to 200 K, both the interlayer and intralayer distances expands, which weakens the
interlayer and intralayer interactions of BP and is expected to decrease the hole effective mass. The measured
temperature dependence of hole effective mass along the k, direction, which is consistent with the speculation,
indicating that interlayer and intralayer couplings are the factors. Normally, in addition to the interlayer and
intralayer couplings, temperature variation may lead to the change of defect density and electron—phonon
scattering [12, 29, 38]. BP samples were fabricated at a temperature as high as 860 K. In BP, defects are inevitably
introduced during the crystal growth process. Scanning tunneling microscopy (STM) experiments conducted
on samples cultivated by ‘HQgraphene’ have captured atomic-resolution images of stannum (Sn) impurities
[39, 40]. Additionally, scanning tunneling spectroscopy (STS) has been employed to investigate vacancies,
uncovering significant p-doping within the bulk black phosphorus crystal [39]. The STM data indicates an
acceptor density of N 2 10'® cm ™ [40], which corresponds to the range 0.1 < dN'/? < 1. Within this regime, the
impurities can be conceptualized as a dilute quantum system that forms a narrow energy band [41]. We believe
that the concentration of defects doesn’t change in the 10-200 K range in the ultra-high-vacuum condition.
Therefore, electron-defect scattering will remain the same in this whole temperature range in the current work
without introducing additional electronic band dispersion. In terms of the electron—phonon scattering in BP,
higher temperature will promote the scattering strength, localize electrons and increase the hole effective mass.
Therefore, the electron—phonon scattering is not the positive factor of the decreased hole effective mass along
the k, direction. Asillustrated above, along k,, the hole effective mass is increased upon heating. Thus, enhanced
electron—phonon scattering mainly contribute to the increase of 11, rather than the enlarged interlayer and
intralayer distances. Anisotropic electron—phonon scattering in different high symmetric directions in BP has
been reported [42].We suggest that the weakened interlayer and intralayer couplings contribute to the decrease
of m,, and the enhanced electron—phonon scattering contributes to the increase of 7, upon heating, but future
work is needed to quantitatively assess the relative contribution by the Frohlich model [43]. It should be noted
that electron—phonon scattering in polarizable materials is accompanied by the formation of polarons where the
charges are surrounded by their induced polarization, which often increase the value of electron/hole effective
mass [44]. The polarizability is dependent on the Coulomb interaction between the center charge and the
surrounding ions, which is affected by the dielectric constant. In anisotropic BP, the dielectric constant along the
armchair direction is higher than that along the zigzag one [45], suggesting the polarization, in other words, the
electron—phonon scattering, is weaker along the former. The phonon density of states along the zigzag direction
is higher than that along the armchair direction [46]. The stronger Coulomb interaction together with the higher
phonon density of states suggests that the electron—phonon scattering in the zigzag direction of BP is more
efficient that that in the armchair direction, which has been confirmed by an ultrafast electron diffuse scattering
measurement [42]. A theoretical investigation also suggests that the renormalization of hole effective mass of
supported monolayer BP is more pronounced along the zigzag direction [47]. These are consistent with the
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anisotropic effect of electron—phonon scattering on the electronic band dispersion in our temperature
dependent ARPES measurements. Band structure evolution caused by temperature-dependent interlayer
coupling has also been found in layered TaS, [48]. Phonon-dressed electronic band dispersion has frequently
been reported in both two-dimensional and three-dimensional materials [44, 49].

Furthermore, first-principles calculations were performed to reveal the temperature-dependent band
structure in BP. Figure 4 shows the calculated band structures of BP along the k, and k, directions as a function of
temperature. The lattice parameters used to calculate the electronic structure at various temperatures can be
extracted from the temperature-dependent x-ray diffraction (XRD) maps (figure S1). As shown in figure 4(A),
the band structure near the valence band top demonstrates increased dispersion along the k, direction with
rising temperature. In contrast, the dispersion along the k, direction is reduced, suggesting that the effective
mass 1, decreases while 71, increases upon heating. These calculations agree well with the ARPES experimental
results.

Conclusions

In conclusion, valence band structure along k. and k, in BP have been investigated by means of photon energy
dependent ARPES as a function of temperature, and the response are totally different: the hole effective mass
along k, is decreased upon heating because of the weakened interlayer and intralayer couplings, and that along k,
becomes less dispersive with increasing temperature which is mainly ascribed to the enhanced electron—phonon
scattering. The finding and understanding of anisotropic temperature dependence of the electronic band

structure in BP will benefit the manipulation of the optical and electronic properties through temperature in this
material and other anisotropic 2D materials.
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