RESEARCH ARTICLE

W) Check for updates

ADVANCED
MATERIALS
TECHNOIOGIES

www.advmattechnol.de
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Temperature acts as a control lever for the electronic band structure

in black phosphorus (BP), significantly influencing its device performance.
While the effects of electron-phonon coupling and lattice thermal expansion
on the temperature-dependent band gap are well understood, there have been
no reports on the electronic band as a function of temperature. Additionally,
although black phosphorus is well-known for its significant anisotropic
optoelectronic properties, there is comparatively less understanding
regarding how various lattice constants affect the electronic band in response
to temperature changes. Herein, temperature dependence of the valence
band of BP has been measured by angle-resolved photoelectron spectroscopy
(ARPES) and the band shifts are quantitatively characterized. The band shift
along the k, direction is larger than that along the k, direction upon heating
from 10 to 200 K even if changing the photon energy. It is certified that the
band shifts are primarily attributed to the lattice expansion across different
crystal orientations, as determined by density functional theory (DFT)
calculations. This study investigates the anisotropic temperature dependence
of the electronic band shift in black phosphorus, revealing the underlying
mechanisms. These findings will be instrumental in guiding the rational design
of BP-based devices tailored for operation across a range of temperatures.

1. Introduction

Black phosphorus, a rising star among
layered semiconductors, has garnered
significant attention due to its distinctive
optical and electronic properties.l'””] BP
shows anisotropic in plane band struc-
ture because of the puckering atomic
structure along the x axis.l It re-
tains the direct band gap, which is
tunable from 0.3 eV in the bulk to
1.5 eV in the monolayer.?3! Further-
more, BP-based field-effect transistors ex-
hibit an on/off ratio of 10° and a hole-
dominated carrier mobility of 10° cm? Vs,
respectively.*7] Most interestingly, the
electronic properties of black phospho-
rus can be modulated not only by elec-
tric fields and surface dipoles but also
by temperature.*#13] The bandgap of
BP is sensitive to temperature.['>°] Vil-
legas et al ascribed the abnormal in-
crease of thick BP band gap with tem-

perature to the electron-phonon scatter-
ing and thermal expansion.['! Temper-
ature dependent carrier mobility of BP
has also been reported: below 100 K, the carrier mobility remains
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ity decrease with temperature, which is attributed to electron-
phonon scattering.!*

The electronic band structure of black phosphorus is in-
deed a fundamental aspect for understanding its electronic and
optoelectronic properties, and it has been extensively studied
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a sizable valence band evolution may be expected upon heat-
ing/cooling. In addition, the in-plane band dispersion of black
phosphorus exhibits anisotropy. It is intriguing to reveal whether
the temperature dependence of the valence band mirrors this
anisotropy. Most importantly, it is essential to clarify the deci-
sive factors that govern the evolution of the valence band with
temperature.
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Figure 1. a) Layered crystal structure of black phosphorus. b) Constant-energy contour acquired by p-polarized light (hv = 21 eV) at the binding energy

of 0.8 eV.

To address the above significant issues in BP, we have decou-
pled the effects of lattice expansion from three distinct crystal
orientations on the valence band evolution within the k, and k,
momentum space. We observed that the band shift along the k,
direction is roughly 0.06 eV when heated from 10 to 200 K, while
the band shift along the k, direction is only 0.03 eV, regardless
of changes in photon energy. Together with DFT calculations,
the anisotropic lattice expansions from three crystal orientations
were revealed. This systematic investigation of temperature effect
on the valence band shift in BP not only identifies the anisotropic
temperature dependence but also uncovers the underlying mech-
anisms. These insights will aid in understanding temperature-
dependent phenomena in BP and serve as a model for studying
the temperature effects in other anisotropic 2D materials.

2. Results and Discussion

Layered BP exhibits a distinctive crystal structure characterized
by a puckered configuration along the x-axis, a result of the sp?
hybridization of phosphorus atoms as shown in Figure 1a. This
structural feature gives rise to pronounced anisotropy in its in-
plane optoelectronic and electronic properties.['7:2!l The ellipti-
cal pockets in the constant energy contour at a binding energy of
0.8 eV, as shown in Figure 1b, allow us to identify the two high-
symmetry directions, k, and k,, and also reveal the anisotropic
electronic band dispersion along the two perpendicular in-plane
directions.

In order to reveal the electronic band structure evolution at
the BP crystal surface with temperature, the valence bands of BP
along k, and k, directions at 10 and 200 K have been measured us-
ing 21 eV photons first (Figure 2). The inelastic mean free path of
emitted photoelectrons varies with their kinetic energy.'%*] Us-
ing excitation light with photon energy of 21 eV, the correspond-
ing probing depth is close to the topmost layers. Compared to
the valence band maximum (VBM) in Figure 2a, the top appears
to descend in energy space in Figure 2b. In order to quantita-
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tively analyze the evolution of valence band with temperature,
energy distribution curves (EDCs) at 0 A~! (momentum range;
—0.01-0.01 1/A) at 10 and 200 K have been extracted, respec-
tively. As shown in Figure 2¢, the VBM is = —0.025 eV at 10 K
and —0.085 eV at 200 K. This indicates a band shift of 0.06 eV
upon heating from 10 K to 200 K. Similarly, the valence band
along the k, direction also occurs a band shift of 0.03 eV with an
~200 K increase in temperature (Figure 2d—{). The observed band
downshift is both evident and reliable, given the total convolved
energy resolution of 15 meV. The shift value along the k, direc-
tion is nearly twice that of the value along the k, direction. More
detailed band shifts along the k, direction with temperature are
shown in Figure S1 (Supporting Information).

To determine whether the observed band shift phenomenon is
exclusive to the surface of the BP crystal, further investigation is
required. Tuning the photon energy from 21 to 7.2 eV, the corre-
sponding probing depth changes from the near topmost layers
to the bulk of the crystal. Identical measurements on the temper-
ature dependence of the valence band along the k, and k, direc-
tions are also performed by 7.2 eV photon energy (Figure 3). The
VBM is = —0.090 eV at 10 K and —0.140 eV at 200 K, which rep-
resents a band downshift of 0.05 eV from 10 to 200 K (Figure 3c).
In terms of the valence band along the k, direction, it has a band
downshift of 0.035 eV upon heating (Figure 3f). The shift value
along the k, direction is larger than that along the k, direction as
well. These findings suggest that the band downshift occurs not
only at the surface but also throughout the bulk of the BP crystal.
According to the previous studies on the anomalous temperature
dependence of the band gap in bulk black phosphorus,[31%] the
lattice expansion and adiabatic electron—phonon coupling may
lead to a gap opening of a few meV. Following the analysis of the
temperature-dependent band gap, we will next systematically an-
alyze each influencing factor on the band downshift individually.

Typically, heating results in an increase in lattice constants.
Figure S2 (Supporting Information) shows the single-crystal X-
ray diffraction (XRD) patterns of BP with temperature (100,
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Figure 2. a,b) Photoelectron intensity maps recorded along the k, direction with s-polarized light at 10 and 200 K using 21 eV photon energy, respectively.
c) Energy distribution curves at 0 A= (momentum range; —0.01-0.01 1/A) at 10 K (blue curve) and 200 K (red curve), respectively. The black arrows
indicate the valence band maximum. d—f) The corresponding scenarios along the k, direction with p-polarized light.
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Figure 3. a—c) Photoelectron intensity maps and EDCs recorded along the k, direction with s-polarized light at 10 and 200 K using 7.2 eV photon energy,
respectively. d—f) the corresponding scenarios along the k, direction with p-polarized light.
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Figure 4. Calculated valence bands of BP along the k, and k, directions as a function of temperature. VBMs are shown in the Figure. Different tempera-

tures correspond to the different lattice constants.

150 and 200 K). The extracted lattice constants (100 K: a =
3.295(0.033), b = 10.386(0.103), ¢ = 4.302(0.043); 150 K: g =
3.333(0.048), b = 10.501(0.147), ¢ = 4.356(0.061); 200 K: a =
3.335(0.052), b = 10.565(0.158), ¢ = 4.403(0.069)) are shown in
Figure S2a (Supporting Information). By these parameters, first-
principles calculations were performed to reveal the temperature-
dependent band shift in BP. Figure 4 shows the valence bands of
BP in three expanding directions using DFT calculations. The
VBMs along the k, and k, directions downshift by 0.020 eV from
100 to 200 K, aligning well with the experimental band shift
along the k, direction shown in Figure S1 (Supporting Infor-
mation). This indicates that the band downshift along the k,
direction mainly due to the lattice expansion. The factors con-
tributing to the band downshift along the k, direction likely in-
clude elements beyond lattice expansion. It’'s important to note
that the electronic band dispersion in BP is k, -dependent.??!
Consequently, the calculated band dispersion along the k, di-
rection, shown in Figure 4d—f, closely matches the experimen-
tal maps obtained with 7.2 eV photons, as seen in Figure 3d,e,
rather than those obtained with 21 eV photons, as depicted in
Figure 2d,e.

Although the role of lattice expansion in causing the band
downshift in BP is well established, the precise lattice factors that
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significantly influence the band shift during heating are still not
fully understood. To clarify the contributions of lattices a, b and
¢ upon heating, first-principles calculations with various lattice
constants were employed. As shown in Figure 5a,b, we increased
the value of lattice parameter a to 3.333 and 3.335 A from its orig-
inal value of 3.295 A (Figure S2, Supporting Information), while
keeping the lattice parameters b and c invariant. Compared to the
original VBM (—0.223 eV; Figure 4a), the band occurs a downshift
of roughly 0.030 eV (—0.252 eV; Figure 5b). On the contrary, the
band occurs an upshift of roughly 0.040 eV (—0.182 eV; Figure 5d)
when we increased the value of lattice parameter b to 10.501 and
10.565 A from its original value of 10.386 A (Figure S2, Sup-
porting Information) while keeping the lattice parameters a and
¢ invariant. Similarly, as shown in Figure 5e f, keeping the lat-
tice parameters a and b invariant but increasing the value of lat-
tice parameter ¢ to 4.356 and 4.403 A from its original value of
4.302 A (Figure S2, Supporting Information), the band experi-
enced an upshift of 0.047 eV. Changing the k, to the k, direction,
the same band shift is observed, as shown in Figure 5g-1. Based
on the above results, we can conclude that lattice expansion in
the a direction positively contributes to the band downshift upon
heating, while expansions in the b and ¢ directions have a nega-
tive impact. Returning to the discussion of the shift differences
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Figure 5. Calculated valence bands of BP along the k, and k, directions as a function of lattice constants. VBMs and lattice constants we used are

illustrated in the Figure.

between the k, and k, directions, we revealed that the experimen-
tal and theoretical results along the k, direction are consistent.
However, the theoretical values are smaller than those obtained
from experimental measurements.

Temperature variation may lead to the change of defect den-
sity and electron-phonon scattering.[*!3%] The most likely de-
fect in black phosphorus crystals is the substitution of phospho-
rus atoms with tin (Sn) atoms. X-ray Photoelectron Spectroscopy
(XPS; Figure S3, Supporting Information) provides the P2p or-
bital and Sn3d orbital at 100 and 300 K, respectively. The concen-
tration of Sn3d remains virtually invariant. BP samples were fab-
ricated at a temperature as high as 860 K. We believe that the con-
centration of defects does not change in the 10-200 K range in the
UHV condition. Therefore, electron-defect scattering will remain
the same in this whole temperature range in the current work.
On the other hand, anisotropic electron-phonon scattering in dif-
ferent high symmetric directions in BP has been reported./*®’
In anisotropic BP, the dielectric constant along the armchair di-
rection is higher than that along the zigzag one,?’] suggesting
the polarization, in other words, the electron-phonon scattering,
is different. The phonon density of states along the zigzag di-
rection is different from that along the armchair direction.!?8]
Phonon-dressed electronic band structure has frequently been
reported in both 2D and 3D materials.!?*3% These are consistent
with the anisotropic effect of electron-phonon scattering on the
band downshift in our temperature dependent ARPES measure-
ments, but future work is needed to quantitatively assess the rel-
ative contribution.

3. Conclusion

In conclusion, valence bands along k, and k, directions in BP
have been investigated by means of photon energy dependent
ARPES as a function of temperature. The band shift was ob-
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served upon heating, and the value along the k, direction is larger
than that along the k, direction. Combining DFT calculations,
we revealed that the band downshift along the k, direction is pri-
marily attributed to the expansion of lattice parameter a upon
heating. In contrast, the shift along the k, direction is likely due
to electron-phonon interactions in addition to lattice expansion.
Gaining an understanding of the anisotropic temperature depen-
dence of electronic band shifts in black phosphorus is crucial
for the precise manipulation of its optical and electronic proper-
ties through temperature control. Moreover, this understanding
could be instrumental in optimizing the performance of other
anisotropic 2D materials.

4. Experimental Section

All ARPES experiments were carried out at beamline BL13U of National
Synchrotron Radiation Laboratory (NSRL) in Hefei, China. The photon en-
ergy can be tuned from 7 to 35 eV. The extreme ultraviolet light shined
onto the BP surface with an angle of 50 degrees and the beam spot size
(H x V) at the sample position was ~0.3 X 0.3 mm?. The light polarization
was tuned by the horizontal movement of the elliptical polarization undu-
lator (EPU), producing p/s-polarized (the electric field is parallel/vertical
to the incident plane) beam. The photoelectrons were collected with a Sci-
enta DA30 analyzer equipped with electrostatic lens allowing Fermi surface
mapping without sample rotation. The total convolved energy and angle
resolutions were 15 meV and 0.2° respectively. P-type single crystalline BP
(thickness: 0.2 mm, lateral dimensions: 1 x 1 mm?; Nanjing MKNANO
Tech. Co.,Ltd. (www.mukenano.com)) were cleaved at 10 K and measured
at a base pressure of 8 x 107" Torr. 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
the measurements.

All DFT calculations were performed using Materials Studio 2017 with
the Doml3 software.[3132] A generalized gradient approximation was used
with the Perdew-Burke-Ernzerhof exchange correlation function.!®3] The
following configurations were chosen for the geometry optimizations:
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convergence standards of 107> Ha on energy, 2 X 103 Ha/A on the force,
and 5 x 1073 A on displacement. The Brillouin zone was sampled using a
4 x 1x 3 gamma-centered Monkhorst-Pack grid.[343¢]

Supporting Information

Supporting Information is available from the Wiley Online Library or from
the author.
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