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Black phosphorus (BP) stands out among two-dimensional (2D) semiconductors because of its
high mobility and thickness dependent direct band gap. However, the quasiparticle band struc-
ture of ultrathin BP has remained inaccessible to experiment thus far. Here we use a recently
developed laser-based micro-focus angle resolved photoemission (µ-ARPES) system to establish
the electronic structure of 2–9 layer BP from experiment. Our measurements unveil ladders of
anisotropic, quantized subbands at energies that deviate from the scaling observed in conventional
semiconductor quantum wells. We quantify the anisotropy of the effective masses and determine
universal tight-binding parameters which provide an accurate description of the electronic structure
for all thicknesses.

Few-layer black phosphorus (BP) has an interesting
combination of properties and attracts attention for ap-
plications in electronics, photonics and sensing [1–3]. In
contrast to transition metal dichalcogenides (TMDs), the
gap of BP remains direct for any thickness and decreases
more rapidly from ≈ 2 eV in the monolayer down to ≈ 0.3
eV in bulk-like samples spanning the entire technologi-
cally relevant mid-infrared range [4–10]. Light emission
from BP is linearly polarized [11, 12] and can be tuned
by strain [3, 13, 14] and gating [15–18] over a wide range
that includes telecommunications bands. This has been
exploited for gas sensing [3], tuneable infrared lasers [19],
variable spectrum detectors and optoelectronic modula-
tors [3, 17, 20].

BP is less air-stable than transition metal dichalco-
genides (TMDs) [21, 22] but encapsulation between inert
2D materials was found to be very effective in preventing
degradation [23, 24]. Few-layer BP devices with care-
fully protected interfaces achieved low-temperature mo-
bilities far in excess of TMDs [25–28]. This enabled the
first observation of the integer and fractional quantum
Hall effect in a 2D material other than graphene [27, 28].
However, the insight into BP device properties is not yet
comparable to graphene, not least because it proved more
difficult to establish a tight-binding description of the sin-
gle particle electronic structure of BP and to determine
the relevant parameters.

The electronic structure of BP is more complex than
that of few-layer graphene and remains largely unex-
plored by experiment. Monolayer BP consists of puck-
ered honeycomb units, which results in a rectangular unit

cell with 4 basis atoms, each contributing 5 electrons dis-
tributed in a complex, momentum-dependent way over
the 4 sp orbitals of phosphorus [6, 29–31]. It is thus not
a-priori clear how to construct a simple, yet accurate ef-
fective model of the electronic structure of BP. Theoreti-
cal studies found that the valence band maximum (VBM)
of bulk BP has dominant pz orbital character. This moti-
vated the development of an effective single-orbital tight-
binding model of few-layer BP for the relevant states near
the Brillouin zone center [30–32]. However, because of
the puckered structure of BP, even a single orbital model
requires an important number of parameters. While a
good description of few-layer graphene is obtained with
only 2 tight-binding parameters, theoretical work on BP
used 14 parameters to obtain a precise parametrization of
first-principles calculations [31, 32]. Moreover, such cal-
culations show a significant spread in band gaps, effective
masses and subband splittings [5–7, 24, 31–35] (see Sup-
porting Information, figures S2, S5) and it is not known
how well a certain calculation describes the electronic
structure of a real device. This prevented establishing
a universal set of tight-binding parameters, which ham-
pered advances in the physics of BP and the exploitation
of BP’s unique properties in devices.

Here, we use a sensitive laser-based µ-ARPES instru-
ment to accurately map the quantum confined energy
bands of 2 − 9 layer BP. We quantify the anisotropy
and thickness dependence of the effective masses and es-
tablish a single set of 8 tight-binding parameters that
describes the electronic structure over the full thickness
range studied in our experiments.
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FIG. 1. Concept of the laser µ-ARPES experiments on few layer BP. (a) Schematic of the micro-focus photoemission setup
and of the graphene/BP/graphite heterostructures prepared for this study. (b) Optical micrograph of a ≈ 3× 7 µm few-layer
BP crystal encapsulated in graphite/graphene and supported on a Au-coated Si/SiO2 substrate. (c,d) µ-ARPES photocurrent
maps of the device shown in (b) acquired with linear polarizations of the light that minimize (c) and maximize (d) emission
from BP.

Figure 1 illustrates the methodology used in our study.
We prepare thin crystals of BP by micromechanical ex-
foliation and use a dry-transfer technique to encapsulate
the BP flakes between a graphite bottom electrode and
ML graphene. All heterostructures were prepared un-
der protective atmosphere and supported on Au coated
Si/SiO2 substrates. More details of the sample prepara-
tion are given in Supporting Information, section I. To
study the thickness dependence of the electronic struc-
ture, we prepared and measured more than a dozen het-
erostructures.

Typical few-layer BP flakes have lateral dimensions of
the order of 10 µm, far below what is needed for conven-
tional ARPES experiments. To enable electronic struc-
ture studies on samples of these dimensions, we developed
an instrument that combines the high energy and mo-
mentum resolution of laser-ARPES with a spatial resolu-
tion below 2 µm. This is achieved by focusing a 6 eV con-
tinuous wave laser (LEOS solutions) with an aberration
corrected lens mounted in ultra-high vacuum [36]. The
encapsulated BP flakes are then localized by raster scan-
ning the samples under the focused beam while record-
ing the photocurrent near normal emission in an energy
range of a few hundred meV below the Fermi level. In this
energy-momentum range, direct transitions are forbidden
in graphene and graphite. These materials thus appear
as strong depressions in the photocurrent maps, which
allows for a convenient correlation with optical micro-
graphs, as illustrated in Figure 1b,c. Finally, we identify

the BP flake by mapping the photocurrent for an orien-
tation of the linear polarization where BP has a strong
photoemission intensity (Figure 1d).

Figure 2a shows laser µ-ARPES data from a set of en-
capsulated BP flakes with 2 − 9 layers thickness. The
data clearly resolve a series of distinct subbands in the
energy range ∼ 1 eV probed in our experiments. The
subband splitting decreases with increasing thickness,
as expected for a quantum confined system. However,
the subband energies deviate from the scaling with the
square of the subband index n observed in conventional
semiconductor quantum wells. This is most evident in
the 9L data, where the subband splitting initially in-
creases with n but then appears to saturate. This be-
havior can be understood on a semi-quantitative level
starting from a phenomenological quantization condition
nλn

2 = (N + ϕ)d where N is the number of layers, d
their thickness and ϕ describes the leakage of the wave
functions across the interface. Since bulk BP has the
VBM at the zone boundary (kz = π

d ), it is convenient to
write the quantization of the perpendicular momentum
as kz,n = π

d − 2π
λn

= π
d (1 −

n
N+ϕ ) so that the n = 1 sub-

band defines the VBM. Using a simple cosine dispersion
along kz – which is known to be a good approximation to
the bulk band structure of BP [37] – this model shows ex-
cellent agreement with the measured quantum well ener-
gies of 9L BP for ϕ = 1 and the independently measured
bulk bandwidth along ΓZ (kz) of 1.35 eV (see Figure 2b).
Hence, the above quantization condition provides a sim-
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FIG. 2. Subband dispersion in ultra thin mechanically exfoliated BP. (a) µ-ARPES data of 2 − 9L BP acquired at a sample
plate temperature of T = 4.5 K with linearly polarized 6 eV light (see Methods). Energies are relative to the Fermi level EF .
Solid coloured lines are the result of a global tight-binding fit to subband energies extracted from 2L, 3L, 4L and 5L data (filled
black circles). For details, see main text and Supporting Information section III. The same tight-binding model is overlaid on
the 9L data (open black circles), which were not included in the fit. (b) Model of the subband energies for 9L BP. Gray scale
plots show the in-plane dispersion of bulk BP along the zigzag direction measured at T = 50 K (to avoid charging) and photon
energies of hν = 20.1 eV and 36.6 eV to select kz near the Z- and Γ point of the bulk Brillouin zone. Blue symbols indicate the
dispersion of the bulk valence band. The measured subband energies for 9L BP (black symbols) are well described by the bulk
dispersion along ΓZ and the quantization condition for kz introduced in the main text. (c,d) Structural model of BP with the
8 tight-binding parameters used in the fit.

ple explanation of a key aspect of the electronic structure.
At the same time it serves as a reliable cross-check of the
thickness of individual samples (see Supporting Informa-
tion, Figure S3). Describing the conduction band in an
analogous way proved to give a good parametrization of
the optical gap of BP [7]. However, such models are not
suitable for describing the full quasiparticle dispersion.

BP has a strong structural anisotropy arising from

a puckering of the honeycomb lattice of individual lay-
ers. DFT studies predicted that this results in a strong
and thickness dependent electronic anisotropy. Our
data in Figure 2 directly confirm a significant elec-
tronic anisotropy. Along the zigzag direction, we find a
parabolic band with heavy in-plane mass, while the dis-
persion in the orthogonal armchair direction is stronger
and crosses over from parabolic at low energy to nearly
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FIG. 3. Dispersion and effective mass near the valence band edge. (a) Stack of constant energy contours of the top most
quantum well state in 4L BP. (b) Low-energy band dispersion extracted from curvature plots together with parabolic fits. (c)
Anisotropy of the effective mass extracted from the 3D dataset in panel (a) together with the angle dependence of the effective
mass obtained from the tight-binding (TB) model. (d) Thickness dependence of the effective masses along both high-symmetry
directions. Thick shaded lines are guides to the eye.

linear at high energy. This dichotomy in the character
of holes moving along orthogonal directions can be seen
as a remnant of the topological Dirac semimetal state
predicted at very high electric field [38] and reported in
surface-doped bulk BP [39]. A careful examination of the
data also reveals faint non-dispersive spectral features
just below the top of each subband. We will characterize
and discuss these features in Figure 4.

First, we quantify effective masses. Directional effec-
tive band masses are of pivotal importance in semicon-
ductor physics but have thus far remained inaccessible to
experiment in few-layer BP. Figure 3a shows a series of
constant energy contours of 4L BP extracted from a full
3D data set. One can clearly recognize elliptical contours
over an extended energy range, which is characteristic
for an anisotropic two-dimensional electron gas (2DEG)
characterized by two effective masses only. The low-
energy band dispersion along both high-symmetry di-
rections (Figure 3b) directly confirms a highly parabolic
nature of the n = 1 subband over an energy range
of ≈ 30 meV, corresponding to carrier densities up to
≈ 5 · 1012 cm−2, comparable to the density range ac-
cessible with electrostatic gating using hexagonal boron
nitride dielectrics. This rationalizes the linear Landau-
level splitting reported in Ref [28]. The effective masses
in 4L BP are m∗

x,y = 0.18(3) and 0.9(2) me for the arm-
chair and zigzag direction, respectively. This corresponds
to a cyclotron mass mc =

√
m∗

xm
∗
y = 0.4(1) me, slightly

higher than the range of 0.24 : 0.36 me reported in quan-
tum oscillation studies of the charge accumulation layer

in gated BP [23, 25, 28, 40–42]. From the above masses
of 4L BP we obtain an anisotropy my/mx ≈ 4.8, which
is lower than found in most DFT calculations [5, 8] but is
well reproduced by our tight-binding model (Figure 3c).
Extending the analysis of effective masses to other de-
vices reveals a systematic trend to higher effective masses
as the thickness is reduced (Figure 3c,d). This trend is
comparable along both high symmetry directions leaving
the electronic anisotropy nearly constant.

We now introduce a quantitative tight-binding descrip-
tion of the full experimental quasiparticle dispersion in
few-layer BP. BP has a complex electronic structure with
the 5 valence electrons of phosphorus distributed over
all 4 sp orbitals [6, 29–31]. However, theoretical stud-
ies found that the ab initio band structure of few-layer
BP near the VBM is well captured by an effective sin-
gle orbital tight-binding model [30–32]. In the following,
we determine the parameters of this model directly from
experiment. We start our quantitative analysis by ex-
tracting band dispersions from a curvature analysis of
the experimental data (black circles in Figure 2a) [43].
Studying different parametrizations of the experimental
band structure extracted in this way, we find that a min-
imal model with only 2 in-plane and 1 out-of-plane pa-
rameters is insufficient to simultaneously capture the ex-
perimentally observed subband splittings and masses. A
good description of the data is obtained by restricting
the tight-binding model of Refs. [31, 32] to the 4 in-plane
and 4 out-of-plane parameters indicated in Figure 2c,d.
We find that including the additional 6 parameters used
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intralayer (eV) interlayer (eV)

t
∥
1 −1.479 t⊥1 0.552

t
∥
2 3.739 t⊥2 0.115

t
∥
3 −0.270 t⊥3 −0.0245

t
∥
4 0.198 t⊥4 −0.159

TABLE I. Tight-binding matrix elements determined from a
global fit of the measured quasiparticle dispersion of 2L− 5L
black phosphorus. For further details of the model and a
definition of all its parameters see Supporting Information,
Section III.

in these theoretical works does not improve the fit of our
experimental data significantly.

For a robust analysis, we fit the eigenvalues of the
8-parameter tight-binding model simultaneously to the
band dispersions along both high-symmetry directions
of all observed quantum well states of the 2L, 3L, 4L
and 5L data and additionally restrict the fit to repro-
duce the bulk band gap. This results in the single set of
parameters shown in Table 1. In Figure 2a, the bands
calculated with this set of parameters are overlaid on
the experimental data. We find good agreement with all
subband energies as well as the thickness and subband
dependent dispersions. Additionally, our tight-binding
model also reproduces the thickness dependence of the
optical band gap reported in the literature (Supporting
Information, Figure S2) [7–10]. As a further test of the
model, we calculate the subband dispersions for 9L BP
(not included in the fitting procedure) and overlay them
on the data in Figure 2a. The good agreement implies
that our parametrization provides an accurate descrip-
tion of a wide range of thickness.

We now discuss the dispersionless spectral signatures
discernible along the armchair direction. These features
(marked by orange lines in Figure 4a) are ubiquitous in
our data. They are present in all devices and are system-
atically located ≈ 60 meV below the top of each subband.
Understanding their origin and contribution to the prop-
erties of BP represents a challenge with potential impli-
cations for other 2D materials.

An interesting possibility is that these features arise
from interface effects. The interface of BP with the
graphene encapsulation used in this work forms a pe-
riodic moiré pattern. Scanning tunnelling microscopy
showed that this causes the formation of Landau levels
in graphene associated with the strain-induced pseudo
magnetic field [44]. Such Landau levels are intrinsically
non-dispersive. However, their energy scaling and sensi-
tivity to the twist angle [44] – which is uncontrolled in
our study and thus inevitably different from device to de-
vice – is inconsistent with our observations. Flat bands
can also arise from a superlattice potential in the ac-
tive layer and have been detected by ARPES in multiple
moiré systems [45–48]. However, the systematic pinning

FIG. 4. Dispersionless spectral features in few-layer BP. (a)
ARPES data of 5L BP along the armchair direction shown
without the normalization of the intensities applied in Fig-
ure 2. (b) EDCs of the highest subband in 2−5L BP showing
a 2-peak structure away from the Γ point at k∥ ≈ 0.08 Å−1,
indicated by a dashed line in (a). (c) EDC at position c in-
dicated in panel (a). The photon flux relative to the first
spectrum is indicated in the figure. No significant variation
of the spectral line shape is detected when varying the photon
flux over more than an order of magnitude.

of the dispersionless features at the same energy relative
to a subband, irrespective of the twist angle of an indi-
vidual device, is difficult to reconcile with moiré physics.
We note that a recent time-resolved photoemission

study on bulk BP reported Floquet bands with simi-
larities to the dispersionless features in our data [49].
Given the high photon flux density in our measurements
(≈ 1014 s−1 focused in a spot of ≈ 3 µm2), one cannot a
priori exclude light induced effects on the electronic spec-
trum. This also includes the creation and probing of a
steady-state exciton population [50]. However, Figure 4c
shows that the 2-peak structure arising from the disper-
sionless features is unaffected if the photon flux is varied
by more than an order of magnitude. This excludes Flo-
quet bands [49] or a dynamic exciton population [50] as
the origin of the relevant spectral features.

The 2-peak structure arising from the non-dispersive
features also resembles the spectral function of a filled
band with strong electron-phonon coupling [51, 52].
Moreover, the energy of ≈ 60 meV observed experi-
mentally is close to the frequency of optical phonons
in BP [53, 54]. On the other hand, the high room-
temperature mobility of BP indicates that the electron-
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phonon coupling strength in BP is modest. Simple model
calculations for weak to moderate coupling reproduce a
dispersionless spectral feature at the right energy but pre-
dict that its spectral weight is weak and decays more
rapidly away from the main band than observed experi-
mentally (see Supporting Information, section VI).

Interestingly, a recent theoretical study predicts a
strong temperature dependence of electron-phonon cou-
pling in BP, raising the possibility of self-trapped small
polarons at low-temperature which delocalize at higher
temperature [54]. This might reconcile a high room-
temperature mobility with strong electron phonon cou-
pling effects at low temperature. It would be interest-
ing to address this possibility in future temperature-
dependent µ-ARPES experiments. Varying the carrier
density by electrostatic gating may provide another route
to controlling electron-phonon coupling [55, 56].

In conclusion, we reported a comprehensive study of
the quasiparticle dispersion in few-layer BP. Our data
directly resolve a multitude of anisotropic quantum well
states. We quantify their dispersion and determine uni-
versal tight-binding parameters which provide an accu-
rate description of the full electronic structure over a
range of thickness. This provides a solid foundation for
the interpretation of complementary experiments on BP
devices. We further reported novel dispersionless spectral
features which may be relevant for the physical properties
of BP.
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