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Excitons in atomically thin black phosphorus
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Raman scattering and photoluminescence spectroscopy are used to investigate the optical properties of single

layer black phosphorus obtained by mechanical exfoliation of bulk crystals under an argon atmosphere. The
Raman spectroscopy, performed in situ on the same flake as the photoluminescence measurements, demonstrates
the single layer character of the investigated samples. The emission spectra, dominated by excitonic effects,
display the expected in-plane anisotropy. The emission energy depends on the type of substrate on which the
flake is placed due to the different dielectric screening. Finally, the blueshift of the emission with increasing
temperature is well described using a two-oscillator model for the temperature dependence of the band gap.

DOI: 10.1103/PhysRevB.93.121405

Black phosphorus, the most stable of all the allotropes
of phosphorus, has been intensively studied by different
experimental methods from the early 1950’s [1-7]. Bulk
black phosphorus is a semiconductor, with a band gap of
about 0.335 eV [1,4]. The orthorhombic bulk crystal has a
layered structure, with atomic layers bound by weak van der
Waals interactions. A single atomic layer is puckered, with
the phosphorus atoms being parallel in the (010) plane [3,8,9].
Atomically thin monolayers have been recently isolated using
mechanical exfoliation [10], adding black phosphorus to
the rapidly growing family of emerging two-dimensional
materials. The band gap of black phosphorus is always
direct and can be tuned from 0.3 eV to the visible part of
the spectrum [11,12]. In contrast, graphene is gapless [13],
and the transition metal dichalcogenides (TMDs) have an
indirect gap in the bulk phase and only monolayer TMDs
have a direct gap [14]. Moreover, black phosphorus exhibits
a strong in-plane anisotropy [11,12,15-17], which is absent
in graphene and TMDs. Additionally, the relatively high
mobilities measured at room temperature, combined with
the direct band gap, result in an on/off ratio for field effect
transistors of the order of 10° [12,18,19].

Although black phosphorus has a wide range of possible
applications, including tunable photodetectors [20], field effect
transistors [12,16,18,19], or photon polarizers [11,12,15-17],
many of its electronic properties are not yet fully understood.
The main difficulty arises from the sensitivity of black
phosphorus to its environment, notably its high reactivity
when exposed to air and laser light [10,21,22]. Theoretical
calculations predict a band gap of monolayer black phosphorus
ranging from 1 eV [11,19] to 2.15 eV [10,11], with a binding
energy of the neutral exciton of 0.8 eV in vacuum [11] and of
0.38 eV when placed on a SiO, substrate [10]. The measured
photoluminescence (PL) emission energy from bilayer black
phosphorus is between 1.2 eV [23] and 1.6 eV [10], while
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monolayer black phosphorus shows neutral exciton emission
around 1.3 eV [24], 1.45 eV [19], or 1.76 eV [25]. The latter
value was related to the simultaneous observation of charged
exciton emission at around 1.62 eV [25]. Using scanning
tunneling microscopy, the band gap of a single layer of black
phosphorus was estimated to be 2.05 eV [26]. The exciton
binding energy and consequently the emission energy strongly
depend on the dielectric environment (substrate) [10,27]. This
could partially explain the wide range of values for the
black phosphorus emission energy found in the literature,
possibly related also to a slightly different composition of
the SiO, substrates employed. Moreover, owing to the limited
lifetime of the samples, the various characterization techniques
used to identify monolayer black phosphorus (e.g., atomic
force microscopy, Raman spectroscopy) could not always be
performed on the same flake where the optical response was
investigated.

In this Rapid Communication we present a systematic
investigation of the optical properties of monolayers of
black phosphorus. We analyze the properties of the emission
as a function of the dielectric constant of the substrate,
excitation power, polarization, and temperature. The single
layer character of the investigated flakes is demonstrated using
in situ Raman measurements on the same flake used for the
PL. We show that the PL emission energy of monolayer black
phosphorus depends on the substrate used. The PL spectra,
dominated by excitonic effects, exhibit the expected in-plane
anisotropy. Finally, the blueshift of the emission energy with an
increasing temperature is well described with a two-oscillator
model for the temperature dependence of the band gap.

Single and few layer black phosphorus flakes have been
obtained by mechanical exfoliation of a bulk crystal, pur-
chased from Smart Elements (99.998% nominal purity). The
mechanical exfoliation was performed in a glove box filled
with argon (Ar) gas (<1 ppm O,, <1 ppm H,O). The flakes
were subsequently transferred onto a Si substrate, in most cases
capped with a 300 nm thick layer of SiO, (Si/SiO, hereafter).
The samples were stored in vials, in the glove box, before their
transfer to the cryostat under an Ar atmosphere.

For the optical measurements, the samples were mounted
on the cold finger of a He-flow cryostat, which was then rapidly
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pumped to a pressure below 1 x 10~ mbar, minimizing the
exposure of the black phosphorus to air. The excitation was
provided by a frequency-doubled diode laser, emitting at
532 nm and focused on the sample by a 50x microscope
objective (0.55 numerical aperture), yielding a spot size of
~1 um. The PL and Raman signals were collected through
the same objective and analyzed by a spectrometer equipped
with a liquid nitrogen cooled Si CCD camera.

Raman spectroscopy, which has been shown to be a very
precise tool for the determination of the number of layers in
TMDs [14,28-31] and in graphene [32,33], can also be used to
identify monolayer black phosphorus. Bulk black phosphorus
belongs to the D%fl space group. Of the 12 normal modes at the
I" point of the Brillouin zone, six are Raman active [7,34].
The two B;, modes are forbidden in the backscattering
configuration and the Bj, mode at 194 cm™' is very weak.
Therefore, only three Raman modes are expected for bulk
black phosphorus: Ai,, Ag, and By, at around 365, 470, and

442 cm™!, respectively [7,34]. The Ai, and B, modes are
related to the in-plane vibrations of the atoms, while the
A; mode is related to the out-of-plane movement of the
atoms [7,34].

Typical calibrated micro-Raman (©#Raman) spectra of the
bulk and single layer black phosphorus are presented in Fig. 1.
For the bulk crystal three strong peaks are observed at 363.7,
440.3, and 467.5 cm™!, corresponding well to the expected
main Raman modes. A further peak was systematically
observed at 520 cm~! (Raman mode of the Si substrate), con-
firming the correct calibration of our Raman setup. The slight
shift towards lower frequencies, compared to the previously
cited literature values, can be related to the low temperature
(4 K) at which our measurements have been carried out [23].
Under low excitation power (17 wW), initially used to avoid
any risk of inducing damage by exposure to the laser light,
the Raman spectrum of the monolayer flake is similar to that
of the bulk crystal. This suggests that the monolayer black
phosphorus remains crystalline and no oxidization occurred
during the transfer of the sample from the glove box to the
cryostat. Compared to bulk, the Ai, mode does not shift within
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FIG. 1. Typical uRaman spectra of bulk and single layer black
phosphorus on Si/SiO, measured at T = 4 K for different excitation
powers, as indicated. The dashed lines indicate the position of the
three Raman modes A, A}, and By, in bulk black phosphorus.
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experimental error. Although this Raman mode was found to
soften in a monolayer sample [19], it was generally found
to be rather insensitive to the number of layers [35,36]. In
contrast, the position of A§ and B>, Raman modes shift to

higher frequencies in the monolayer flake. The A§ mode shifts

by 1.7 + 0.2 cm™! while the By, shiftsby 1.0 = 0.2 cm™'. The
change of the energy of the Raman modes as a function of the
number of layers in black phosphorus has been already shown
for both high [10,19,35] and low frequency modes [37]. The
shifts we measure are in good agreement with the reported
values for single layer black phosphorus (~1.9 cm~' and
around ~1.0 cm™! for A§ [10,19,35,36] and B,, [10,35],
respectively), demonstrating the single layer character of the
investigated flake. Raman measured at high excitation power
(260 uW, the same as used for the bulk crystal) does not
show any additional features; the peak positions remain the
same as for the data obtained for low excitation power. Thus
there is no sign of laser-induced chemical modification of our
samples [10], which is important since the excitation intensity
used here is comparable to that used in our micro-PL («PL)
spectroscopy measurements.

In Fig. 2(a) we show representative low temperature uPL
spectra for the monolayer flake previously characterized
using Raman spectroscopy. The measurement was performed
without removing the flake from the cryostat, which was
maintained under vacuum. The spectrum is dominated by a
very strong emission line centered at around 2 eV, identified
with neutral exciton recombination. This line is consistently
observed at this energy for all flakes transferred to Si/SiO;
substrates. The typical full width at half maximum is of
<90 meV (line broadening induced by scattering with vacan-
cies and impurities in the exfoliated flakes). The observed
value of the exciton recombination energy is relatively high as
compared to the theoretical band gap of 2.15 eV computed for
a black phosphorus single layer [10,11], suggesting that the
investigated sample is indeed a single layer. This is somewhat
larger than the values already reported for black phosphorus
single layers of >~ 1.3-1.76 eV [19,24,25]. This could be partly
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FIG. 2. (a) Low temperature uPL spectra of black phosphorus
flakes on different substrates. X labels the neutral exciton transition,
T the charged exciton. The inset shows a histogram of the emission
energy for the 21 flakes investigated. The mean emission energy is
1.991 eV with a standard deviation o = 0.036 eV for flakes on a
Si/SiO, substrate and 2.102 eV with ¢ = 0.015 eV for flakes on
a Si substrate. (b) Polarization-resolved puPL spectra of a black
phosphorus flake on Si.
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ascribed to the different stoichiometry of the SiO, layers
used as a substrate, which induces a shift in the emission
because of the different dielectric constant of the surrounding
medium [38]. To verify this hypothesis, we have transferred
black phosphorus flakes onto a Si substrate covered by a
thin (~2 nm) layer of native oxide. Such a substrate has a
larger dielectric constant than the standard Si/SiO, substrates.
Thus, the exciton binding energy is expected to be lower and
the emission energy should be blueshifted. A typical uPL
spectrum of a flake transferred onto a Si substrate is shown
in Fig. 2(a). While the main spectral features resemble those
of a flake on a Si/SiO, substrate, there is a large shift of the
emission energy of ~80 meV. This confirms the dependence
of the emission energy on the dielectric environment, in
agreement with previous results [10,27]. The effect of the
dielectric environment seems to be stronger than for atomically
thin TMDs, in agreement with theory and experiment [39].
However, we note that the effect of the dielectric environment
alone is too small to account for the large variation of the
emission energy reported in the literature [19,24,25].

In the spectrum measured on a Si/SiO, substrate, in
addition to the neutral exciton recombination, we observed
additional features at ~1.84 eV, which can be attributed to
charged exciton recombination (systematically present in all
the investigated flakes) [25] together with a low energy peak,
typically at ~1.72 eV, and possibly related to excitons bound
to impurities. The low energy feature is not always present
[see, e.g., the uPL spectrum on a Si substrate in Fig. 2(a)].

Because of the low symmetry of the crystal structure and the
screening in black phosphorus [11,40], the exciton wave func-
tion is expected to be squeezed along the armchair direction,
resulting in a polarization-dependent PL emission [24]. The
linear polarization dependence of the emission of our flakes
was investigated by mounting polarizers/analyzers in both the
excitation and the detection paths. For any fixed orientation
of the analyzer in the detection path, the detected signal is
always stronger for horizontally (H) polarized excitation. This
stems from the polarization-dependent absorption properties
of black phosphorus [16]. Regardless of the polarization of
the excitation beam, whenever the analyzer in the detection
path was set to H, the intensity of the detected signal was a
maximum, which is consistent with the strongly anisotropic
nature of the exciton in black phosphorus [24]. For example,
in Fig. 2(b), we show uPL spectra excited with a H-polarized
laser light and detected with either H or vertical (V) direction
of the analyzer.

The evolution of the uPL spectra as a function of the
excitation power gives information concerning the nature of
the observed transition lines. We have measured the power
dependence of the uPL spectra for several black phosphorus
monolayer flakes. In Fig. 3(a) we show representative spectra
measured at low, intermediate, and high excitation powers P at
T = 4.2 K. Even after exciting with P > 1 mW, the emission
efficiency did not decrease for any of the investigated samples,
suggesting that our preparation method helps improve the
stability of the exfoliated black phosphorus flakes. Two peaks
appear in the spectra of Fig. 3(a) for all excitation powers used.
The neutral exciton peak slightly blueshifts (<2 meV) at high
excitation powers, possibly due to a localized heating effect
induced by the high power of the incoming laser beam (see
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FIG. 3. (a) uPL spectra of a black phosphorus single layer
on Si/SiO, measured at different excitation powers. The dashed
curves are Gaussian fits used to calculate the integrated intensity.
(b) Integrated intensity of the charged (T) and neutral (X) exciton
emission versus excitation power. The solid lines are fits to a power
law described in the text.

also below for a discussion of the temperature dependence of
the black phosphorus PL).

In Fig. 3(b) we present the dependence of the integrated
PL intensity / of neutral and charged excitons as a function of
the excitation power. At low excitation power, both intensities
increase linearly with the power (indicating the absence of
biexciton emission), as demonstrated by the fits to the power
law I o< P", withn = 0.97 4 0.03 for the neutral exciton and
n = 0.93 £ 0.03 for the charged exciton. At higher excitation
power, both excitonic lines saturate at approximately the
same level of excitation power [P = 1| mW—see the inset
to Fig. 3(b)], confirming that the two observed transitions are
related to the recombination of a single electron-hole pair.

In view of the potential use of black phosphorus in a
wide variety of electronic and optoelectronic applications, we
have investigated the temperature dependence of its optical
properties. In Fig. 4(a) we show normalized wPL spectra
measured at different temperatures. With increasing tempera-
ture, the charged exciton peak broadens. The neutral exciton
emission blueshifts (measured dEy/dT ~ 3.1 x 107% eV/K
between 40 and 160 K), which is consistent with earlier
reports of the temperature dependence of the band gap of
bulk black phosphorus (dEy/dT = 2.8 x 107* eV/K [2] or
2.33 x 107* eV /K [41]). The behavior of the emission energy
of the excitonic peak is shown in more detail in Fig. 4(b).
In bulk semiconductors, the variation of the band gap as
a function of the temperature is a direct consequence of
the renormalization of the band gap via the electron-phonon
interaction and of the thermal expansion of the lattice [42]. In
the framework of the two-oscillator model [43-46], the band
gap E; is approximated by

2 2
E(T)=Eo+E\| 55—+ 1|+ E| 55—+ 1],
e’ — ] ek’ — 1

where E| is the bare band gap (i.e., the low temperature band
gap exhibited in the absence of zero point motion), E| + E; is
the renormalization energy, and hw; = 17.23 meV and fiw, =
52.82 meV denote the two oscillator energies, as extracted
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FIG. 4. (a) uPL spectra of a black phosphorus single layer on
Si/Si0, measured at different temperatures. The dashed lines are
Gaussian fits used to extract the emission energy. (b) Emission energy
of the neutral exciton as a function of the temperature. (c) Integrated
intensity of the neutral exciton versus temperature. The solid lines
are fits to the models described in the text.

from the computed phonon density of states of monolayer
black phosphorus [47]. The neutral exciton emission energy is
then given by E,(T) — Ex, where Ex is the exciton binding
energy. The solid curve shown in Fig. 4(b) is obtained by
fitting the experimental data, yielding (Ey — Ex) = 2.22 &+
0.02 eV (larger than the observed low T transition energy,
suggesting the occurrence of band gap renormalization due
to electron-phonon interaction), E; = 72.6 & 0.3 meV, and
E;, = —297 £ 3 meV.

The integrated intensity of the excitonic transition as a
function of the inverse substrate temperature 7! is shown in
Fig. 4(c). With increasing temperature, the emission intensity
decreases, owing to the thermal activation of nonradiative
recombination centers. To quantify the activation energy
E, the experimental data are fitted using I(7)/I(T =0) =
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1/(1 + ae~Ea/*sT) [48], where a is related to the ratio of
the radiative and nonradiative lifetimes [49], to give Ex =
10 £ 1 meV,anda = 6.8 & 2. The significantly lower value of
Ea as compared to the computed exciton binding energy [10]
confirms that the decrease of the PL intensity at high T
is brought about by the thermal occupation of nonradiative
recombination centers rather than the dissociation of the
excitons.

In summary, we have performed a detailed investigation
of the optical properties of monolayer black phosphorus
mechanically exfoliated in an Ar atmosphere. No significant
degradation of the PL emission was induced by the laser
illumination, suggesting that this preparation method preserves
the optical properties of the black phosphorus flakes. The
shift of the Raman modes measured on the exfoliated flakes
with respect to the bulk black phosphorus confirms the
single layer character of the exfoliated black phosphorus
flakes. The measured wPL spectra exhibit strong emission
lines, attributed to the recombination of neutral and charged
excitonic complexes. It is not clear if the enhanced emission
energy, compared to the previously reported values [19,24,25],
is linked with a larger intrinsic band gap or a reduced exciton
binding energy. The excitonic nature of the observed PL
was confirmed by the observed polarization dependence and
by the nearly linear increase of the emission intensity with
the excitation power. The increase in the emission energy
with temperature was modeled with a two-oscillator model to
account for the temperature dependence of the semiconductor
band gap.
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