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have reached 4000–6000 cm2 V−1 s−1.[1d,3] 
In addition, BP is among the few less-
known 2D layered crystals with direct 
bandgaps in both monolayer and multi-
layer forms.[1d,f,m,4] Owing to its strong 
interlayer interaction, BP exhibits extraor-
dinary layer-dependent electronic struc-
tures with bandgaps varying from infrared 
(0.35 eV) to visible region (1.73 eV).[1h,m] 
Unlike most other well-studied layered 
crystals with isotropic in-plane lattice, 
BP has an anisotropic puckered struc-
ture that is stiff along one of the in-plane 
directions (zigzag) but flexible along the 
other (armchair).[1d] As a result, BP has 
shown significant anisotropy in elec-
trical, optical, mechanical, and thermal 
properties.[1d,f,g,4b,5] In addition, BP has 
shown anisotropic electron and phonon 
dispersion, which give rises to the ani-
sotropic electron–photon and electron–
phonon interactions.[1d,f,5f,6] Considering 

all of these properties, BP is a promising candidate for field-
effect transistors, broad-band polarization-dependent photode-
tectors, and optical modulators.[1a,b,i,j,7]

Raman spectroscopy is a fast and nondestructive characteri-
zation tool that provides structural and chemical information 
of materials. Even though they have a small effective scattering 
cross section, most nanomaterials show considerable Raman 
signal due to resonance effects and interference enhance-
ment.[8] In recent years, Raman spectroscopy has demonstrated 
its powerful capability in characterizing 2D layered mate-
rials. Taking graphene as an example, Raman spectroscopy 
has revealed rich information on the chemical and electronic 
structure of graphene: the layer number and stacking order, 
the type of edges, the doping type, disorder and defects, and 
the interlayer interactions.[9] In addition, Raman spectroscopy 
has also been used to probe the electron–photon and electron–
phonon interactions in the Brillouin zone center, and to inves-
tigate the basic physicochemical properties such as the thermal 
conductivity.[9e,10]

Here, we highlight the recent advances in the Raman scat-
tering studies of 2D BP crystals. First, we introduce the basic 
concept of the atomic structure and discuss the crystal sym-
metry, lattice vibration, phonon dispersion, and layer-number 
dependence of the Raman spectra of BP. Then, we empha-
size the anisotropic electron–photon and electron–phonon 
interactions in the orthorhombic BP crystal and review recent 
studies of the anomalous polarized Raman scattering in BP 
and its dependence on the excitation energy, thickness, and 

Here, an overview of recent advances on the Raman spectroscopic studies 
of 2D black phosphorus (BP) crystals is provided, covering the fundamentals 
of Raman scattering such as the crystal symmetry and the assignment of the 
phonon modes, the Raman selection rule that can be used to determine the 
crystalline orientation, the interlayer coupling that gives rise to the interlayer 
shear and breathing modes, and the effects of perturbation such as tempera-
ture, strain, and pressure. Due to the low in-plane symmetry of BP, particular 
attention is given to the anisotropic electron–photon and electron–phonon 
interactions in BP, which have strikingly distinct characteristics compared 
with other isotropic 2D materials. The abnormal polarized Raman scattering of 
anisotropic BP crystals and its dependence on the excitation energy, thickness, 
and phonon modes are discussed from the viewpoints of the complex Raman 
tensors and the optical birefringence effect. Furthermore, the calibration of the 
Raman selection rule in anisotropic BP crystals is discussed, and the versa-
tility of Raman spectroscopy in characterizing the structure of BP, such as the 
layer number, the type of edges, and the crystalline orientation are considered.

Black Phosphorus

1. Introduction

Black phosphorus (BP), a remarkable elemental semiconductor 
with lamellar structure, has attracted significant attentions in 
the past three years.[1] Unlike other allotropes of phosphorus, 
such as red phosphorus and white phosphorus, BP possesses 
a puckered structure, where the sp3 hybridized P atoms form 
zigzag chains by connecting to the nearest P atoms.[2] The 
relaxed restriction of the bond angle in such a puckered struc-
ture makes BP the most thermodynamically stable allotrope 
of phosphorus. Recently, BP has been reintroduced into the 
2D materials community as a p-type semiconductor with 
exceptionally high carrier mobility and considerable on–off 
ratios.[1b] The predicted carrier mobility is as high as 10 000 to 
26 000 cm2 V−1 s−1, and current experimental measurements 

Small Methods 2018, 2, 1700409

http://crossmark.crossref.org/dialog/?doi=10.1002%2Fsmtd.201700409&domain=pdf&date_stamp=2018-04-19


© 2018 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim1700409 (2 of 18)

www.advancedsciencenews.com www.small-methods.com

phonon modes. Finally, we summarize the interlayer shear and 
breathing modes, edge phonons, and phonon behavior under 
external perturbation such as temperature, strain, and pres-
sure. We emphasize the Raman scattering characteristic of BP 
associated with its in-plane low symmetry, give examples of the 
versatility of Raman spectroscopy in characterizing the layer 
number, edges, crystalline orientation, and interlayer interac-
tion of BP, and hope to provide a complete understanding of 
the Raman scattering of 2D materials with in-plane low sym-
metry in general.

2. Structure Symmetry, Lattice Vibrations,  
and Phonon Dispersion

To understand the Raman scattering and Raman selection rule 
in 2D anisotropic BP crystals, it is important to know the sym-
metry of its atomic structure, lattice vibrations, and phonon 
dispersion.

Elemental phosphorus exists in several forms with strik-
ingly different atomic structures. Distinct from the tetrahedral 
P4-based structure of other phosphorus allotropes, BP presents 
a layered structure with each sp3 hybridized P atom covalently 
bonded to three nearest neighbors in the layer (P1–P2 or P1–P3  
bond at 2.22 Å and P1–P4 at 2.28 Å, see Figure 1a,b). Each 
puckered layer is stacked on top of each other through van der 
Waals forces along the z-direction, forming a lamellar struc-
ture with the interlayer distance being 3.27 Å. The bond angles 
∠P3P1P2 (96.5°) and ∠P3P1P4 (101.9°) are much larger than 
the bond angles in white and red phosphorus, suggesting less 
strain and better stability.[2a] The experimental lattice parame-
ters of orthorhombic BP structure are x = 3.31, y = 10.47, and 
z = 4.37 Å.[2a]

In general, group theory is used to predict the normal 
modes in crystals, and the lattice vibrations are classified by 
the irreducible representations of the symmetry group of the 
corresponding crystals. The research of the lattice dynamical 
properties of BP can be traced back to 1980s.[12] The research 
methods at that time included calculations using a valence force 
model,[12a,d] inelastic neutron-scattering measurements,[12b] 
and infrared and Raman vibrational optical spectroscopy.[12c,13] 
Bulk BP crystallizes in a base-centered orthorhombic struc-
ture with the space group of Cmca (No. 64, D2h

18) in the Her-
mann−Mauguin (Schoenflies) notation.[14] The corresponding 
first Brillouin zone and calculated phonon dispersion[12d] 
are shown in Figure 2a,b. Research of N-layer BP has been 
emerging during the past three years.[1b,p] For N-layer BP, its 
symmetry is dependent on whether the number of layers 
is even or odd. The unit cell of N-layer BP is a simple rec-
tangle, so the Brillouin zone is also a rectangle, as shown in 
the inset of Figure 2c, and the space groups for odd and even 
layers are subgroups of the bulk space group. The space group 
is Pbmn (D2h

7) for N odd layers, and Pbma (D2h
11) for N even 

layers. There are 4N atoms for an N-layered sample, thus 12N 
vibrational modes, including 3 acoustic and 12N − 3 optical 
modes.[15] Following the conventional coordinates system for 
bulk BP, the x- and z-axes correspond to armchair and zigzag 
directions, and the irreducible representations of Brillouin zone 
center (Γ) for N-layer BP is given by: N(2Ag + B1g + B2g + 2B3g + 

Au + 2B1u + 2B2u + B3u).[5f,16] The swapped use of subscripts 
2 and 3 in some reports in the literature comes from the dif-
ferent definitions of the crystal coordinate system.[15b,17] For 
single-layer BP, the primitive cell consists of four atoms, sug-
gesting 12 vibrational modes in total (three acoustic and nine 
optical phonons). The calculated phonon dispersion of single-
layer BP and the optical phonon vibration patterns are shown 
in Figure 2c,d.[5c,18] The phonon dispersion of monolayer 
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BP shows nine optical phonon branches and three acoustic 
branches, including the out-of-plane acoustic modes, the in-
plane transverse acoustic modes, and the longitudinal acoustic 
modes.[5c] The space group classification of the bulk phase is 
different from that of few-layer, because there is an additional 
type of symmetry in the perpendicular direction for bulk BP. 
Nevertheless, they belong to the same D2h point group.[15b,16a] 
Bulk BP has four atoms in the primitive cell, and its irreducible 
representations are the same as single-layer BP.[15,16] According 
to the irreducible representations of the D2h point group, the 
normal modes of BP crystals at the T-point can be expressed as 
follows: Γ  = (2Ag + B1g + B2g + 2B3g + A1u + 2B1u + 2B2u + B3u).  
Among the above modes, one B1u, one B2u, and one B3u 
modes are acoustic modes, while the others are optical modes. 
For the optical modes, all the even parity modes, denoted as 
Ag

1, Ag
2, B1g, B2g, B3g

1, and B3g
2, are first-order Raman active 

modes and all are nondegenerate;[12c,16b] the other Blu and B2u 
modes are infrared-active modes, and the A1u mode is inac-
tive.[19] As shown in Figure 2d, the B1g, B2g, and B3g

1 modes are 
in-plane vibrational modes; the B1g and B2g modes correspond 
to vibrations along the zigzag direction, whereas B3g

1 is related 
to the vibrations along the armchair direction. In contrast, B3g

2 

is an out-of-plane vibrational mode.[18] It is also indicated in 
Figure 2d that the Ag

1 and Ag
2 modes involve both the in-plane 

and out-of-plane vibrations. However, the Ag
1 mode has a larger 

component along the out-of-plane direction, whereas the Ag
2 

mode is dominated by in-plane vibration along the armchair 
direction, and will evolve into a pure in-plane vibration with 
increasing layer number.[20]

Besides the Raman activity, an appropriate measurement 
configuration is also critical for the observation of Raman 
modes.[12c,16b] The normal configuration in experiment is back-
scattering geometry. As shown in Figure 3a, only the Ag and 
B2g modes are visible in this configuration. Therefore, the 
typical Raman spectra of BP crystals only have three charac-
teristic Raman peaks: Ag

1 (363 cm−1), B2g (440 cm−1), and Ag
2 

(467 cm−1).[1g,16c] Of course, here the interlayer modes in few-
layer BP, which appear in the low-frequency range are not taken 
into account.[5c,15a,17b] In a conventional Raman measurement, 
the propagation direction of the incident laser is perpendicular 
to the cleavage plane (xz) of the BP layers, no matter whether 
the samples are prepared through mechanical or solvent exfo-
liation methods. According to the Raman selection rule of BP, 
the Raman tensors of B3g

1 (230 cm−1), B3g
2 (436 cm−1), and 
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Figure 1. a) Unit cell of the bulk black phosphorus. b,c) Oblique view (b) and top view (c) of the atomic structure of black phosphorus. c) Reproduced 
with permission.[11] Copyright 2016, Wiley-VCH.

Figure 2. a) The first Brillouin zone of bulk BP. b) The calculated phonon-dispersion curves of bulk BP based on the valence force field model.  
a,b) Reproduced with permission.[12d] Copyright 1986, Physical Society of Japan. c) The phonon-dispersion curves of single-layer BP using first-principles 
calculation. The inset represents the first Brillouin zone of 2D layered BP. Reproduced with permission.[5c] Copyright 2015, Wiley-VCH. d) The vibration 
patterns of the optical modes of single-layer BP. Reproduced with permission.[11] Copyright 2016, Wiley-VCH.
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B1g (194 cm−1) modes do not contain the effective Rxz/Rzx and 
Ryz/Rzy component. Therefore, they are not allowed in the back-
scattering configuration. However, if the BP crystal is excited 
by an oblique incident laser with a polarization component par-
allel to the BP plane, these bands will appear in the spectrum. 
This is related to the Raman selection rule of BP, which will be 
discussed in the subsequent section.

3. Layer-Number-Dependent Raman Scattering

Due to the van der Waals interaction between layers of BP, 
adding an additional puckered layer on the existing BP layers 
will induce a slight change of the lattice parameters and the 
corresponding electronic structure. Consequently, the Raman 

scattering process in BP, which is related to photon–electron 
and phonon–electron interactions, is expected to exhibit a 
strong layer-number dependence.

Lu et al. first reported the Raman spectra of 1–5 L BP and 
bulk BP on 300 nm SiO2/Si substrates, where monolayer BP 
was obtained by plasma-assisted fabrication, and few-layer BP 
samples were mechanically exfoliated.[1c] The Raman intensi-
ties of the three bands (Ag

1, B2g, and Ag
2) increase monotoni-

cally with the layer number of BP. The intensity ratio between 
the Ag

1 mode and the first-order Si peak also undergoes a 
monotonic increase as the layer number increases from 1L 
to 5L.[1c] In addition, there is a slight redshift (up to 2 cm−1) 
of the Ag

2 mode from monolayer to five layers, while the 
Ag

1 and B2g modes remain almost constant (Figure 3b). The 
stiffening of the Ag

2 mode as the thickness decreases is 
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Figure 3. a) The typical Raman spectra of few layer (1–5L) and bulk BP. Reproduced with permission.[21] Copyright 2016, American Chemical Society. 
b) Raman frequencies and the frequency difference of Ag

2 and B2g modes for pristine exfoliated BP sample and plasma-treated ones as a function of 
thickness. Reproduced with permission.[1c] Copyright 2014, Springer. c) Full-width at half-maximum (FWHM) of Ag

1, B2g, and Ag
2 modes with increasing 

thickness of BP crystals. Reproduced with permission.[21] Copyright 2016, American Chemical Society. d) Raman spectra for the different regions of a 
BP flake with thicknesses ranging from 1.6 to 9.0 nm. The inset shows the zoomed-in Raman spectra for 1.6 nm thick BP. Reproduced with permis-
sion.[22] Copyright 2014, IOP Publishing.
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attributed to the van der Waals stacking-induced anisotropic 
structural relaxation.[1c,23] The Ag

1 mode is dominated by the 
atomic vibration along the out-of-plane direction, and the 
Ag

2 mode is dominated by in-plane vibration along the arm-
chair direction.[12c,13] Previous reports have predicted that 
the lattice parameter along the armchair direction decreases 
significantly from monolayer to bulk, while other lattice 
parameters along the other crystalline directions remain 
almost unchanged.[1d,5c,20,24] Therefore, the Ag

2 mode is more 
sensitive to the layer number than the B2g and Ag

1 modes. As 
shown in Figure 3a,c, Phaneuf L′Heureux et al. and Favron 
et al. discovered that few-layer BP shows a nonmonotonic evo-
lution in width and position when the thickness decreases to 
monolayer.[21,25] The broadening of these three Raman modes 
increases from 5L to 3L, and reaches maximum at 3L; then it 
decreases gradually from 3L to monolayer BP. It is reported 
that Raman peaks of amorphous BP also become broader in 
thinner samples.[7i] Apparently, two additional Raman modes 
appear in the Raman spectra of BP. The mode located at 
the high-frequency shoulder of the Ag

1 mode is related to a 
second-order Raman process. The other mode, separated 
from the Ag

2 mode, is assigned to the Davydov-induced con-
version from an IR-active mode (B2u) to a Raman-active mode 
(Ag).[21] For even thicker BP crystals (from 1.6 to 9.0 nm), as 
shown in Figure 3d, the Raman peaks of these three modes 
do not exhibit a noticeable shift when the thickness increases. 
Nonetheless, the intensity ratio between the Ag

1 band and the 
silicon Raman peak (520 cm−1) is proportional to the thick-
ness of the BP sample.[22]

The evolution of the Raman peaks with respect to the thick-
ness of few-layer 2D materials has been widely exploited to 
identify the layer number. However, this method does not apply 
to BP because the high-frequency Raman modes just shift very 
slightly with its thickness. In addition, since the laser com-
monly used for Raman measurements is linearly polarized, 
and the Raman intensities of both the BP and the silicon peaks 
depend on the sample rotation angle and laser polarization, it 
is rather complicated to identify the layer number according 
to the intensity ratio between the Ag

1 mode and first-order Si 
peak, unless the BP flakes to be measured remain in the same 
crystalline orientation.[16c,22,23]

4. Raman Selection Rule for Phonons in 
Anisotropic BP Crystal

4.1. Normal Raman Selection Rule

The emergence of a phonon mode is determined by the 
symmetry of the phonon, the experimental geometry of the 
incident and detection directions relative to the principal axes 
of the crystal. According to the classical Placzek approxima-
tion,[26] the Raman scattering efficiency of a phonon is pro-
portional to |ei · R · es|2, where ei and es are the polarization 
vectors of the incident and scattered light, R is the second-
rank polarizability tensor for different phonons in space-fixed 
coordinates, usually called Raman tensor.[26a] The Raman ten-
sors of the Ag, B1g, B2g, and B3g phonon modes in BP crystal 
are expressed as[13]
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Since the Raman tensor of a crystal is determined by the 
phonon symmetry and the crystal symmetry, the Raman effi-
ciency of a phonon is dependent on not only the polarization 
directions of the incident and scattered light but also the crys-
talline orientation. Two different approaches are commonly 
used to measure the polarized Raman scattering of BP:[27] 
one is to rotate the polarization of the incident and scattered 
light while keeping the sample fixed (method I);[1g,l,24b,28] 
the other is to rotate the sample with fixed polarizations 
(method II).[1l,5f,11,15a,16c,29] Generally speaking, the polariza-
tion configurations for polarized Raman scattering are usually 
denoted as the term A(BC)Ā, where A and Ā refer to the propa-
gation directions of the incident laser and scattered Raman sig-
nals, B and C denote the polarization directions of the incoming 
laser and the analyzer. Under most circumstances, the polarized 
Raman scattering measurements of BP crystals are carried out 
in the back scattering geometry, where ei and es are within the 
cleavage plane. For the polarized Raman spectra measured by 
rotating the incident polarization without an analyzer,[1g,24b,28a] 
I(Ag) = |eiR|2 = a2sin2α + c2cos2α, I(B2g) = e2, where α is the 
rotation angle of the incident polarization (ei) with respect to 
the armchair direction of BP. For the latter method, the BP 
sample can be rotated under parallel and cross polarization 
configurations, denoted as Y(XX)Y (parallel polarization) and 
Y(XZ)Y (cross polarization) or simplified as XX and XZ. The 
corresponding configurations in polarized Raman scattering 
experiments are shown in Figure 4a. Assuming θ is the angle 
between the incident polarization and the armchair direction 
of BP, then ei and es can be written as ei = es = (sinθ, 0, cosθ) 
under parallel (XX) polarization, by decomposing the incident 
and scattered polarization vectors with respect to the crystal 
coordinate system. For the B1g and B3g modes, I(B1g)XX/XZ = 
I(B3g)XX/XZ = |eiR es|2 = 0, suggesting that B1g and B3g cannot 
be detected in backscattering configuration. Similarly, I(Ag)XX =  
(acos2θ + csin2θ)2, I(B2g)XX = e2sin22θ, which indicates that the 
polarized Raman scattering of BP is dependent on θ, and the Ag 
modes show the maximum and minimum intensities at θ = 0° 
(armchair) or 90° (zigzag), which can be exploited to identify 
the crystalline orientation of BP (Table 1).[16c]

4.2. Angle-Resolved Polarized Raman Scattering of BP and Its 
Controversy in Identifying the Crystalline Orientations

At the very beginning of BP’s reintroduction into the 2D mate-
rial community, two groups (Xia’s and Lu’s) first reported that 
the Raman intensities of the three modes (Ag

1, B2g, and Ag
2) 

in thin BP crystals change significantly with the polarization 
of the incident light (using method I).[1g,28a] From the per-
spective of the atomic vibration directions, Lu and co-workers 
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reported that the Ag
2 and B2g bands of 15L BP show the max-

imum and minimum Raman intensities, respectively, when 
the incident light is polarized along the zigzag direction of BP 
sample, while the Ag

1 mode is not very sensitive to the incident 
polarization.[28a] However, the conclusion is quite different from 
the polarization-dependent Raman results by Xia’s report.[1g] 
Almost at the same time, Zhang’s group[16c] systematically 
investigated the polarized Raman scattering of BP by using 
method II (Figure 4a), which can be widely used to identify 
the crystalline orientation of BP. As shown in Figure 4b,c, the 
polarized Raman intensities of the three Raman modes in the 
thick BP (inset in Figure 4c) change periodically with sample 
rotation angle under both parallel (XX) and cross (XZ) polariza-
tions. The intensity polar plots of the Ag

1 and Ag
2 modes under 

parallel polarization yield 2-lobed and 4-lobed shapes with 
the maximum intensities at the rotation angle of 90°. The B2g 
mode yields 4-lobed shapes with the largest intensities at about 
45°, 135°, 225°, and 315° (Figure 4h–j). Combined with the 
angle-resolved direct-current conductance, it was confirmed 
that the direction with the largest conductance is in accordance 
with where the maximum Raman intensity of the Ag

2 mode is 
achieved. Therefore, it was concluded that the Ag

2 mode of this 

BP sample shows the largest Raman intensity under 514.5 nm 
excitation when the incident light is polarized along the arm-
chair direction of BP. However, as confirmed by transmission 
electron microscopy, Lu et al. and Ma and co-workers reported 
that the Ag

2 mode of the 8.3 nm thick BP with the excitation of 
532 nm laser shows the largest Raman intensity when the inci-
dent light or analyzer is polarized along the zigzag direction 
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Table 1. Raman Scattering efficiencies of Ag, B1g, B2g, and B3g modes in 
BP crystals under different polarization configurations.[16c]

Polarization 
configuration

XX1 XZa) Rotate polarizerb)

Ag (asin2θ + ccos2θ)2 (a − c)2sin2θcos2θ a2sin2α + c2cos2α

B2g e2sin22θ e2cos22θ e2

B1g 0 0 0

B3g 0 0 0

a)The configuration of rotating the sample under parallel (XX) and cross polari-
zation (XZ); b)The configuration of rotating the incident polarization without an 
analyzer.

Figure 4. a) The experimental diagram of the polarized Raman scattering measurement. Reproduced with permission.[11] Copyright 2016, Wiley-VCH. 
b,c) Angle-dependent polarized Raman spectra by rotating the sample under parallel (XX) and cross (XZ) polarization. The inset shows an optical 
image of a thick BP sample; the scale bar is 10 µm. Polar plots of the polarized Raman intensities of the Ag

1, B2g, and Ag
2 modes under: d–f) parallel 

and h–j) cross polarization. b–j) Reproduced with permission.[16c] Copyright 2015, Wiley-VCH.
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of BP, which is opposite to the aforementioned reports.[16c,29a] 
At this point it seems that both of these two methods used 
to identify the crystalline orientation of BP by polarized 
Raman scattering are in controversy.[1g,l,5f,11,15a,16c,24b,28a,29,30]  
In addition, it was further confirmed that the angle-dependent 
polarized Raman scattering of BP is dependent on the sample 
thickness, the excitation energy, and the phonon modes.[5d,f,11] 
As shown in Table 2, Ling et al. measured the angle-dependent 
polarized Raman intensity of BP samples with thicknesses 
of around 5, 20, 40, and 200 nm under excitation lasers of 
532, 633, and 785 nm.[5f ] Taking the 20 nm BP sample as an 
example, the main axes (the direction with the maximum 
intensity) of the polar plots for both the Ag

1 and Ag
2 modes 

vary between armchair and zigzag for different excitation 
energies. The main axes of the Ag

2 mode are at 30° and 120° 
for 532 and 633 nm excitations, respectively. Under the same 

excitation energy, the main axes of Ag
2 mode also vary with 

increasing thickness, which are at 30° for 5, 20, and 40 nm 
thick BP, and 130° for 200 nm thick BP under 532 nm excita-
tion. Apparently, the main axes of the polar plots for Ag

1 and 
Ag

2 modes in the 20 nm BP sample are mutually perpendic-
ular under the 532 nm excitation. In this regard, identifying 
the crystalline orientation of BP using angle-resolved polar-
ized Raman is rather complicated. One should take the thick-
ness of BP, the excitation energy, and the phonon modes into 
consideration simultaneously in order to figure out the crystal-
line orientation correctly.

As discussed above, no matter whether the angle-dependent 
polarized Raman spectra of BP are carried out by rotating the 
sample under XX/XZ polarization or rotating the polarizer, the 
measured |a|/|c| values can be used to indicate the main axes 
of the polar plots. When |a| < |c|, the largest Raman intensity 

was observed when the incident light was 
polarized along the armchair direction of 
BP under both configurations. However, 
|a|/|c| values suffer from the influence of the 
optical anisotropy of BP, such as the bire-
fringence and linear dichroism effects, ani-
sotropic electron–photon interactions, and 
electron–phonon interactions in BP. It is also 
influenced by external factors, such as the 
interference effect of the substrates and the 
experimental configurations,[5d,f,11,29b] which 
will be discussed in the following sections.

4.3. Abnormal Polarized Raman Scattering 
in BP and Its Dependence on the Excitation 
Energy, Thickness, and Phonon Modes

Distinguished from isotropic 2D crystals, 
anisotropic BP crystals present abnormal 
polarized Raman scattering, which cannot 
be interpreted by the normal Raman selec-
tion rule. As shown in Figure 5a–d, the 
experimental results of the angle-dependent 
polarized Raman intensities of the totally 
symmetric Ag

2 modes (dots) in BP do not 
match with the calculated Raman effi-
ciencies (the solid lines) under either 532 
nm or 633 nm excitation. In particular, 
according to the Raman selection rule, only 
one maximum intensity is expected for 
the Ag

2 mode when the laser is polarized 
along one of the crystalline orientations,  
as shown by the solid lines in Figure 5a,c. 
However, the experimental data show that the 
Ag

2 mode exhibits two local maximum inten-
sities along both of the crystalline orientations  
(θ = 90° and 180°). In addition, as shown in 
Table 2, the abnormal angular dependence 
of the polarized Raman scattering of BP is 
further confirmed to be dependent on the 
sample thickness, the excitation energy, and 
the phonon modes.[5d,f,11,29b]

Small Methods 2018, 2, 1700409

Table 2. The anisotropic polarized Raman scattering of 5, 20, 40, and 200 nm thick BP under 
the excitations of 532, 633, and 785 nm lasers. The main axes of the Raman intensity polar 
plots are indicated by the blue and green arrows. Reproduced with permission.[5f ] Copyright 
2016, American Chemical Society.
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Actually, this phenomenon exists commonly in anisotropic 
crystals, which dates back to the 1960s.[31] Similar anomalous 
angle-dependent polarized Raman scattering has been discov-
ered in bulk crystals such as calcite, LaCl3, YVO4, and NaNO3 
crystals.[31] It was regarded as the breakdown of the Raman 
selection rules at the beginning and improper frequency assign-
ments were induced. It was proved later that optical anisotropy 
is responsible for abnormal angular dependence of bulk ani-
sotropic crystals.[31c,32] Besides anisotropic 2D BP crystals, this 
abnormal phenomenon also occurred in fully symmetric modes 
of other 2D family members with low symmetry ranging from 
orthorhombic to monoclinic to triclinic crystal systems, such 
as SnSe/SnS, GeS, and WTe2 (orthorhombic); GaTe and 1T’ 
MoTe2 (monoclinic); and ReS2 (triclinic).[33] In the case of BP, 
the abnormal polarized Raman scattering is mainly attributed 
to two types of factor. One is the extrinsic factor including the 
scattering geometry (such as the numerical aperture of the col-
lection lens) and the interference effect of the commonly used 
300 nm SiO2/Si substrate. The other stems from the intrinsic 
property of BP, such as the optical anisotropies (birefringence 
and linear dichroism effects), anisotropic electron–photon 
interactions and electron–phonon interactions.[5d,f,11,29b]

Regarding the intrinsic factors, three theoretical models, 
including two classical theories and one quantum theory, have 
been applied to explain the abnormal polarized Raman intensities 
of nonpolar modes in BP crystals and its dependence on the excita-
tion energy, thickness of BP crystals, and different phonon modes.

4.3.1. Complex Raman Tensor

The first reported model based on classical theory takes the 
complex values of the Raman tensor elements of a phonon 

mode into consideration.[29b] Since the Raman tensor is 
described as the derivative of the complex dielectric matrix 
with respect to the normal coordinates of the crystals, the 
full expression of Raman tensors should also be complex. In 
normal cases, only the real part of the Raman tensor element is 
considered. However, for BP with significant birefringence and 
anisotropic absorption, the imaginary part should also be taken 
into consideration.[29b,32b] Hence the Raman tensor of a phonon 
with Ag symmetry in the orthorhombic BP crystal is

( ) =
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ϕ

ϕ

a e
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e c

i

i

i
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e 0
0 e 0

0 e
g  (3)

where a, b, c, and ϕa, ϕb, and ϕc represent the magni-
tude and complex phase of the three independent compo-
nents of the tensor, respectively. The calculated intensities 
of the Ag mode (Table 3) match well with the experimental  
results under parallel and cross polarization configura-
tions with different excitation wavelengths, as shown in  
Figure 5e–j.[29b]
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Figure 5. a–d) Angle-resolved Raman intensities of Ag
2 modes in BP under parallel (//) and cross (⊥) polarization with the excitation wavelength of:  

a,b) 532 nm and c,d) 633 nm. The solid lines are the best fitting with calculated Raman efficiency. e–j) Angle-resolved Raman intensities of Ag
2 modes in BP 

under parallel (//) and cross (⊥) polarization with the excitation wavelength of 633 nm (e,h), 532 nm (f,i) and 488 nm (g,j). The solid lines are the best fit 
with the calibrated Raman efficiency based on the complex Raman tensor. a–j) Reproduced with permission.[29b] Copyright 2015, American Chemical Society.

Table 3. Calibrated Raman efficiency of Ag and B2g modes in BP crystals 
under different polarization configurations.[11,29b]

Polarization configuration XX XZ

Ag a2sin4θ + c2cos4θ + 2ac sin2 

θcos2θcos2ϕac
a)

(a − c)2sin2θcos2θ

B2g e2sin22θ e2cos22θ

a)ϕac refers to the phase difference between φa and φc in the first model.
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4.3.2. Birefringence-Directed Raman Selection Rule

In contrast, the second model considers the change of elec-
tric field vectors of the incident and scattered light due to the 
optical birefringence and linear dichroism of the anisotropic 
crystal.[34] The polarizations of the incident and scattered 
light involved in the Raman scattering of biaxial BP crystals 
suffer from the influence of the birefringence and linear 
dichroism of BP. Therefore, the calibrated electric field vec-
tors of the incoming and scattered light (ei and es) should 
be used in the calculation of Raman efficiency. This model 
explains the experiments as well as the first model. However, 

here ϕac, indicated as n n dac z x
2

( )ϕ π
λ

= − ∆ , has a real physical 

meaning, and represents the phase difference between the 
two birefringence-induced polarized components.[11] In some 
sense, this classical model is mathematically equivalent to 
the first model. However, this model successfully interprets 
the abnormal angular dependence on the thickness of the BP 
sample, the excitation energy, and the Raman modes, and per-
fectly fits the experimental Raman results in Figure 6. This is 
further confirmed by the fact that the fitted phase difference 
ϕac and anisotropy ratio (|a|/|c|) are dependent on the sample 
thickness, the excitation energy, and the phonon modes. For 
example, as shown in Figure 6d,f, the derived phase differ-
ences ϕac are distinct for the same Ag

2 mode in 9.6 nm thick 
BP sample with an excitation wavelength of 488 nm (ϕac = 42°)  
and 633 nm (ϕac = 38°) as well as the different modes for the 
same BP sample (ϕac(Ag

1) = 16° and ϕac(Ag
2) = 45°). It can 

also be seen from Figure 6e that the fitted phase differences 
of the Ag

2 mode are different for the 9.6 and 76 nm thick 
regions of the same BP sample. Overall, this model provides a 
quantitative and full understanding of the abnormal angular-
dependent Raman scattering of the fully symmetric Raman 
modes in BP crystals, which can also be extended to the other 
anisotropic 2D crystals, such as SnSe/SnS, GeS, WTe2, GaTe, 
1T’ MoTe2, and ReS2.

4.3.3. Anisotropic Photon–Electron Interaction and Phonon–
Electron Interaction

Ling et al. provided a qualitative explanation for this anoma-
lous angular Raman dependence from the perspective of the 
quantum physics.[5f ] According to the microscopic Raman 
theory, the process of first-order Raman scattering for a phonon 
involves three processes; that is, two photon–electron interac-
tion and one phonon–electron interaction. The probability of 
the Raman scattering for a given Raman mode is described as[35]

P
E E E E Eii ii

n n

ii HH nn nn HH nn nn HH ff| | |
Raman

light el ph light

ph
,

2

∑ ( )( )
∝

〈 ′ 〈 ′ 〈
− − −λ λ

−

′
 (4)

where i and f are the initial and the final electronic states of 
the Raman scattering, respectively. n′ and n are the two inter-
mediate states. Eλ, Eii, and Eph are the excitation photon energy, 
electron–hole transition energy, and phonon energy, respec-
tively. The first term 〈i|Hlight|n′〉 and the third term 〈n|Hlight|f〉 
describe the absorption and the emission process of photons, 
and are related to the electron–photon interaction involved in 
the Raman scattering. The middle term 〈n′|Hel−ph|n〉 represents 
the electron–phonon interaction. As shown in Figure 7a, the 
9 and 225 nm thick BP absorb more light along the armchair 
direction than the zigzag direction, indicating the anisotropy of 
the photon–electron interaction in BP. In addition, the calcu-
lated transition probabilities for the allowed optical transition 
engaged in Raman scattering is dependent on the excitation 
energy. For instance, with the excitation energies of 0.82 and 
4.33 eV, the allowed electron transitions in trilayer BP are 
B3g→B2u and Au→B3g, respectively. The former has the largest 
(smallest) transition probability when the incident light is along 
the armchair (zigzag) direction, while the latter occurs with 
the opposite. Therefore, the angle-resolved polarized Raman 
spectra  are strongly dependent on the incident laser energy.

Small Methods 2018, 2, 1700409

Figure 6. Schematic illustration of the influence of a) excitation wavelength, b) thickness, and c) phonon modes to the abnormal polarized Raman of 
BP in the model of birefringence-directed Raman selection rule. The experimental results of the angle-dependent polarized Raman intensities for the 
Ag

1 and Ag
2 modes: d) the Ag

2 modes for 70 nm thick BP with the excitation wavelengths of 488 and 633 nm; e) Ag
2 modes for 9.6 and 76 nm thick 

BP with 632.8 nm excitation; f) the Ag
1 and Ag

2 modes for 9.6 nm thick BP with an excitation laser of 514.5 nm. a–f) Reproduced with permission.[11] 
Copyright 2016, Wiley-VCH.
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Besides the intrinsic effects of the optical anisotropic nature 
of BP, the polarized Raman scattering of BP is also affected 
by extrinsic factors, such as the optical interference of the sub-
strate, the focal length and the collection angle of the lens, the 
scattering geometry, and crystal alignment.[31d] Considering 
the optical interference of both the substrate and the BP, Kim 
et al. has reported that the polarization-dependent enhancement 
factors of the Ag modes in BP on 300 nm SiO2/Si substrates 
differ greatly along the armchair and zigzag directions of BP.[5d] 
Due to the birefringence and linear dichroism effect of BP, the 
polarized Raman scattering is significantly enhanced along 
zigzag direction compared to the armchair direction. Through 
corrections that exclude the interference effect, the polarization 
dependence of the Ag modes becomes fairly similar for BP sam-
ples with different thicknesses (5, 65, 70, and 90 nm). Thus, they 
claimed that the interference enhancement is the main cause for 
the thickness-dependent polarized Raman scattering of thin BP. 
However, it fails to explain the excitation energy dependence.

5. Interlayer Shear and Layer Breathing Modes in 
BP Crystals

Besides the high-frequency intralayer modes related to the 
strength of chemical bonds, another kind of vibrational mode 
exists, that involves the relative vibrations of the individual BP 
layers, either perpendicular or parallel to the layer plane, that is, 
the interlayer breathing (or compression, labeled as “B” mode) 
and shear (C) modes,[5c,20,36] which are considered to be rigid-
layer Raman modes.[37] These modes are directly related to the 
interlayer coupling and the sample thickness, and are usually 
located in the low-frequency region (below 100 cm−1) due to the 

relatively weak interlayer interactions between adjacent layers.[15a] 
Therefore, the characterization of the interlayer Raman modes 
can provide essential information to determine the layer number 
and quantify the interlayer interaction of BP layers.

According to theoretical studies, the low-frequency interlayer 
phonons in bulk BP are either IR-active or optically inactive, so 
they cannot be detected in Raman measurements.[36a] These 
phonons have been studied by inelastic neutron scattering in 
the 1980s, and it was found that there is one B mode located 
at ≈87 cm−1 and two C modes at 19 cm−1 (Cx, vibrating along 
the armchair direction) and 52 cm−1 (Cy, vibrating along the 
zigzag direction).[12b] Different from other 2D layered materials 
(graphene, TMDs), Cx and Cy are nondegenerate due to the in-
plane anisotropic structure of BP.[12b] Compared to the bulk 
phase, the lattice symmetry of few-layer BP is reduced due to its 
limited translational symmetry in the z-direction, so the optical 
activity of the phonon modes changes; that is, some Raman 
inactive modes in the bulk phase become Raman active in few-
layer samples.[38] Although bulk BP and N-layer (NL) BP belong 
to different space groups, they all belong to the same point 
group D2h so their Raman modes have the same symmetry clas-
sifications and the same forms of Raman tensors regardless of 
the sample thicknesses. Group theory analysis suggests that 
even NL BP has N/2 Raman active B modes (Ag) and N Raman 
active C modes (B1g or B3g), whereas odd NL BP has (N − 1)/2 
B modes and N − 1 C modes.[15a] Based on the calculation for-
mula for the Raman scattering efficiency, B1g and B3g modes 
can only be detected when the incident light has the component 
polarized along the z-direction; in other words, the C mode 
cannot be observed under back-scattering configuration for the 
few layer BP sheet. On the other hand, interlayer vibrational  
phonons do not exist in monolayer BP flakes. Therefore, only 
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Figure 7. a,b) The anisotropic absorbance of the a) 9 nm thick and b) 225 nm thick BP sample. The insets show polar plots of the angle-dependent 
absorption at 633 nm. c) The calculated band structure of trilayer BP. Inset: 2D Brillouin zone of trilayer BP. d,e) The polar plots of the electron transi-
tion probabilities of the first Brillouin zone of bulk BP, from the B3g band to B2u band (d) and from the Au band to the B3g band (e). a–e) Reproduced 
with permission.[5f ] Copyright 2016, American Chemical Society.
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the B mode can be observed in the Raman spectra of NL (N ≥ 1) 
BP samples under the condition of normal incidence.[38] More-
over, the B mode in few-layer BP should be located at a lower 
frequency than that in the bulk phase (≤87 cm−1).

As shown in Figure 8a, except the three high-frequency 
intralayer Raman peaks (Ag

1, B2g, and Ag
2), the three B modes 

(zoomed-in spectrum in the inset) lying around 26.2, 75.6, 
and 85.6 cm−1 can be observed in the Raman spectrum of this 
few-layer BP sample (layer number larger than 6), which are 
about two orders of magnitude weaker than that of the high-
frequency modes.[15a] Based on the scattering-efficiency analysis 
of the Ag mode in the previous section, the intensities of the B 
modes depend on the crystalline orientation of the BP sample 
relative to the polarization direction of the incident light. As 
shown in Figure 8b, the B mode, lying at 85.6 cm−1, exhibits 
a 180° variation period with the sample rotation angle under 
a parallel polarization configuration. The other two B modes 
located at 26.2 and 75.6 cm−1, also show a similar polarization 
dependence. All of them reach the maximum and minimum 
intensities at 45° (or 225°) and 135° (or 315°), corresponding 
to the armchair or zigzag direction of the BP sheet. For this 
sample, the armchair axis is oriented along the 45° direction. 
It is important to point out that different B modes show dif-
ferent ratios of maximum-to-minimum intensity, even though 
they have the same symmetry. This is because the values of the 
c/a ratio in the Raman tensors are different.

As mentioned above, the number of B modes is dependent on 
the thickness of the BP samples not only for even NL samples but 
also for odd NL samples.[37a] Figure 8c shows the Raman spectra 
of BP samples with different thicknesses. It can be seen that both 

the frequencies and widths of the low-frequency Raman peaks 
change with the thickness, which can be used to accurately deter-
mine the layer number of BP samples, and there are no low-fre-
quency modes for single-layer and bulk BP. Two types of Raman 
modes, CBM (collective breathing mode) and BH modes (H rep-
resents high frequency), with opposite thickness dependence can 
be observed in the Raman spectra. The BH mode shifts to higher 
frequency as the layer number increases (B1

H lying at ≈71 cm−1 
in bilayer BP and ≈90 cm−1 in multilayer sample), while the CBM 
shifts to lower frequency with increasing sample thickness (lying 
at ≈40 cm−1 in bilayer and ≈8 cm−1 in multilayer flake). Another 
BH mode appears when the layer number increases to five, and 
three BH modes exist when the sample is thicker than ten layers. 
In addition, another B mode (labeled as BL, where L represents 
low frequency) can be observed for similar thickness-dependent 
frequencies as in the CBM case when the layer number is 
larger than 11. On the other hand, all of the B modes (including 
CBM, BL, and BH modes) become sharper as the layer number 
increases, that is, the peak widths decrease.

The standard linear-chain model is used to describe the 
quantitative relationship between the frequency of the inter-
layer Raman modes (B and C modes) and the number of 
layers. The interlayer coupling in other layered materials can 
also be derived from this relationship.[39] The frequency of 
the B mode and the layer number have the following relation-
ship: n1 ( / )0ω ω π= ± ,[37a,39a] where ω is the frequency of 
the B mode and N is the layer number. ω0 is the Raman shift 
of the B mode in a bilayer sample, and can be expressed as 

c a(1/( 2 )) /0ω π µ= , where c is speed of light in vacuum, 
α is interlayer force constant, and µ = 1.42 × 10−26 kg Å–2 is 
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Figure 8. a) Interlayer vibrations in Raman spectrum of a few-layer BP flake; the inset shows the zoomed-in spectrum in the frequency range of 
20–150 cm−1. b) Polarization dependence of the highest-frequency interlayer breathing mode for this sample. a,b) Reproduced with permission.[15a] 
Copyright 2015, American Chemical Society. c) Raman spectra for BP samples with different thickness. CBM denotes the collective breathing mode, 
and Bn

H (Bn
L) denotes the nth-order breathing mode from the higher (lower) branch. d–g) Layer number dependence of: d) CBM and f) B1

H modes 
and e,g) the corresponding vibration patterns. The pink and red solid lines in (d) and (f) are the fitting curves by 1/N1/2 and linear chain model.  
c–g) Reproduced with permission.[37a] Copyright 2016, American Physical Society.
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the mass per unit area.[37a] The fitting of the B1
H branch using 

the above relationship is illustrated in Figure 8d. The inter-
layer force constant can be obtained from the fitting result: 
α = 1.27 × 1020 N m−3, which is several times larger than that in 
graphene and MoS2, suggesting a stronger interlayer coupling 
in BP. However, the CBM clearly deviates from the linear-chain 
model, which is proportional to N1/ . This is because the CBM 
originates from the relative motion between the entire N layers 
and the substrate, indicating that the interlayer coupling between 
BP layers is strong enough so that all the BP layers can be cou-
pled together. Therefore, only the B modes (BL and BH) indeed 
come from the relative vibration between BP layers, which is 
generally defined as the breathing mode in layered materials.

Although the number of B modes is linearly proportional to 
the layer number for both even and odd NL BP samples, not 
all the B modes can be detected and distinguished due to the 
weak intensity and the small spacing between peak positions. 
Further work should be carried out to study the B modes in BP 
samples in detail by improving the spectral resolution of the 
Raman spectrometer and enhancing the Raman efficiency in 
the low-frequency region. In addition, studies of the C modes 
are still limited to theoretical calculations. It is imperative to 
optimize the light path so that the incident light has the com-
ponent polarized along z-direction to excite the C modes. In 
a word, systematic studies on the interlayer phonon modes of 
BP are beneficial to better understand the interlayer coupling, 
which affect the electronic and mechanical properties of BP.

6. Edge Phonons in BP

The edges of 2D crystals usually yield singular optical, electronic, 
and magnetic properties, which are dramatically different from 
those deep in the basal plane. Similar to graphene and TMDs, BP 

presents two types of crystallographic edges, the armchair and 
zigzag edges (Figure 1c). Previous experimental and theoretical 
reports have demonstrated that BP edges show outstanding 
optical, mechanical, and magnetic properties, such as edge 
plasmons and large room-temperature edge ferromagnetism in 
the oxidized state, and the edge types will also have significant 
influence on the bandgap of BP nanoribbons.[40] Therefore, it is 
crucial to develop approaches to identify the different edge types 
and probe the peculiar edge-sensitive properties.

Due to the broken symmetry at the edges, the Raman selec-
tion rule of the edge phonons is distinct from that in the basal 
plane, giving rise to new Raman bands. This allows Raman 
spectroscopy to investigate the edges of 2D layered crystal. 
Ribeiro et al. studied the edge phonons in exfoliated BP by 
polarized Raman scattering and discovered that for a 300 nm 
thick rectangular BP sample, it mainly shows the totally sym-
metric Ag

1 and Ag
2 Raman modes under parallel (XX/ZZ) 

configuration and a strong B2g peak under cross (XZ) polari-
zation (Figure 9a,b).[1l] Here, the notations XX/ZZ (XZ) refer 
to the incident light polarized along the armchair (X/Z) direc-
tion and with the detection polarization along armchair (X) 
or zigzag (Z) directions. However, when it is detected on the 
armchair edge of the BP flake under XX polarization config-
uration, the B2g mode becomes stronger, and two additional 
peaks, assigned as B1g (190 cm−1) and B3g

1 (230 cm−1) modes, 
emerge in the Raman spectrum. According to the Raman 
selection rule, as discussed in previous sections, these two 
modes are not allowed in the backscattering configuration, 
due to the zero xz and zx component of the corresponding 
Raman tensor. The edge phonons also show the unique 
Raman selection rule. For example, as shown in Figure 9d, the 
Ag

1 and Ag
2 modes show higher intensity at zigzag and arm-

chair edges, respectively, in the XZ polarization configuration. 
The B2g modes can be clearly observed at the armchair edge 
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Figure 9. a) Atomic force microscopy (AFM) image of the exfoliated BP flake. b) Raman spectra of BP in the center region under parallel (XX) and cross 
(XZ) polarization configuration and at the armchair edge with parallel (XX) polarization. The inset shows the zoom-in spectrum of the B3g

1 and B1g 
modes. c) The atomic displacement of the B3g

1 and B1g modes at the zigzag (left) and armchair (right) edges. The edge atoms are marked with purple. 
d) Raman mapping images of different Raman modes Ag

1, Ag
2, B2g, B1g, and B3g

1 under three different polarization configuration (ZZ, XX, and XZ).  
a–d) Reproduced with permission.[1l] Copyright 2016, Nature Publishing Group.
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in the ZZ polarization configuration and at the zigzag edge 
in the XX configuration. In addition, the B1g edge phonon 
appears at the zigzag edge in the ZZ polarization condition 
and armchair edge in both the XX and the XZ configurations, 
whereas the B3g

1 mode is not visible in the ZZ configuration, 
while it appears at zigzag edge in the XX configuration and 
at armchair direction in the XZ polarization configuration.[1l] 
The different behavior of the edge phonon in BP is attributed 
to the edge-reconstruction-induced distinct atomic displace-
ment at the edges. The edge atoms within the same puck-
ered layer move closer together in the relaxed armchair edge, 
while the zigzag edge displays stretching and contraction of 
the puckered structure. Figure 9c shows the corresponding 
atomic displacement of the B3g

1 and B1g phonons at the zigzag 
(left) and armchair (right) edges. Similar edge phonons are 
also observed in MoO3 crystals.[41]

7. Raman Scattering of BP under External 
Perturbation: Temperature, Pressure, and Strain

The Raman scattering of BP is quite sensitive to changes of 
the external perturbations, such as temperature, pressure, 
and strain. The investigation of Raman scattering in BP under 
external perturbations is important both to gain insight into 
their fundamental thermal and mechanical properties and for 
their applications in sensing the external perturbations.

7.1. Temperature

The study of the temperature-dependent Raman scattering 
of few-layer BP is important to further understand its 
thermal property.[28,42] The measured Raman shifts versus 
temperature can be characterized by a linear equation: 
ω = ω0 + χT, where ω0 is the phonon frequency at 0 K and χ 

is the first-order temperature coefficient.[28,42a–c] Late studied 
the temperature-dependent Raman spectra of a few-layer 
BP sample, which depicts softening of the Ag

1,B2g, and Ag
2 

modes with temperature increasing from 77 to 673 K. The 
results are shown in Figure 10, where the measured coef-
ficients χ of three characteristic Raman modes are −0.008, 
−0.013, and −0.014 cm−1 K−1.[42a] Other reports in the lit-
erature have also detailed similar temperature-dependent 
softening phenomena.[28,42b–d] However, the temperature 
coefficients are slightly different due to diverse measurement 
conditions, including the sample thickness, the laser polariza-
tion, the range of temperature, and the local surroundings of 
the material.[28,42a–d] Typical experimental configurations and 
results are summarized in Table 4. The observed softening of 
Raman modes is attributed to the anharmonic phonon cou-
pling and especially large lattice thermal expansion as found 
in graphene.[28b,43] The temperature coefficients of few-layer 
BP are comparable to that of graphene (−0.0154 cm−1 K−1 for 
the G band)[44] and MoS2 (−0.0123 and −0.0132 cm−1 K−1 for 
the A1g and E2g

1 modes).[45] The thermal effect on the Raman 
scattering of few-layer BP on hafnium dioxide (HfO2) high-
κ dielectric has also been reported.[42e] With an annealing 
temperature up to 200 °C, the BP film exhibits blueshifts 
in both the out-of-plane (Ag

1) and in-plane (B2g and Ag
2) 

modes. With increasing temperature, the additional thermal 
energy is found to promote the relaxation of strain in the 
sample, resulting in a distortion of the film crystallinity.[42e] 
In turn, the thermal-effect-induced frequency shift for the 
Raman modes in BP have been exploited to determine the 
anisotropic thermal conductivities of BP, which are ≈20 and  
≈40 W m−1 K−1 along the armchair and zigzag direction of BP 
film thicker than 15 nm.[28b]

Besides the frequency shift, the full-width at half-max-
imum (FWHM) of the Raman modes also gets broader with 
increasing temperature.[42a–d] This phenomenon is ascribed 
to the electron–phonon/phonon–phonon interaction and 
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Figure 10. a) Raman spectra of the few-layer BP sample in a temperature range of 77–673 K. b) Temperature dependence of Ag
1, B2g, and Ag

2 modes 
of a five-layer BP between 103 and 293 K. a,b) Reproduced with permission.[42a] Copyright 2015, American Chemical Society.
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anharmonic terms, and can be explained by using double-res-
onance theory.[42a,c,46]

7.2. Pressure

Pressure has been used to change the structure and modify 
the electronic structures and vibrational features of BP.[13,47] 
Theoretical and experimental studies have showed that there 
are three important transition points (P1, P2, and P3) to BP 
samples with increasing pressure, and high-pressure Raman  
spectroscopy has been proven to be a sensitive tool to characterize 
these transitions.[47a,48] As shown in Figure 11, the first turning 
point is an electronic topological transition at P1 ≈ 1.1 GPa,  
meaning that BP would become a 3D Dirac semimetal from 
a direct-gap semiconductor due to the band crossover near 
the Z point in the Brillouin zone with linear dispersion, and 

the FWHM of the Raman modes goes 
through a minimum at P1 due to the effect 
of electron–phonon coupling.[47] Further-
more, two new Raman modes labeled as 
N1 and N2 at 240 and 300 cm−1 emerge at  
P2 ≈ 4.6 GPa, which means that the BP crystal 
changes from a layered orthorhombic struc-
ture to a rhombohedral structure.[48a] All these 
three modes of the orthorhombic phase (Ag

1, 
B2g, and Ag

2) persist even above 4.6 GPa, which 
may be because the orthorhombic to rhom-
bohedral transformation is not completed at  
4.6 GPa. These three typical Raman modes 
of the orthorhombic structure vanish above  
P3 ≈ 11 GPa, and the structure is transformed 
to a simple cubic phase. The modes labeled as 
N1, N2, and N3 observed in the rhombohedral 
phase have been assigned as Eg

1, A1g, and Eg
2 

modes by first-principles analysis. Therefore, 
the changes in the pressure coefficients of the 
Raman frequencies, as well as the appearance 

and disappearance of Raman modes, confirm the electronic and 
structural transitions of BP.[48a]

7.3. Strain

2D crystals have shown outstanding mechanical resilience 
under elastic strain, much better than conventional bulk 
materials.[49] It has been found that monolayer BP can with-
stand a tensile stress and strain up to 10 N m−1 and 30%, so BP 
has been considered as a promising candidate for future flex-
ible electronics.[50] The strain effects on the electronic, optical, 
and thermal properties of BP layers have attracted great atten-
tion in recent years,[49c,51] such as direct-to-indirect bandgap 
transition, semiconducting-to-metal transition,[51a] remarkable 
shift of the optical absorption band-edge between the strained 
ripples,[49c] and inverse funnel effects of excitons.[51c]
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Figure 11. a) Pressure evolution of Raman spectra, where N1, N2, and N3 are the new modes. b) Pressure evolution of FWHM of three typical Raman 
modes in the range 0–4 GPa; the vertical dashed line indicates the transition pressures of semiconductor to topological insulator phase. c) Pressure 
dependence of the Raman shifts; the vertical dashed lines indicate the two structural phase-transition pressures. a–c) Reproduced with permission.[48a] 
Copyright 2017, American Physical Society.

Table 4. The temperature coefficients χ of Ag
1, B2g, and Ag

2 modes under different experi-
mental configurations.

Experimental configurationa) Temperature coefficient [cm–1 K–1] References

Ag
1 B2g Ag

1

S (SiO2/Si), d (≈4 nm), TR (77–673 K) –0.008 –0.013 –0.014 [42a]

S (SiO2/Si), d (≈3.2 nm), TR (113–293 K) –0.023 –0.018 –0.023 [28a]

Suspended, d (≈9.5 nm), TR (296–345 K) –0.019 –0.025 –0.023 [28b]

Suspended, d (≈9.5 nm), TR (296–345 K) –0.022 –0.029 –0.027 [28b]

S (SiO2/Si), d (≈6 nm), TR (250–400 K) –0.016 –0.027 –0.028 [42b]

S (SiO2/Si), d (≈9.5 nm), TR (250–400 K) –0.017 –0.028 –0.028 [42b]

S (Si), d (≈10 nm), TR (78–573 K) –0.028 –0.028 –0.018 [42c]

Suspended, d (≈70 nm), TR (298–598 K) –0.022 –0.034 –0.035 [5h]

S (SiO2/Si), d (≈70 nm), TR (298–598 K) –0.019 –0.031 –0.032 [5h]

a)The laser is polarized in parallel to the zigzag or armchair axes of BP; s is the sample thickness, TR is the 
temperature range, and S is the supported substrate.
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The strain effects on the Raman spectra of ultrathin BP 
have been investigated in both theory and experiment.[18,52] 
For anisotropic BP, the changes in the Raman shifts under 
in-plane uniaxial strain are angle-dependent, and they can be 
expressed as a combination of the Raman responses under 
zigzag and armchair strain. In experiments, BP thin films are 
usually transferred onto flexible polymer substrates in order 
to apply strain. The strain applied to BP samples was assumed 
to be the same as the strain applied to the flexible substrate 
under an ideal approximation.[52,53] However, in many cases, 
the actual strain applied to BP may be less because of pos-
sible interfacial slippage,[49c,54] so the strain-dependent Raman 
shifts are more susceptible to the experimental set-ups. If a 
BP flake is transferred onto a poly(ethylene terephthalate) 
(PET) substrate directly, the absolute change rates of Raman 
shift versus strain are smaller than 3 cm−1 per%,[17a,55] and 
the maximum rate is from the B2g mode under strain along 
zigzag direction, as shown in Figure 12a,b.[17a] If the BP 
flake is sandwiched by a poly(methyl methacrylate) (PMMA) 
layer on the top and a PET substrate (PMMA/BP/PET) at the 
bottom, the same mode can reach a remarkable redshift rate 
of 11 cm−1 per% (Figure 12c,d).[52b] The large difference of 
the change rates of Raman shifts under strain is attributed  
to the different strain transfer efficiencies between substrates 
and BP samples in the different experimental set-ups. The 
transfer efficiency of strain can be estimated theoretically 
through the rate of the peak shift, as reported by Zhang 

et al.[17a] According to their calculations, only 20 to 40% of the 
strain was effectively transferred from a PET substrate to a 
BP flake for direct BP/PET setups. They also reported that the 
different rates of the three characteristic Raman modes can 
also be used to identify the relative angle θ between strain and 
the zigzag axis of BP[17a]
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Based on these formulas, the strain angle θ and the crys-
talline orientation can be readily determined by the Raman 
frequency shifts, which is less affected by experimental con-
ditions, such as laser polarization, excitation wavelength, the 
sample thickness, and the substrate.

Figure 12. a) Raman spectra evolution and b) the fitted Raman shifts of the Ag
1, B2g, and Ag

2 modes of BP as a function of increasing zigzag strain 
for BP/PET set-up. a,b) Reproduced with permission[17a] Copyright 2017, Wiley-VCH. c) Raman spectra evolution and d) the fitted Raman shifts of 
Ag

1, B2g, and Ag
2 modes of BP as a function of increasing zigzag strain for PMMA/BP/PET experimental set-up. c,d) Reproduced with permission.[52b] 

Copyright 2017, Wiley-VCH.
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8. Summary and Outlook

Due to its superior electronic/optical properties and in-plane 
structural anisotropy, BP has attracted immense attention in 
the past few years. Raman spectroscopy is an important tool 
to probe the structural information and study electron–photon 
and electron–phonon interactions. On the other hand, the 
unique structural feature of BP provides an opportunity to 
enrich fundamental information on Raman scattering; in par-
ticular, the Raman tensors and Raman selection rules. Here, 
we have reviewed the recent advances in the Raman scattering 
of 2D BP crystals, from the basic concept of the crystal sym-
metry and phonon mode assignments to the characteristic 
Raman features of BP, including layer-number-dependence, 
interlayer shear, and layer breathing modes, edge phonons, and 
the effects of perturbation, such as temperature, strain, and 
pressure. The deviation from the normal Raman selection rule 
due to the optical anisotropy, the anisotropic electron–photon 
and electron–phonon interactions of BP and the modified 
Raman selection rule have also been discussed. For the future 
Raman scattering investigation of anisotropic BP, the following 
aspects should be addressed in more detail.

First of all, it is still an open question as to how the Raman ten-
sors of BP are dependent on the sample thickness, incident laser 
wavelength, and local surroundings. Due to the weak interlayer 
interaction between the lamellar structure, the electronic struc-
tures of few layer (1–5L) BP strikingly differ from each other. The 
2D layered feature of BP allows a quantitative investigation of the 
layer-number dependence of the Raman tensors. By combining 
the choice of different lasers, the anisotropic electron–photon and 
electron–phonon interactions and how they affect the Raman ten-
sors can be further studied. In addition, the anisotropic optical 
properties such as the birefringence effect, the linear dichroism 
effect, and the interference effect of the substrate will affect the 
apparent Raman tensor elements of layered BP.

Furthermore, it is challenging to investigate how the Raman 
selection rules for BP, as well as other anisotropic 2D mate-
rials, are quantitatively modified by the optical anisotropy and 
anisotropic electron–photon and electron–phonon interactions. 
Although several models have been established to explain the 
abnormal Raman selection rules, several aspects are still not clear. 
For example, even if both the birefringence effect and the interfer-
ence effect are fully considered, the excitation-energy dependence 
of Raman scattering of BP is still not fully understood. In addition, 
the phase difference for the 9.6 nm thick BP fitted by the birefrin-
gence-directed Raman selection model does not agree well with 
the measured results. With this question yet to being answered 
and quantitatively analyzed, the anomalous Raman selection rules 
should be better understood, probably with a universal model 
with enriched insights in terms of the low-dimensional light–
matter interactions and the anisotropic electron–phonon interac-
tions. This is crucial for polarized Raman scattering studies of not 
only BP but also other 2D crystals with low symmetry.
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