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 ABSTRACT 

Black phosphorus (BP) is a good candidate for studying strain effects on two-

dimensional (2D) materials beyond graphene and transition-metal dichalcogenides.

This is because of its particular ability to sustain high strain and remarkably

anisotropic mechanical properties resulting from its unique puckered structure.

We here investigate the dependence of lattice vibrational frequencies on cry-

stallographic orientations in uniaxially strained few-layer BP by in-situ strained 

Raman spectroscopy. The out-of-plane 1

g
A  mode is sensitive to uniaxial strain 

along the near-armchair direction whereas the in-plane B2g and 2

g
A  modes are 

sensitive to strain in the near-zigzag direction. For uniaxial strains applied 

away from these directions, all three phonon modes are linearly redshifted. Our

experimental observation is explained by the anisotropic influence of uniaxial

tensile strain on structural properties of BP using density functional theory. This

study demonstrates the possibility of selective tuning of in-plane and out-of-plane

phonon modes in BP by uniaxial strain and makes strain engineering a promising

avenue for extensively modulating the optical and mechanical properties of 2D

materials. 

 
 

1 Introduction 

Two-dimensional (2D) materials, such as graphene 

and transition metal dichalcogenides (TMDs), have 

attracted much attention in recent years for their 

remarkable properties [1–6]. However, despite their 

high mobility, graphene-based transistors have an 

unsatisfactory on/off ratio due to the absence of an 

intrinsic band gap [7, 8]. On the other hand, TMD 

materials have a low mobility despite having a high 
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on/off ratio [9, 10]. The search for alternative 2D mate-

rials has thus generated interest in black phosphorus 

(BP), that has been revisited from the perspective of an 

atomically thin material. BP, the most stable allotrope 

of phosphorus, possesses a direct band gap, regardless 

of thickness, that is tunable from 2.15 eV in a mono-

layer to the bulk value of 0.3 eV [11]. This range spans 

intermediate values between graphene and TMDs, 

making BP appropriate for near- and mid-infrared 

optoelectronics [12]. Moreover, the combination of 

on/off ratio and mobility in BP provides conditions that 

are unattainable with either graphene or TMDs. Finally, 

its unique puckered structure produces many interes-

ting anisotropic electrical [13, 14], optical [13, 15, 16], 

thermal [17, 18], and mechanical [19–22] properties. 

Strain serves as an effective handle for tuning the 

properties of 2D materials. Many investigations on gra-

phene showed that lattice vibrations [23–26], electronic 

band structure [27], and magnetism [28] could be signi-

ficantly influenced by strain. In addition to being used 

for phonon softening or determining crystallographic 

orientation [29–31], strain effects on TMDs have been 

extended to light-emission tuning via, e.g., a linear 

band gap redshift [30, 32, 33], a direct-to-indirect band 

gap transition [30], an enormous valley drift [34], 

and decreased valley polarization [35]. Because of its 

ability to sustain a high strain (30% for monolayer BP 

and 32% for a few layers) [22], BP is considered a 

good candidate for further studying strain effects on 

2D materials. More importantly, its unique puckered 

structure could yield a remarkably anisotropic 

mechanical response [19–22], in stark contrast to the 

crystal-orientation-independent effects of uniaxial strain 

in both graphene and TMD materials [25, 33, 35, 36]. 

Various interesting properties of strained BP have 

been predicted theoretically, such as a negative Poisson 

ratio [21], a direct-to-indirect band gap transition [37], 

a rotation of the preferred conducting direction [38], 

and a semiconductor-to-metal transition [39]. However, 

to the best of our knowledge, an experimental study 

of strain-dependent phonon properties in BP remains 

to be done. An experimental investigation of the 

strain dependence of BP properties should benefit the 

development of BP-based flexible electronics. 

Here, we report the remarkable dependence of 

phonon behavior on crystallographic orientations in 

uniaxially strained few-layer BP. We focus on few- 

layer BP samples of thickness 4–10 nm, as this range 

may offer the best compromise between the on/off 

ratio and mobility [12]. The anisotropic response of 

lattice vibrational frequencies to uniaxial strain was 

clearly revealed by Raman spectroscopy. We found 

that strain in the near-armchair direction can soften 

the out-of-plane 1

g
A  mode while keep the two in-plane 

phonon modes nearly unchanged. When the tensile 

strain is applied approximately along the zigzag 

direction, there is a linear redshift in the B2g and 2

g
A  

modes, with no change in the 1

g
A  mode. This direction- 

dependent phonon behavior under uniaxial strain  

in few-layer BP can be explained in terms of the 

anisotropic influence of tensile strain on structural 

parameters of BP using density functional theory (DFT). 

Our work not only confirms the anisotropic optical 

and mechanical properties of BP experimentally, but 

also provides a reference for quantifying strain and 

estimating its orientation by Raman spectroscopy. 

2 Experimental 

Thin BP layers were fabricated by mechanical exfolia-

tion onto polyethylene terephthalate (PET) substrates, 

and in-situ strained Raman measurements were 

performed after determining the crystal orientation. 

Atomic-force microscopy (AFM) measurements were 

then performed to determine the sample thicknesses. 

Sample preparation: BP samples were obtained by 

micromechanical cleavage [40] of a bulk BP crystal 

(HQ Graphene, CAS #7803-51-2, Netherlands) and 

transferred onto PET substrates. Flakes suitable for 

further study were identified using an optical micros-

cope (Olympus BX 51).  

Characterization: Polarization-dependent Raman 

measurements were performed on the BP samples 

immediately after they were fixed onto the strain stage 

to identify their crystal orientations. In our parallel 

polar configuration, a half-wave plate was used to 

obtain different linear polarizations of the incident light; 

a linear polarizer was used to collect the scattered light 

with a polarization parallel to that of the incident beam. 

The samples were then stored in a vacuum chamber 

to minimize natural degradation. Once the samples 

were firmly bound to the strain stage (generally after 
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~10 hours), in-situ strained Raman measurements were 

conducted as described previously [30]. All the Raman 

spectra were taken in the back-scattering configura-

tion by a WITec CRM200 Confocal Raman system 

with 2400 and 1800 lines·mm−1 gratings under 532 nm 

laser excitation. The laser-spot diameter was estimated 

to be ~500 nm. The laser power at the sample surface 

was carefully maintained below 0.2 mW to avoid laser- 

induced damage. The Raman measurements were 

conducted under the same conditions for the different 

strains. Tapping-mode AFM (Veeco, Nanoscope V) 

was used to determine the thickness. The BP samples 

were transferred between the different measurement 

systems in a vacuum container (Circular Bottom 

Desi-Vac, Fisher Scientific) with a built-in manual 

vacuum pump. All the measurements were conducted 

at room temperature. 

3 Calculation methods 

The atomic structure of the few-layer BP systems was 

fully relaxed, according to the forces and stresses 

calculated by DFT within the local density appro-

ximation (LDA). All atoms were allowed to relax 

until the residual force per atom converged to within 

0.001 eV·Å−1. Electronic structures were obtained by 

solving the Kohn–Sham equation with norm-conserving 

pseudopotentials. A 14  10  1 k-point sampling grid 

was chosen and 35 Ry was used as the plane-wave 

cutoff energy for the convergence calculations. 

4 Results and discussion 

As mentioned above, the unique puckered structure 

characteristic of orthorhombic BP is clearly seen in 

Fig. 1(a). Each unit layer consists of covalently bonded 

phosphorus atoms from two sub-planes, which form 

a hinge-like structure [41]. The x axis is defined as the 

zigzag direction along the ridge orientation, and the z 

axis denotes the armchair direction parallel to the 

hinge direction. Along the out-of-plane y direction, 

layers are held in a Bernal (AB) stacking sequence by 

van der Waals force. As can be seen from the top 

view in Fig. 1(b), unlike graphene, BP exhibits a 

hexagonal structure in the x–z plane, comprising two 

kinds of edges with significantly different lengths 

[12]. Bulk BP belongs to the point group 18

2h
D  (mmm) 

and the space group Cmce [42]. It displays twelve 

phonon modes at the Γ point in the Brillouin zone, 

six of which are Raman active [42, 43]. In the normal 

backscattering configuration, only the Ag (containing 

both 1

g
A  and 2

g
A ) and B2g modes have a non-zero 

Raman scattering intensity [15, 16]. Figure 1(c) shows 

the typical Raman spectrum of BP on a PET substrate 

(the corresponding optical image is shown in 

Fig. 3(c)). It reveals three distinct bands at 361, 438, 

and 467 cm−1, which are attributed to the 1

g
A , B2g,  

and 2

g
A  modes, respectively [15]. The symmetry 

classification of Raman modes and the corresponding 

Raman tensors apply to BP regardless of thickness, 

because thin layers (either odd- or even-numbered) 

share the same point group (D2h) as the bulk [42]. The 

atomic displacements of the three phonon modes are 

plotted in Fig. 1(d) [15, 16, 43]. 1

g
A  is an out-of-plane 

mode, with the phosphorus atoms in the top and 

bottom sublayers vibrating in opposite directions. In 

contrast, the B2g and 2

g
A  modes involve in-plane zigzag 

and armchair oscillations, respectively, with adjacent 

atoms vibrating out of phase. Figures S1(a) and S1(b) 

in the Electronic Supplementary Material (ESM) show 

AFM images of the few-layer BP flakes 1 and 2 studied  

 

Figure 1 (a) Perspective and (b) top views of two layer (2L) BP 
with a puckered structure. Yellow and gray are used to distinguish 
the top and bottom layers, respectively. (c) Typical Raman spectra 
of BP on PET. (d) Schematic diagram of atomic displacements in 
the observed phonon modes. 
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in this work (corresponding optical images are shown 

in Figs. 2(c) and 3(c)). The thicknesses of flakes 1 and 

2 are 5.5 and 10.4 nm, respectively, corresponding to 

an estimated 9 and 17 layers. 

Raman spectroscopy is an effective and nondestruc-

tive tool for investigating the number of layers [44–47], 

influence of stacking [48–51], edge chirality [52–54], 

optical conductivity [55], and thermal effects [56–60] 

in graphene and TMD materials. It has recently also 

been applied to 2D BP [15, 16, 42, 43, 61–65]. Here, we 

identified the crystal orientations of our BP samples 

using polarization-dependent Raman spectroscopy 

before applying strain [15, 16, 42]. The parallel polar 

configuration for the polarization-dependent Raman 

measurements is schematically illustrated in Fig. S2 

in the ESM. The incident and scattered polarizations 

were kept parallel and rotated simultaneously with  

a step size of 30°. Assuming that the zigzag direction 

of the BP sample forms an angle θ relative to the 

horizontal direction, and that both the incident   

and scattered polarizations are rotated to a position 

where they form an angle ϕ with the horizontal, we 

obtain the following expressions for the intensities of 

the three phonon modes, based on their Raman tensors 

and the polarization vectors (see detailed discussion 

in the ESM) [16] 

1
gA

I  [|a1| cos2(ϕ – θ) + |c1| sin2(ϕ – θ)]2    (1) 


2gB

I  [|e| sin(2ϕ – 2θ)]2           (2) 

2
gA

I  [|a2|2 cos4(ϕ – θ) + |c2|2 sin4(ϕ – θ)]     (3) 

Polarization-dependent Raman spectroscopy was 

performed after mounting the sample onto the strain 

stage to accurately determine the relative angle between 

its crystal orientation and the strain direction (fixed 

along the horizontal direction). Figure S3(a) in the 

ESM shows the Raman spectra as functions of the 

polar angle for flake 1. When the polarization is rotated 

from 0 to 180, the 1

g
A  mode intensity does not change 

significantly while those of the B2g and 2

g
A  modes  

are very sensitive. Lorentzian functions were chosen 

to fit the obtained Raman spectra; the polarization- 

dependent phonon intensities plotted in Figs. S3(b)– 

S3(d) in the ESM are well fitted by Eqs. (1), (2), and (3), 

respectively. Specifically, the B2g mode intensity has  

 

Figure 2 (a) Raman spectra and (b) fitted phonon frequencies as functions of uniaxial strain for flake 1. The relationship between the
armchair orientation and uniaxial strain direction is shown in (c). The red point indicates the position where strain-dependent Raman 
spectra were taken. 
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a variation period of 90, with the two minimum- 

intensity angles (75 and 165) corresponding to the 

armchair and zigzag directions. On the other hand, 

the two Ag mode intensities vary with a period of 180, 
reaching maxima when the polarization is along the 

armchair direction (ϕ = 165°) and becoming weaker 

when the polarization angle is further rotated by 90 
(ϕ = 75°). In addition, the more remarkable sensitivity 

of the 2

g
A  mode to the polarization angle, compared 

with that of the 1

g
A  mode, is due to the distinctive  

c/a ratios for these two modes, where a and c are the 

Raman tensor elements in Eqs. (1) and (3). All three 

fitted curves in Figs. S3(b)–S3(d) simultaneously give 

θ = 75, which indicates that the armchair direction 

forms an angle of 15 with the strain orientation. The 

in-situ strained Raman measurements were next per-

formed. Figure 2(a) shows the evolution of the Raman 

spectra in flake 1 as functions of the uniaxial strain. 

As the strain increases from 0 to 2.2%, there is a clear 

redshift in the 1

g
A  mode whereas the two in-plane 

modes are insensitive to strain. As can be seen in  

the fitted lattice vibrational frequencies versus strain 

(Fig. 2(b)), the 1

g
A  mode is linearly redshifted at a 

rate of –1.3 cm–1/% while the shift rates of B2g and 2

g
A  

modes are negligible when tensile strain is applied 

near the armchair direction.  

To probe the crystal-orientation-dependent effects 

of uniaxial strain in BP further, we then studied the 

evolution of lattice vibrations under strain in the 

zigzag direction. The same method was applied to 

identify the crystal orientation of flake 2 after it was 

fixed onto the strain stage. Polarization-dependent 

Raman spectra are plotted in Fig. S3(e) in the ESM. In 

contrast to flake 1, the maximum intensities of the Ag 

and B2g modes in flake 2 appear at 100 and 55 (145), 
respectively. By fitting the phonon intensities as 

functions of  (Figs. S3(f)–S3(h) in the ESM), we 

obtained θ = 10 for flake 2, which shows that the 

zigzag direction in flake 2 is very close to the strain 

direction, as indicated in Fig. 3(c). The strain-dependent 

Raman spectra of flake 2 are shown in Fig. 3(a). To 

demonstrate the evolution of phonon frequencies 

under strain precisely, the frequencies of the three 

phonon peaks, plotted as functions of strain, were 

estimated from Lorentzian fits and plotted in Fig. 3(b). 

Contrary to the observations in the near-armchair 

 

Figure 3 (a) Raman spectra and (b) fitted phonon frequencies as functions of uniaxial strain for flake 2. The relationship between the zigzag
and uniaxial-strain directions is shown in (c). The red point indicates the position where strain-dependent Raman spectra were taken. 
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strain direction, the B2g and 2

g
A  modes are linearly 

redshifted with the tensile zigzag strain (at rates of 

–2.3 m–1/% and –1.1 cm–1/%, respectively), whereas the 
1

g
A  mode is unaffected. For a specific vibrational mode 

under strain, the relative change in the force constant 

relative to the unstrained value is approximately  

2
k

k




  , where   and   are the unstrained vibra-

tional frequency and the change in vibrational fre-

quency due to strain, respectively. Hence, the force 

constant is insensitive to uniaxial strain because    

is usually much greater than   for small strains. 

For example, under our applied armchair and zigzag 

strains of 2%, we estimate the relative change in the 

force constant to be only approximately 1.4% and 0.1%, 

respectively, for the 1

g
A  mode. 

To better understand the observed remarkable 

dependence of phonon behavior on crystallographic 

orientation in uniaxially strained few-layer BP, we 

calculated the evolution of the geometric properties, 

under both armchair and zigzag strains (0–3%), in BL 

comprising two, three (3L), four (4L), or five (5L) layers. 

Important physical parameters are marked in the 

top (Fig. 4(a)) and side views (Fig. 4(b)), e.g., the two 

inequivalent bond lengths (in-plane r1 and out-of-plane 

r2) and the inter-layer gap L, the shortest distance 

between two phosphorous atoms in the neighboring 

layers. Figure 4(c) shows the response of the structural 

parameters to both armchair (εz) and zigzag (εx) 

strains for 5L BP, and Fig. S4 in the ESM shows those 

for 2L to 4L BP. A linear dependence is observed in all 

cases within the range of 0 to 3% strain. The calculated 

parameters of the unstrained few-layer BP, including 

the inter-layer gap, bond lengths, and bond angles 

(results not shown here) are in good agreement with 

previous theoretical calculations [14, 20, 39]. Because 

the variations in the structural parameters are 

qualitatively similar for 2L to 5L BP, we shall consider 

the 5L BP (for which the thickness is closer to that of 

our measured samples) to explain the strained Raman 

results. Table 1 summarizes the slopes of r1, r2, and L 

versus the armchair and zigzag strains for 2L to 5L  

BP, obtained from linear fits. The schematic diagram 

(Fig. 1(d)) of atomic displacements in the 1

g
A  mode 

show that the restoring force acting on a given atom 

is mainly exerted by its nearest neighbors in both the 

 
Figure 4 (a) Top and (b) side views of 2L BP. Parameters r1 and r2 are the in-plane and out-of-plane P–P bond lengths, respectively. L is 
the inter-layer distance. The unit cell is indicated with the blue dashed rectangle. (c) Calculated values for r1, r2, and L, as functions of 
uniaxial strain along the armchair and zigzag directions in 5L BP. 

Table 1 Linearly fitted slopes of r1, r2, and L (Å/%) versus armchair and zigzag strains for 2L to 5L BP 

2L 3L 4L 5L Strain 
direction r1 (Å/%) r2 (Å/%) L (Å/%) r1 (Å/%) r2 (Å/%) L (Å/%) r1 (Å/%) r2 (Å/%) L (Å/%) r1 (Å/%) r2 (Å/%) L (Å/%)

Armchair −0.0005 0.0013 0.0085 −0.0022 0.0020 0.0044 −0.0015 0.0018 0.0056 −0.0025 0.0014 0.0043

Zigzag 0.0087 −0.0020 0.0013 0.0090 −0.0026 0.0026 0.0091 −0.0027 0.0041 0.0096 −0.0026 0.0035
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adjacent layer and neighboring sublayer in the same 

layer, which vibrate out of phase with it. Consider atom 

1 for example. Its interactions with atoms 4 and 7 force 

it back to its equilibrium position during out-of-plane 

oscillation, and therefore r2 and L significantly in-

fluence the vibrational frequency of the 1

g
A  mode. 

When under strain in the armchair direction, r2 and L 

both increase, lowering the restoring force and resulting 

in a redshift of the 1

g
A  mode. In contrast, strain along 

the zigzag direction increases L while reducing r2 at 

similar rates. Consequently, the overall restoring force 

varies little and the 1

g
A  mode is insensitive to zigzag 

strain. With regard to the B2g and 2

g
A  phonon modes, 

all three nearest atoms influence the in-plane vibra-

tional frequencies of a given atom, which can be seen 

from the schematic representation shown in Fig. 1(d). 

The three parameters r1, r2, and L must therefore be 

considered simultaneously when analyzing the trends 

of these two modes under strain. When strain is applied 

in the armchair direction, r1 decreases while r2 and L 

increase. Though the slope of L is somewhat greater 

than that of the other two parameters, the change in L 

under a given strain relative to its unstrained value is 

in fact similar to the change in r1, owing to the larger 

value of L in pristine BP. As a result, the effects of 

changing these three parameters on lattice vibrations 

under strain in the armchair direction are roughly offset 

due to their opposite effects with similar strength so 

that no clear shift of the B2g or 2

g
A  mode is observed. 

On the other hand, in the case of strain in the zigzag 

direction, our calculations suggest an increase in r1 

and L and a slight reduction in r2. Because of the 

higher rate of change in r1 compared with the other 

two parameters (by factors 3.7 and 2.7 for r2 and L, 

respectively), the overall restoring force is weakened 

under zigzag strain and leads to a softening of the B2g 

and 2

g
A  modes. As seen in Fig. 4(a), the bond between 

atoms 1 and 4 is perpendicular to the zigzag direction 

in the unstrained BP structure, and therefore the corres-

ponding covalent force makes a trivial contribution 

to the restoring force in the B2g mode. Accordingly, 

the decrease in this bond length r2 barely influences 

the frequency of B2g as it does that of the 2

g
A  mode. 

This explains why the shift in frequency due to strain 

in B2g is greater than that in 2

g
A . 

Finally, to gain a comprehensive view of the 

anisotropic response of lattice vibrations to uniaxial 

strain in BP, we explored the effects of uniaxial strain 

between the aforementioned extreme conditions. Using 

the method described above, we measured θ = −56 
for flake 3 from 2D polar maps (data not shown). In 

this case, strain was applied at 34 relative to the 

armchair direction (Fig. S5(c) in the ESM). Under this 

strained condition, a detectable softening occurs for all 

three phonon modes (see Fig. S5(a) in the ESM). As 

shown in Fig. S5(b) in the ESM, the linear redshift rates 

are extrapolated to give –1.1, –1.4, and –0.5 m–1/% for 

the 1

g
A , B2g, and 2

g
A  modes, respectively. 

5 Conclusions 

We have identified different crystal orientations in few- 

layer BP flakes on a flexible substrate and investigated 

the distinct responses of their lattice vibrations to 

adjustable uniaxial tensile strain. We demonstrated 

that the out-of-plane 1

g
A  mode is sensitive to uniaxial 

strain along the near-armchair direction, whereas the 

in-plane B2g and 2

g
A  modes are sensitive to near- 

zigzag direction strain. When the strain is applied  

in intermediate directions, all three phonon modes 

are linearly redshifted. Our DFT calculations clearly 

demonstrate the anisotropic mechanical response to 

uniaxial strain in BP as a consequence of its unique 

puckered crystal structure. They could be used to 

elucidate the striking dependence of strained phonon 

frequencies on crystal orientations. Our findings extend 

previous studies on strained atomically thin layered 

materials, giving a better understanding of rich strain- 

engineered phonon modifications in 2D materials. 

The special anisotropic response of lattice vibrations 

to strain makes BP promising for diverse applications, 

such as for detecting strain orientation. 
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