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Abstract
We studied and compared the effect of tensile strain on the Raman spectra of black phosphorus
(BP) and molybdenum ditelluride (MoTe2) crystals by using a simple custom strain device.
In-situ Raman spectroscopy on BP revealed clear red shifting of all three phonon modes, A1

g,
B2g and A2

g, under tensile stress. From our theoretical analyses, we found that such red shifting
strongly depends on the direction of the strain exerted on the system even within the elastic
deformation limit (i.e. strain ≤ 1 %). In particular, calculated results for the strain along the
armchair direction are consistent with our experimental data, confirming that the strain applied
to the sample acts effectively along the armchair direction. In a comparative study, we found
that the effect of strain on the Raman shifting is larger for BP than that for MoTe2, presumably
due to the smaller Young’s modulus of BP. We also see a remarkable resemblance between
donor-type intercalation induced vibrational properties and tensile stress-induced vibrational
properties in BP. We anticipate that our method of in-situ Raman spectroscopy can be an
effective tool that can allow observation of strain effect directly which is critical for future
flexible electronic devices.

Supplementary material for this article is available online
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1. Introduction

Strain engineering is a powerful technique for tuning the band
structure of various two-dimensional (2D) materials in order
to enhance the performance of opto-electronic devices [1–6].
In recent years, 2D materials such as black phosphorus (BP)
and transition metal dichalcogenides (TMDs) have attracted
a great deal of interest due to their remarkable properties [7–
11]. Strain in 2D materials induces the modifications in elec-
tronic structure which provides an opportunity for engineering
of novel devices [12].

Most TMDs are low dimensional materials consisting of
stacks of one atomic layer of transition metal atoms (M=Mo,
W) between two single layers of chalcogens (X= S, Se) [13].
An intriguing finding is that small amounts of strain can induce
the long-known semiconductor-metal transition in thin MoS2
and MoTe2 [14]. Based upon this, it may be possible to eas-
ily engineer desirable 2D TMD phases based on the applica-
tion of in-plane tensile strain. This would make strain a very
attractive tuning parameter for material properties and elec-
tronics applications.

Graphene based transistor with high mobility have a low
on/off ratio due to the absence of its intrinsic band gap in con-
trast to TMDs materials (monolayer with direct band gap but
two or more layers with indirect band gap) having high on/off
ratio with low mobility [15–18]. Few-layer of BP, possess-
ing a direct gap regardless of layer number, has the thickness
dependent band gap which fits between the band gap of TMDs
and graphene. Black phosphorus is an interesting candidate
for strain engineering because of its ability to sustain a high
strain and the intensive theoretical studies performed in strain-
induced tuning of its mechanical, electronic, and optical prop-
erties [19, 20]. BP is a layered structured material in which
each atomic layer of the puckered honeycomb lattices are
stacked by van derWaals interactions, resulting in awide range
of anisotropic properties [19, 21]. Better understanding of the
strain effects on the anisotropic properties of the phosphorene
will be beneficial in various technologies, such as flexible elec-
tronics.

Despite the unique properties of BP, there are some lim-
itations of using this material because of its environmental
instability when exposed to an ambient environment. Degrad-
ation of black phosphorus is commonly observed as the form-
ation of liquid droplets on the BP flake [22]. For the effect-
ive passivation of BP flakes several techniques have been
proposed and tested including surface functionalization and
coatings. It has been reported that air-stable BP devices can
be made by covering them with double-layer Al2O3 and
hydrophobic fluoropolymer [23]. Gamage, et al have studied
the effectiveness of suppressing of BP degradation by boron
nitride (BN) encapsulation followed by Al2O3 coating [24].

The ability to tune the electronic and thermal properties of
2D materials are highly desired in order to engineer new ther-
moelectric devices. As such, strain engineering in 2Dmaterials
can be employed in tuning the electronic and thermal proper-
ties[25]. For example, a small amount of strain in borophene
causes the tuning of transport and I–V characteristics suggest-
ing its application for future electronic devices [26]. Strain in

2D materials induces modification in the atomic bond config-
urations (bond angles, bond lengths and bond strength), which
in turn, leads to a considerable change in the lattice vibra-
tion (phonon). These shifts in the phonon frequency can be
detected by Raman spectroscopy. In this paper, we conducted
a comparative strain dependent study on various 2D materials,
namely BP, 1T’-MoTe2 and 2H-MoTe2 via Raman spectro-
scopy.

2. Experimental

2.1. Crystal growth

BP crystals were synthesized via the short chemical vapor
transport (CVT) method [27]. In short, crystals of pure black
phosphorus were obtained by CVT method by annealing an
evacuated quartz tube loaded with a mixture of red phos-
phorus, tin and tin (IV) iodide, where tin and tin (IV) iodide
served as mineralization additives. An ampule with precursor
powders was evacuated down to 10−6 Torr and sealed after-
ward using an oxy-acetylene flame torch. Sealed tubes were
placed in a three-zone furnace (MTI OTF-1200X) for anneal-
ing in such away that the hot end of the tube was placed toward
the centre of the furnace. Sample was heated from room tem-
perature to 650 ◦C in 3 hr 10 min and left there for 20 mins
and rapidly cooled back to 600 ◦C in 5 min and ramped down
the temperature from 600 ◦C to 550 ◦C in 7 hr 30 min and
finally cooled back to room temperature in 5 hr. Temperature
gradient of 50 ◦C was maintained between hot end and cold
end during the entire process. Crystals of 1T’- and 2H-MoTe2
used in this study were purchased from hq graphene company.

2.2. Sample characterization

The morphology, crystallinity and the details of the crys-
tal structure of BP, 1T’-MoTe2 and 2H- MoTe2 samples
were analysed using transmission electronmicroscopy (TEM).
TEM specimens were prepared by drop-casting dispersions
of samples onto commercial holey carbon-coated TEM grids.
TEM measurements were performed using a 200 kV filed
emission gun FEI Tecnai F20 instrument, equipped with a
nanoprobe and scanning transmission electron microscopy
(STEM) capabilities. The microscope was also equipped with
analytical capabilities, including an EDAX TEAM™ Energy
Dispersive x-ray Spectroscopy (EDX) analysis system with
an Octane silicon drift detector. Figure 1 shows TEM and
high-resolution TEM (HRTEM) images of typical particles
of the studied BP, 1T’-MoTe2, and 2H-MoTe2 samples. Typ-
ical selected area electron diffraction (SAED) ring patterns
and corresponding radial intensity profiles obtained from these
samples from regions containing several particles are also
included in figure 1. For the BP sample, the particles had
the form of multilayer flakes and in-plane diameter of around
10 µm, or more (figure 1(a)). The flakes were mostly single-
crystalline. HRTEM images of these flakes usually showed
two sets of lattice fringes, characterized by the d-spacing val-
ues of either, both equal to 0.26 nm (figures 1(b) and (c)) or
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Figure 1. TEM characterization of the BP (top row), 2H-MoTe2 (middle row) and 1T’-MoTe2 (bottom row). Low magnification TEM
images (1st column from left), HRTEM images (2nd and 3rd columns from left) and SAED ring patterns (4th column from left) and radial
intensity profiles (5th column from left). HRTEM images in the third column from the left are zoomed-in sections that are marked with
dotted line boxes in images shown in the second column.

one equal to 0.33 nm and the other one to 0.44 nm. These d-
spacing values, were consistent with the structure of BP. Sim-
ilarly, the electron diffraction ring pattern from this sample
can be indexed to the phase of BP, described by the ICDD
PDF # 00–047-1626 (figures 1(d) and (e)). The particles of the
MoTe2 samples were significantly smaller, typically with dia-
meters of around 1 µm. In the case of 2H-MoTe2, the particles
had also a multilayer flake morphology. HRTEM images con-
firmed that they were primarily single crystals and showed a
hexagonal lattice with a d-spacing of 0.35 nm (figures 2(g)
and (h)) which agrees with the structure of the 2H-MoTe2.
The SAED ring pattern for this sample can be indexed to
the 2H-MoTe2 phase, described by the ICDD PDF # 00–015-
0658 (figures 1(i) and (j)). As expected, all strong diffrac-
tion rings observed for this sample are of the (hk0)-type (fig-
ure 1(i)). In the case of the 1T’-MoTe2, the particles did not
show a clear flake morphology. Instead, they were rather heav-
ily distorted, defected flakes with their edges split into long
fiber-like structures (figure 1(k)). HRTEM images of the flake-
like sections showed d-spacing values and the symmetry of
the lattice fringes consistent with the crystal structure of 1T’-
MoTe2. The SAED ring patterns of this sample showed pre-
dominantly polycrystalline nature, in big part due to all those
randomly oriented fiber-like segments, and could be indexed
to the 1T’-MoTe2 phase, described by the ICDD PDF # 01–
071-2157 (figures 1(n) and (o)). This is consistent with pre-
vious reports concerning 1T’-MoTe2 phase [28]. The chem-
ical composition of all three samples was analysed using EDX.
The EDX spectra were continuously collected while the nan-
oprobe was scanned across selected particle in each of the
three samples. This allowed for the acquisition of representat-
ive elemental maps. Figure 2 shows such example maps along

with the corresponding high-angle annular dark field scanning
TEM (HAADF-STEM) images and EDX spectra for all three
samples. The analysis confirmed the nominal composition of
these samples and homogenous distribution of elements.

3. Methods

3.1. Experimental method

Figure 3 shows a schematic diagram of the setup used for
strain dependent Raman experiment. The setup includes the
strain mount and subminiature linear variable differential
transformer (LVDT). The magnified image (within the orange
circle) shows the part of the sample at which Raman spec-
tra were collected. The strain mount design has the form of
a standard C-frame; the horizontal advancing screw is used to
push apart the frame arms. Located at the end of the arms are
two shims held by screws. In order to secure samples to the
shims, double sided tape is used for adhesion. Construction of
the frame utilized 6061-T6 aluminum due to its higher yield
strength compared to other aluminums. The shims were cut
from 1100-H18 aluminum; the #0-80 UNF shim screws and
the #2-56 UNC actuator screw were all 7075-T6 aluminum.

Crystals of BP and MoTe2 were exfoliated and mounted on
the shims within the strain mount device using double-sided
scotch tape. Mounted samples were strained by advancing the
actuator screw in order to displace the frame arms. Depend-
ing on how far the screw was advanced, the amount of tension
applied could be adjusted. The displacement of the frame arms
moved the shims farther apart which in turn placed the samples
under tension.
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Figure 2. Chemical composition analysis of BP (top row), 2H-MoTe2 (middle row) and 1T’-MoTe2 (bottom row). HAADF-STEM images
(left panels), elemental maps (middle panels), and EDX spectra (right panels). The small concertation of oxygen detected in the spectrum of
BP may originate from air exposure and residual surface contamination.

Figure 3. Schematic diagram of the setup used for strain dependent Raman study. The legend indicates the components of the setup.

A rigidly positioned torque actuator (DID-4 A Digital
Torque Screwdriver) was used to turn the advancing screw, and
measure applied torque to ensure the displaced arms remained
with the materials proportional limit. Staying within this
limit meant general elastic stress-strain relationships remained
applicable. This also allowed sample strain to be calculated by
measuring frame arm displacement at the tip of the arm. Dis-
placement was measured by using a sub-miniature linear vari-
able differential transformer (LVDT). Since the frame arms
possessed the same dimensions, shared similar Young’s mod-
uli, and were loaded within their elastic range the assumption
was made that differences between the two arms displace-
ments were negligible due to differences being significantly
smaller in value than the torque actuator and LVDT’s resolu-
tion.

In order to conduct strain dependent Raman studies, strain
mount setup was placed in a Raman spectroscopy stage

(Renishaw inViaTM micro-Raman/PL spectrometer with a
632 nm He-Ne laser). Raman spectra at various strain values
were recorded in-situ using a 50x objective lens with an expos-
ure time of 10 sec and accumulations of 10 times.

BP samples used were stored inside a nitrogen filled glove
box. We were able to mount the BP sample and perform the
strain dependent Raman experiment in about 30–40 min. In
order to minimize the degradation of BP in air during the strain
experiment, we maintained a flow of nitrogen over the sample.

3.2. Theoretical method

The theoretical calculations were carried out using the first
principle method based on the density functional theory (DFT)
[29, 30], as implemented in the Vienna Ab-initio Simula-
tion Package (VASP) [31]. The electron-ion interactions were
described by the Projector Augmented Wave (PAW) [32],
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Figure 4. (a) Strain dependent Raman spectrum of black phosphorus. (b) Raman shifts with quadratic fits of the phosphorene sample. (c)
Unstrained Raman spectrum of BP with arrow showing the relative change in phonon modes. (d) Relative change in the Raman shift of
phonon modes A2

g and B2g with respect to A1
g.

while electron exchange-correlation interactions were treated
by the generalized gradient approximation (GGA) [33] in the
scheme of Perdew Burke Ernzerhof (PBE) [34]. For a full
structural relaxation, the Congregate-Gradient algorithm [35]
implemented in VASP was applied. An energy cut-off was
set to be 500 eV for the plane wave basis in all calculations,
and the criteria for the convergences of energy and force in
relaxation processes were set to be 10–5 eV and 10–4 eV Å−1,
respectively. A 1 × 1 primitive cell containing 4 phosphorus
atoms was chosen to study the behaviour of black phosphorus
and phosphorene under certain strain, respectively. The Bril-
louin zones (BZ) were sampled by 9 × 9 × 9 (for black phos-
phorous) or 9 × 1 × 9 (for phosphorene) k-point meshes gen-
erated in accordance with the Monkhorst-Pack scheme [36] in
the calculations. In the processes of investigating the vibra-
tion modes of black phosphorus/phosphorene under uniaxial
strain, a stress was introduced (see figure 6(a)), either along
the armchair direction or along the zigzag direction. Then, a
fully relaxation under the strain was performed. The vibration
modes at Γ point were calculated from Hessian matrix imple-
mented in VASP code [31].

4. Results and discussion

Here, we present strain dependent Raman spectra collected for
BP, 1T’-MoTe2, and 2H-MoTe2. All the Ramanmeasurements
were done at the edge of each sample, since edgewas subjected
to more stress compared to the middle regions.

4.1. Black phosphorus under strain

Weperformed the strain dependent Raman experiment in order
to investigate the Raman shift as a function of uniaxial tensile
strains. Figure 4(a) shows the Raman spectra of few layer
black phosphorus with different strain values ranging from
0.0 to 1.08%. We observed three active phonon modes A1

g,
B2g and A2

g at 365.4 cm−1, 441.2 cm−1 and 468.7 cm−1,
respectively for a as-prepared few-layer BP sample before the
strain is applied. Here A1

g mode corresponds to the vibra-
tion along the out-of-plane with the phosphorus atoms in the
top and bottom sub-layers vibrating in opposite directions,
whereas the B2g and A2

g mode correspond to the vibration
along the in-plane zigzag and armchair directions with adja-
cent atoms vibrating out of phase, respectively. As the strain
was applied, all the three phonon modes were observed to
red shift progressively up to the strain value of ∼1.0%. The
phononmodes A1

g, B2g andA2
g were red-shifted by 2.9 cm−1,

4.1 cm−1 and 4.3 cm−1, respectively at the highest applied
strain values. If a crystal is subjected to a tensile stress, the
process can be envisioned that the atoms being pulled apart
by lengthening the chemical bonds relative to their normal
positions and lengths in the unstressed crystal. As the chem-
ical bond length increases, the force constant decreases (for a
given stress), hence the vibrational frequency decreases (fre-
quency is proportional to the square root of the force con-
stant). Hence shifts of the Raman peaks to lower frequencies
are observed for materials that have been subjected to a tensile
stress. Conversely, when a compressive stress is applied, the
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Figure 5. The changes in A2
g and B2g Raman modes against the change in A1

g due to in-situ Li-intercalation as well as strain (shaded
region) experiments.

Figure 6. (a) Schematic illustration of the uniaxial strain exerted on the black phosphorus. (b) Calculated vibration modes of BP under
uniaxial strain along the armchair direction (left panel) and zigzag direction (right panel), respectively. (c) Calculated vibration modes of
phosphorene under uniaxial strain along the armchair direction (left panel) and zigzag direction (right panel), respectively. The
corresponding number denotes the decreasing slope for each mode. (d) Comparison of uniaxial tensile strain experimental (open circle) and
theoretical (closed stars) Raman shifts for three phonon modes of BP. Phonon modes A1

g, B2g and A2
g are represented by blue, black and

red colours.
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Figure 7. The strain dependent Raman spectra of (a) 1T’-MoTe2 and (c) 2H-MoTe2. (b) The Raman shifts of the two modes of 1T’-MoTe2
against the strain with linear fits. (d) The Raman shift of the single mode of 2H-MoTe2 against strain with a linear fit.

atoms in a crystal move closer to each other by shortening
the chemical bonds, which leads to the Raman peaks shift-
ing to higher frequencies [2, 37–39]. Hence, compressive and
tensile strains induce corresponding stress in the crystal that
can be observed as shifts of Raman peaks to higher or lower
frequencies, respectively. The magnitude of the Raman peak
shift depends on the stress and corresponding strain induced
in the material. The degree to which the Raman band shifts
depends on the elastic constants such as Young’s modulus
of that material and the specific crystallographic axes being
probed.

In order to avoid unreliable strain response measurements,
we limited the Raman measurements to applied strains levels
that produced a proportional response. At higher strain values
however, we observed the peaks to be shifted back (see Figure
S1 (available at stacks.iop.org/NANO/31/425707/mmedia))
because of the relaxation of the stress. This behavior (shown
in the shaded regions of Figure S1) could be due to the poor
adhesion of the sample to the tape or decoupling of the top
layer from the lower layers within the few-layer BP.

We also noticed that these phonon modes (A1
g, B2g and

A2
g) red-shifted at different rates with respect to the strain,

i.e. they had different sensitivities, ∆ω/∆σ, where ω is the
Raman shift and σ is the strain. Our observation on the dif-
ferent shifting rates, ∆ω/∆σ of A2

g, B2g compared to A1
g is

consistent with previously reported results on the comparison
of polarization Raman spectroscopy between near armchair
and near zigzag strain-red shift calculations [19, 40]. For any
intermediate direction, it is also reported to have a red shift
even though the in-plane modes are insensitive to near arm-
chair strain while the zigzag strain has more prominent effect
on these in plane modes. The A2

g and B2g modes show higher
shifts in comparison to A1

g mode presumably due to the
Raman tensor element ratio c/a [19]. Compared to our stretch-
ing experiment under tensile strain, a slightly more sensitive
shift in A1

g mode has been reported under bending condition.
This results from the vibrations of the opposing P atoms of
the top and bottom with respect to each other within the same
layer. Under stretching conditions this effect was not observed
[2].
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Figure 4(b) shows the peak position of all three phonon
modes with respect to the strain where the blue line show-
ing the quadratic fit of the measured data points. Figure 4(c)
shows how the relative change in the peak position is defined.
Figure 4(d) shows the relative change in the peak position of
phonon modes A2

g and B2g with respect to the relative change
in phonon mode A1

g. It was observed that rates of the change
of phonon modes A2

g and B2g against A1
g, ∆ω( A2

g )/δω(
A1

g) ∆ω( B2g)/δω( A1
g) to be 1.40 and 1.38 respectively.

Next, we compare the effect of tensile stress with the donor
type intercalation (alkali metals, etc) on the Raman shift of
BP. Similar to tensile stress, donor type intercalation leads
to an increase in the electron density of a crystal and hence
increase in the bond lengths eventually causing a decrease in
the vibrational frequencies. Conversely, acceptor type inter-
calation leads to a decrease in the electron density causing a
decrease in the bond length (increase in the force constant) and
hence an increase of the vibrational frequencies. In the case
of intercalation, one can make a direct comparison between
∆ω/δq, whereω is the Raman shift and q is the charge trans-
fer, and ∆ω/∆σ in the case of strain. Figure 5 shows the
changes in B2g and A2

g Raman modes against the change in
A1

g from in-situ Li-intercalation from our recent study [41]
and strain (shaded region) experiments in this study. It is inter-
esting to note that the Raman shifts of B2g and A2

g against
A1

g due to the measurable strain values follow the same linear
behaviour of the data resulting from much larger shifts due to
Li+ intercalation. This is not surprising as both intercalation
and strain effects cause bond length stretching of BP.

We also performed first-principle calculation on the Raman
shifts of black phosphorus and phosphorene (i.e. monolayer)
under uniaxial strain along armchair and zigzag direction. As
shown in figure 6, the red shift of Raman spectra on both
BP and phosphorene strongly depends on the direction of the
strain exerted on the system even within the elastic deforma-
tion limit (i.e. strain ≤ 1 %). In the case of black phosphorus,
A1

g, B2g and A2
g modes decrease slowly along the armchair

direction with increasing strain with the slopes 3.3 cm−1,
0.35 cm−1, and 0.8 cm−1, respectively (the left panel of figure
6(b)). While they decrease faster with increasing strain along
the zigzag direction with the slopes 6.7 cm−1, 8.5 cm−1, and
1.2 cm−1, respectively (the right panel of figure 6(b)), indic-
ating the anisotropic behaviour of black phosphorus under
strain. Such trend is also found in phosphorene under uniaxial
strain (figure 6(c)). By comparing our theoretical calculations
(open triangles in figure 6(d)) with our experimental results
(solid circles in figure 6(d)), we found that the theoretical res-
ults for the strain along the armchair direction (left panels in
figures 6(b) and (c)) are consistent with our experimental res-
ults (figure 4(b)) for the strain less than 1 %. This confirms
that the strain applied to the sample acts effectively along the
armchair direction.

4.2. 1 T’ & 2 H-MoTe2 under strain

In a comparative study, we have investigated the tensile strain
effects of Raman spectra in two different phases of MoTe2 as
shown in figure 7. Raman spectra of 2H-MoTe2 shows one

Figure 8. Comparison of strain-induced Raman shifts of Black
Phosphorus, 1T’-MoTe2 and 2H-MoTe2 with dashed line showing
linear fit of phonon mode for each material. Shaded regions serve as
a guide to an eye and indicate each material used in this study.

peak at 232 cm−1 and we detected two peaks of 1T’-MoTe2
at position 142 cm−1 and 124 cm−1. In both of these samples,
upon increase of the strain from 0 to 5 %, we saw a downshift
in each peak position (as shown in figure 7) by a peak shift-
ing of 2.05 cm−1 (first peak) and 1.15 cm−1 (second peak) for
1T’-MoTe2 and by 1.23 cm−1 for 2H-MoTe2, respectively at
the highest strain value.

Finally, figure 8 shows the comparison of phonon mode
shifting of BP (3 modes), 1T’-MoTe2 (2 modes) and 2H-
MoTe2 (1 mode). It is observed that peak shifting ratio,
∆ω/∆σ of black phosphorus is much higher than that of
MoTe2. For BP, we observe that phonon mode A2

g and B2g

are downshifted by an amount that is 1.6 times larger than that
of A1

g (5.50 cm−1 vs 3.4 cm−1). For, 1T’-MoTe2, ∆ω/∆σ

for the two phonon modes are 0.70 cm−1 and 0.40 cm−1

while 2H-MoTe2 shows the smallest shift with strain with
∆ω/∆σ ∼ 0.25 cm−1.

5. Conclusion

In summary, we studied and compared the strain dependent
Raman behaviour of black phosphorus and 2 phases of MoTe2
crystals, 1T’-MoTe2 and 2H-MoTe2. We employed a custom
strain mount which allowed variable reproducible strains to
be applied to these materials. Our result shows that the strain
induced Raman peak shifting of black phosphorus is more
pronounced than that of both phases of MoTe2, which can
be understood as due to the lower Young’s modulus value of
BP. We also see a resemblance between donor-type intercala-
tion induced vibrational properties and tensile stress induced
vibrational properties in BP as both mechanisms result in bond
length increase in BP. Therefore, peak shifting of the phonon
mode is a good means for understanding the strain behaviour
of 2D materials. Such methods could be beneficial for manu-
facturing future flexible electronic devices.
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