
Strain Tuning of the Anisotropy in the

Optoelectronic Properties of TiS3

J. A. Silva-Guillén,∗,†,‡ E. Canadell,¶ F. Guinea,‡,§ and R. Roldán‖

†School of Physics and Technology, Wuhan University, Wuhan 430072, China

‡Fundación IMDEA Nanociencia, C/Faraday 9, Campus Cantoblanco, 28049 Madrid,

Spain
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Abstract

The benefits of two-dimensional (2D) materials for applications in nanotechnology

can be widened by exploiting the intrinsic anisotropy of some of those crystals, being

black phosphorus the most well known example. In this work we demonstrate that the

anisotropy of TiS3, which is even stronger than that of black phosphorus, can be tuned

by means of strain engineering. Using density functional theory calculations, we find

that the ellipticity of the valence band can be inverted under moderate compressive

strain, which is accompanied by an enhancement of the optical absorption. It is shown

that the strain tuning of the band anisotropy can be exploited to focus plasmons in
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the desired direction, a feature that could be used to design TiS3 nanostructures with

switchable plasmon channeling.
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electronics.

The use of strain tuneable materials into optoelectronic devices makes possible to control

optical and electronic properties by means of applied external strain. While such control has

been shown to be feasible for several materials, most of them are electronically and opti-

cally isotropic in the propagation plane.1 However, new anisotropic 2D materials like black

phosphorus,2–4 group V transition metal dichalcogenides ReS2 and ReSe2
5–7 and transition

metal trichalcogenide TiS3,8 have been recently found to display strong linear dichroism.

Furthermore, ultrathin materials of this type can be easily integrated into optoelectronic

devices. Consequently, they may lead to novel functionalities based on the tuneability of

their polarized light emission and/or absorption in devices for optical communication tech-

nologies.9

Two major developments have paved the way towards the emergence of such new gener-

ation devices. The advent of few-layer thick flakes of black phosphorous was an important

step forward on this direction.10 Thin flakes of this material possess band gaps of the suit-

able order of magnitude and good tuneability, as well as high mobilities to be integrated

in devices for photovoltaic, thermal imaging and telecommunication applications.2 However,

what makes really attractive black phosphorous is its unusual in-plane anisotropy.3,11 Its

definite linear dichroism really distinguishes black phosphorous from graphene, molybdenum

and tungsten dichalcogenides or other 2D materials whose electronic structure is markedly

isotropic,12 thus opening the way to a whole new range of potential applications.13

Another important step forward on this direction was achieved with the preparation of
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Figure 1: (a) Crystal structure of TiS3, where green and blue correspond to Ti and S atoms,
respectively. Calculated band structure for single-layer TiS3 for the optimized structure (b),
for a compressive strain of -1.5% (c) and for a tensile strain of +1.5% (d). Γ = (0, 0, 0), B =
(1/2, 0, 0), A = (1/2, 1/2, 0), Y = (0, 1/2, 0) in units of the reciprocal lattice vectors. The
Fermi level is set at zero. Highlighted in red, green and blue are the three bands of interest,
the conduction band (CB) and the two valence bands (VB1 and VB2), respectively.

1

0

E
-E

F
(e

V
)

E
-E

F
(e

V
)

1

0
q1

q 2

q1 q1 q1 q1 q1 q1
q 2

BΓ BΓ BΓ BΓ BΓ BΓ BΓ

ε=-2.5% ε=-1.5% ε=-0.5% ε=0.0% ε=+0.5% ε=+1.5% ε=+2.5% 

Γ B

Y/2

VB1

VB2

Figure 2: Strain driven band inversion in single layer TiS3. Evolution of the valence bands
(bottom panel) with their corresponding constant energy contours evaluated for the energy
associated with the dashed line (top panel). Note that the top of the vertical coordinate in
the top panel lies at Y/2.
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thick flakes of group IV transition metal trichalcogenide TiS3 and other members of this fam-

ily.14–17 Atomically thin TiS3 is an anisotropic semiconductor with opposite ellipticity in the

valence and conduction bands.15,18–22 Thus, in that case the possibility arises to reverse the

anisotropy of the electrical and optical properties by switching from n- to p-doping or vicev-

ersa.23 Angle-resolved photoluminiscence measurements for another member of this family,

ZrS3, have proved that few-layer flakes of this material indeed exhibit very anisotropic optical

properties.24 Recent theoretical work has shown that tensile strain may lead to the enhance-

ment of the carrier mobility of TiS3 single-layers by one order of magnitude25 and that the

Poisson ratio and in-plane stiffness are highly anisotropic.26 Unusual vibrational properties

with a large in-plane anisotropy have also been reported for TiS3 whiskers27 and angle re-

solved Raman studies for mechanically exfoliated TiS3, ZrS3 and HfS3 crystals have shown

that the intensity of several Raman modes exhibits a strong polarization dependence.28

The electronic structure of semiconductors of the TiS3 family still exhibits an additional

appealing feature: there are two close bands with different character and anisotropy at

the top of the valence band. Using first-principles calculations we have found that the

order of these two bands may be inverted in TiS3 single-layers upon compression. This

feature opens the additional possibility of reversing the anisotropy of the valence band by

strain engineering. Materials of the TiS3 family thus rank among the most versatile for

optoelectronic applications and its strain engineering certainly deserves detailed attention.

Here we report a first-principles DFT study of single-layers of TiS3 showing that the

opposite directional anisotropy of the valence and conduction bands is kept under variations

in the tensile strain whereas the anisotropy of the valence band can be changed by a slight

compressive strain. Thus, single-layer TiS3 is predicted to be a material supporting highly

anisotropic transport, excitons and plasmons for the conduction and valence bands that can

be tuned to be of either opposite or equal anisotropy. The strong light-matter interaction that

occurs in plasmonic materials allows for light confinement and electric-field localisation at

sub-wavelength scales. Graphene is the 2D material that has been most widely studied as an

4



atomically thin plasmonic crystal in the infrared and terahertz optical range.29 However, the

optoelectronic properties of graphene are isotropic.30 The strain tuning of the band ellipticity

that we have found opens the possibility to use TiS3 for directional dependent plasmonic

devices,31 polarization sensors,32 hyperbolic plasmons,33 focusing of strain induced exciton

funnels,34 or anisotropic in-plane thermoelectric applications,35 among others.

A single layer of TiS3 is formed from trigonal prismatic TiS3 chains in such a way that

two rectangular faces of an TiS6 trigonal prism are capped by S atoms of the neighboring

chains (see Fig. 1a). Thus, every Ti atom is coordinated to eight chalcogen atoms, S. The

calculated band structure for the optimized structure of the single-layer TiS3 is shown in

Fig. 1b. The obtained anisotropy of the valence band is in good agreement with recent

ARPES measurements.36 With the PBE functional we find a direct gap of 246 meV at

Γ. This is in good agreement with previous plane wave-based DFT calculations.19–21,37 As

noted previously19,23 the PBE functional underestimates the band gap by ∼ 0.7 eV. However,

calculations using the HSE06 functional,38 which leads to an appropriate value of 1.12 eV,

show that the band structures calculated with the two functionals are practically identical

except for an almost rigid shift of the empty bands. Consequently, from now on our analysis

will be based on the PBE type calculations which, in all the cases studied, keep the band gap.

Our results show that compressive strain (Fig. 1c) decreases the band gap whereas tensile

strain (Fig. 1d) increases it. In agreement with these results, it has been experimentally

observed that tensile strain induces an increase of up to 10% in the band gap.39 It is clear

from Fig. 1 that the effect of strain is stronger for the valence bands. Remarkably, upon a

small compressive strain there is a change in the nature of the band occurring at the top of

the valence bands, where two bands of different orbital origin and opposite anisotropy are

inverted (see Fig. 2). The strain driven change of ellipticity is clearly seen in the constant

energy contours shown in the top panels of Fig. 2. Judging from the different dispersion

of these two bands along the main directions of the single-layer, this inversion could have

important consequences for the plasmons anisotropy, as we will discuss later.
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Figure 3: Schematic representation of the upper valence band VB1 (a), the second valence
band VB2 (b) and the lowest conduction band CB (c) crystal orbitals at Γ in the unstrained
structure of single-layer TiS3. The triangles shown in green and blue are displaced by b/2
so that all atom-atom distances with the same color occur in the same plane. The filled
rectangular area is the projection of the unit cell and the smaller side is the a parameter.

In order to clearly grasp the origin of these results, we remind here some relevant details of

the crystal and electronic structure of TiS3 (discussed in more detail in Ref. 23): (i) The top

of the valence band VB1 is mostly made of the S 3px orbitals and a smaller contribution of

the Ti 3dxy orbitals (Fig. 3a). The S 3px contribution comes only from the inner sulfur atoms

of the triangles (i.e. those not forming the short S-S bonds, see Fig. 1a). Consequently, the

upper valence band concentrates in the inner part of the layer and is mostly directed along

the a-direction. (ii) Very near the top of the valence band it occurs a second band VB2

whose main orbital contribution comes from S 3pz orbitals of both inner and outer sulphur

atoms of the triangles (Fig. 3b). (iii) The bottom of the conduction band is mainly based on

the Ti 3dz2 orbitals mixed with Ti 3dx2−y2 leading to a Ti 3dz2−y2 (see Fig. 3c and detailed

discussion in Ref. 23) strongly pointing along one of the two directions of the layer, b, what

leads to a strong anisotropy to the electron carriers.

In view of these observations it is easy to understand why the two upper valence bands

at Γ have different anisotropies. Since it is strongly based on the S 3px orbitals of the inner

non bonded S atoms, the upper one VB1 is going to have larger dispersion and thus, smaller

effective mass, along the interchain a-direction. In contrast, because the second upper VB2

band is mainly based on the S 3pz orbitals of both inner and outer sulphur atoms, the

effective mass will be smaller along the chain b direction. It is thus challenging to try to

understand if it is possible to reverse the order of these two bands and thus, the directional
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anisotropy of the valence band. Let us first consider the second valence band VB2. Around

Γ the S 3pz orbitals undergo strongly antibonding interactions with those of the S atoms

above and below because they point directly to each other and they have the same sign.

Consequently, compression along b considerably destabilizes the top of the band whereas

compression along a does not have a strong effect. Thus, biaxial compression destabilizes

this band. Of course, stretching has the opposite effect.

Let us now consider the upper valence band VB1. As mentioned above, because of the b/2

offset of the successive trigonal prismatic chains, the Ti atom of one of the chains is capped

by two S atoms of the two adjacent chains. Consequently, the Ti atoms make six bonds

with the S atoms of its own chain and two bonds with S atoms of the adjacent chains. The

nature of the crystal orbital at Γ is schematically shown in Fig. 3a. Although the dominant

character is S 3px of the inner S atoms, there is a definite participation of the Ti 3dxy orbitals

which mix in a bonding way. When compressing or stretching the layers along the interchain

direction, a, the main structural change is a variation of the S–Ti–S angle associated with

the capping S atoms. This leads to two competing effects. The interaction between S 3px

orbitals of adjacent chains changes because both the distance and the orbital orientation are

modified. In addition, since the S–Ti–S angle changes, the interaction between the Ti 3dxy

and S 3px orbitals also change. When stretching, the S–S distance becomes larger and the

orbital orientation is energetically less favourable so that both factors favour a stabilization

of this band since the S–S interaction is antibonding. Under compression the effect is just

the opposite. As far as the interaction between the Ti 3dxy and S 3px orbitals is concerned,

given the value of the S–Ti–S angle (∼140 degrees), compression will lead to a decrease of

this angle, which will increase the overlap and thus will stabilize the orbital. Stretching leads

to an increase of the angle, which will thus contribute to the destabilization of this orbital.

Thus, both for compressive and tensile strain, the two factors are in competition and this is

why the variation of VB1 is considerably weaker than it is for the lower valence band VB2.

Only for relatively large values of the strain this level exhibits a sizable variation and in both
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cases it is slightly stabilized.

In summary, whereas the upper valence band VB1 exhibits a rather soft variation with

strain, the second one VB2 considerably raises under compression. It follows that there is

no way to reverse the order of the two valence bands under tensile strain. However, since in

the unstrained structure the two bands are very near each other, it is clear that a very small

compression should be able to reach this goal. According to our calculations, the crossing

should occur for values as weak as a 1% compression. Considering that the DFT optimized

structure for bulk TiS3 is slightly larger than the experimental one,19 we expect that this

1% is an overestimation, and that the true transition might take place for smaller values of

compressive strain, well within the experimentally reachable strains in the laboratory.

Finally, let us consider the evolution of the bottom conduction band CB under strain.

Since this level is strongly based on the Ti 3dz2−y2 orbitals (Fig. 3c) it undergoes strong

interactions along the intrachain b direction. At Γ, these interactions are bonding along the

Ti–Ti direction b, so that when the Ti–Ti distances decrease/increase the crystal orbital

is stabilized/destabilized. The variations brought about by changes in the interchain, a,

direction are quite weak compared with those along the chain because of the good overlap

of the Ti 3dz2−y2 orbitals along b which overrides all other effects for the range of strains

considered here. Thus we conclude that under tensile strain the band gap of single-layer

TiS3 increases, as experimentally found,39 and it must decrease under compressive strain.

Before exploring more carefully the consequences of these variations with either compres-

sive or tensile strain, let us summarize the main results concerning the variation of the band

gap and effective masses. In Fig. 4a, we show the difference in energy of the three bands

of interest (CB, VB1 and VB2). Compression of the sample brings together VB1 and VB2

and eventually, and inversion of those bands occurs for about 1% of strain, VB2 becoming

the effective valence band (Fig. 2). If we apply a tensile strain, VB1 and VB2 move apart.

Since most of the transport properties of a semiconductor depend on the effective masses of

the carriers, it is interesting to analyze how they change with the application of an external
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strain. The results are given in Fig. 4b. Although for most of the bands the change is

small, it is important to note that for VB2 this is not the case. This is due to the fact

that VB2 is a weakly dispersing, flat band that bends when strain is applied, leading to

substantial modification the effective masses. Other possible routes to tune the anisotropy

and the effective masses in TiS3 include the application external out-of-plane electric field,

or controlling the stacking angle in multilayer samples, as it has been recently demonstrated

for black phosphorus.40
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Figure 5: Top: Plasmon spectrum of compressed and unstrained TiS3. Bottom: correspond-
ing cross section of the loss function that show the plasmon dispersion for the valence and
conduction bands. The inset in the bottom left panel shows the full contribution of the VB2
band. The calculations have been done for a carrier density of 3 · 1013 cm−2 in the case of
the conduction band and 5 · 1013 cm−2 for the valence band.

We have also studied the optical conductivity σij(ω) of both unstrained and strained

single layer TiS3, where i, j = a, b. In agreement with previous experimental results for

10



unstrained TiS3,41 the system presents a large linear dichroism, that is, a strong difference

in optical conductivity for incident light polarized along a and b directions (see Fig. 4c). In

fact, for polarization along the a direction, the band edge of the first absorption peak occurs

at the bandgap energy and then decreases considerably. On the other hand, the spectrum for

b-polarized light shows a much weaker response at low energies. This suggests that, as in the

case in black phosphorus,11 the symmetries of the wave-functions lead to a dipole operator

that connects the valence and conduction band states for a-polarization, allowing for direct

inter-band transitions, which are symmetry-forbidden for b-polarization. Furthermore, the

tuning of bandgap with tensile (compressive) strain leads to a blue (red) shift of the onset of

optical inter-band transitions at photon energy equal to the corresponding gap. Importantly,

the intensity of σaa increases with compressive strain (see also Fig. S2 of Supp. Info. for

polar plots of σij(ω)). This is due to the compression driven valence band inversion which,

as previously discussed, leads to same ellipticity in valence and conduction bands, with the

corresponding enhancement of allowed optical inter-band transitions. We further mention

that the anisotropy of the electronic properties of TiS3 can lead to unbalance between the

electrical and thermal properties, making this material also promising for thermoelectric

applications.42

We finally discuss the consequences of strain for the collective excitation spectrum of TiS3.

Plasmons in 2D materials are being extensively studied for applications in nanoplasmonics

and optoelectronics. They are highly confined, due to their atomically thin nature, and

can be controlled by different means, like external gate or chemical doping.30,43 Plasmon

modes in single-layer TiS3 were shown to be anisotropic with opposite anisotropy for the

valence and conduction bands.23 In the following we show that the dispersion relation and

anisotropy of plasmons in TiS3 can be tuned by application of strain. For this we calculate

the loss function L(q, ω) within the Random Phase Approximation (RPA) (see Methods).

Our results for the interacting single-particle spectrum in the frequency-momentum plane are

shown in Fig. 5 (top panels). For the cases of relaxed (ε = 0%) and compressed (ε = −1.5%)

11



crystals, we have calculated the plasmon modes originating from the collective oscillation of

carriers in the CB or in the VB (electron or hole doping, respectively). As expected, the

results for the CB (red color) are similar for ε = 0% and ε = −1.5%, due to the weak effect

of strain in the conduction band. On the other hand, the plasmon dispersion for hole doping

(VB) dramatically changes from the unstrained to the compressed cases. It is clear that

the plasmon velocity (as given by the slope of the plasmon branch) for the ε = 0% (blue

color) is higher for q ‖ q1, whereas the opposite happens for ε = −1.5% (green color), for

which the plasmon mode is faster for momenta q ‖ q2. This effect is more clearly seen in the

cross section plots of the corresponding loss functions, given in the bottom panels of Fig. 5:

while the anisotropy of the plasmon modes is opposite for CB and VB if ε = 0% (inverted

ellipticities), this is not the case for the compressed case, for which the ellipticity of the cross

sections is the same. The above results make evident that a slight compressive strain may

completely change the anisotropy of the hole plasmon branch, due to the inversion of the

valence bands VB1 and VB2 with opposite ellipticity. This opens the possibility to focus

the flow of plasmons, tuning the direction of propagation by means of external strain.

In summary, our first-principles DFT study of biaxial strain on single-layers of TiS3 show

that the band gap increases/decreases under tensile/compressive strain. While the opposite

anisotropy of valence and conduction bands remains under application of tensile strain, we

have demonstrated that moderate compressive strain leads to an inversion of the valence

bands accompanied by a change of the ellipticity. This makes that valence and conduction

bands present the same or opposite anisotropies depending on the applied external com-

pression. We have shown the consequences of such effect on the optical properties, finding

an enhancement of the optical conductivity due to activation of inter-band optical transi-

tions when the band inversion takes place. Furthermore, we have demonstrated that strain

tuning of the band anisotropy can be exploited to focus plasmons in the desired direction,

with potential applications for optoelectronic nanodevices. Since the compression needed to

reach the transition (∼ 1%) is well within the experimentally available range, we hope our
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results will motivate future studies to confirm that strain engineering can be used to tune

the anisotropy of TiS3.

Methods. First-principles calculations were carried out using a numerical atomic or-

bitals approach to DFT,44,45 which was developed for efficient calculations in large systems

and implemented in the Siesta code.46,47 We have used the generalized gradient approxi-

mation (GGA) and, in particular, the functional of Perdew, Burke and Ernzerhof.48 Only

the valence electrons are considered in the calculation, with the core being replaced by

norm-conserving scalar relativistic pseudopotentials49 factorized in the Kleinman-Bylander

form.50 The non-linear core-valence exchange-correlation scheme51 was used for all elements.

We have used a split-valence double-ζ basis set including polarization functions.52 The en-

ergy cutoff of the real space integration mesh was set to 500 Ry. To build the charge density

(and, from this, obtain the DFT total energy and atomic forces), the Brillouin zone (BZ) was

sampled with the Monkhorst-Pack scheme53 using grids of (30×30×1) k-points. The biaxial

strain was applied in both the a and b directions (see Fig.1). The atomic positions were

relaxed after applying the strains to the single-layer. The strain is defined as s = δm/m0

where m0 is the unstrained cell parameter and δm+m0 the strained cell parameter. Thus,

positive values correspond to tensile strain whereas negative numbers correspond to compres-

sive strain. The computation of the optical properties is performed calculating the dipolar

transition matrix elements of different eigenfunctions of the Hamiltonian, as implemented in

the Siesta code.

The plasmon spectrum was obtained from the zeros of the dynamical dielectric function

ε(q, ω), calculated within the RPA54,55 ε(q, ω) = 1 − v(q)Π0(q, ω), where Coulomb inter-

action is v(q) = 2πe2

κq
where κ is the background dielectric constant and Π0(q, ω) is the

polarization function

Π0(q, ω) =
gs
V

∑
k

fF (k)− fF (k + q)

ξ(k + q)− ξ(k)− ~(ω + iδ)
(1)
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where V is the system size, gs = 2 is the spin degeneracy, fF (k) = {exp[ξ(k)/kBT ] + 1}−1 is

the Fermi-Dirac distribution function, and δ is a phenomenological broadening. The energy

dispersion within the effective mass approximation is ξc,v(k) =
~2k21
2mc,v

1
+

~2k22
2mc,v

2
− µ where the

superscript c(v) indicates conduction (valence) band, µ is the chemical potential, and the

corresponding effective masses have been obtained from the DFT calculations of strained

TiS3 (Fig. 4b). The value of µ was set to 0.1 eV in the case of ε = −1.5% for both

conduction and valence band and to 0.09 eV and 0.22 eV in the case of ε = 0.0% for the

conduction and valence band, respectively. This is equivalent to a carrier density of 3 · 1013

cm−2 in the case of the conduction band and 5 · 1013 cm−2 in the valence band (it is worth

noticing that we use different values for µ in order to have the same valence and conduction

carrier densities in the different calculations). The anisotropy is included in the polarization

function following Ref.23
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