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Two-dimensional transition-metal dichalcogenides have become important
candidate materials for post-silicon semiconductors and optoelectronic devices because of
their atomic-scale thickness, tunable band gaps, and good device compatibility. The
electronic structure of monolayer MoS: is highly sensitive to strain. In-plane biaxial strain
can continuously tune both the magnitude and the direct/indirect character of the band gap
by changing Mo—S bond lengths and orbital hybridization. Based on density-functional
theory, this work systematically performs first-principles calculations on the electronic
structure of monolayer 1H-MoS: under biaxial strains from —6% to +8% in Quantum
ESPRESSO, using the PBE functional and PAW pseudopotentials. At each strain point,
ionic relaxation, self-consistent field calculation, and I'-K-M-I" band analysis are
completed, and the fundamental gap, the K-K direct gap, and the I'-K indirect gap are
extracted simultaneously. The results show that under —2% compressive strain the system
exhibits a K-K direct gap with a fundamental gap of 1.890 eV; near zero strain the K—K and
'K gaps are nearly degenerate (1.686 eV and 1.667 eV, respectively); after entering the
tensile regime, the valence-band maximum shifts to I' while the conduction-band minimum
remains at K, forming a stable indirect gap, and the fundamental gap decreases
monotonically from 1.667 eV at 0% to 0.589 eV at +8%. Gaps on the compressive side
remain overall larger and reach a maximum of 1.919 eV at —4% within the present scan.
This study provides a reproducible strain—band-gap relation and transition criterion, and
offers a benchmark for band-gap engineering of two-dimensional MoS: and for subsequent
higher-accuracy calculations.

monolayer MoS., biaxial strain, band-gap engineering, first principles, Quantum
ESPRESSO

The emergence of two-dimensional materials has expanded the boundaries of semiconductor physics
and device design. Unlike gapless graphene, monolayer transition-metal dichalcogenides (TMDs)
possess finite and tunable band gaps. Among them, MoS: has received sustained attention because
of its relatively mature fabrication processes, optical response in the visible range, and potential for
field-effect devices [1-3]. Experimental and theoretical studies show that when MoS: is thinned
from the bulk to the monolayer limit, its band gap can change from indirect to direct and the
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luminescence efficiency increases significantly [1, 2]. Furthermore, in-plane strain, substrate
coupling, dielectric environment, and external fields can all rearrange band edges, thereby tuning
carrier effective masses, optical absorption onsets, and valleytronic properties [4-6].

Among various tuning approaches, strain engineering is continuous, reversible, and compatible
with flexible electronics. Biaxial strain simultaneously changes the in-plane lattice constant, directly
modulates Mo—S bond lengths and the strength of d—p orbital hybridization, and thereby shifts the
relative positions of the valence-band maximum (VBM) and the conduction-band minimum (CBM)
[5-8]. Existing first-principles studies indicate that tensile strain usually reduces the monolayer
MoS: band gap and induces a direct-to-indirect transition, whereas compressive strain tends to
enlarge or maintain a larger gap [6-8]. In recent years, research on strain-based band-gap
engineering of two-dimensional materials has continued to advance, indicating that this direction
remains practically relevant for device design [9-12].

Using Quantum ESPRESSO as the computational platform, this paper addresses the following
questions: (1) How does biaxial strain quantitatively change the fundamental gap of monolayer
MoS:? (2) In which strain range does the direct—indirect band-gap transition occur? (3) How are the
VBM and CBM reordered with strain among high-symmetry points such as I' and K? The
significance of this study is twofold: it provides a reproducible PBE-level strain—band-gap relation,
and it clarifies the sensitivity of gap type near zero strain, thereby offering a benchmark for
subsequent higher-accuracy calculations and experimental comparison.

A monolayer 1H-MoS: primitive cell is adopted, containing one Mo atom and two S atoms. The
initial in-plane lattice constant is taken as ao = 3.18 A, and a vacuum thickness of 20 A is used to
suppress spurious interlayer periodic-image interactions. The upper and lower sulfur atoms are
aligned in the in-plane projection and located on opposite sides of the Mo plane, corresponding to
the 1H phase rather than the 1T phase. Biaxial strain is defined as € = (a — ao)/ao x 100%. The strain
points scanned in this work are ¢ = —6%, —4%, —2%, 0, +2%, +4%, +6%, and +8%. At each strain
point, the in-plane lattice constant is fixed and only the internal atomic coordinates are relaxed.

All calculations are performed in Quantum ESPRESSO [13]. The exchange-correlation functional is
PBE [14], and PAW-type PBE pseudopotentials are used: Mo.pbe-spn-kjpaw_psl.1.0.0.UPF and
S.pbe-n-kjpaw_psl.1.0.0.UPF. The total number of valence electrons is 26, and the number of
occupied bands in non-spin-polarized calculations is 13. The main results in the main text adopt the
production settings: ecutwfc = 50 Ry and ecutrho = 400 Ry; 9x9x1 and 12x12x1 Monkhorst—Pack
k-point meshes are used for structural relaxation and self-consistent calculations, respectively. An
additional rapid scan with ecutwfc = 30 Ry and k = 6x6x1 is performed for cross-validation. The
band path is [-K-M-T.

The computational workflow is as follows: (1) ionic relaxation at fixed lattice constants (BFGS);
(2) self-consistent field (SCF) calculation; (3) non-self-consistent band-structure calculation; and (4)
extraction of the VBM, CBM, fundamental gap, and local gaps at high-symmetry points from the
band data. In determining the gap type, the K—K direct gap and the 'K indirect gap are compared
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simultaneously. If both the VBM and the CBM lie near the K point, the gap is recorded as direct; if
the VBM lies at I" and the CBM at K, the gap is recorded as indirect.

2.3. Definition of analyzed quantities

To avoid misjudgment caused by relying only on global extrema, this work reports simultaneously
the fundamental gap E g, the K-point direct gap E g(K—K), the 'K indirect gap E_g(I'-K), and
AE VBM =E VBM(K) - E VBM(I'). When AE_ VBM > 0, the VBM prefers K; when AE VBM <
0, the VBM prefers I

3. Results and discussion
3.1. Zero-strain reference

Under the production settings, the fundamental gap of unstrained monolayer MoS: is 1.667 eV, with
the VBM at I and the CBM at K, corresponding to a 'K indirect gap. At the same time, the K-K
direct gap is 1.686 eV, only about 0.019 eV higher than the fundamental gap. In other words, the
direct and indirect gaps are nearly degenerate near zero strain. The rapid scan yields an unstrained
fundamental gap of 1.666 eV, in close agreement with the production result, indicating that the
subsequent strain-trend analysis is robust with respect to the computational parameters.

It should be noted that the experimental optical gap of monolayer MoS: is usually larger, and
PBE systematically underestimates band gaps. In addition, whether a direct gap appears depends
strongly on the equilibrium lattice constant, spin-orbit coupling (SOC), and k-point sampling. In this
work, ao is fixed at 3.18 A and SOC is not included at this stage; therefore, the zero-strain result
should be understood as a PBE-level electronic-structure reference at the chosen lattice constant,
rather than an exact reproduction of the experimental direct gap.

3.2. Overall evolution of the band gap under biaxial strain

The full set of production-parameter results shows that the band gap of monolayer MoS: is highly
sensitive to strain. The main data are summarized in Table 1, and the corresponding strain
dependence is shown in Figure 1. From 0 to +8%, the fundamental gap decreases from 1.667 eV to
0.589 eV, corresponding to an average reduction of about 0.13 eV per 1% tensile strain. This "tensile
strain reduces the gap" trend is consistent with existing strain-engineering studies of two-
dimensional MoS: [6-11]. Gaps on the compressive side remain overall larger than the unstrained
value and reach a maximum of 1.919 eV near —4% within the scanned range.

Table 1. Band gaps and gap types under different biaxial strains (production settings, PBE)

Strain/% Eg/eV K-—K/eV -K/eV AEVBM Type
-6 1.880 2.379 2.926 +0.547 Large gap
-4 1.919 2.121 2.459 +0.339 Large gap
-2 1.890 1.890 2.040 +0.150 Direct K-K
0 1.667 1.686 1.667 -0.019 Near-deg.
+2 1.338 1.508 1.338 -0.169 Indirect I'-K

+4 1.051 1.353 1.051 -0.302 Indirect I'-K
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Table 1. (continued)
+6 0.802 1.220 0.802 -0.417 Indirect I'-K
+8 0.589 1.105 0.589 -0.516 Indirect I'-K

3.3. Direct-indirect band-gap transition

The change in gap type is the central phenomenon of this work. Data analysis shows that under
moderate compressive strain (about —2%), both the VBM and the CBM lie at K, the system is a
direct-gap semiconductor, and E g(K—K) = 1.890 eV. Near zero strain, E VBM(K) and E_ VBM(I')
are nearly equal (AE_ VBM =—-0.019 eV), so the ground state can switch between K-K and I'-K and
belongs to a near-transition point. Under tensile strain (> +2%), the VBM clearly shifts to I while
the CBM remains at K, forming a stable '-K indirect gap, and the indirect character becomes more
pronounced with increasing tensile strain. The evolution of the VBM and CBM with strain is
summarized in Figure 2.
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Figure 1. Band gap versus biaxial strain
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Figure 2. Evolution of VBM/CBM with strain
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From an orbital and bonding viewpoint, tensile strain elongates Mo—S bonds and weakens in-
plane coupling, relatively raising I'-related valence-band states (or relatively lowering the K valence
band), thereby changing the VBM ordering; at the same time, the K-point conduction-band state
continues to descend, leading to gap reduction. Compressive strain strengthens orbital overlap,
raises conduction-related states, and stabilizes the K-point valence-band advantage, favoring the
coexistence of a direct gap and a larger gap. For —4% and —6%, the global CBM does not sit exactly
at K but appears near the I'-K path, indicating that under strong compression the conduction-band
minimum may shift along the line path. This point can be further confirmed later with denser k paths
or a full Brillouin-zone extremum search.

3.4. Representative band-structure comparison
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Figure 3. € = —2% (direct gap, K-K)
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Figure 4. € = +4% (indirect gap, I'-K)
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Comparison of the representative band structures at —2% and +4% (Figures 3 and 4) reveals a
clear physical picture: at —2%, a sharp direct-transition channel forms at K, and the valence band at
I" lies below that at K; after entering +4%, the I" valence-band maximum is significantly higher than
K, while the conduction-band minimum deepens at K, giving a clear indirect-gap character.
Complete band structures for near-degeneracy at zero strain and further gap reduction at +8% are
available in the results directory.

Supplementary comparison shows that at € = 0 the I'/K valence bands are nearly degenerate,
while at € = +8% the indirect gap further shrinks to 0.589 eV (the complete set of four band-
structure figures is available in the results directory).

This implies that if the target is a light-emitting device, one should preferably operate under slight
compression or near-zero strain and ensure that the K—K channel dominates; if the goal is to lower
the optical absorption edge by strain or to tune the relative positions of dark and bright states, tensile
strain can be used to enter the indirect-gap regime. Of course, because absolute PBE gaps are low,
quantitative device design still requires HSE06 or GW-level corrections [15, 16].

Based on Quantum ESPRESSO and the PBE functional, this work has completed first-principles
band-structure calculations for monolayer 1H-MoS: under biaxial strains from —6% to +8%. The
main conclusions are as follows.

First, biaxial strain is an efficient means of tuning the band gap of monolayer MoS.. Tensile strain
reduces the fundamental gap in an approximately linear manner, from 1.667 eV at 0% to 0.589 eV at
+8%; compressive strain keeps the gap at a higher level and reaches 1.919 eV near —4%.

Second, the gap type evolves markedly with strain. Around —2%, the system exhibits a K-K
direct gap; near zero strain the K—K and ['-K gaps are nearly degenerate; after entering the tensile
regime, the VBM shifts to I' and the CBM remains at K, forming a stable indirect gap. This
transition can be directly characterized by the sign change of AE VBM =E VBM(K) - E VBM(I).

Third, for the three questions raised in the Introduction, the answers are as follows: the gap
decreases significantly under tensile strain and increases under compressive strain; the
direct/indirect transition occurs in a narrow window near zero strain; and the microscopic
mechanism is the reordering of the I' and K valence bands together with the continued descent of the
K-point conduction band.

This study still has limitations. First, PBE underestimates the band gap, so absolute values should
not be matched one-to-one with optical experiments. Second, systematic variable-cell relaxation has
not yet been performed to determine the PBE equilibrium ao, and SOC has not been included. Third,
the precise location of the CBM under strong compression still needs confirmation with denser k
paths. Future work may proceed along three routes: first perform vc-relax and convergence tests for
the unstrained system; then introduce SOC to discuss valley splitting and transition matrix elements;
and finally correct absolute gap values with HSE06/GW and compare with micro-
photoluminescence, strain Raman, and other experiments. Overall, this work demonstrates that the
logical chain "strain—bond length—orbital hybridization—band ordering—gap type" holds clearly in
monolayer MoS: and can provide a computational basis for band-gap engineering of two-
dimensional semiconductors.
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