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Abstract 

Charge-carrier mobility is a determining factor for the transport properties of 
semiconductor materials, and strongly related to the opto-electronics performance of 
nanoscale devices. Here, we investigate the electronic properties and charge-carrier 
mobility of monolayer Janus MoSSe nanoribbons by means of first-principles 
simulations coupled with deformation potential theory. The simulations indicate that 
zigzag nanoribbons are metallic. Conversely, armchair nanoribbons are semiconducting 
and show oscillations in the calculated band-gap as a function of the edge-width 
according to a 3p<3p+1<3p+2 rule, with p being the integer number of repeat units 
along the non-periodic direction of the nanoribbon. Although the charge-carrier 
mobility of armchair nanoribbons oscillates with the edge-width, its magnitude is 
comparable to its two-dimensional sheet counterpart. A robust room-temperature carrier 
mobility is calculated for 3.5 nm armchair nanoribbons with values ranging from 50 
cm2V-1s-1 to 250 cm2V-1s-1 for electrons (e) and holes (h), respectively. Comparison of 
these values with the results for periodic flat sheet (e: 73.8 cm2V-1s-1; h: 157.2 cm2V-1s-

1) reveals enhanced (suppressed) hole (electron) mobility in the Janus MoSSe 
nanoribbons. This is opposite to what previously found for MoS2 nanoribbons, namely 
larger mobility for electrons in comparison to holes. These differences are rationalized 
on the basis of the different structure, edge electronic states and deformation potentials 
present in the MoSSe nanoribbons. The present results provide guidelines for structural 
and electronic engineering of MoSSe nanoribbon edges towards tailored electron 
transport properties.  

Introduction 
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Over the past decade, low dimensional materials have attracted substantial attention 
owing to their appealing physical and chemical properties such as large surface area, 
tunable band gap, and abundance of reactive sites.[1-5] Graphene, as the archetypal two-
dimensional material, presents excellent half-integer quantum hall effect, high 
migration rate, and mass-less charge-carrier transport properties.[6, 7] However, the 
absence of a band gap in pristine graphene has limited its application in nanoscale 
electronic devices.[6, 8, 9] This limitation has triggered extensive research in strategies to 
open the band gap of graphene. Structure tailoring such as formation of armchair and 
zigzag edges can be effective in controlling the electronic property of graphene. 
Unfortunately, the carrier mobility of graphene nanoribbons can be dramatically 
reduced by comparison to the pristine material due to the disappearance of the Dirac 
cone and scattering effects.[10, 11] For example, characterization of sub-10 nm graphene 
nanoribbon field effect transistors has shown that the charge-carrier mobility drops to 
less than 200 cm2V-1s-1 for the reduced widths needed to open a sufficiently large band 
gap in the systems.[12, 13] 

Searching for other low dimensional graphene-analog materials with intrinsic band 
gap has also been extensively pursued. Transition metal dichalcogenides (TMDs) as the 
typical graphene analogs, have received great interest due to their unique structural and 
electronic properties.[14] By combining different chalcogens (e.g. S, Se and Te) and 
transition metal (e.g. Mo, W, Nb and V) atoms, various TMDs structures with tailored 
electronic properties have been obtained.[15, 16] Monolayer MoS2, a member of the 
TMDs family, is a semiconductor with band gap of about 1.9 eV. [17] It has hence been 
regarded as a promising candidate for field effect transistor with an on/off ratio 
exceeding 108.[18] Characterization of suspended MoS2 sheets reveals charge-carrier 
mobility in the range of 0.5-3 cm2V-1s-1. However, the charge-carrier mobility of 
electrons and holes in the pristine MoS2 is relatively low, leading to low performance 
in electronic devices.[19-21] By improving sample quality, removing adsorbates, or 
depositing a high-dielectric layer, extrinsic scattering sites such as charged impurities 
and grain boundaries can be partially suppressed, leading to enhancement of charge-
carrier mobility up to around 200 cm2V-1s-1.[22-25] Further computational results shows 
that the charge-carrier mobility in armchair MoS2 nanoribbons is comparable to its 
sheet counterpart.[26] 

Formation of Janus structures has also been found to be effective in tailoring the 
physical properties of the systems.[27-29] For example, Guo et al found that the Janus 
group III chalcogenide structures can greatly enhance the piezoelectric effect associated 
with the intrinsic dipole perpendicular to the plane structure.[30] This dipole generates a 
built-in electric field, which in turn facilitates separation of photogenerated charge-
carriers, to the benefit of photocatalytic reactivity.[31, 32] Recently, Lu et al have grown 
a Janus monolayer of transition metal dichalcogenides, MoSSe, succeeding in breaking 
the out-of-plane structural symmetry of the single layer MoS2.[33] Theoretical results 
indicate that the charge-carrier mobility of monolayer Janus MoSSe structure is about 
157 cm2V-1s-1 and 74 cm2V-1s-1 for holes and electrons, respectively. It is furthermore 
easily tunable by changing the layer thickness and resultant perpendicular dipole.[34] 
Further HSE06 results by Ma et al. suggest that the Janus MoSSe sheet can be a 
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potential water splitting photocatalyst, with wide solar-absorption and retarded charge-
carrier recombination.[35] Prompted by these results, other studies on photocatalytic 
water splitting have emerged. Using non-collinear, screened-hybrid DFT (HSE06) 
simulations, Din et al. found that MoSSe/GeC heterostructures can present band 
alignment appropriate for visible light water splitting.[36] In addition, Guan et al. found 
that few layer Janus MoSSe can also be suitable for visible light water splitting.[25] In 
contrast to MoS2, the band gap of MoSSe is about 1.66 eV (at PBE level), which is 
smaller than that of MoS2 (1.78 eV, also at PBE level), suggesting a wider visible light 
absorption. Critically, owing to the Janus asymmetric structure not present in MoS2, 
there is an intrinsic dipole moment perpendicular to the MoSSe plane. These properties 
combined point to MoSSe as a potentially promising candidate for infrared-visible light 
water splitting, nanoelectric devices, and piezoelectric applications.[37-39] Regardless of 
the specific photocatalytic or electronic-device application, the Janus structure should 
be cut into nanoribbons to be usable in practical devices, which makes it imperative to 
understand and control the role of physical truncation and nanoribbon-edges for the 
opto-electronic properties of these systems, starting from their charge-carrier mobility. 
  To this end, the purpose of this work is to unveil the electronic properties of the Janus 
MoSSe nanoribbons. Towards definition of currently missing guidelines, we focus on 
the role of the edge-width for the emerging electronic structure and charge-carrier 
mobility of Janus MoSSe nanoribbons as well as on the atomistic and electronic factors 
governing charge-carrier mobility in these systems. The calculated results enable 
rationalization of the dependence of the nanoribbon’s electronic structure and charge-
carrier mobility on its edge-width. The simulations also indicate that the 1D charge-
carrier mobility in armchair-truncated Janus MoSSe nanoribbons is comparable to that 
for 2D, flat MoSSe sheets, which anticipates expectedly robust charge-transport 
performance. 

Computational Methods 
All the simulations were carried out by density functional theory (DFT) as 

implemented in the Vienna ab initio simulation program package (VASP).[40, 41] We used 
the Perdew-Burke-Ernzerhof (PBE) exchange-correlation functional, based on the 
generalized gradient approximation (GGA).[42] The projector augmented wave (PAW) 
method was used to describe the atomic cores. The plane-wave energy cutoff was 500 
eV, numerically checked to yield energies converged to within 0.001 eV/atom. The 
convergence criterion for the self-consistent DFT solution was 10-6 eV between two 
consecutive electronic steps. We used a 15×1×1 Monkhorst-Pack k-point grid, with 
15 k-points along the periodic direction of the nanoribbons. A vacuum buffer of 15 Å 
was added to avoid interactions between adjacent images. The atomic structures were 
fully relaxed until the residual force was less than 0.001 eV/Å on each atom. van der 
Waals (vdW) interactions were accounted for at the DFT-D3 level.[43] 

The charge-carrier mobility in the one dimensional nanoribbons was estimated by 
the phonon-limited formula:[26, 44, 45] 

22 1/ 2 * 23
1D b i(e C )/[(2 k T) m E ]m p= h          (1) 

where e, ħ, and kb are the electron charge, the Planck constant, and the Boltzmann 
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constant, respectively. 𝑚𝑚∗ is the effective mass along the transport direction (either mx 
or my along the x or y direction, respectively). C1D is the elastic modulus of the 
longitudinal acoustic mode in the propagation direction, which is defined as 𝐶𝐶1𝐷𝐷 =
2(𝐸𝐸 − 𝐸𝐸0)/[𝑙𝑙0(∆𝐿𝐿𝑖𝑖/𝐿𝐿𝑖𝑖)2] . E and E0 are the total energy of the system following 
deformation along the possible direction and at its equilibrium minimum-energy 
geometry, respectively. l0 is the length of the one-dimensional nanoribbon at the 
equilibrium state. Ei is the deformation potential (DP) associated with phonon scattering, 
which can be calculated as: 𝐸𝐸𝑖𝑖 = ∆𝐸𝐸𝑖𝑖/(∆𝐿𝐿𝑖𝑖/𝐿𝐿𝑖𝑖). Ei is computed from the energy level 
change induced by the compression or expansion of the MoSSe nanoribbon by a 
∆𝐿𝐿𝑖𝑖/𝐿𝐿𝑖𝑖  = 0.005 step in the transport direction. It should be mentioned that all the 
structures were fully relaxed regardless of deformation. The energy (𝐸𝐸𝑖𝑖) of the valence 
band maximum (VBM) and conduction band minimum (CBM) is used for the hole (Eh) 
and electron (Ee), respectively. All the band edges are aligned to the vacuum energy 
level. To ensure the accuracy of our results, the PBE+SOC functional is used to check 
the basic electronic and carrier behavior of the Janus MoSSe armchair nanoribbons. 

Results and Discussion 
The Janus MoSSe sheet is a two-dimensional hexagonal structure with ah and bh 

primitive cell vectors, see Fig. 1(a). The primitive cell contains three atoms vertically 
displaced in three different atomic-layers, see Fig. 1(b). The atomic species are Mo, S, 
and Se. The Mo atoms are six-fold coordinated, whereas the S and Se atoms are three-
fold coordinated. The Janus MoSSe monolayer can also be described via an orthogonal 
supercell defined by the ao and bo vectors, see Fig. 1(a). The supercell built in this way 
allows for a more direct quantification of the charge-carrier mobility along the zigzag 
(ao) and armchair (bo) directions. The optimized structural parameters for the periodic 
MoSSe sheet are ah= bh= 3.21 Å. The Mo-S bond length is about 2.41 Å, and the Mo-
Se bond is about 2.52 Å long. The ∠MoSMo angle in the MoSSe sheet is about 83.720, 
while the ∠MoSeMo angle is about 79.080 i.e., smaller than the ∠MoSMo one. This 
may be attributed to the larger radii and lower oxidation of the Se atoms. As previously 
shown, such asymmetric structure tailoring can be effective in inducing novel emerging 
properties in low-dimensional materials.[46, 47] Similar to hexagonal 2D materials such 
as graphene and MoS2, the MoSSe sheet can also be patterned into two types of 
nanoribbons depending on the cutting direction. These are armchair (edges parallel to 
bo) and zigzag (edges parallel to ao) nanoribbons. The atomic structure of the armchair 
and zigzag MoSSe nanoribbons are shown in Fig. 1(c). The width of the 
armchair/zigzag nanoribbon is defined by Na/Nz that counts the number of the repeating 
units in the nanoribbon model (along the non-periodic in-plane direction), see Fig. 1(c). 
In the following, we focus on armchair nanoribbons with Na ranging from 6 to 22 (3.5 
nm width). As for the zigzag nanoribbons, we mainly focus on models with Nz ranging 
from 6 to 11 due to the metallic property. After relaxation, we find that the Mo-S and 
Mo-Se bonds at the edges are different from those at the innermost part of the 
nanoribbon. The Mo-S and Mo-Se bonds at edge are about 0.01 and 0.05 Å larger than 
those at innermost part of the nanoribbon. 
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Figure 1. (Color online) Atomic structure model of the monolayer Janus MoSSe sheet 
and Nanoribbons. (a) Top view of the MoSSe monolayer sheet. The dashed lines 
represent the hexagonal primitive cell (defined by ah and bh) and the orthogonal 
supercell (defined by ao and bo). (b) Side view of the MoSSe monolayer sheet with three 
atomic-layers (upper Se atom, middle Mo atom, and lower S atom). (c) Atomic structure 
and labeling used for the Janus MoSSe nanoribbons. The armchair (zigzag) 
nanoribbons are periodic along the x (y) direction. The golden, yellow, and light green 
balls are Mo, S, and Se atoms, respectively.  

Table 1. The relaxed lattice and structural parameters (bond lengths and bond angles) 
for the Janus MoSSe monolayer sheet and its nanoribbons. 
System Lattice 

parameter 
Bond length (Å) Angle (degree) 

 
Sheet 

ao  bo  Mo-S Mo-Se ∠MoSMo ∠SMoS ∠MoSeMo 

3.21 5.57 2.41 2.52 83.720 82.280 79.080 

armchair  5.55 2.42 2.57 86.140 82.450 80.860 

zigzag 3.20  2.38 2.53 83.770 81.480 81.210 

  It has been reported that Janus MoSSe sheets are direct-gap semiconductors with a 
band gap of about 1.66 eV.[34] The corresponding electron carrier mobility is about 73.8 
cm2V-1s-1, and the hole carrier mobility is about 157.2 cm2V-1s-1. The larger hole 
mobility for monolayer sheet originates from the smaller deformation potential (Eh) of 
the valence band compared with that of the conduction band (Ee). In addition, there 
exists an intrinsic dipole of about 0.037 𝑒𝑒 ⋅ Å, perpendicular to the two-dimensional 
periodic plane of the sheet. 
  Structure tailoring can induce novel emerging properties in low-dimensional 
materials.[46, 47] It has been reported that the zero-band gap in graphene can be opened 
to up 0.5 eV in nanoribbons[48], and that the carrier mobility of graphene nanoribbons 
can be dramatically reduced to less than 200 cm2V-1s-1.[13] In addition, MoS2 zigzag 
nanoribbons are metallic, irrespective of the edge-width and nanoribbon thickness. 
Conversely, MoS2 armchair nanoribbons are semiconductors, and their band gaps 
converge to a value of ∼0.56 eV as the edge-width increases.[49] We accordingly start 
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our study by analyzing and quantifying the role of the armchair or zigzag edges for the 
electronic properties of the Janus MoSSe nanoribbons. The simulations indicate that, 
regardless of the nanoribbon width, the systems with zigzag edges are metallic, see Fig. 
S1 in the Supporting Information (SI). Conversely, and again regardless of the width of 
the nanoribbon, we find the systems with armchair edges to be semiconducting (Fig. 2), 
as the pristine Janus MoSSe sheet. However, the magnitude of the band gap for the 
armchair nanoribbons and monolayer sheet is quite different. Although the band gap of 
the armchair nanoribbon changes from 0.37 eV to 0.495 eV with increasing edge-width, 
they remain considerably smaller than what calculated at the same level of theory for 
the periodic sheet (1.66 eV).  

Further analysis of the results reveal that the band gap of the zigzag nanoribbons 
oscillates with the edge-width. For the system considered, the edge-width can be 
classified into three families, namely Na = 3p, 3p+1, and 3p+2, with p being an integer 
number (2 < p < 8 for the size of the systems studied). When the armchair edge Na=3p, 
the band gap gradually increases from 0.37 eV to 0.48 eV, plateauing to 0.495 eV for 
Na=22. The results for the Na=3p+1 and Na=3p+2 models follow a qualitatively similar 
rate of increase with Na converging to the 0.49 eV values for the larger models. As seen 
in Fig. 2, we find the calculated band-gap to follow a 3p<3p+1<3p+2 trend, regardless 
of the value of p. This variation rule is quite similar to the case of MoS2, where the band 
gaps of armchair nanoribbons converge to a value of ∼0.56 eV, smaller than the band 
gap of its sheet (~1.9 eV).[49] In addition, both MoS2 and MoSSe sheets have been 
prepared successfully in recent years. It has been reported that MoS2 nanoribbons can 
be fabricated by scanning probe lithography[50], and that MoSSe may own some 
similarities with MoS2. On the other hand, DFT calculations can access the band gaps 
of different semiconductors, and the corresponding changes going from two-
dimensional periodic systems to nanoribbons (as for MoS2). We thus believe our results 
can provide guidance for further experiments to quantify the sheet to nanoribbons 
changes in MoSSe. To the best of our knowledge, these experiments are yet to appear 
in the literature. To check the effect of SOC on the band gap, we examined the electronic 
properties of the armchair nanoribbons at PBE+SOC level. To quantify the SOC effect, 
the electronic structure of the Janus MoSSe sheet is firstly studied. The calculated 
results show that the SOC-induced band splitting at the VBM is more prominent than 
that at the CBM (Fig. S2), consistent with previous results[51]. These results indicate a 
non-negligible effect of SOC on the band-structure of the Janus MoSSe sheet. Fig. S3 
reports the PBE and PBE+SOC band gap of the armchair nanoribbons. It can be found 
that the band gaps calculated at PBE+SOC level are close (to within 0.1 eV) to the PBE 
results. Notably, also at PBE+SOC level, the value of the band gap also changes as a 
function of the edge width according to a 3p<3p+1<3p+2 rule, as for the PBE case. In 
addition, the dipole moment of the systems appears width dependent as shown in Fig. 
S4. The dipole moment is linearly increasing for 0.18 𝑒𝑒 ⋅ Å  (Na=9) to 0.46 𝑒𝑒 ⋅ Å 
(Na=19). The corresponding value in per width is 0.02 𝑒𝑒 · Å  (Na=6) and 0.024 𝑒𝑒 · Å 
(Na=19). These results indicate that modifications in the width of the MoSSe armchair 
nanoribbons, a form of structure tailoring, can be effective in modifying their electronic 
structure starting from the band-gap, thus allowing tailoring of electronic properties. In 
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the following we quantify the effect of these changes on the systems’ charge-carrier 
mobility.  

 
Figure 2. (Color online) Calculated band gap of the armchair MoSSe nanoribbons as 
a function of the edge-width (Na). The widths modeled can be divided into three Na = 
3p, 3p+1, and 3p+2 families, with p being an integer value (2 < p < 8 in this study).  

Analysis of the electronic properties of the armchair MoSSe nanoribbons is expanded 
by considering the calculated band structure and atom-projected band-densities, shown 
in Fig. 3. We limit this analysis to a subset of the systems studied, namely the Na=9, 10 
and 11 (armchair) nanoribbons. The calculated band-gaps for these systems are 0.45 eV, 
0.46 eV and 0.49 eV, respectively. The simulations indicate that, for all the three 
systems, the valence band minimum (VBM) is located at the Γ-point. In contrast, the 
conduction band maximum (CBM) is located roughly at the center of the Γ-M path. 
Thus, all the three MoSSe nanoribbons turn out to be indirect-gap semiconductors. This 
is different from the results for monolayer MoSSe sheets, which instead point to a 
direct-gap semiconductor with both the CBM and VBM located at K-point.[34] Fig. 3 
reports also the total and atom-projected Density of States for three MoSSe nanoribbons. 
The simulations indicate the CBM is mainly due to 3d Mo-states. In contrast, the VBM 
is characterized by strong electronic hybridization and mixing between 3d Mo, 3p S, 
and 4p Se states. 
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Figure 3. (Color online) Calculated band structure (left panels) with total and atom-
projected density of states (right panels) for the armchair MoSSe nanoribbons. (a) 
Na=9, (b) Na=10, and (c) Na=11. In the left panels, green and blue highlighting has 
been used for the first valence/conduction band under/above the Fermi level (0 eV).  

Overall, these results show that both the band gap and the intrinsic vertical dipole 
moment can be non-negligibly tuned (>0.1 eV and < 0.01 𝑒𝑒 · Å per width) by altering 
the width of the MoSSe nanoribbon. In the following, we quantify to extent to which 
the charge-carrier mobility is affected by the width of the nanoribbon. We recall that 
whereas graphene nanoribbons show a dramatically decreased charge-carrier mobility 
with respect to graphene sheets,[52] the charge-carrier mobility of MoS2 sheets and 
nanoribbons is comparable.[49] Given the occurrence in Janus MoSSe nanoribbons of a 
perpendicular electrostatic dipole dependent on the edge-width (not present in MoS2), 
we next quantify its role for the system’s carrier mobility. 

Fig. 4 reports the calculated elastic moduli (C1D), carrier effective mass, deformation 
potential (DP), and carrier mobility for both electrons and holes in the armchair MoSSe 
nanoribbons as a function of the edge-width, as measured by Na. Here, we only consider 
edge-widths between Na=6 and Na=18. This choice stems from realization that larger 
nanoribbons show convergence of the calculated band-gap (Fig. 2), which in turn 
suggests reasonably converged charge-carrier mobility properties too. The calculated 
elastic modulus (C1D) for the Na=6 nanoribbon is about 0.38×1012 eV/m (Fig. 4a). As 
the edge-width increases, C1D also increases (effectively linearly), reaching values of 
1.2×1012 eV/m for Na=13, after which a different regime of increase is observed for Na 
ranging from 14 to 18. The calculated increase of C1D with the nanoribbon width is in 
line with earlier results for MoS2 systems.[49] 

Besides the elastic moduli, the effective mass is another crucial factor for charge-
carrier mobility (Eq. 1). As seen in Fig. 4b, and due to the different curvature of the 
VBM and CBM (Fig. 3), the differently sized MoSSe armchair nanoribbons display 
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quite different effective electron and hole masses. We find the electron effective mass 
to be about 1.22 m0 (Na=6) i.e. over 2 times larger than for the flat, periodic MoSSe 
sheet (0.6 m0). As the edge-width increases, the electron effective mass gradually 
increases to a maximum value of 4.5 m0 for Na=11. Then it gradually reduces, 
converging to 3.7 m0 for edge-widths larger than Na=13. These results indicate that 
edge tailoring of MoSSe nanoribbons leads to larger effective masses for the electron 
than for the flat (MoSSe) sheet, which is detrimental to carrier mobility.  

The results for the hole are substantially different from those for the electron. The 
calculated hole effective mass (m_h) shows marked oscillations as a function of the 
nanoribbon edge-width (Fig. 4b). As for the band-gap (Fig. 2), also the calculated hole 
effective masses can be separated into three classes depending on the edge-width. 
Different trends are observed for the nanoribbons having edge-widths of 3p, 3p+1, and 
3p+2 (p is again an integer value). Starting with the 3p group, following a sudden 
decrease from Na=6 (3.5 m0) to Na=9 (1.9 m0), the hole effective masse converges to 
values of 1.7 m0 for Na>12. Like the 3p case, also the hole effective mass for the 3p+1 
group increases with the edge-width, going from 1.1 m0 for Na=7 to converged values 
of 1.5 m0 as Na>16. The effective mass of the 3p+2 group also increases with the edge-
width, albeit with a different rate of change from the 3p and 3p+1 groups. The 
calculated values increase from 1.22 m0 (Na=9) to 1.8 m0 (Na>17). In contrast to the 
trends observed for the band-gap (3p<3p+1<3p+2 in Fig. 2), the calculated hole 
effective mass follow a different relationship, namely 3p>3p+1<3p+2. Comparison of 
the calculated hole effective mass for the nanoribbons (consistently > 1.1 m0 in absolute 
value, Fig. 4b) and for the flat, periodic sheet (0.73 m0) indicates that edge tailoring of 
MoSSe nanoribbons leads to larger effective masses for the hole than for the flat 
(MoSSe) sheet, which is detrimental to carrier mobility. Finally, as also seen in Fig. 4b, 
the (absolute value) of the effective mass for the hole is substantially (up to a factor of 
roughly 2) smaller than for the electron. As we discuss below, this result can be 
explained by the different symmetry of the frontier orbitals constituting the VBM and 
CBM.  

Being related to the intensity of phonon scattering and its effects on the charge 
transport,[53] the deformation potential (DP) can also strongly affect charge-carrier 
mobility. Figs.4c-d reports the calculated hole and electron DP for the nanoribbons 
studied. Also, DP displays oscillations with the edge-width of the nanoribbons. For the 
electron, DP oscillates between values of -1 eV and -4 eV in the Na=6-18 range. The 
only exception to this trend is markedly more negative value of -7 eV for the DP of the 
Na=11 nanoribbon. Similar to the results for the hole effective mass, also the calculated 
DP values for the electron follow a 3p<3p+1>3p+2 trend, the only exception being the 
data for Na=9 and Na=10. Compared to the results for the electron, the hole DP show 
more contained variations as it changes between -0.5 eV and -2 eV in the Na=6-18 range. 
Also in this case, the results for Na=11 partially deviate with markedly decreased DP 
value of -3.2 eV. As the edge-width of the nanoribbon increases, the calculated DP 
values converge to -2.5 eV and -1.5 eV for the electron and hole, respectively. To check 
the SOC effect on the effective mass and DP, these were re-calculated at PBE+SOC 
level for the armchair nanoribbons with edge-width ranging from Na=6 to Na=11. Fig. 
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S5 and Fig. S6 report the corresponding results. It can be seen that the effective mass 
and DP constant calculated by the PBE+SOC functional are quite close to the result 
calculated by the PBE functional, validating the reliability of the PBE results. 

 
Figure 4. (Color online) Calculated (a) elastic modulus of the longitudinal acoustic 
mode in the propagation direction (C1D), (b) electron (m_e) and hole (m_h) effective 
mass, and deformation potential (DP_e, h) for electrons (c) and holes (d). The blue 
horizontal line in panel (a) marks the C1D value for the fully periodic MoSSe sheet.  

Eq. (1) enables approximation of the room-temperature charge-carrier mobility for 
the Janus MoSSe nanoribbons based on the observables reported in Fig. 4. Fig. 5 shows 
the calculated charge-carrier mobility for the systems studied. Both the electron and 
hole mobility oscillate with the edge-width. Both the electron and hole mobility are 
found to follow a μ3p<μ3p+1>μ3p+2 trend. As the edge-width of the nanoribbon is 
increased, the electron mobility plateaus to the value of about 48 cm2V-1s-1. The 
calculated hole mobility of the largest nanoribbons instead converges to values of about 
300 cm2V-1s-1. To check the accuracy of the PBE results, the PBE+SOC functional is 
used to examine the carrier mobility of the Janus MoSSe armchair nanoribbons (Na=6-
11), as shown in Fig. S7. Critically, the PBE and PBE+SOC results for carrier mobility 
are in semi-quantitative agreement, with the largest deviations being observed for the 
Na=7 and 8 nanoribbons (Fig. S7). Also importantly, both the PBE and PBE+SOC 
traces display the same qualitative dependence of the calculated carrier mobility on the 
edge-width (Na in Fig. S7). Therefore, we are to conclude that the PBE+SOC results 
are in semi-quantitative agreement with the PBE ones, validating the reliability of our 
calculations in the manuscript. Thus, we find the hole mobility to be substantially (over 
six times) larger than the electron one. We attribute this result to the much lower hole-
DP and to the generally smaller effective mass of the hole with respect to that of the 
electron (Fig. 4), with both terms appearing at the denominator of Eq. (1).  
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Comparison of the nanoribbons results with those for the flat Janus MoSSe periodic 
sheet (black dotted lines in Fig. 5) enables further considerations. Here, it should be 
mentioned that the calculated carrier mobility of the Janus MoSSe sheets along the 
zigzag- and armchair-directions is found to be the same. This result indicates isotropic 
carrier mobility in the Janus MoSSe sheets, consistent with previous results.[34, 54] Apart 
from the Na=7 case (200 cm2V-1s-1), the electron mobility of the nanoribbons is 
systematically lower than for the flat, periodic sheet. In contrast, the hole mobility of 
the nanoribbons for the whole range of edge-width studied turns out to be either 
comparable or larger than for the flat MoSSe sheet. This scenario is completely different 
from previous results of dramatically reduced carrier mobility for graphene 
nanoribbons by comparison to sheets.[52]  

 
Figure 5. (Color online) Calculated charge-carrier mobility of the Janus MoSSe 
nanoribbons as a function of the edge-width. (a) Electron mobility, (b) Hole mobility. 
The charge-carrier mobility of the periodic, Janus MoSSe sheet is shown in both panels 
(black dotted line) for comparison.  

We next analyze the origin of the different carrier mobility for the Janus MoSSe 
nanoribbons and sheet, focusing on the Na=8 system. The effective mass (m*) and 
deformation potential (DP = Ei) for the electron/hole in the nanoribbon are about 
3.33/1.75 and 0.26/0.12 times larger than for the sheet, respectively. The larger effective 
mass originates from the relatively localized edge states seen Fig. 6, showing reduced 
dispersion in reciprocal space (Fig. 3), and leading to quantum size effects. On the other 
hand, the elastic modulus (C1D) in nanoribbons at Na=8 is 45 J/m-2, which is smaller 
than for MoSSe sheet (136 J/m-2), due to the smaller size of the nanoribbon. As the 
charge-carrier mobility is directly proportional to C1D and inversely proportional to 
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(powers of) m* and Ei in Eq. 1, altogether the changes in C1D, m* and Ei leads to (0.31 
times) lower electron mobility and (5.9 times) larger hole mobility in the nanoribbons 
with respect to the monolayer MoSSe sheet. 

 
Figure 6. (Color online) Top view of the CBM (top panels) and VBM (bottom panels) 
charge-density (0.01 e bohr-3.) for the Janus MoSSe Nanoribbons of different edge-
width. (a-b) Na=6, (c-d) Na=7, (e-f) Na=8. The green horizontal line marks the 
longitudinal direction of the nanoribbon (i.e., the direction of stretching and charge-
carrier transport). 

As discussed above, the different carrier mobility for 1D Janus MoSSe nanoribbons 
and 2D sheet can be primarily attributed to the different effective mass (m*) and 
deformation potential (DP=Ei). We next analyze the origin of the differences between 
the electron and hole mobility for the same nanoribbon. Once again, we focus on the 
Na=8 system for this analysis. For this system, the hole mobility is about 42.5 times 
larger than the electron mobility. The hole effective mass and deformation potential are 
0.64 and 0.22 times those of the electron. On this basis, and according to Eq. (1), it 
follows that higher mobility for holes is mainly due to their smaller DP with respect to 
electrons.  

To further explain the reason, we turned to the wave functions of the band-edge state 
at the Γ point, which are equivalent to the frontier molecular orbitals [i.e., the highest 
occupied molecular orbital (VBM) for the hole and the lowest unoccupied molecular 
orbital (CBM) for the electron] responsible for transport. These are shown in Fig. 6 for 
Na=6~8. The green horizontal line marks the longitudinal direction of the nanoribbon 
(i.e., the direction of stretching and charge-carrier transport). The real-space modulation 
of the CBM and VBM offers insights into the origin of their different deformation 
potential. The charge-density of the CBM is mainly localized at the Mo atoms in the 
nanoribbons. As shown in Fig. 6(a), 6(c) and 6(e), the CBM-density decreases going 
from the edge to the center of the nanoribbon along the stretching axis. The real-space 
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distribution of the VBM is markedly different. The VBM charge-density is mainly 
localized at the Mo atom along the armchair edge, as shown in Fig. 6(b), 6(d) and 6(e). 
It is therefore reasonable to expect that the localized CBM (electron state) is scattered 
more strongly by the acoustic phonon than the VBM (hole state). Thus, as the structure 
deformation responsible for the electron (Ee) and hole (Eh) deformation potential occurs 
along the edge direction, larger electrostatic interactions for the CBM than for the VBM 
will result in larger Ee values with respect to Eh ones, for an accordingly increased 
(reduced) hole (electron) mobility. 

We finally turn to the origin of the different charge-carrier mobility for differently 
sized nanoribbons. It is known that the charge-carrier mobility of MoS2 nanoribbons 
shows a 3p, 3p+1, and 3p+2 rule due to the edge states.[49] Similar to MoS2, also the 
carrier mobility of Janus MoSSe nanoribbons is strongly affected by the edge states. 
The 3p+1 family, which has the smallest effective mass and the largest mobility, shows 
an A1 character in space group. The 3p and 3p+2 families have a B1 character in space 
group.[49] The marked oscillatory behavior of the effective mass and mobility can thus 
be attributed to the different symmetry of the edge states, which results in different 
carrier-phonon coupling. Thus, the spatial distribution and orbital composition of the 
edge states in the MoSSe nanoribbons dominate the carrier mobility. Here, we take the 
Na=6, 7, and 8 nanoribbons as representatives of the 3p, 3p+1, and 3p+2 groups, 
respectively. As seen in Fig. 6, the electron is localized at the Mo atoms across the 
whole Na=6 nanoribbon. For Na=7, the CBM charge-density is still localized on the Mo 
atoms but progressively decays from the edges towards the innermost region of the 
nanoribbon. In contrast with this trend, the CBM charge-density at the core of the Na=8 
nanoribbon is larger than for the Na=7 one. Thus, as the structure deformation occurs, 
the electron deformation potential in these three nanoribbons follows an Ee (Na=6) >Ee 

(Na=7) <Ee (Na=8) trend, reflected in the emerging electron carrier mobility (µ): 
µ(Na=6) > µ(Na=7) < µ(Na=8). Thus, based on the deformation potential and structure 
symmetry, the carrier mobility of the nanoribbons appear to follow a 3p rule with 
3p<3p+1>3p+2. 

Conclusions  
In summary, we have investigated the structural, electronic, and carrier mobility 
properties of monolayer Janus MoSSe nanoribbons using first-principles calculations 
and deformation potential theory. It is shown that nanoribbons with zigzag edges are 
metallic, whereas those with armchair edges are semiconducting. The calculated band-
gap for armchair nanoribbons follows a 3p<3p+1<3p+2 rule, with p being the integer 
number of repeat units along the non-periodic direction of the nanoribbon. Robust 
room-temperature carrier mobility (µ) is observed in the armchair MoSSe nanoribbons, 
with hole and electron mobility as large as 250 cm2V-1s-1 and 50 cm2V-1s-1, respectively. 
Comparison of these results with the mobility calculated for the flat sheet [h: 157.2 
cm2V-1s-1; e: 73.8 cm2V-1s-1] indicates that Janus MoSSe nanoribbons have larger hole 
mobility, but smaller electron mobility, than flat MoSSe sheets. These results are the 
opposite than what found for MoS2 nanoribbons that instead show larger mobility of 
electrons than for holes. The carrier mobility of Janus MoSSe nanoribbons oscillates 
with the edge-width, following a µ3p<µ3p+1>µ3p+2 rule. The unique carrier mobility is 
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attributed to the different VBM and CBM edge states, and ensuing deformation 
potential, present in MoSSe Nanoribbons. Our study suggests that structure tailoring 
together with edge engineering can provide effective routes to tailoring of transport 
properties in MoSSe nanostructures.  
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