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Monolayer MoS, Nanoribbons as a Promising Material for Both
n-type and p-type Legs in Thermoelectric Generators
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First-principles calculations have been performed to study the thermoelectric
properties of monolayer MoS, armchair nanoribbons (ACNRs). The electronic
behavior of nanoribbons is dominated by the presence of edge states that are
dependent on the number of zigzag chains across the nanoribbon. In addition,
it is found that the phonon thermal conductance of monolayer MoS; ACNRs is
smaller than monolayer films due to phonon edge scattering. This effect is
more pronounced in narrower nanoribbons, which leads to a higher ZT value
compared to a monolayer MoS, sheet. The effects of sulfur vacancy and edge
roughness on the thermoelectric properties of MoS, ACNRs have also been
studied. We found that edge roughness decreased ZT values compared to those
of perfect nanoribbons, as its impact on electrical conductance is more severe
than on phonon thermal conductance. Sulfur vacancy, however, improved ZT
in some subbands. It is shown that ZT values as high as 4 for electron-doped
and 3 for hole-doped nanoribbons can be achieved at T' = 500 K. The ability to
achieve high ZT values for both p-type and n-type nanoribbons makes
monolayer MoS; ACNR a promising candidate for future solid-state thermo-

electric generators.
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INTRODUCTION

Atomically thin two-dimensional (2D) materials
have attracted a strong interest since the discovery
of graphene.! Great strides have been made toward
understanding graphene’s interesting physical and
electrical properties.”>* However, the potential use
of graphene in electronics applications has been
hindered by the fact that it has zero band gap (E;) in
its pristine form. More recently, another family of
2D materials has emerged: transition metal
dichalcogenides (TMDCs). Bulks of these materials
are formed by layers vertically stacked and weakly
bonded together via van der Waals forces. This
weak interlayer interaction makes it possible to
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obtain monolayers by using scotch tape exfoliation®
or lithium-ion intercalation® techniques. In contrast
to graphene with E; =0, some members of the
TMDC family have an appropriate band gap for
microelectronic applications. Molybdenum disulfide
(MoS,) is one of the most representative and
intensively studied 2D TMDCs, in part due to its
thermal stability and natural abundance.”” Bulk
MoS, is an indirect gap semiconductor'® with
E, = 1.2 eV, while monolayer MoS; is a direct gap
semiconductor'’ with E, = 1.8 eV. The desirable
band gap, good carrier mobility (which is close to
those of silicon thin films and graphene nanorib-
bons),'? excellent thermal stability, and a smooth
surface free from dangling bonds,lé make MoS, a
promising candidate for electronic and optoelec-
tronic applications.'*
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The thermoelectric properties of MoSs; have not
been as well studied as its electrical properties.'®16
The direct conversion of heat into electricity in
thermoelectric materials is considered a solution for
using wasted heat energy sources as renewable
energy supplies, and hence, highly efficient thermo-
electric materials and devices have attracted inten-
sive interest. Performance of a thermoelectric
material in converting heat into electr1c1ty can be
evaluated by a figure of merit; ZT = GS*T/(k. + Kph),
in which G, S, T, x. and x;, are the electrical
conductance, Seebeck coefficient, absolute tempera-
ture, electronic contribution to thermal conduc-
tance, and phonon contribution to thermal
conductance, respectively. It is desirable to have a
high electrical conductance and Seebeck coefficient
and low thermal conductance to achieve a high ZT
value. For conventional thermoelectric materials,
e.g., PbTe'” and BiyTes-based alloys,'® ZT values of
around 2.4 at T =900 K were achieved. Further
increase of ZT in these materials proved to be a
challenge since the parameters that affect ZT are
generally coupled with each other. Enhancement to
one of them may degrade the other and the overall
effect on ZT will neutralize. The situation did not
change much until hlgher ZT values were shown in
the low-dimensional® and nanostructured ther-
moelectric materials,?! whereas their Seebeck coef-
ficients were enhanced by quantum confinement
and their thermal conductance were decreased by
increasing phonon boundary scattering.?? Thermal
conductivity can be further decreased by deliber-
ately 1ntr0ducmg surface roughness® and defects in
materials.?*

The high Seebeck coefficient of 600 ,uV/K at room
temperature® reported for bulk MoSy is higher
than that seen in most good thermoelectric materi-
als. It was also reported that the Seebeck coefﬁment
of MoS,; can be tuned as hl%h as 10° uV/K by
imposing a gate electric field.*® In addition, low
thermal conduct1v1ty was also reported for M082
thin films.?”?® Despite the reported high Seebeck
coefficient and low thermal conductivity, bulk MoS,
was predicted to have a low ZT value® of 0.1 at
700 K that could be attributed to its poor conduc-
tivity. 25,30, ngh pressure was used in an attempt
to tune interlayer interactions of bulk MoS,, and its
ZT increased to 0.65 over a wide range of temper-
ature and pressure.®?

In addltlon anlsotropy in the thermal conduc-
tance®® and 7734 is reported in armchair and zigzag
directions. In our previous study, we calculated ZT
values of the 2D monolayer and few-layer M082
sheets in both armchair and zigzag d1rect10ns in a
density functional theory (DFT) framework.?* We
showed that by increasing the number of layers, the
ZT value decreased and also higher ZT values could
be achieved in armchair as compared to zigzag
MoS,.2* The highest ZT value was 1.2 for p-type
armchair MoS, monolayers, which is in good
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agreement with a previous report.®® This repre-
sented a large ZT boost from bulk MoS,.

By taking advantage of the higher boundary
scattering, and hence lower thermal conductance,
of one-dimensional (1D) nanoribbons in comparison
with 2D sheets, higher ZT values can be achieved.
Recently, MoS, nanoribbons with widths varying
from tens of nanometers to hundreds of nanometers
have been synthes1zed by electrochemical and
chemical methods.?®3” More recently, nanoribbons
with uniform widths of just 0.35 nm have been
formed in MoS, sheets under electron irradiation.?
One of the most important obstacles in achieving
devices based on low-dimensional MoSs is to develop
a method leading to a large-scale and uniform
growth. There have been many efforts toward this
goal using various chemical vapor deposition (CVD)
methods such as sulfurization of metal or metal
compounds®>*° or CVD based on solid precursors
(such as MoO3; or MoCls).**? In all these cases,
uniformity of the grown films has been a challenge.
More recently, a successful uniform monolayer
growth of MoS, has been reported using the metal
organic CVD (MOCVD) method.*® This achievement
makes it more important than before to investigate
the thermoelectric properties of 1D monolayer MoS,
nanoribbons. Recently, the thermoelectric proper-
ties of MoS, nanoribbons have been studied in a
DFT framework with relaxation time approxima-
tion.** Authors have reported a high value of ZT ~ 3
requiring a small amount of Fermi-level shift. Based
on a ballistic transport regime, in which no scatter-
ing mechanism has been considered, it has been
shown in this study that it is indeed possible to
obtain a high value of ZT ~ 3—4 but with a much
higher Fermi-level shift. We have also considered
the effect of nanoribbon defects, such as edge
roughness and sulfur vacancies, on its thermoelec-
tric behavior.

COMPUTATIONAL APPROACH

The computational model is based on DFT using a
non-equilibrium Green’s function (NEGF) method*®
implemented in the QuantumWise ATK software
package. ®Prior to performing each electronic and
phonon calculation, the super-cells have been
relaxed to maximum force and stress of 0.05 eV/A
and 0.05 eV/A3 respectively. The generalized gra-
dient approx1mat10n (GGA) exchange correlation,
double-zeta polarized (DZP) basis set, mesh cut-off
energy of 75 Ha and 10 x 10 x 10 k-point grid is
used for relaxation calculations. A large vacuum
spacing of at least 20 A is added in each side of the
nanoribbons to hinder the effect of per1odlc images.
The Landauer-Buttiker*® formula is used to calcu-
late transport coefficients of the system from
Green’s function. This formalism is correct in the
absence of inelastic scattering and phase-changing
mechanisms. In the DFT calculations, Monkhorst—
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Pack k-grid*” of 1 x 1 x 100 and DZP basis set with
density mesh cut-off of 10 Ha is used for super cells
within localized density approximation (LDA).

For the electronic transport calculation, the struc-
ture is comprised of a channel region and two
electrodes. These electrodes are semi-infinite,
defect-free MoS, nanoribbons with periodic bound-
ary condition. The retarded Green’s function of
channel is calculated as*®

GE)=[E+i0N-H->,—-%] " (1)
where H is the channel Hamiltonian matrix and
Y1 m®) is the self-energy due to the semi-infinite
left(right) electrode. Electronic transmission per
spin through the channel region is obtained as

T.(E) =tr[I'L(E) - G(E) - I'r(E)-G"(E)]  (2)

in which FL(R)(E) =-2 Im(ZL(R)) is the broadening
function of the left(right) electrode and G*is the
advanced Green’s function.

Carrier transport properties are calculated by a
ballistic transport approach under a linear response
reglme The electrical current I in this regime is
given by*®

I= 2,1—‘1 / AB - To(E) - {fu(E ) — fo(Bopg)} ()

in which the factor of two counts for spin degener-
acy, q is the electrical charge, A is the Planck’s
constant, T,(E) is the electronic transmission spec-
trum, uy g, is the chemical potential of the left(right)
electrode, and fLgr)(E, uymr) is the Fermi distribu-
tion of the left(right) electrode. The Fermi distribu-
tion function depends on both the chemical potential
and the temperature. In the linear response regime,
it is assumed that the system is biased with an
infinitesimal voltage drop and temperature gradi-
ent. As a result, Eq. 3 will be reduced to

2q of 2q of
I_hAM/dET(E)a,u AT/dET)aT
(4)
where Au and AT are infinitesimally small. We are
interested in the electrical response of monolayer
MoS,; ACNRs to the pure temperature gradient, i.e.
there is no voltage bias applied to the electrodes in
our simulations, and therefore, Ax =0 and Eq. 4
will reduce to

2q or
I=—"AT T(
[ a8 r@); (5)
The electrical conductance (G), Seebeck coeffi-
cient (S), and electronic contribution to thermal
conductance (x.) are calculated by using electronic
transmission spectrum as follows

G = q2Ly (6)

L,
-y ()
1 L2
o= (Lz —L—;) (8)

where L,, is expressed as

Ln=,%/dE-T<E>-{—3’%“)}-@—#)" 9)

Phonon calculations are performed based on param-
eterlzatlon of the Stllhnger—Weber potential*® for
MoS,?® as implemented in the QuantumWise ATK
package. Phonon thermal conductance (xy,) can be
calculated as

L1 dE - Typ(E)-E - {B(E,Ty) — B(E,Tx)}

0
Kpp = lim
PR AT S0 AT

(10)
where T, (E) is the phonon transmission spectrum,
B(E, Tyw)) is the Bose—Einstein distribution of the
left(right) electrode, T, is the temperature of the
left(right) electrode, and E is the energy of trans-
mitted phonons. In the linear response regime,
temperature bias on the electrodes is infinitesimally
small. As a result, Eq. (10) becomes

xph%/deTph(E)-E- (-%%")  an
0

The thermoelectric figure of merit can be readily
obtained using these parameters as

GS2T
Ke + Kph

7T =

(12)

It is worth mentioning that the phonon calculations
in this paper are performed in the absence of any
phonon decaying mechanisms. As a result, these
calculations set the upper limit for the phonon
thermal conductance. In real situations, however,
there would be a few mechanisms such as scattering
centers, crystal imperfectness, surface roughness,
etc., which tend to suppress phonon conduction;
therefore, ZT values calculated in this study are
minimum values of what actually can be achieved
by monolayer MoSs ACNRs.

RESULTS AND DISCUSSION

The atomic structure of the monolayer MoSs
ACNRs, as shown in Fig. 1, can be considered as
monolayer MoS, tailored along the armchair direc-
tion. Nanoribbons with various widths can be
identified by a number of zigzag chains across the
ACNR, as illustrated in Fig. 1, and are labeled as N-
ACNR. In this study, we focus on eight different



Armchair Direction

N

N
oAb A
A A A
)\,}*\Y}\Y)‘\Y

uondI( 3ezdiz

2:’\&/" /“ 2N f

Fig. 1. Atomic structure of monolayer MoS, N-ACNR. Armchair and
zigzag direction are shown in the figure. N, the width identifier, is the
number of atoms in the zigzag direction across the nanoribbon.
Atoms at the edge of the nanoribbon are distorted from their original
configuration after relaxing the structure.
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widths of ACNRs, N = 3-10. Widths of nanoribbons
investigated in this work change from 5.71 A for 3-
ACNR to 16.31 A for 10-ACNR. Upon relaxation and
geometry optimization, the atomic structure recon-
structs itself. This reconstruction is more pro-
nounced at the edges of the nanoribbon than at its
center. To have a fair idea about the extent of this
reconstruction, Fig. 1 shows the relaxed structure of
10-ACNR with labeled atoms at the edge of the
nanoribbon. It is found that the Mo1-S3 bond length
decreases from 2.42 A to 2.34 A, the Mo1-S1 bond
length increases from 2.42 A to 2.46 A, and_the
Mo1-Mo3 bond length decreases from 3.16 A to
2.97 A. In addition, the bond angle of Mo1-S3-Mo3
decreases from 81.63 to 75.78 degrees. Similar
reconstruction, not shown here, happens for all
ACNRs investigated in this study. This reconstruc-
tion is important in determining the electronic and
transport properties of nanoribbons since the
energy states around the Fermi level are mainly
composed by edge states.”

All of the monolayer MoS,; ACNRs that are
studied in this work are semiconducting, which is
in agreement with previous reports.”’** Figure 2
depicts the band gap values of these semiconducting
MoS, ACNRs versus N, the width identifier. It
should be noted that the band gap values of ACNRs
are much smaller than those of bulk MoSs (1.2 eV)*°
and monolayer MoS, (1.8 eV).!! This behavior can-
not be explained by the well-known quantum con-
finement effects, since those effects tend to increase
the band gap. Atoms at the edge of nanoribbons,
introduce energy states in the middle of the band
gap near both valence and conduction bands, and
therefore narrow the band gap.” In addition, Fig. 2
illustrates that the band gap values exhibit some
sort of oscillation as a function of the nanoribbon’s
width. It can be seen that nanoribbons with
N =3p — 1, p being an integer, have a larger band
gap than the neighboring ones. The same behavior
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Fig. 2. Band gap of monolayer MoS, ACNR versus N at ¢ = 0. Band
gap increases as ACNRs widen except for those with N=3, p -1
which have larger band gaps than the neighboring ones.

has been regported for the graphene armchalr
nanoribbons®® and silicon armchair nanoribbons,**
and can be generalized as a robust signature of the
nanoribbons with armchair edges.

First, we investigated the thermoelectric proper-
ties of perfect and defect-free monolayer MoS,
ACNRs. Electronic components of a thermoelectric
figure of merit can be readily obtained by appropri-
ate integration of transmission function, as dis-
cussed in previous section. These integrations
involve the Fermi distribution function; therefore,
the electronic transport coefficients depend on the
chemical potential and temperature. The chemical
potential can shift into positive or negative values
by either inducing a gate voltage across the
nanoribbon or doping it. In the rigid band picture,
positive and negative values of chemical potentials
correspond to n-type and p-type doping, respec-
tively. The Seebeck coefficient as a function of the
chemical potential (1) and for different tempera-
tures for all ACNRs is depicted in Fig. 3. As can be
seen from Eq. (7), the Seebeck coefficient is inver-
sely proportional to temperature, and as tempera-
ture increases, the peak value of the Seebeck
coefficient decreases. The Seebeck coefficient for
ACNRs, shown in Fig. 3, follows the same trend.
Further study of Fig. 3 reveals that the Seebeck
coefficient of each ACNR has three peaks; one
around u = 0, one for positive u and one for negative
u values. Peaks of the Seebeck coefficient corre-
spond to the maximum value of the transmission-
coefficient-weighted average of(E — p), see Eq. (7),
which occurs at energies around the mlddle of the
band gaps of transmission coefficient,”® and the
absolute values of these peaks increase as the band
gap increases.”® Band gap values at u=0 are
illustrated in Fig. 2, and it can be seen that peaks
of the Seebeck coefficient at u = 0 follow the same
trend as the band gap values. As the nanoribbons
get wider, the band gap increases, except for 5-
ACNR and 8-ACNR, which have a larger band gap
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Fig. 3. Seebeck coefficient of N-ACNRs for N = 3—10 versus the chemical potential for different temperatures in (a) through (h).

than the neighboring nanoribbons, and hence the
Seebeck peaks around p = 0 also increase. Trans-
mission spectra of three ACNRs that exhibit dis-
tinctive Seebeck coefficient profiles are depicted in
Fig. 4 in order to further clarify how the band gap
values affect the Seebeck coefficient profile. The
transmission spectrum of each ACNR has three
band gaps. There is a band gap at u = 0 (center-gap),
a band gap at positive u values (positive-u gap), and
a band gap at negative u values (negative-u gap).
One of these gaps is wider than the other two in the
transmission spectrum of each ACNR. As is depicted
in Fig. 4, the positive-u gap, negative-u gap, and
center gap are the widest gaps for 3-ACNR, 4-
ACNR, and 10-ACNR, respectively. The Seebeck
coefficient profiles, illustrated in Fig. 3, follow the
same trend, as their peak values are higher where

7 —o—3-ACNR
= 6l —o0—4-ACNR
S —4—10-ACNR
& 54
D
(=]

O 4-
g
2 ]
g 24
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= \ '
0 T ? T
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Fig. 4. Transmission spectra for N-ACNRs with N =3, 4, and 10.
Each transmission spectrum comprised of three band gaps. For 10-
ACNR, the band gap at x = 0 is larger than the other two. For 3-
ACNR and 4-ACNR, however, the band gap for n-type and p-type (in
rigid band picture) is the largest, respectively.



the gap is wider in their corresponding transmission
spectra.

Electrical conductance (G) and electronic thermal
conductance (x,) are the other two electronic trans-
port coefficients that can be obtained from the
transmission spectra. These two transport coeffi-
cients for 3-ACNR, 4-ACNR, and 10-ACNR are
illustrated in Fig. 5. Panels (a) and (b) show G and
K. at room temperature, respectively. The profiles
for both of these transport coefficients follow the
same trend as their corresponding transmission
spectra versus chemical potential. As the chemical
potential moves into conduction or valence bands,
there are more carriers to be conducted thermally
and electrically; therefore, both G and «. increase.
Also, when the chemical potential enters the band
gaps, both G and x, are supposed to be zero.
However, this is not the case when the chemical
potential enters small band gaps in transmission
spectra. As is depicted for 3-ACNR and 4-ACNR in
Fig. 5, the center gaps are in the order of 5 Kz T and
the Fermi distribution function excites some of the
transmission channels even when the chemical
potential is well inside these band gaps. As a result,
when the chemical potential moves into these small
band gaps, electrical and thermal conductance
decreases but does not drop to zero. Similar behav-
ior can be seen at the positive-u gap and negative-u
gap for 10-ACNR. Panels (c) and (d) of Fig. 5
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illustrate G and «, of 10-ACNR versus the chemical
potential for different temperatures. It can be seen
from panel (c¢) that for the center gap, electrical
conductance does not change very much as the
temperature increases, while at the positive-u gap
and negative-u gap, it changes more significantly.
This behavior is due to broadening of the Fermi
distribution function. For higher temperatures,
Fermi distribution is broader and excites more
states in neighboring bands than at lower temper-
atures. This effect is more pronounced for smaller
gaps as compared to larger gaps. The electronic
thermal conductance of 10-ACNR for different tem-
peratures is illustrated in panel (d) of Fig. 5. At
higher temperatures more carriers will be con-
ducted thermally, and electronic thermal conduc-
tance increases.

Phonon thermal conductance (x,,) has been
obtained by parametrization of the Stillinger—We-
ber potential for MoS,. In contrast to e, xpn is not
affected by shifting the chemical potential and is
constant as u changes. Phonon thermal conductance
increases as temperature increases, as is shown in
panel (a) of Fig. 6 (not shown for all ACNRs). In
addition, it can be noted that the rate at which «py
increases versus temperature is higher for wider
nanoribbons as compared to narrower nanoribbons.
Moreover, i, at room temperature for all ACNRs is
illustrated in panel (b) of Fig. 6. As nanoribbons get
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Fig. 5. Electrical conductance and electronic thermal conductance for N-ACNRs with N = 3, 4, and 10 versus chemical potential in panels (a)
and (b), respectively. Electrical conductance and electronic thermal conductance of 10-ACNR versus chemical potential for different tempera-

tures are illustrated in (c) and (d), respectively.
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Fig. 6. (a) Phonon thermal conductance for N-ACNR with N = 4, 7, and 10 versus temperature. Rate of increase in phonon thermal conductance
versus temperature is more for wider ACNRs compared to narrower ones. (b) Phonon thermal conductance at room temperature for all ACNRs.

wider, Kpn increases. In narrower nanoribbons,
there are fewer channels to conduct heat by
phonons and the effect of edge phonon scattering
is more profound as compared to wider nanoribbons.
As nanoribbons widen, there are more available
channels for phonons to conduct heat and the effect
of boundary scattering decreases.?’

Now that all the parameters have been computed,

the thermoelectric figure of merit, ZT = Kgshih T, can
readily be obtained. ZT values of all monolayer
MoSy; ACNRs as a function of the chemical potential
position and for various temperatures have been
illustrated in Fig. 7. The Seebeck coefficient, as can
be seen from Fig. 3, reaches its maximum value at
energies around + KgT of the middle of each band
gap, and as the chemical potential approaches the
conduction or valence subbands, it rapidly drops. In
contrast to the Seebeck coefficient, electrical con-
ductance increases when the chemical potential
moves from the band gaps and approaches the
conduction or valence subbands. Therefore, ZT
peaks are located at some optimized energy at
which these two competing factors, in terms of GS?,
reaches its maximum value. It is expected that ZT
increases approximately linearly as temperature
increases.?* However, further study of Fig. 7 reveals
that it is not always the case in our results. Each ZT
profile, similar to the Seebeck coefficient profiles,
has three major peaks: one around the middle of the
center gap and two around the middle of the
positive-u and negative-u gaps. It can be seen that
the ZT peaks that are located within the small band
gaps, i.e. the positive-u gap of 3-ACNR or negative-u
gap of 4-ACNR, decrease as temperature increases.
This behavior can be explained by the temperature
dependence of the electrical conductance at these
small band gaps. The Seebeck coefficient is inver-
sely proportional to temperature. As a result, the
discrepancy of the temperature dependence of ZT
peaks at smaller band gaps should have been
caused by the electrical conductance. It has been
explained earlier that as the chemical potential
moves into small band gaps, electrical conductance

is reduced but this drop in electrical conductance is
lessened as temperature increases (see Fig. 5). This
behavior was explained by the broadening of the
Fermi distribution function. It can be noted from
Fig. 7 that for ZT peaks located at energies corre-
sponding to larger band gaps, the maximum value
increases as the temperature increases. In order to
clarify this behavior, the maximum value of ZT
located around p = 0 for both p-type and n-type (in
the rigid band picture) MoS; ACNRs is depicted in
Fig. 8 for two temperatures. It has already been
discussed that the band gap at u = 0 increases as
the nanoribbons widen, except for with 5-ACNR and
8-ACNR, for which the band gap is larger than their
neighboring ones. It has been shown that for 3-
ACNR and 4-ACNR, both ZT values of p-type and rn-
type at T =200 K are higher than those at
T =500 K, and as N increases and therefore the
band gap increases, ZT values at T' = 500 K become
higher than those at 7' =200 K. This study has
shown that ZT values larger than unity can be
achieved by MoSs; ACNRs. For n-type nanoribbons,
a ZT value of 2.82 at room temperature and
1= 0.67 eV can be achieved using 3-ACNR. For p-
type nanoribbons, a ZT value of 2.16 at room
temperature and u = —0.7 eV can be achieved using
4-ACNR. At higher temperatures ZT values on the
order of 3 and 4 can be obtained. These ZT values
are far superior to those of bulk or monolayer and
multi-layer sheets of MoSs 2?*%3* The amount of
Fermi level shift to obtain the maximum possible ZT
of 3-ACNR and 4-ACNR translates to a degenerate
doping level of monolayer MoS, ACNRs. Degenerate
doping of TMDCs using alkali metals®® and chem-
ical molecules®®%° to achieve both p-type and n-type
behavior has been already reported.

In addition to perfect MoSs ACNRs, the effect of
two types of defects on the thermoelectric properties
of MoS,; nanoribbons was also studied: sulfur
vacancy and edge roughness. The reasoning behind
incorporating these defects is to increase phonon
scattering by inducing lattice defects without
tremendously degrading electrical conductance.
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Fig. 8. Maximum value of p-type and n-type ZT peaks for all ACNRs
for T=200 Kand T=500K at u=0.

For both of these defects 10-ACNR has been adopted
as the framework. The widest nanoribbon is chosen
because the effect of defects on its electrical

conductance is less than that of the narrower
nanoribbons. Sulfur vacancy is formed by removing
a sulfur atom from the center of the nanoribbon, and
edge roughness has been formed by deliberately
degrading the perfect structure of the nanoribbon at
its edge (illustrated in inset of panel (a) of Fig. 9).
Both of these defect-induced structures have been
relaxed using the same relaxation parameters that
have been discussed in a previous section. The effect
of these defects on the transport coefficients at room
temperature is shown in Fig. 9. Panel (a) shows the
transmission spectra of defect-free 10-ACNR as well
as of those with sulfur vacancy and edge roughness.
Due to translational symmetry breaking in defect-
induced ACNRs, transmission spectra have been
deviated from a stepwise profile to smoother ones.
Moreover, it can be seen that both of the defects
have decreased the transmission coefficients of
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nanoribbons, which leads to a drop in electrical
conductance and electronic thermal conductance of
nanoribbons, as is depicted in panel (b) and its inset.
Also, it is evident that carrier conductance, both
thermally and electrically, has been degraded more
by edge roughness as compared to sulfur vacancy.
Further study of transmission spectra reveals that
edge roughness affects edge conduction as expected,
which corresponds to higher valence and lower
conduction subbands much more significantly than
does sulfur vacancy. In contrast to carrier conduc-
tance, changes in the Seebeck coefficient of ACNR
with sulfur vacancy are negligible as compared to
those of perfect ACNR. Nanoribbons with edge
roughness show an increase in Seebeck coefficient
peaks around p = 0; however, for lower valence
subbands, the Seebeck coefficient has been
decreased in comparison with perfect ACNR. This
can be explained by the fact that the Seebeck
coefficient is proportional tothe transmission-
weighted average of (E — u). At a given tempera-
ture, in order to have a higher Seebeck coefficient,
the transport of carriers with lower (E — p) should
be suppressed. By inducing edge roughness, the
sharp and stepwise increase of transmission coeffi-
cients at the edge’s valence and conduction sub-
bands have been smoothed, and the transport of
those carriers has been suppressed compared to

carriers with higher energies. This situation has not
happened in the case of ACNRs with sulfur vacancy,
and the edges of valence and conduction subbands
have the same stepwise shape as those in perfect
ACNR. In addition to electrical transport coeffi-
cients, defects have affected phonon thermal con-
ductance as well. In the case of perfect ACNR
kph = 0.65 nW/K, sulfur vacancy reduced it to
0.5nW/K and edge roughness reduced it further to
0.36 nW/K. It can be noted from panel (d) of Fig. 9
that the drop in phonon thermal conductance and
the increase in Seebeck coefficient in ACNRs with
rough edges have been marginalized by a drop in
the electrical conductance, and the ZT has been
reduced tremendously as compared to perfect
ACNR. However, sulfur vacancy, which has not
degraded the electrical conductance as much as the
edge roughness, was shown to improve the ZT in
some subbands. ZT values for p-type ACNR have
been boosted by sulfur vacancy compared to those of
perfect ACNR.

CONCLUSION

Thermoelectric properties of monolayer MoSs
ACNRs in the ballistic transport regime in linear
approximation are investigated in this work.
Nanoribbons are identified by the number of zigzag



chains across them and denoted as N-ACNR. The
effect of the size of nanoribbons on their thermo-
electric behavior by considering N = 3-10 has been
studied. Transmission spectra of ACNRs are com-
prised of edge subbands for both electrons and
holes. This leads to the existence of three gaps in
transmission spectra. It has been shown that the
band gap at pu =0 increases as ACNRs widens,
except for those with N = 3, p — 1, in which p is an
integer that has higher band gaps than neighboring
ones. As the width of ACNRs increases, the Seebeck
coefficient and ZT around u =0 both increase.
Phonon thermal conductance decreases as ACNRs
narrow due to an increased impact of phonon edge
scattering. As a result, the maximum ZT values that
can be achieved by narrow ACNRs are higher than
the wider ones. The effect of sulfur vacancy and
edge roughness on thermoelectric properties is also
investigated. It is found that, although edge rough-
ness will reduce phonon thermal conductance, the
degradation in electrical conductance leads to a
tremendous drop in ZT. In contrast to edge rough-
ness, a sulfur vacancy reduces the phonon thermal
conductance without degrading electrical conduc-
tance as much as edge roughness, leading to an
increased ZT value at some energies. It has been
shown that ZT values as high as ZT = 4 in 3-ACNR
for n-type material and ZT = 3 in 4-ACNR for p-type
material at T = 500 K can be achieved. The possi-
bility of gaining high ZT values for both n-type and
p-type material makes monolayer MoS; ACNRs a
promising candidate in future thermoelectric
generators.
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