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The thermoelectric properties of zigzag graphene nanoribbons (ZGNRs) are sensitive to chemical modification. In this
study, we employed density functional theory (DFT) combined with the nonequilibrium green’s function (NEGF) for-
malism to investigate the thermoelectric properties of a ZGNR system by impurity substitution of single and double
nitrogen (N) atoms into the edge of the nanoribbon. N-doping changes the electronic transmission probability near the
Fermi energy and suppresses the phononic transmission. This results in a modified electrical conductance, thermal
conductance, and thermopower. Ultimately, simultaneous increase of the thermopower and suppression of the electron and
phonon contributions to the thermal conductance leads to the significant enhancement of the figure of merit in the
perturbed (i.e., doped) system compared to the unperturbed (i.e., nondoped) system. Increasing the number of dopants not
only changes the nature of transport and the sign of thermopower but also further suppresses the electron and phonon
contributions to the thermal conductance, resulting in an enhanced thermoelectric figure of merit. Our results may be

relevant for the development of ZGNR devices with enhanced thermoelectric efficiency.

1. Introduction

Low-dimensional thermoelectric devices can be potentially
utilized for a wide range of applications, e.g., in cooling,
heating, and energy harvesting systems [1, 2]. However,
limited efficiency of thermoelectric systems critically re-
stricts the practical use of the thermoelectric effect at the
nanoscale. The efficiency of a thermoelectric system can be
expressed by the figure of merit, i.e., ZT = S*TG/K. The
figure of merit is shaped by the interplay between the
thermopower or Seebeck coefficient (S), electrical conduc-
tance (G), thermal conductance (K), and temperature (T).
Hence, increasing the electrical conductance and thermo-
power or restriction of the thermal conductance can enhance
the thermoelectric figure of merit [3, 4]. Such a strategy is

challenging in practice due to the interdependence of the
thermoelectric coefhicients.

Novel or engineered materials provide an unprecedented
opportunity to overcome this challenge by offering favorably
manipulated physical and chemical properties to attain en-
hanced thermoelectric efficiency [3-8]. Due to its unique
electronic structure and physical properties [9, 10], graphene
is one of the interesting low-dimensional materials that
consists of a monolayer of carbon atoms organized in a
hexagonal lattice. Experimental studies have shown that the
realization of graphene nanoribbons (GNRs) with controlled
edge orientation is conceivable, e.g., by scanning tunneling
microscope (STM) lithography techniques [11]. In particular,
zigzag graphene nanoribbons (ZGNRs) can be regarded as a
suitable candidate for thermoelectric effect studies due to their
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metallic nature and high electrical/thermal conductivity at
room temperature [10, 12, 13]. By using different methods,
several experiments measured charge transport and ther-
moelectric properties in graphene-based systems [14, 15].

In general, several factors such as changing the contact
geometry or length of the structure can modify the elec-
tronic and transport properties of low-dimensional devices
at the level of molecules [16-19]. The ZGNRs are no ex-
ception. In this context, doping by chemical impurity, e.g.,
boron (B) atoms or nitrogen (N) atoms, is one of the
modifications that can significantly change the electronic
and transport properties of ZGNRs [20-22], supported by
experimental observations [23, 24]. For instance, doping
concentration or dopant position can modify the electronic
structure of ZGNRs, such that both semiconducting and
half-metallic behaviors can be achieved when the system is
subjected to external electrical field [25]. BN codoping of
ZGNRs can result in the emergence of bound and quasi-
bound states leading to modified transport properties [20].
Therefore, chemical doping of ZGNRs seems to be a de-
sirable method to manipulate the charge carrier transport
in ZGNRs [26].

By the same token, thermoelectric properties of gra-
phene-based systems are prone to physical or chemical
perturbations [6, 27], especially to impurity doping
[4, 5, 28]. For instance, the sign of thermopower is typ-
ically determined by the charge transport polarization of
the system due to the charge donating/accepting nature of
dopants [4]. Motivated by experimental findings, theo-
retical studies explored various aspects of thermoelectric
properties in graphene-based systems [7, 29-31]. It has
been shown that the figure of merit can be significantly
enhanced by periodically embedding hexagonal BN atoms
into hybrid GNRs due to the simultaneous increase of
thermopower and suppression of the thermal conduc-
tance [5]. Furthermore, it has been argued that the
thermoelectric figure of merit of organic molecular
junctions with ZGNR electrodes can be enhanced by
N-doping due to the suppression of phonon contribution
to the thermal conductance [4]. The origin of such
modulations can be traced back to the doping-induced
modification of energy separation between the highest
occupied molecular orbital (HOMO) and the lowest
unoccupied molecular orbital (LUMO), i.e., the HOMO -
LUMO gap, in the transmission spectrum [4].

In this study, we employed density functional theory
(DFT) combined with the nonequilibrium green’s function
(NEGF) formalism in the linear response regime to inves-
tigate the thermoelectric properties of a ZGNR-based system
by the impurity doping of single and double N atoms into
the edge of the nanoribbon. We first assumed an unper-
turbed (i.e., nondoped) system and inspected the electrical
conductance, thermal conductance, thermopower, and fig-
ure of merit. We then perturbed (i.e., doped) the system with
the substitution of edge carbon atoms with a single N atom
or double N atoms and repeated our calculations. A com-
parison between the results obtained for the unperturbed
system with those obtained from the perturbed system
showed that the electrical conductance, electron and phonon

Advances in Condensed Matter Physics

contributions to the thermal conductance and thermopower
are notably modified in the doped system resulting in an
enhanced thermoelectric figure of merit.

In particular, our results show that when the ZGNR is
perturbed with impurity, the electronic transmission
probability near the Fermi energy is notably modified and
the phononic transmission is suppressed for a wide range
of energies in comparison to the unperturbed system.
Substitution of the impurity decreased the electrical
conductance of the perturbed ZGNR; however, the
thermopower was significantly enhanced, and both the
electron and phonon contributions to the thermal con-
ductance were simultaneously suppressed. This ultimately
led to the enhancement of the thermoelectric figure of
merit in the perturbed ZGNR compared to the unper-
turbed one. In addition, increasing the number of edge-
doped N atoms (from a single atom to double atoms)
favorably tuned the thermoelectric properties of the
ZGNR-based system (i.e., both the electron and phonon
contributions to the thermal conductance were sup-
pressed), leading to an enhanced figure of merit in the
perturbed system.

2. Materials and Methods

The unperturbed hydrogen-passivated ZGNR system is
schematically shown in Figure 1(a) that is characterized with
the central scattering region (labeled center) with width w =
8 atoms connected to semiinfinite metallic ZGNRs (labeled
left/right). To construct the perturbed (i.e., doped) struc-
tures, edge carbon atoms of ZGNR were substituted by a
single N atom (Figure 1(b)) or double N atoms (Figure 1(c)).
DFT calculations were performed as implemented in the
SIESTA computer program [32], within the generalized
gradient approximation (GGA) of Per-
dew-Burke-Ernzerhof (PBE) [33]. The transport properties
of the structure were calculated by the NEGF formalism
implemented in the TranSIESTA routine [34]. The Brillouin
zone sampling was performed using 1x 1x 100 k-point
sampling. The energy cutoff was 150 Ry.

The electron transmission spectrum of the system was
calculated using the Landauer-Biittiker formalism given in
terms of the green’s function [35]:

T, (e) = Tr[G" ()T, (e)G” ()T (¢)], (1)

where I'; ) = —2ImZX;,; can be expressed by the self-energy
g of the left (L) or right (R) Ilead,
G'(¢e) = [eS-H-Z,(¢) - 24 (&)]! denotes the retarded
green’s function, and the advanced green’s function can be
calculated via the relation G® (¢) = [G" (¢)]T, where H and S
are the Hamiltonian matrix and the overlap matrix,
respectively.

Charge current (I) and heat current (I,) were calculated
based on the Keldysh NEGF formalism [36]. In the linear
response regime, the temperature gradient (AT) and voltage
difference (AV) are small; hence, charge current and heat
current can be approximated (to the first order) in terms of
AT and AV and [35, 36]
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FIGURE 1: Schematic representation of the ZGNR system. The central region (labeled center) with width w = 8 atoms is connected to
semiinfinite ZGNRs (labeled left/right). (a) The unperturbed ZGNR. (b) The ZGNR perturbed with a single N atom (denoted by arrow). (c)
The ZGNR perturbed with double N atoms (denoted by arrows).



I =LAV + %LIAT,
. (2)
I = eL,AV — ZL,AT,

where L, = h™! Ide(e —u)"T (¢) (-0f (€)/0¢) is the Lorenz
function, y represents the chemical potential, and f (¢) is the
equilibrium Fermi-Dirac function.

The thermoelectric coefficients can be expressed in
terms of the quantities L,. The electrical conductance, the
electron contribution to the thermal conductance, and
the thermopower can be calculated as follows,
respectively:

G =é’L,, (3)
()
I \T)\ L, )

AV 1\(/L
S= —Eh:o = <(e_T><L_;) (5)

The interplay between thermoelectric coefficients ulti-
mately determines the figure of merit of the system as
follows:

ZT = S'TG/(K,; + K ), (6)

where both the electronic thermal conductance (K,;) and
phononic thermal conductance (K ) are considered in this
study to provide a more accurate estimation of the figure of
merit.

By using the classical methods, the phonon contribution
to thermal conductance can be calculated from the phonon
transmission function (Tph (w)) via the Landauer-type for-
mula [37]:

2

00 )
oL [anao(Z2®),

K
27 ow

where f,, (w) represents the Bose-Einstein distribution
function. Phonons can be described by the classical dy-
namical matrix of the system. The ReaxFF potential was used
for the parameterization of the potential. In the elastic
transport regime, the phonon transmission function and the
frequency of phonons (w) can be expressed in terms of
NEGEF:

T, (@) = Tr [ Ag (@)D ()AL (0)D' (). (8)

Then, the phonon-retarded green’s function was cal-
culated accordingly by substituting H — K, &S — @M,
and ZL/R — HL/R:

D(w) = [0™M-K-TI, (0) - (@)] . (9

where K is the force constant matrix, M denotes a diagonal
matrix comprising the atomic masses, I1;  is the self-energy
of the left (L) or right (R) lead, and
Apjr (@) = i [y (@) =TI} 5 (@)].
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3. Results and Discussion

3.1. The Effect of Impurity Substitution on Transmission
Spectrum. The edge atoms of ZGNR were hydrogen-pas-
sivated to attain more stable physical properties and to
saturate the carbon 2p edge states that can lead to the
emergence of localized states in the pure system [38]. We
first considered the unperturbed (i.e., nondoped) ZGNR
system shown in Figure 1(a) and calculated the electronic
and phononic transmission spectra as a function of energy.
As shown in Figure 2(a) (green curve), the electronic
transmission spectrum of the unperturbed ZGNR system
exhibits a peak at the Fermi energy (inset of Figure 2(a),
green curve). Then, the ZGNR system was perturbed (i.e.,
doped), so that edge carbon atoms were substituted with a
single N atom (N-ZGNR), as shown in Figure 1(b), or with
double N atoms (NN-ZGNR), as shown in Figure 1(c). The
corresponding electronic transmission spectrum of the
perturbed systems is shown in Figure 2(a). In both N-ZGNR
(blue curve) and NN-ZGNR (red curve), the transmission
probability is relatively suppressed near the Fermi energy in
comparison to the unperturbed ZGNR system (green curve).

Furthermore, the inset to Figure 2(a) shows that im-
purity substitution leads to the emergence of new resonance
peaks around the Fermi energy and, in this way, may
dramatically change the nature of the charge transport in the
system, ie, HOMO-dominated (p-type) transport vs.
LUMO-dominated (n-type) transport, due to the electron-
accepting nature of N-doping [4]. Interestingly, the
N-ZGNR system shows a HOMO-dominated transport
since the HOMO peak is located closer to the Fermi energy
than the LUMO peak (inset of Figure 2(a), blue curve).
However, transport in the NN-ZGNR system occurs
through LUMO which is closer to the Fermi energy than
HOMO (inset of Figure 2(a), red curve). This suggests that
the number of N atoms used for doping may crucially
determine the nature of transport in the system.

The phonon-contributed transmission spectrum of the
considered ZGNR systems is superimposed, as shown in
Figure 2(b). The comparison of the phononic transmission
between the unperturbed (ZGNR) and perturbed (N-ZGNR
and NN-ZGNR) systems clearly shows that N-doping can
suppress the phononic transmission for a wide range of
energies. In particular, increasing the number of dopants
(from a single N atom to double N atoms) further sup-
pressed the phononic transmission, implying that impurity
substitution may be a suitable method to restrict phonon
contribution to the transmission leading to an enhanced
thermoelectric figure of merit.

3.2. The Effect of Impurity Substitution on Thermoelectric
Properties. The temperature dependency of thermoelectric
properties of the unperturbed (ZGNR) and perturbed (N-
ZGNR and NN-ZGNR) systems is shown in Figure 3. The
electrical conductance of the ZGNR (green curve) and
N-ZGNR (blue curve) systems is decreased with tempera-
ture, whereas the electrical conductance of the NN-ZGNR
(red curve) system is relatively increased (Figure 3(a)). The
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FiGURE 2: Electronic transmission spectrum (a) and phononic transmission spectrum (b) shown for the unperturbed ZGNR (green), N-
ZGNR (blue), and NN-ZGNR (red) systems as a function of energy evaluated at T = 300 K.
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FIGURE 3: Temperature dependency of electrical conductance (a), thermopower (b), electron contribution to the thermal conductance (c),
and phonon contribution to the thermal conductance (d) calculated for the ZGNR (green), N-ZGNR (blue), and NN-ZGNR (red) systems.
The colored arrow in panel B indicates that the corresponding curve is depicted against the y2-axis (right).

origin of the ascending/descending trend of the electrical
conductance can be traced back to the behavior of the Fermi
derivative (-0 f/0¢) associated with the L, term in equation
(3) with temperature. For example, as shown in Figure 4(a)
for the ZGNR system, T (¢) (—0 f/0¢) gets broadened around
the Fermi energy with increasing the temperature. This
ultimately leads to the decrease of the electrical conductance

with temperature. Same argument can be brought forward
for the decreasing/increasing trend of electrical conductance
in the N-ZGNR and NN-ZGNR systems.

In general, increasing the thermopower can significantly
enhance the thermoelectric figure of merit since ZT oc S°.
On the other hand, the sign of the thermopower reveals the
nature of transport through the system [39, 40]. A positive
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thermopower is the indicator of p-type (HOMO-domi-
nated) transport, whereas n-type (LUMO-dominated)
transport is characterized with a negative thermopower.
Here, the thermopower of the ZGNR (green curve) and NN-
ZGNR (red curve) systems is negative, as shown in
Figure 3(b). However, interestingly, the N-ZGNR system
showed a positive thermopower suggesting that the number
of N atoms used for impurity substitution may change the
nature of transport in the system (Figure 3(b), blue curve).

Furthermore, the thermopower of the ZGNR (green
curve) and NN-ZGNR (red curve) systems in Figure 3(b)
first slightly decreases with temperature up to ~150 K and
then relatively increases with temperature. On the contrary,
the thermopower of N-ZGNR (blue curve) is increased till
~150K and then decreased with temperature. These dif-
ferent temperature-dependent behaviors of the thermo-
power can be ascribed to (e—u)T(e)(—0f/0¢) that
determines the behavior of the thermopower by the L, term
via equation (5). (e —u)T (&) (—0f/0¢) is exemplary shown
for the ZGNR system in Figure 4(b) that is increased near the
Fermi energy when the temperature is increased. Similar
reasoning can be used to explain the temperature depen-
dency of thermopower in the case of N-ZGNR and NN-
ZGNR systems.

The temperature dependency of thermal conductance is
shown in Figures 3(c) and 3(d). Both the electron- and
phonon-contributed thermal conductances of all considered
systems (i.e., ZGNR, N-ZGNR, and NN-ZGNR) are in-
creased with temperature. This was expected since electrons
and holes carry more thermal energy when the temperature
increases. Note that the behavior of the electron contribution
to thermal conductance is mostly determined by equation
(4) comprising (e — y)zT (&) (0 f/0¢) that is associated with
the L, term [4]. (e — y)ZT(S) (—0f/0¢) is exemplary shown
for the ZGNR system, as shown in Figure 4(c). Clearly,

increasing of the temperature has increased this term, so that
ultimately the electron contribution to thermal conductance
is enhanced. The same argument is true for the N-ZGNR and
NN-ZGNR systems. The phonon contribution to thermal
conductance determined by equation (7) also follows the
same ascending trend.

In addition, both the electron and phonon contri-
butions to the thermal conductance are suppressed when
the system is perturbed with N impurity substitution
(Figures 3(c) and 3(d) (green curve) and Figures 3(c) and
3(d) (blue/red curve)). It is interesting that increasing the
number of N atoms used for the doping (from a single N
atom in the N-ZGNR system to double N atoms in the
NN-ZGNR system) further suppressed the electron and
phonon contributions to the thermal conductance
(Figures 3(c) and 3(d) (blue curve) and Figures 3(c) and
3(d) (red curve)). This can be beneficiary since according
to equation (6), restriction of the thermal conductance
can lead to the enhancement of the thermoelectric figure
of merit.

The results obtained for the thermoelectric figure of
merit are shown in Figure 5. To emphasize the role of
phonon contribution in the reduction of the figure of merit,
the electronic figure of merit is also drawn separately, as
shown in Figure 5(a), that is, expectedly greater than the
total figure of merit, as shown in Figure 5(b). Both the
electronic and total figures of merit for the unperturbed
ZGNR system are negligible. However, when the system is
doped with N atoms, either single (N-ZGNR) or double
(NN-ZGNR), both the electronic and total figures of merit
are notably enhanced (Figure 5 (green curve) and Figure 5
(blue/red curve)).

The temperature dependency of the thermoelectric
figure of merit can be traced back to the behavior of the
electrical conductance, thermopower, and electron and
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Fiure 6: Comparative representation of thermoelectric coefficients for different configurations of the ZGNR system evaluated at
T = 300 K. Electrical conductance (a), thermopower (b), electron contribution to the thermal conductance (c), phonon contribution to the
thermal conductance (d), electronic figure of merit (e), and total figure of merit (f) calculated for the ZGNR, N-ZGNR, and NN-ZGNR
systems.

phonon contributions to the thermal conductance, as  and then decreased, whereas the electronic figure of merit
shown in Figure 3. The interplay between these variables  of the NN-ZGNR system is relatively robust to temper-
ultimately shapes the figure of merit of the system.  ature changes (see Figure 5(a)). The N-ZGNR system
Notably, the electronic figure of merit of the N-ZGNR  exhibits the greatest value of the figure of merit among all
system is first increased with temperature up to ~150K,  considered configurations, i.e., ZT = 0.15 at ~150K.



3.3. Comparison between the Unperturbed and Perturbed
Systems. To provide a representative estimation of the effect
of impurity substitution on the electrical conductance,
thermopower, thermal conductance, and figure of merit at
room temperature, we compared the obtained results at
T =300K, as shown in Figure 6. In general, the impurity
substitution of N atoms decreased the electrical conductance
of the ZGNR system irrespective of the number of N atoms
used for doping (Figure 6(a)). However, this reduction was
slightly greater in the N-ZGNR system than the NN-ZGNR
system. The magnitude of thermopower was significantly
enhanced by N-doping in comparison to the unperturbed
ZGNR system (Figure 6(b)). Interestingly, the N-ZGNR
system showed a positive value for the thermopower,
whereas the thermopower of the NN-ZGNR system was
negative.

Notably, both the electron contribution to the thermal
conductance (Figure 6(c)) and the phonon contribution to
the thermal conductance (Figure 6(d)) were decreased with
N-doping. Interestingly, increasing the number of N atoms
used for impurity substitution from ZGNR (N=0) to
N-ZGNR (N=1) and NN-ZGNR (N =2) further restricted
the electron/phonon contribution to the thermal conduc-
tance. This is really promising, since the figure of merit can
be significantly enhanced by the suppression of the thermal
conductance.

Ultimately, both the electronic and total figures of merit
were remarkably enhanced following impurity substitution
of N atoms compared to the unperturbed system. As shown
in Figure 6(e), the electronic figure of merit increased from
6.0 x 10~* in ZGNR to 0.060 in N-ZGNR and then to 0.075
in NN-ZGNR (this was the greatest value obtained at room
temperature). The value of the total figure of merit was, in
general, smaller than the electronic figure of merit, since the
phonon contribution to the thermal conductance was
considered to provide a more accurate estimation
(Figures 6(e) and 6(f)). In this case, the figure of merit
increased from 1.0 x 10~° in ZGNR to 0.007 in N-ZGNR
and then to 0.020 in NN-ZGNR (Figure 6(f)).

4. Conclusions

In summary, we theoretically investigated the effect of
N-doping on the thermoelectric properties of a ZGNR
system. Our results show that the impurity substitution of N
atoms into the ZGNR-based system can modify the elec-
tronic transmission probability near the Fermi energy. In
addition, the phononic transmission is suppressed. In this
way, the electrical conductance, thermopower, and thermal
conductance of the system can be significantly regulated. In
particular, the thermoelectric figure of merit that is deter-
mined by the interplay between these variables can be fa-
vorably tuned (enhanced). Here, this enhancement was
achieved by the simultaneous suppression of the electron
and phonon contributions to the thermal conductance and
significant increase of the thermopower of the system.
Furthermore, another notable observation was that in-
creasing the number of N atoms used for doping of the
ZGNR system can be beneficiary. First, it can change the
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nature of transport, so that the N-ZGNR system showed a
HOMO-dominated (p-type) transport, whereas the trans-
port character of NN-ZGNR was LUMO-dominated (n-
type). Second, the magnitude of the thermopower was
relatively robust to the number of N atoms, but not its sign.
The N-ZGNR system showed a positive thermopower,
whereas the NN-ZGNR system showed a negative ther-
mopower. Third, increasing the number of dopants resulted
in further suppression of the electron and phonon contri-
butions to the thermal conductance and ultimately led to the
significant enhancement of the figure of merit in the per-
turbed ZGNR systems.

Ultimately, in this study, we utilized DFT combined with
NEGF formalism to investigate the electronic and ther-
moelectric properties of a ZGNR system. However, a
number of previous studies used a variety of transfer-matrix
methods to calculate electronic properties of even larger
nanoribbon systems than the ones studied here [41, 42]. In
particular, previous approaches investigated various nano-
ribbon systems using transfer-matrix methods to under-
stand the overall trend of electronic properties for large
nanoribbons that would otherwise be hard to obtain with
DFT and NEGF approaches [41, 42].
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