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Improvement of the thermoelectric efficiency of pyrene-based
molecular junction with doping engineering
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In this study, the thermoelectric properties of pyrene molecule doped with boron and nitrogen atom at different sites
of molecule are investigated using density functional theory and none-equilibrium Green’s function formalism in the linear
response regime. Our calculations show that when the impurities are added to the edge of the molecule, the anti-resonant
peaks will appear in the transmission diagram in the vicinity of the Fermi energy level. So it increases the thermoelectric
figure of merit of the system in comparison with the one that the impurity is located in the center of molecule. Additionally,
the seebeck coefficient signs are not the same among the B, N, and N & B doped devices, indicating that the types of the

carriers can be changed with different types of doping.
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1. Introduction

Last decades, the electronic devices have been fabricated
with bulk materials such as silicon based technology. Since the
miniaturization of this device approaches ti its physical lim-
its, molecular junction, which is a branch of nanotechnology
that uses single molecules or nanoscale collections of single
molecules as electronic components, has been extensive stud-
ied, and during recent years it has gained great attention as an
alternative to conventional semiconductor devices.!'=!

The concept of molecular electronics was first pub-
lished in 1974 when Aviram and Ratner suggested an or-
ganic molecule that could work as a rectifier.’) The central
issue in molecular electronic studies is to calculate the elec-
tron transport and thermoelectric properties through molecu-

[6-101 About electronic transport properties, in re-

lar junction.
cent two decades, current—voltage (I-V') characteristics of sin-
gle molecular junction have been extensively studied with dif-

H=171 Such investigations provided

ferent types of molecules.!
a significant insight into charge transport through molecular
junctions. In addition, it has been shown that the thermoelec-
tricity provides useful information which cannot be obtained
in the current—voltage measurements.''>->%! Thus, other impor-
tant application of molecular junction, which is thermoelec-
tricity, has been examined intensively because of some addi-
tional information that can be extracted from it such as types of

21221 Thermoelectricity in the def-

carriers (p-type or n-type).|
inition is the direct conversion between thermal and electric

energy. By increasing thermopower coefficient and reducing
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thermal conductance, the thermoelectricity can be improved.
Recent experiments show that molecular junction seems to lie
in both aspects: (i) their thermopower coefficient should be
large (%31 due to resonant structure between the electron and
the highest occupied molecular orbital (HOMO) or the low-
est unoccupied molecular orbital (LUMO), and (ii) their ther-
mal conductance is small”®*! due to the mismatch between the
electrodes and the molecule vibrational modes. So, a molecu-
lar junction is a good candidate for thermoelectric energy con-
version and understanding the thermoelectric properties and
therefore it is the central issue for molecular scale devices.
The thermoelectric efficiency of a system is described by
the dimensionless figure of merit, ZT = S2G.T / K, where T is
the average temperature of electrodes, S is the thermopower or
seebeck coefficient, G, is the electrical conductance, and K is
the thermal conductance which is for the total current includ-
ing electronic and phononic heat current. But at low tempera-
ture (near room temperature) for organic molecular junctions,
due to low overlap between the phonon modes of molecule
and phonon modes of metallic electrodes the phonon thermal

25261 So, in this work we ignore

conductance can be ignored. !
the phononic thermal conductance and only consider the elec-
tron thermal conductance. In recent years, it was found that
in nanostructures, such as thin-film and quantum dot super-
lattices, ZT can increase to about 1. Materials with Z7 ~ 1
are regarded as having good thermoelectrics, but the materi-
als with ZT > 3 would be required to compete with conven-

tional refrigerators or generators.!?’21 Applications for ther-
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moelectrics cover a wide products areas such as the areas of
medical, military, industrial, scientific/laboratory, and thermo-
electric generators. For example, about thermoelectric gener-
ators, it has a variety of applications. Frequently, thermoelec-
tric generators are used for low power remote applications or
where bulkier but more efficient heat engines such as Stirling
engines would not be possible.[3%311

One of the important purposes of both theoretical and
experimental researches on the molecular junction is to im-
prove the magnitude of ZT. For this aim, some work has
been done: (I) changing the connecting geometry or de-
vice configuration,3?=3%! (II) considering different anchoring
groups like amine, thiol, and carboxyl,[36-38] (III) attaching
electron-donating or electron accepting side groups to the

e, 139421 and (IV) adding other atom to molecule as a

molecul
doping case.[*>*! In this present work, we consider pyrene
molecule (CigHjp) as a single molecular device and exam-
ine the effect of adding boron and nitrogen atom as a dop-
ing in different sites on pyrene molecule in order to improve
the magnitude of the ZT of pure pyrene. Pyrene is a parent
class of polyclic aromatic hydrocarbons containing four fused
ones. It is a well-known stable organic radical and is a kind
of m-conjugated molecule that can be considered as a highly
conductive molecular device. Pyrene can also be viewed as a
small piece of graphene and used to fabricate the blocks for
graphene nanosheets, t00.[*¢! In recent years, many groups
studied pyrene as electronic and also photonic devices and
their electronic transport properties.*’=% Xia et al. studied
the effect of asymmetric contact geometry on the electronic
transport properties of pyrene molecular device [51] and found
that the asymmetric structures of both the molecule and the
molecule—electrode couplings are responsible for the NDR be-
havior found in the /-V characteristics. Wu et al. designed
a pyrene-ZGNR all-carbon device and investigate its spin-
dependent transport properties. > Their results show that this
system can exhibit multiple high performance spin-related
properties, including spin filtering, spin rectifying, GMR and
NDR effects, by modulating the magnetic field applied to elec-
trodes. Fan et al. investigated the electronic transport proper-
ties of B- or N-doped pyrene molecule sandwiched between
Au electrodes*! and found that electronic transport properties
are not constant and can be changed by shifting doped sites.
Also, in recent years, studying the thermoelectric properties
of molecular junctions like the thermopower and the thermo-
electric figure of merit (ZT) has attracted much theoretical and
experimental attention.>*7! In the best of our knowledge,
there is not any study on calculating thermoelectric proper-
ties of pyrene molecule especially in the presence of B and

N doping. In this paper, thermoelectric features of pyrene

molecule in connection to three-dimensional gold electrodes
is investigated. Specially, we examine the effect of doping
born and nitrogen atom on thermoelectric value. Seven mod-
els are considered, i.e., pyrene, x B dope, y B dope, x N dope,
y N dope, x N & B doping, and y N & B doping correspond-
ing to pure pyrene, pyrene dope with boron atom on the edge,
pyrene dope with boron atom in the center, pyrene dope with
nitrogen atom on the edge, pyrene dope with nitrogen atom in
the center, pyrene dope with boron and nitrogen atom together
on the edge and pyrene dope with boron and nitrogen atom in
the center of pyrene molecule. The results show that adding
all impurities at different sites will increase the thermoelectric
figure of merit of pyrene molecule.

The rest of this paper is arranged in the following way.
Section 2 is devoted to the system we investigate and the de-
scription of the NEGF-DFT method to calculate its thermo-
electric properties. Section 3 presents our obtained numerical
results for thermoelectric features of pyrene based molecule in
the absence and the presence of B and N dope. Finally, we

summarize the results in Section 4.

2. Computational methods

In this section, firstly we explain the detail of our junc-
tions system and then present the formulation and methods to
calculate the thermoelectric properties of molecular junctions.
The pyrene is optimized by SIESTA code package!>®! and af-
ter optimization, the optimized pyrene will connect to the gold
electrodes. The model systems investigated in this work are
demonstrated in Fig. 1. Device is divided into three regions:
the left electrode, the central scattering region or central area,
and the right electrode. The central scattering region includes
a pyrene molecule which is bonded to two Au (111)-(4 x 4)
electrode surfaces by using the thiol end group. The sulfur
atom is chosen to be located at the hollow site of the gold tri-
angle and the Au-S distance is 2.5 A. In Fig. 1 we represent
the geometry of our model consist of pure pyrene which can
be replaced by other six modes; panel (a) for born dope at
the edge (x) and center (y) site, panel (b) for nitrogen dope on
edge (x) and y site, and panel (c) for nitrogen-born dope on
edge (x) and y site. To calculate transmission coefficients we
use the TRANSIESTA-C code.>®! The exchange correlation
potential is described by the generalized-gradient approxima-
tion (GGA) proposed by Burke, Perdew and Ernzerhof. For
organic atom the double-zeta plus polarization (DZP) basis set
is considered and single-zeta plus polarization (SZP) basis set
for the gold atoms are adopted and also plane-wave cut-off
energy of 250 Ry (I Ry = 13.6056923(12) eV) for the grid
integration is chosen to present the accurate charge density. In
the direct transfer, we consider the distance between the two
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gold atoms to be 2.88 A (gold lattice constant) and the other

distance direction which is perpendicular to direct transfer to
be 10 A.[60]

Fig. 1. (color online) Geometries of the molecular device in our simulation.
Pyrene-based molecule with seven different forms is sandwiched between
two gold electrodes. Pure pyrene, x B dope, x N dope, y B dope, y N dope,
x N & B doping, and y N & B doping respectively.

In the following, to calculate the thermoelectric features
of our system (metal-pyrene-metal junction), firstly the charge
and heat currents are calculated by using the Keldish nonequi-
librium Green function formalism which can be written as

follows: [61-62]

[= g / deT(e) [ fi(e — ) — fi(e — pr)],

12 = %/de(efp,)T(e) [f(e—p) — fr(e—uR)], (1)

where 7 is the Planck constant,e is the electronic charge,
T(e) = Tr[I.(e)G'(e)Ir(e)G*(g)] is the transmission coef-
ficient of our system with It and IR being the contact broad-
ening functions associated with the left and right electrodes,
G" and G* are the retarded and advance Green functions of the
central region respectively, and fy is the Fermi—Dirac distri-
bution function of electrode ¢, p, and pgr are the chemical
potentials of left and right electrode respectively.

Since in this paper we study the thermoelectric proper-
ties in linear response regime, the charge current and thermal
current are expanded by induced voltage, AV and temperature
gradient, AT, to the first order 63]

= 2LoAV + %LIAT,

1
19 = e, AV + ?LZAT, )

where | 5
L,=—— [ de(e—u)"==T(¢).
o= [ dee-py5iTie)
Also, from Eq. (2) the electric conductance G, and the thermal
conductance K can be obtained as follows:

[ =GAV = G, = e’Ly,
1 L3
P=xAT=x=—(L— ). 3
T ( 2 Lo> 3
Thermopower is the ratio of the induced voltage drop to the

applied temperature gradient when the current is zero.

AV 1 L

S= AT T Ty

“

As an aside, for energies close to Fermi energy, if 7'(€) varies
only slowly with E on the scale of kg7 then all of the above

expression will take the well-known forms: (64631
G(T) =~ (e*) T (Er),
2.2
n°xgT dIn(T(E))
~_ =E 5
s 3e OE ‘E F, ( )
K~ LyTG.

From the above equation for example, the thermopower is re-
lated to both the magnitude and the slope of the transmission
function at the chemical potential of the contact (Er for metal

contact).

3. Results

Figure 2 shows the plots of logarithm of transmission co-
efficient versus energy for our seven models. Several conclu-
sions can be extracted from this figure: i) For pure pyrene
(pyrene without any doping), the HOMO (highest occupied
molecular orbital) peak is broader than that of LUMO (low-
est unoccupied molecular orbital) and the HOMO-LUMO gap
(HLG) is more than 2.5 eV which is less than the gap re-
ported in Ref. [53]. Here, we consider GGA approximation
for exchange—correlation potential that underestimates HLG,
whereas the LDA approximation was used in Ref. [53]. The
transmission in Fermi energy is very little and its peak is far
from it and just the tail of transmission peak extends to the
Fermi energy level. ii) When born atom dopes to pyrene
molecule on the x site, that is, in negative energy and very
close to Fermi energy we can see a resonant peak which is
related to interference effect and backscattering due to born
atom. From the figure, in this case we can see a broad
transmission coefficient in an energy range from —0.3 eV to
—1.5 eV. iii) At the x site when we replace the born atom with
nitrogen atom, the transmission peaks are replaced so that the
dominant peak can be seen in the positive energy (between
0.3 to 1.5) or the resonant peak is visible near the Fermi en-

ergy and in positive energy. Apparently, B doping moves the
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HOMO level close to the Fermi energy and LUMO level far
from it while N doping moves the LUMO close to Fermi en-
ergy and HOMO level far from it. In addition, the resonant
peak for B doping which is in negative energy is bigger than
that for N doping which is in positive energy that can be at-
tributed to electron donating and electron withdrawing nature
of N and B. iv) By changing the doping position from x to
v, the interaction effect will be increased and we can see an
anti-resonance peak (7 = 0) in £ = 0.8 eV which is in neg-
ative energy for B and in positive energy for N doping. v) By
adding two impurities (B and N) simultaneously, the HOMO
and LUMO levels move with respect to the Fermi energy. In
this case, increasing the interaction which is due to the increas-
ing of impurities will reduce the transmission coefficient peak
in comparison with one impurity (B or N) mode. However,
it is more than the non-doping case yet. About position of
doping, for x position where N and B are closer to the left
and right electrodes than for the y position, the transmission
value is smaller because it provides more dispersion for inci-
dent electron wave. In addition, the slope of the logarithm of
the transmission close to the Fermi energy will increase which
leads to thermopower value bigger than that in the non-doping

case.
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Fig. 2. (color online) Plots of transmission coefficient versus energy for
seven models.
Figure 3 shows the plots of the thermopower versus tem-
perature for our seven models. Results are as follows: a) For
temperature above 100 K, adding impurity to molecule will in-

crease the thermopower so that the maximum change is related

to doping at the x site. b) When a boron atom dopes to pyrene
molecule, the thermopower sign becomes positive which indi-
cates p-type conduction and charge carriers are holes. Also, in
this case the Fermi level is close to HOMO level and located in
small HOMO-LUMO gap. And if the boron atom is located at
the x site, the thermopower amount increases and we can see
the maximum value for S. ¢) Adding nitrogen on both x and y
sites will cause the thermopower to become negative which ex-
presses the fact that the Fermi level is located in big HOMO-—
LOMO gap (in comparison to B dope) and is close to LUMO
level (see Fig. 2). In this case electrons are charge carriers and
indicating n-type conduction. The results are consistent with
electron-donating and electron-withdrawing nature of nitrogen
and born, respectively. d) When we dope boron and nitrogen
simultaneously to pyrene molecule, the thermopower sign be-
comes positive again. In this case, the thermopower value for
N & B doping at the y site is bigger than at the x site, however,
when boron or nitrogen separately dopes to the molecule, the
thermopower value for x site becomes bigger than for the y
site. It should be noted that our obtained maximum magnitude
of thermopower for x B dope is more than that of reported in
Refs. [66] and [67].
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Fig. 3. (color online) Plots of thermopower versus temperature.

In addition, to elucidate the cause of change in ther-
mopower sign and value due to adding N and B to pyrene
molecule, from Eq. (5) we have to see Fig. 2. Because near
the Fermi level, the thermopower is proportional to the slope
of the logarithm of transmission coefficient. According to
Fig. 2 when the nitrogen dopes, the slope of transmission
plot [dIn(t(€))/d€] is positive so from the equation the ther-
mopower become negative. Also in this case, the slope of x
N dope is bigger than that of y N dope and for this reason the
magnitude of thermopower for x N dope is bigger. For other
cases the slopes of the transmission curve are negative which
will cause the thermopower sign to become positive. Also,
the slope for x B dope is maximum so we can see the max-

imum thermopower for it. Besides, if we plot the curves of
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transmission very close to the Fermi level we can see an anti-
resonant peak for x B dope and x N dope (see Fig. 4) since
the anti-resonant peak or transmission node increases the log-
arithmic derivative,!%®! the thermopower magnitude can be en-
hanced by using anti-resonant peak, and the maximum magni-
tude for thermopower is related to the adding of B and N dope

to pyrene at the x site respectively.

0.7
0.6 |
0.5}
0.4F
0.3
0.2 F

Transmission

0.1F z N & B doping

LR
pyrene

0 A A
—0.25 —0.15 —-0.05 0.05
E/eV

Fig. 4. (color online) Plots of transmission coefficient very close to
Fermi energy.

0.15 0.25

To elucidate the electrodes chemical potential displace-
ment on the Seebeck coefficient, in Fig. 5 we calculate the
thermopower as a function of chemical potential at 7 = 300 K.
As one can see, adding impurities to pyrene molecule will
create a prominent resonance peak in the diagram of ther-
mopower. So if the impurity is added to the x site (at the
edges and away from the center) the peak appears near the
zero chemical potential (Fermi level) while it is located at the
y site (at the center) the corresponding peak will be created
away from the Fermi level. For born doping the peak is located
in negative chemical potential while for nitrogen the peak site
will transfer to positive chemical potential that can be related
to the electron donating and electron accepting nature of ni-
trogen and born respectively. In fact, the chemical potential
sign indicates the doping level of the system.*°] For n-doping
(nitrogen atom) the Fermi level shifts up and for p-type doping
(born atom) the Fermi level is lowered in comparison with the
zero chemical potential. In addition, we can see the oscillatory
behavior for S and since the height of the peak at the y site is
bigger than at the x site for both N and B dopes, the oscilla-
tory behavior in the y site is more than that of x one. However,
when the born atom and nitrogen simultaneously dope to the
pyrene molecule, the oscillatory behavior only appear at the x
N & B doping case and in negative energy and far from the
Fermi level. Also, in this case the height of peak is small in
comparison with the case of N or B dope alone. Beside, when
the thermopower is zero it has two means. 1) At these points
the slopes of transmission are all zero. For example, about y N
& B doping as can be seen from Fig. 4 the slope of transmis-

sion is very little in the vicinity of Fermi energy and become

zero in the energy range between —0.6 eV to —1.3 eV. So we
can also see this behavior in the thermopower diagram, and
for this reason the thermopower value for y N & B doping is
very little and almost zero. 2) At these points the Fermi level
crosses the HOMO-LUMO orbital and the molecular orbital
changes from electron-dominated to hole-dominated transport
thus the thermopower sign changes. Also, at these points the
following relation is established:

dInt(e) __dlnt(e)
oe _— e =g
2 o

m—r B dop
===y B dop
xz N dop
y N dop
= = = Pyrene
—27 === 1 N & B doping
== y N & B doping

Thermopower/(pV/K)

L L

10 05 0 0.5 1.0
n/eV

Fig. 5. (color online) Plots of thermopower versus chemical potential for
our seven models.
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Fig. 6. (color online) Plots of the electrical conductance versus tempera-
tures.

Figure 6 shows the plots of electrical conductance (G.)
against temperature for pyrene molecular junction with and
without doping. Several conclusions in the evaluation of G,
can be obtained. 1) Adding N and B doping to the pyrene
molecule (at the x and y sites) will increase the magnitude of
the electrical conductance of which the maximum is for B dop-
ing at the x site and minimum is for N & B doping at the x site;

2) When boron and nitrogen impurities individually are at x
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site, the electrical conductivity is bigger than at the y site. But
when we dope simultaneously N and B at the x and y sites,
the value of G, at the y site becomes bigger than at the x site.
To clarify this issue, we calculate the transmission eigenvalues
and eigenstates for the different doping configurations at zero
energy, as indicated in Tables 1 and 2, respectively. Results
show that the best crossing channel for electron transport is
in the x-B doping case and the worst one is for the x N & B
doping case. This conclusion is evident as shown in Fig. 4.
Transmission eigenstate spectrum is completely delocalized
for the x-B case resulting in the high electrical conductance.
In contrast, the spectrum of the x-N & B doping one is local-

ized, leading to the low electrical conductance. Phase tran-
sition from delocalization to localization in the transmission
spectrum is equivalent to the significant reduction in the elec-
trical conductance. 3) At temperatures below the 150 K, by
increasing the temperature the value of the G, exponentially
decreases for all structures because at the positions close to
the Fermi energy the transmission coefficient does not change
significantly but when the temperature increases, the Fermi
derivative peak height is reduced. After temperature 150 K,
the electrical conductance reaches its saturation value and be-

comes temperature-independent.

Table 1. Eigenvalues calculated at zero energy for different doping modes.

Doping type x N & B doping y N dope x N dope y N & B doping Y B dope x B dope
Eigenvalue 0.1 0.18 0.19 0.3 0.43 0.61
Table 2. Eigen-states calculated at zero energy for different doping modes.
x B dope y B dope y N & B doping

x N dope

y N dope

x N & B doping

In the following, we examine the variations of the electron
thermal conductivity behavior with temperature and chemical
potential. It should be noted that according to Eq. (3), thermal
conductivity depends on two terms, i.e., Ly and L% /Ly. But
our calculations show that for all 7 structures studied in the ar-
ticle, according to the values of these two terms, we can ignore
L?/Ly in comparison with L,. So, the term L, is fundamental

in our calculations that can be calculated from

1 af
Ly=—— [ de(e —p)*==1(e).
2= [ dele—PSla(e)
Firstly, in Fig. 7(a) the plots of the thermal conductivity
against temperature are shown for seven junctions. Only the

term that changes with temperature in the above equation is

the Fermi derivative which is broaden with the increase of tem-
perature and thus covers more parts of the transmission coeffi-
cient near the Fermi level and therefore, the number of carriers
participating in transport will increase. According to the trans-
mission diagram in Fig. 2, the peak height near the Fermi level
for the x B dope is higher than for other models. So, the in-
crease of thermal conductivity is more sensible to temperature.
Figures. 7(b) and 7(c) show the Fermi derivatives for the x B
dope and the x N & B doping, which have the maximum and
minimum change with temperature.

As can be seen from the figure, the existence of a resonant
peak at the Fermi level for x B-dope significantly increases

the electronic thermal conductance. In contrast, the peak of
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transmission coefficient is far from the Fermi level for x-N &
B doping case, so, the thermal conductance is low. It is in-
teresting to note that the pure pyrene junction has the lowest
electronic thermal conductivity.
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Fig. 7. (color online) (a) Plots of electron thermal conductance versus tem-
peratures. (b) Fermi derivative change with temperature for x B dope. (c)
Fermi derivative change with temperature for x N & B doping dope.
Figure 8(a) shows the thermal conductance against chem-
ical potential. The different behaviors of thermal conductance
in terms of chemical potential are due to the variation of the
transmission coefficient with energy. For example for x B dope
as can be seen from Fig. 8(b) for energies of —0.05 eV and
—0.8 eV, the transmission coefficient peak is located in the
—df/de window and the product of (&€ — u)?(—df/de)t(e)
increases. Therefore, the L, and the thermal conductance mag-
nitude increase in these energies. Besides, for negative en-
ergies away from the chemical potential, due to the larger

values of (¢ — p)? the thermal conductance becomes larger.

While with a positive energy of 1 eV for example, the insignif-
icant magnitude of transmission coefficient is located in the
—d f/de window and for this reason the thermal conductance
is lower in these range of energy.
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Fig. 8. (color online) (a) Plots of electron thermal conductance versus chem-
ical potential. (b) Different chemical potential windows for x B dope.

Finally, we calculate the figure of merit (ZT) as a func-
tion of temperature (as shown in Fig. 9). As it is visible
adding impurities to pyrene molecule at both places x and
y will increase the magnitude of the ZT in comparison with
pure pyrene molecular junction. Due to the dependence of
the ZT on the electrical and thermal conductance and the ther-
mopower, its behavior varies nonlinearly with the increase of
temperature. The maximum of ZT for x B dope case is around
0.01, which is obtained at room temperature (300 K). Beside,

for all junctions the ZT will increase with the increase of tem-

perature.
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5] 0.006 + _ sN&B doping
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Fig. 9. (color online) Plots of thermoelectric figure of merit (ZT) versus
temperature.
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The experimental magnitude of the ZT for the pyrene
molecule has not been reported in the literature before, but
in comparison with other work on molecular junctions, the ZT
obtained in this work for the case of x-B dope is comparable to
the one reported in Ref. [70] for paracyclophane-based single-
molecule junctions.

4. Conclusions

In this article, by combining the nonequilibrium Green
function method with density functional theory, we studied the
thermoelectric features of the pyrene-based molecular junc-
tion. We also analyzed theoretically the effect of adding boron
atom and nitrogen atom as impurities in different sites of the
molecule, on the thermoelectric properties of pyrene molecule.
Our calculation shows that when B and N atoms dope to the
molecule at the different sites, the thermoelectric properties
will increase and we can see better thermopower and figure
of merit of pure pyrene. The maximum increase is for x B
dope case which is due to appearing anti-resonant peak very
close to Fermi energy in transmission coefficient which does
not appear in the case of the pure pyrene. In addition, the ther-
mopower signs for N dope at both places are negative, which
indicates n-type conduction and shows that charge carriers are
electrons while for other case the thermopower sign becomes
positive which indicate p-type transport and shows that the

charge carriers are hole.
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