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Enhancement of rectification by quantum interference
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School of Physics and Electronics, Shandong Normal University, Jinan 250358, China
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We investigate the rectification property theoretically in co-oligomer diodes integrating a destructive quantum inter-
ference (DQI) feature. The results demonstrate that compared to a similar co-oligomer diode without DQI, the rectification
ratio is enhanced by one order of magnitude in the presence of the DQI feature. Mechanism analysis indicates that the high
rectification ratio benefits from the strong suppression of transmission in the off-state of the diode by the DQI dip. The
strong rectification is attributed to the distinctly asymmetric shift of the DQI dip under bias voltages, which comes out as
a result of both bias-induced shift of eigenvalues and redistribution of wave functions of all orbitals. The effect of energy
level alignment between the two segments of the co-oligomer on the rectification is also discussed. This work provides a
valid way to enhance the performance of intrinsic co-oligomer diodes, a promising approach for molecular circuit design.

Keywords: quantum interference, molecular rectification, co-oligomer
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1. Introduction

Quantum interference (QI) effect is an efficient way
to modulate electron transport properties through molecular
junctions,'=31 which originates from the interference among
the one-electron wave functions propagating through different
molecular orbitals. The typical example is that in meta-linked
benzene junctions, the electron transmission around the Fermi
energy is strongly suppressed known as destructive quan-
tum interference (DQI).[®! Currently, the QI effect has been
confirmed experimentally in various 7-conjugated systems,
ranging from benzene derivatives!’~'%! to polycyclic aromatic

H=131" djarylethenes, 1] (16-18]

hydrocarbons, ! cyclophanes,
and polyenes.!'*2% Even in o-systems the QI effect was also
observed.?!l Due to the strong suppression of conductance,
in molecular electronics the DQI has been utilized to design
molecular switches,!??! molecular spin filters,>*! and molec-
ular thermoelectric devices.!?*?1 The exploration of the role
of DQI in various molecular functional devices remains attrac-
tive.

Molecular diodes are one of the fundamental elements
in molecular electronics. Since they were proposed by
Aviram and Ratner in 1974,[121 various molecular diodes
have been designed and examined.?’3?! Particularly, di-
block donor-acceptor co-oligomer molecular diodes, such as
dipyrimidinyl-diphenyl co-oligomers, have gained enormous

attention known as intrinsic molecular diodes.?'1 The recti-
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CSTR: 32038.14.CPB.ae0b3d

fication in such diodes is caused by the intrinsic structural
asymmetry, and so the diodes are promising to be designed
in molecular circuits. However, the rectification ratio (RR) in
co-oligomer diodes is not large enough in most experimen-

),[33:341 which limits the future

tal reports (on the order of 10
application in molecular electronics. A basic reason for the
small RR is that although a larger barrier usually holds in the
off-state, the leak current cannot be blocked completely for a
single molecule in the case of tunneling, which sets up a bar-
rier for the future application of co-oligomer diodes in spite of
the advantage in integration of molecular circuits.

The DQI effect is a valid way to achieve ultra-low con-
ductance. However, the application of DQI in molecular
diodes is challenged by the realization of an asymmetric re-
sponse to the bias voltage for the DQI dip. In this work,
we construct a co-oligomer diode consisting of an anthracene
The DQI feature is

integrated by setting a meta connection of the anthracene

molecule and a polyacetylene chain.
molecule. It is found that a large rectification is realized,
where the transmission in the off-state is strongly suppressed
by the DQI dip. In contrast with the counterpart without DQI,
the RR is enhanced by one order of magnitude. The paper
is organized as follows. In Section 2, the model and calcula-
tion method are introduced. In Section 3, the numerical cal-
culations are carried out and the results are analyzed. A brief

summary is given in Section 4.
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2. Model and method

The model structure of the co-oligomer diode is shown
in Fig. 1, which consists of the left anthracene and the right
polyacetylene oligomers. The co-oligomer is connected to two
one-dimensional nonmagnetic metals via the terminal sites.
For the left electrode, we consider two different connection
sites on the anthracene here. One is on the upper terminal site
to form a para connection for the anthracene molecule by the
electrode and the polyacetylene in Fig. 1(a), where the DQI
will be absent. The other is on the lower terminal site and thus
a meta connection is formed in Fig. 1(b), where the DQI will
be expected. Since the left anthracene molecule can be viewed
as two coupled polyacetylene chains, the whole co-oligomer in
Fig. 1 is composed of two coupled chains with unequal length.
The co-oligomer is described by an extended Su—Schrieffer—
Heeger (SSH) model with the as!33:36]

H=Y H;+H.+Hg. (1)
J
Here, H; denotes the Hamiltonian of a single chain

1
H,' = ZEOCZjCi’j — Ztiv.i(cj+1,jci=j +H.C.) + EKZylz] 2)

The first term is the on-site energy of co-oligomer sites relative
to electrodes. The second term denotes the nearest 7-electron
ayi ;-
o is the electron-lattice (e-1) coupling constant, and y; ; rep-

hopping along the jth chain (j =1, 2) with t; ; = fp —

resents the lattice distortion, defined as y; ; = u;j11,; — u; j with
u; j the displacement of the carbon atom at the ith site of the
Jjth chain. c (c, ;) represents the creation (annihilation) oper-
ator for an electron that is created (annihilated) at the ith site
of the jth chain. The third term represents the elastic energy

of the lattice, characterized by the elastic coefficient K.

Metal electrode

bbbl 0 (a) para Metal electrode
N E _______

Fig. 1. Simplified structure of the co-oligomer diode (a) with para and
(b) meta connections of the left electrode.

The H. denotes the Hamiltonian associated with the in-
terchain hopping of the m-electrons, which only exists in the
left anthracene molecule and can be written as

Ny
_Ztléi,odd(czlci@+H~C~)- 3)
L

Here, #; is the interchain hopping integral, which occurs only
at odd sites of the chain with ;oaqa = 1 (§j0da = 0) for odd
(even) atoms. N; represents the total number of sites in chain
1, that is, the upper chain in the anthracene molecule (j = 1).

The Hg represents the Hamiltonian of potential related to
the spatial electric field E generated by the external bias volt-
ageV

Hp = —ZeE[(i —Ni)a+ Mi.j]C;jCi,j
ij
+Y eE[(i—Ni)a+u; ). )
ij
The first term represents the electric potential of & electrons,
and the second term is for the lattice ions. e is the elementary
charge and a is the lattice constant along each chain. The elec-
tric field E is related to the bias voltage V as E =V /[(N2 — 1)a]
with N, the total site number of the lower chain (j = 2). The
use of the linear electric field for electric potential is valid
when the bias voltage is not too large. 7]

The stable state of the molecule is obtained by solving
the electronic eigen equations and lattice equilibrium equa-
tions self-consistently. The electronic eigenvalue equations are
expressed as

—118;0daZy i, j+1- (5)

Here, g, and Z, ; ; are the eigenenergy and the eigenfunction

Euly,ij = i jZpit1,j —lio1,j i1,
in Wannier space, respectively. The lattice equilibrium equa-
tion is written as
2a
Yii = T Y ZyijZuivr,

1 ,0cc

N;i—1
2a
T DK & L ZwiiZit

i=1 W,occ

_lelE
Y ZuijZuij

1 ,0cc

|€|E Nj—1

+ (Nj — DK ; u§czﬂviv.izﬂ7i7j' (6)
In our calculation, fixed-end boundary conditions are adopted
with u; j = uy; j = 0. Equations (5) and (6) need to be solved
iteratively, until a self-consistent solution is reached, that is,
the variation of | Vi, j‘ between two steps is less than 1076 A.

The electrodes are described with a single-band tight-
binding model with hopping integral #. The interfacial cou-
pling between the electrodes and the co-oligomer is simplified
as a transfer integral f¢ = B (fo + ) /2. B is the weight param-
eter.

Applying a bias voltage V, the stable state of the co-
oligomer under the electric field can be calculated by solving
the electronic eigen equations and lattice equilibrium equa-
tions self-consistently. (38391 After that, the current of the de-
vice at a bias voltage will be calculated with the Landauer—

Biittiker formula[4°!

Qe [T
- T(E)[f(E— )

Here T (E) represents the transmission spectrum at energy E,
=Tr [I[LG(E)IRG'(E)]. I(p—LR) i

1= —f(E—w)ldE. (D)

which is given by T(E)
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the coupling matrix between the p-th electrode and the co-
oligomer with I}, = i[X, — X;]. X, refers to the self en-
ergy induced by the coupling with the p-th electrode, which
can be calculated from X, = Iﬁfgptmf. gp 1s the surface
Green’s function of the p-th electrode. G(E) /G (E) is the re-
tarded/advanced Green’s function of the central co-oligomer.
J(E — up r) represents the Fermi-Dirac distribution func-
tion with chemical potential of the left/right electrode yy /g =
Ert % and Fermi energy Ef.

For the numerical simulations, we take the parameters re-
ferring to those of polyacene and polyacetylene: 4!l 1 = #; =
25eV,a=45eV/A, K=21.0eV/A%, g =0.5eV,N; =7,
and N, = 13. The proposed model should be valid for other
co-oligomers with a similar structure. The parameters of the
electrode are taken as tf = 1.5 eV, Eg = 0. The interfacial bind-
ing parameter is f = 0.5.

3. Results and discussion

We start from the current—voltage characteristics of the
co-oligomer diodes with different connections. As shown
in Figs. 2(a) and 2(b), the rectification behavior is observed
in both asymmetric junctions, where the current in the posi-
tive bias region is much larger than that in the negative bias
region. The largest current in the positive bias region of
the two junctions exceeds 4.0 pA. In the negative bias re-
gion, a finite current of about 0.64 pA remains at —0.95 V
for the para-connection junction. However, in the case of
the meta-connection junction, the current is strongly sup-
pressed (<0.1 pA), which leads to a more pronounced rec-
tification. By defining the bias-dependent RR as RR(V) =
I(+V)/I(=V), we calculate the RR at every bias voltage
and give the results in Figs. 2(c) and 2(d). The largest RR
for the para-connection junction is 5.65 at 0.95 V, which is
comparable to that in the experiments of other co-oligomer

diodes, such as thiophene-thiazole[29]

and dipryrimidinyl-
diphenyl.[*? However, for the meta-connection junction, it is
noticed that the largest RR achieves 53 at 0.95 V, which is ten
times of the para-connection junction.

To understand the underlying mechanism of rectification,
we first investigate the transmission spectrum at different bias
voltages, as shown in Fig. 3. For the para-connection co-
oligomer diode, there is no DQI feature around the Fermi en-
ergy, and the conducting transmission is mainly contributed
by the peak from the highest occupied molecular orbital
(HOMO). The rectification is induced by the asymmetric shift
of the HOMO peak, which moves closer to the Fermi energy
at the positive bias and farther away from the Fermi energy at
the negative bias. The asymmetric shift of conducting states
is a common mechanism for rectification widely reported in
co-oligomer diodes,*>*! caused by the bias effect on the
asymmetrically distributed frontier molecular orbitals. For the

meta-connection co-oligomer diode at zero bias, an expected
distinct DQI dip appears at 0.5 eV between the HOMO and
LUMO (lowest unoccupied molecular orbital) peaks, where
the magnitude of transmission is suppressed to the order of
1078, Applying a bias voltage, the DQI dip also moves asym-
metrically, similar to molecular orbitals. As a result, the DQI
dip locates in the bias window at —0.9 V and out of the bias
window at 0.9 V. Thus, the tunneling current at the negative
bias is strongly suppressed by the DQI dip, which enhances
the rectification significantly.

a Para Para
4t(a) 50l
E 40t
~
b= ~ 30
(9]
g 20}
© 10¢
0
50-(d) Para
<3
f:; 40t
22 & s0}
8
51 20+
O
0 = 104
0
—-1.0 —-0.5 0 0.5 1.0 0 0.2 04 06 08 1.0

Voltage (V) Voltage (V)

Fig. 2. Current—voltage curve and rectification ratio of co-oligomer
molecular diodes: (a) and (c) para connection without quantum inter-
ference effect, (b) and (d) meta connection with quantum interference
effect.

The DQI feature in the co-oligomer diode can be further
confirmed by the wave functions of frontier molecular orbitals.
It is known that the DQI dip in the transmission spectrum is
caused by the destructive interference between different con-
ducting orbitals, which can be roughly analyzed using Green’s
functions.!"?! For the DQI dip around the Fermi energy, al-
though in nature it comes out as the result of interference be-
tween all molecular orbitals, the HOMO and LUMO orbitals
play a dominant role as adjacent states in energy. The Green’s
function is usually defined as G(E) = m with
the infinitesimal. The transmission is related to the Green’s
function at the two terminal sites of the molecule. By expand-
ing Green’s function in Wannier representation and neglecting
the slight correction from the self-energy term, the Green’s

function for the two terminal sites can be expressed as (11.12][46]
I CLiCry _ CLiomoCr omo
— E—g E — eqomo
CLLmoCiiumo ®)
E — &.umo

In the above equation, Cy /g denotes the coefficient of the
kth molecular orbital at the coupling site of the molecule by
the left/right electrode. & is the eigenvalue of the kth orbital.
Since the LUMO and HOMO are the nearest orbitals to the
dip, the value of Green’s function is mainly determined by the
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two orbitals (at least at zero bias). The eigen value & and coef-
ficient Cy /g x can be obtained from the electronic eigen equa-
tions at each bias voltage. To form the DQI dip, one needs
GLr(E) — 0 and thus the signs of the two terms in Eq. (8)
should be opposite. The wave functions of the co-oligomers
at different bias voltages are given in Fig. 4. For the meta-
connection diode, the signs of the wave functions at the left
and right coupling sites keep opposite for both the HOMO and
LUMO, either under zero or nonzero bias voltage, which even-
tually induce a zero point of Green’s function at some energy
between €yomo and € uymo near the Fermi energy. But for
the para-connection diode, we find that the signs of the wave
functions of the HOMO at the two coupling sites are the same,
where the two terms in Eq. (8) have the same sign and lead to
constructive interference.

109F (a
( ) Para

Transmission
=
<
-
Transmission

Transmission
=
S
-
Transmission

— =09V 10-%¢

-7
—lv=—09V 1077 : |
) -8 | L

—20 —-1.0 0 1.0 20
E—Ey (eV)

10-8L . N N
—20 —1.0 0 1.0 2.0
E—Ey (eV)

Fig. 3. Transmission coefficients near the Fermi energy at V=0V, 0.9 V
and —0.9 V: (a) and (b) para connection, (c) and (d) meta connection. The
dashed lines indicate the bias window.

0.4
o 02
=
e)
T
—0.4
0.4 :
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= 0 S WA N AN
= = SRV
—0.2 —0.2 \
L[] [ \/
[J
—0.4 —0.4 V=0.9 V
0.4 0.4
L
o Y 5 0 7*‘7*‘\*
T _0.2 =S 0.2 \ ¢
—0.4 —0.4 V=-09V
0 2 4 6 8 10 12 14 0 2 4 6 8 10 12 14
Site Site ¢

Fig. 4. Wave functions of the HOMO and LUMO at different bias volt-
ages. The yellow (blue) dots indicate the coupled sites by electrodes of
para (meta) connection.

From Fig. 3, one can find that another point benefiting for
a stronger rectification in the meta-connection diode is that the

asymmetric shift of the DQI dip under bias voltage is larger
than that of conjugated molecular orbitals. For example, the
energy difference between 0.9 V and —0.9 V is about 0.5 eV
for the DQI dip, while it is less than 0.2 eV for the HOMO
and LUMO. In the following, we calculate the bias-induced
shift of the HOMO, LUMO and DQI dip relative to the zero
bias voltage, respectively. Here, the exact position of the DQI
dip at each bias voltage is determined numerically by solving

. CLiCy
the equation G g (E) ~ ¥ —o—R& —
k

=g, — 0 for all eigen states. As

shown in Fig. 5, it is found that the HOMO and LUMO are
lifted by positive bias voltage and lowered by negative bias
voltage. This is because the two frontier orbitals mainly dis-
tribute in the left anthracene moiety due to its smaller energy
gap, which will be lifted (lowered) by the electric potential
from the positive (negative) bias voltage. The shifted quantity
of the HOMO and LUMO is asymmetric under positive and
negative bias voltages, which is caused by the bias-dependent
orbital hybridization of the co-oligomer.!3%*3 Unlikely, the
shift of the DQI dip looks almost linear and symmetric under
bias voltages. Especially, the magnitude of the shift is larger
than the HOMO and LUMO at every bias voltage.

The large energy shift of the DQI dip can be understood
as follows. From Eq. (8), the corresponding energy of the DQI

CLJcC}*z,k _
E—Ek A

dip, that is, the zero-point energy of Gir(E) =Y,
3

is codetermined by both the eigenvalues and wave functions
at coupling sites. For co-oligomers diodes, besides the energy
shift of eigenvalues, the spatial distribution of wave functions
is also significantly modulated by bias voltages.>**3] As a re-
sult, the coefficients on the coupling sites of each eigenstate
depend on the bias voltage. For example, such evolution can
be clearly seen in Fig. 4 for the HOMO and LUMO. The prod-
uct of coefficients at the coupling sites changes from —0.030
(—=0.030) at 0 V to —0.022 (—0.028) at 0.9 V, and to —0.028
(—0.022) at —0.9 V for the HOMO (LUMO). Additionally,
we also find that as the bias voltage is increased, the position
of the DQI dip further away from the position calculated using
only the HOMO and LUMO, which means the contribution to
the DQI from other orbitals is enhanced.

0.3

— HOMO
0.2l —DIP

0.1f

0 ______

AE (eV)

—0.1r

—0.2r

—-0.5 0 0.5 1.0

037

Voltage (V)

Fig. 5. The energy difference, defined as AE = Ey — Ey—, as a function
of the bias voltage for the HOMO, LUMO and DQI dip.

048504-4



Chin. Phys. B 35, 048504 (2026)

In the present designed co-oligomer diodes, the HOMO
and LUMO are mainly contributed by the left moiety. In gen-
eral, the two orbitals of co-oligomers may be located in dif-
ferent moieties, such as a donor/acceptor structure, where the
bias-induced energy shift of HOMO and LUMO will be op-
posite. In reality, the energy level alignment between the two
segments of co-oligomers can be controlled during chemical
synthesis by changing the types of oligomers with different
electron affinities and ionization energies. To generalize our
proposed physics, we further examined the DQI effect on the
rectification in that case. For simplicity, here we modify the
on-site energies of each atom in the left moiety of the co-
oligomer as g, = 0.6 eV and in the right one as g = —0.5 eV.
Thus, the HOMO is located in the left moiety and the LUMO
in the right moiety. The calculated current—voltage curve and
bias-induced shift of orbitals are shown in Fig. 6. Compared
with the para connection, the significant enhancement of RR in
the case of meta connection is still observed, where the maxi-
mum RR increases from 4 to 209. Figure 6(b) demonstrates an
opposite shift for the HOMO and LUMO at each bias voltage,
due to their different localization in the two moieties. How-
ever, a similar linear shift as in theabove case is obtained for
the DQI dip, where the magnitude is close to the HOMO.

—— Para
250 —— Meta

5H@a)

4r o0
o 150

= 100

OF
1F 0 0.2 04 0.60.8 1.0
Voltage (V)

Current (pA)

-1
0.3

0.2

0.1

0

AE (eV)

—-0.1

—0.2

0370 —0.5 0 0.5 1.0

Voltage (V)

Fig. 6. (a) Current—voltage curves for co-oligomer diodes where the
HOMO and LUMO are located in different moieties. The inset is the
rectification ratio. (b) Bias-induced energy shift for the HOMO, LUMO
and DQI dip.

We further investigate the dependence of the RR on the
difference of on-site energies between the two segments. Here
we use the parameters as those in Fig. 2, except that the on-site
energy of the right segment is modified as g = € + Ae. The
RR at 0.95 V is calculated with the variation of Ae. As shown

in Fig. 7, it is found that the RR shows a nonlinear dependence
on Ae. When Ae is less than 0.4 eV, the RR decreases with the
increase of Ag, reaching about 15 at Ae = 0.4 eV. Beyond that,
the RR increases with Ag. The reason is that the rectification
is mainly contributed by the asymmetric shift of the DQI dip
and the transmission tail of the HOMO state. When A€ is less
than 0.4 eV, the HOMO mainly locates in the left segment.
If A€ turns smaller, the electronic localization of the HOMO
state becomes stronger, which leads to a larger asymmetric en-
ergy shift of the HOMO under bias voltages, and so benefits
a larger RR. The electronic localization of the HOMO state
is the smallest at Ae = 0.4 eV, corresponding to the smallest
value of RR. Beyond that, the HOMO state is located in the
right segment, whose electronic localization will be enhanced
with the increase of Ag, as well as the RR.

90
80
70F
60
501
40F
30F
20r
10p )

—-0.2 0 0.2 0.4 0.6 0.8
Ae (eV)

Fig. 7. The variation of RR at 0.95 V with the change of on-site energy
in the right segment.

RR

The proposed co-oligomer diodes with DQI feature are
expected to be examined easily in experiments using the
scanning tunneling microscope break junction!”! or the me-
chanically controllable break junction technique.l*”! To am-
plify the role of the DQI effect, a deep DQI dip adjacent to
the Fermi energy is preferred. This can be achieved in ex-
periments by tuning the position of the dip via heteroatom
substitution, 4341 or by using suitable electrode species. Re-
cently, a single-molecule diode with high RR based on the
DQI effect has been reported,””! where the molecule may
switch between a structure with CQI and a structure with
DQI, triggered by the electric field. Instead, our proposed co-
oligomer diodes with the DQI work without a structure transi-
tion, and can be integrated into a molecular circuit.

4. Conclusion

In summary, we have investigated the role of DQI effect
on the rectification in intrinsic co-oligomer molecular diodes.
The appearance of the DQI feature is controlled by chang-
ing the coupling sites of the electrode to form a para or meta
connection. The results demonstrate that compared with the
normal co-oligomer diodes, the RR in the diodes integrat-
ing the DQI feature is enhanced by one order of magnitude.
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The mechanism analysis indicates that the large RR originates
from the strong suppression of the transmission by the DQI
dip at a negative bias voltage. The high-performance recti-
fication also benefits from the distinctly asymmetric shift of
the DQI dip under bias voltage, which is caused by both the
bias-induced energy shift of molecular eigenvalues and the re-
distribution of wave functions. This work proposes a strategy
to enhance the performance of intrinsic co-oligomer diodes,
which deserves to be tested in experiments.
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