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A Dramatic Odd–Even Oscillating Behavior for the Current 
Rectifi cation and Negative Differential Resistance in 
Carbon-Chain-Modifi ed Donor–Acceptor Molecular Devices
 The donor–acceptor molecule is the only molecule that features a real 
intrinsic rectifi cation. However, all investigations in the last decades showed 
that rectifi cation behaviors of such molecules are not promising since their 
rectifi cation ratio is only on the order of 10. Use of carbon chains C  n   to serve 
as spacers is reported, along with attempts to modulate electrical behavior of 
the donor–acceptor molecule. Calculations using the fi rst-principles method 
show that electrical behavior is indeed altered substantively, and a particular 
regularity can be clearly observed, i.e., a dramatic odd–even oscillation for 
electronic behavior with increasing carbon-chain length  n.  For models with 
even- n  carbon chains, the rectifi cation ratio is small (30), and no negative 
differential resistance (NDR) behavior is detected, but the rectifying perform-
ance of models with odd- n  carbon chains is tremendously improved and 
rectifi cation ratios on the order of 50 to 400 can be achieved, alongside a 
large NDR. This study thus suggests that using a suitable spacer might be an 
effective way to signifi cantly boost electrical characteristics, including recti-
fying performance, of the donor–acceptor molecule. 
  1. Introduction 

 With the rapid development of microelectronics and the con-
tinuous miniaturization of conventional electronic devices, 
it is highly desirable to use a single molecule to construct an 
electronic device. Recent experimental and theoretical investi-
gations show that molecular structures are capable of realizing 
basic electronic functions such as current rectifi cation, [  1–4  ]  neg-
ative differential resistance (NDR), [  5  ,  6  ]  electronic switching, [  7  ,  8  ]  
and transistor behavior, [  9  ,  10  ]  etc .  These results suggest that 
unimolecular electronics may play a key role in the design of 
future circuits. Particularly, the rectifying behavior and NDR 
phenomena of molecular devices have been investigated inten-
sively due to their wide applications, such as in logic circuits, 
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memory elements, amplifi cation, and fast 
switching. 

 A diode called the D– σ –A molecular 
rectifi er or A–R rectifi er was fi rst pro-
posed by Aviram and Ratner [  11  ]  in 1974. 
Their purpose was to introduce the theo-
retical basis of rectifi ers from a single 
molecule with a unique donor (D)– σ  
bridge (B)–acceptor (A) structure. This 
structure resembles the conventional 
semiconductor p–n junction and is con-
sidered to be the only molecular type that 
shows a real intrinsic rectifying behavior, 
which is completely different from other 
types of molecular rectifi cation, [  12  ]  such as 
an asymmetric response of the molecular 
conformation to an interelectrode applied 
fi eld, an asymmetric electrode material, 
or an asymmetric potential drop (either 
at molecule–electrode contacts or along 
the molecule) which leads to rectifi cation. 
Therefore, donor-–acceptor molecular 
rectifi ers have been studied widely. In 1997, Metzger et al. [  13  ]  
experimentally discovered the fi rst current rectifi cation in 
Langmuir–Blodgett (LB) fi lms of C 16 H 33  Q   −  3CNQ, which 
possesses well-defi ned donor and acceptor portions. However, 
Krzeminski et al. [  14  ]  attributed this observed rectifi cation to an 
asymmetric profi le of electrostatic potential across the system 
due to a geometrical asymmetry by the C 16 H 33  tail, not to the A–R 
rectifying mechanism. In 2000, Ellenbogen et al. [  15  ]  introduced 
a package of donor–acceptor molecular models, but the calcula-
tions of Stokbro et al. [  16  ]  for these showed little or no rectifying 
behavior. Recently, Staykov et al. [  17  ]  presented that the obtained 
rectifi cation ratio is only 7 for a donor– π –acceptor system. In 
our previous work, [  18  ,  19  ]  we predicted theoretically that donor–
acceptor molecules have a inverse rectifi cation (maximum rectifi -
cation ratio ≤ 14), namely, a larger (smaller) current occurs along 
the direction from the A(D) part to D (A) part, which disagrees 
completely with the prediction by Aviram and Ratner, [  11  ]  due to 
an always-existing asymmetric coupling of molecular orbitals 
to both electrodes. [  18  ,  19  ]  Our theoretical fi nding has recently 
been confi rmed experimentally by Yee et al. [  20  ]  So far, all inves-
tigations performed on simple donor–acceptor molecules seem 
not to be promising, as they have a rectifi cation ratio only on 
the order of 10. [  16–22  ]  Accordingly, the issue of how to greatly 
enhance the rectifi cation ratio of donor–acceptor molecules 
by novel ways and new mechanisms is an important one for 
studies of molecular rectifi ers. 
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     Figure  1 .     Structures of the molecular devices in our simulation. The phenylamine (left) and 
nitrobenzene (right) act as donor (D) and acceptor (A), respectively, and carbon chains C  n   serve 
as the spacers between the D– σ –A molecule and Au electrodes, and number  n  is defi ned as 
the length of a carbon chain.  
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 The NDR is a very important physical 
phenomenon typically observed in semi-
conductor devices in the resonant tunneling 
regime. In molecular electronics, the phe-
nomenon and mechanism of NDR are cur-
rently attracting increasing exploratory efforts 
due to its promising potential applications, 
as stated above. NDR has been found in a 
variety of molecular devices, such as phenyl-
ethynylene oligomer (OPE) molecular junc-
tions, [  5  ,  6  ]  a single benzene ring with a nitro 
side group [  23  ]  or by an external gate fi eld, [  24  ]  
mirror-symmetrical straight carbon nano-
tube heterojunctions, [  25  ]  carbon nanowires 
contacted directly to two asymmetric elec-
trodes, [  26  ]  a squashed C 60  molecular device, [  27  ]  
and a squeezed carbon monatomic ring, [  28  ]  

etc. More recently, Prasongkit et al. [  29  ]  studied interference 
effects in phthalocyanine controlled by H–H tautomerization 
and found that gold–H 2 Pc–gold junctions show pronounced 
NDR at high bias voltage, as well as weak NDR at intermediate 
bias. However, signifi cant NDR has not yet been observed in a 
single donor–acceptor molecule. 

 A carbon chain is an important chemical species, which has 
been extensively investigated both theoretically and experimen-
tally. [  30–40  ]  Particularly, unimolecular devices consisting of carbon 
chains capped with pyridine groups at their two ends were 
recently assembled and measured using break-junction tech-
niques. [  35  ]  All results hitherto showed that carbon chains have 
exceptional electronics characteristics. [  29–40  ]  For example, Lang 
and Avouris [  37  ,  38  ]  reported that when carbon chains were con-
nected directly to two Au electrodes, the zero-bias conductance 
would oscillate as a function of the number of carbon atoms in 
the chains. Recently, Prasongkit et al. [  40  ]  showed that the trans-
mission spectrum and the conductance for carbon chains with a 
cumulene confi guration depend only weakly on applied bias and 
the  I – V  characteristic is nearly linear over a bias region of  ± 1 V. 

 Herein, we use carbon chains C  n   as spacers to modulate the 
electrical behavior of the donor–acceptor molecule. The purpose 
is to explore whether such a new confi guration can induce high-
performance rectifi cation and a large NDR phenomenon. Inter-
estingly, transport properties for carbon-chain-modifi ed D– σ –A 
molecular devices are indeed enhanced substantively, and a par-
ticular regularity can be observed: the rectifying and negative 
differential resistance display a dramatic odd–even oscillating 
behavior with increasing carbon-chain length  n.  Models with 
odd- n  carbon chains acting as spacers at both sides of the D– σ –A 
molecule have a signifi cant rectifying performance with max-
imum rectifi cation ratios in the order of 50 to 400 and remark-
able NDR behavior, while for models with even- n  carbon chains 
acting as spacers, the rectifi cation ratio is smaller (30), and no 
NDR behavior is observed. These results mean that spacers of 
carbon chains with different length  n  could control and change 
transport properties of the D– σ –A molecule tremendously.   

 2. Device Model and Theoretical Method 

 Molecular devices consisting of the D– σ –A molecule coupled 
with two identical Au (111) electrodes through spacer-thiol 
wileyonlinelibrary.com © 2013 WILEY-VCH Verlag G
groups in our simulation are illustrated schematically in 
 Figure    1  . The D– σ –A molecule in devices is designed as 
phenylamine (left) and nitrobenzene (right), connected via 
an insulating alkane (ethane), and carbon chains C  n   serve as 
spacers at both sides of the molecule, where  n  is the number 
of carbon atoms in an atomic chain and is defi ned as the 
length of a carbon chain. By changing the length  n  ( n   =  2–9) of 
carbon atomic chains, we gain models M(C2), M(C3), M(C4), 
M(C5), M(C6), M(C7), M(C8), and M(C9), respectively. Each 
model is divided into three regions: left electrode, right elec-
trode, and the scattering region. The scattering region involves 
the molecular core (D– σ –A molecule plus spacer-thiol group) 
and the fi rst three gold layers on each side near it, which is 
in the self-consistent cycle to take into account the molecule–
electrode coupling and the electrode screening effect. To con-
struct such models, each molecular core is fi rst optimized by a 
separate calculation based on density functional theory (DFT). 
Then, each core is introduced between two electrodes and ini-
tially chosen to sit upright on the electrode surfaces, where S 
atoms have a typical Au–S distance of 2.45 Å and an S atom 
on each side is positioned at the “hollow” site of Au atoms on 
the surfaces. Finally, the entire scattering region geometry is 
optimized until all residual forces on each atom are smaller 
than 0.05 eV Å  − 1 .  

 In our studies, geometric optimizations of the device region 
and fi rst-principles transport calculations are performed by 
using DFT combined with the nonequilibrium Green’s function 
(NEGF) method as implemented in the Atomistix ToolKit 11.2.3 
(ATK11.2.3). We employ Troullier-Martins norm-conserving pseu-
dopotentials to represent the atom core and linear combinations 
of local atomic orbitals to expand the valence states of electrons. 
The Perdew-Burke-Ernzerhof (PBE) formulation of the general-
ized gradient approximation (GGA) is used as the exchange-
correlation functional. Single-zeta plus polarization (SZP) basis 
set for Au and H atoms and double-zeta plus polarization (DZP) 
basis set for other atoms are adopted. The current through a 
molecular junction as a function of the applied external bias can 
be calculated from the Landauer-like Equation 1, [  41  ]

  
I = (2e/h)

∫ μL

μR

d E T (E , V )[ fL(E ) − fR(E )]
  

(1)
   
mbH & Co. KGaA, Weinheim Adv. Funct. Mater. 2013, 23, 2765–2774



FU
LL P

A
P
ER

www.afm-journal.de
www.MaterialsViews.com

     Figure  3 .     Variations of rectifi cation ratios with bias for a) M(C 2 i  ) and for 
b) M(C 2 i  + 1 ). c) shows the change of maximum rectifi cation ratios (RRmax) 
in all models with different lengths of spacers C  n  , with a dramatic oscilla-
tion with increasing number of carbon atoms on chains.  

0.0 0.5 1.0 1.5 2.0

0

10

20

30

0.0 0.5 1.0 1.5 2.0

1

10

100

1000

(a)

 

R
ec

ti
fi

ca
ti

on
 R

at
io

Voltage/V)

 M(C2)
 M(C4)
 M(C6)
 M(C8)

(b)

Voltage/V

 M(C3)
 M(C5)
 M(C7)
 M(C9)

M(C7) M(C9)M(C8)M(C6)M(C5)M(C4)M(C3)M(C2)
0

100

200

300

400 (c)

R
R

m
ax

 M(Cn)
 M(C

2i
)

 M(C
2i+1

) 

     Figure  2 .     Current–voltage characteristics for all models. For M(C 2 i  ) and M(C 2 i  + 1 ) (where  i  is a pos-
itive integer), the models show obviously different nonlinear current–voltage characteristics.  
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where   μ   L  (  μ   R ) is the chemical potential of the left (right) elec-
trode,  V  is the electric potential difference between left and 
right electrodes,  V   =  (  μ   R   −    μ   L )/ e ,   μ   R   =   E  f   −   V /2,   μ   L   =   E  f   +   V /2,  E  f  
is the Fermi level, set as zero, and thus [– V /2,  V /2] is a energy 
region contributing to the current integral and is called the bias 
window, and  f ( E   −    μ   L ) and  f ( E   −    μ   R ), respectively, are the Fermi 
distribution function of left and right electrodes. The trans-
mission coeffi cient  T ( E ,  V ) as a function of the energy level 
 E  at a certain bias  V  can be calculated using the well-known 
Equation 2,

 T (E , V ) = Tr [�L(E )GR(E )�R(E )GA(E )]   (2)   

where  G  R ( E ) and  G  A ( E ), respectively, are the advanced and 
retarded Green’s functions of the scattering region, and 
 Γ ′

L(R) = i
(∑R

L(R) −
∑A

L(R)

)
   is the coupling functions of the con-

ductor to the left and right electrodes, and  
∑R(A)

L(R)   is a self-energy 
matrix used to include effects of the left (right) semi-infi nite 
electrode, which is explicitly included in the Kohn-Sham cal-
culation for the extended molecular system. The value of this 
matrix can be determined by the Green’s function technique 
using Equation 3,

 

∑R(A)

L(R)
= C+

L(R)G
R(A)
L(R) CL(R)

  
(3)

   

where  C  L(R)  is the coupling matrix of the molecule and the left 
(right) metallic electrode, and  G  L(R)  is the Green’s function of 
the semi-infi nite electrode. All calculations are self-consistent 
under bias. The case in which the right (left) electrode is anode 
(cathode) is referred to as the application of a positive (or for-
ward) bias.   
© 2013 WILEY-VCH Verlag GmbH & Co. KGaA, WeinhAdv. Funct. Mater. 2013, 23, 2765–2774
 3. Results and Discussions  

 3.1. Odd–Even Oscillating Behavior and 
Rectifying Analysis   

 Figure 2   shows our self-consistently calcu-
lated current–voltage ( I–V ) characteristics 
in the bias region from  − 2.0 to 2.0 V for all 
models. Evidently, transport properties are 
strongly dependent on the length  n  of spacer 
C  n   and can be classifi ed as two families by 
whether  n ’s value is even or odd, that is, 
models M(C 2 i  ) and M(C 2 i  + 1 ) (where  i  is a pos-
itive integer) show obviously different non-
linear current–voltage features. When models 
are positively biased, all M(C 2 i  + 1 ) always open 
a signifi cantly larger current earlier than all 
M(C 2 i  ), and the especially noticeable NDR 
can be clearly observed in all M(C 2 i  + 1 ) in the 
region of about 1.0 (or 1.2) to 1.8 V region, 
while no M(C 2 i  ) shows any NDR. In contrast, 
the negative-bias current–voltage characteris-
tics in all models are basically similar to each 
other, the electronic tunneling is extremely 
suppressed, and the currents always sustain 
a very small value. Therefore, highly asym-
metric current–voltage characteristics for all 
models with respect to an inversion of bias are apparent.  
 Asymmetric current–voltage characteristics as stated above 

are generally evaluated by rectifi cation ratio, the ratio of current 
values under positive and negative voltages for the same voltage 
magnitude,  R  ( V )  =   I ( V )/ |  I ( −   V ..) | , as shown in  Figure    3  . Figure  3 a 
presents the rectifi cation ratio of all M(C 2 i  ); the maximum 
values of the rectifi cation ratio (RRmax) are 29.4 for M(C2) at 
2767wileyonlinelibrary.comeim
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   Table  1.     The spatial distribution of molecular states for all models at zero bias. 

  
1.6 V, 16.7 for M(C4) at 1.6 V, 7.43 for M(C6) at 1.8 V, and 22 for 
M(C8) at 1.8 V. Although these rectifi cation ratios are not very 
large, they are enhanced to some extent over currently reported 
values for the D–A molecule, by an order of 10. Figure  3 b shows 
the rectifi cation ratio in all M(C 2 i  + 1 ); the RRmax values are 
48 for M(C3) at 1.2 V, 121 for M(C5) at 1.0 V, 408 for M(C7) at 
1.0 V, and 225 for M(C9) at 1.0 V. Obviously, rectifying behaviors 
of the donor–acceptor molecule are predicted to be enhanced 
greatly by odd- n  carbon chains acting as spacers.  

 The electronic tunneling and transport properties are inti-
mately related to the spatial distribution of molecular eigen-
states. We thus fi rst plot the molecular projected self-consistent 
Hamiltonian (MPSH) eigenstates for all models to give a visual 
description of the electronic structure. The MPSH is the self-
consistent Hamiltonian of the molecule in the presence of the 
Au electrode, and thus it contains the molecule–electrode coup-
ling effects during the self-consistent iteration.  Table    1   displays 
the zero-bias spatial distribution of MPSH states for frontier 
orbitals; the lowest unoccupied molecular orbital (LUMO) and 
the highest occupied molecular orbital (HOMO). Interest-
ingly, the states exhibit a distinctive regularity: for the LUMO 
state, the spatial distribution in models M(C 2i ) and M(C 2 i  + 1 ) 
is entirely different, that is, it is localized on the right side 
(nitrobenzene plus C 2 i  ) for all M(C 2i ) and on the left side (phe-
nylamine plus C 2 i  + 1 ) for all M(C 2 i  + 1 ). However, for the HOMO 
state, its spatial distribution in models M(C 2 i  ) and M(C 2 i  + 1 ) is 
768 wileyonlinelibrary.com © 2013 WILEY-VCH Verlag GmbH & Co. KGaA, Weinh
similar and always localized on the left side 
(phenylamine plus C  n  ). In other words, 
both frontier orbital states for M(C 2 i  ) lie on 
the left side (phenylamine plus C 2 i  ) and the 
right side (nitrobenzene plus C 2 i  ). But fron-
tier orbital states for M(C 2 i  + 1 ) are all located 
on the left side (phenylamine plus C 2 i  + 1 ). 
This observation means that frontier orbital 
states for M(C 2 i  + 1 ) have a higher asymmetri-
cally spatial distribution than that for M(C 2 i  ). 
Moreover, by a careful inspection, one can 
also fi nd that frontier orbitals of M(C 2 i  + 1 ) 
are more localized than those of M(C 2i ), 
since frontier orbitals of M(C 2 i  + 1 ) are almost 
entirely limited to the left carbon chain C 2 i  + 1 , 
but frontier orbitals of M(C 2 i  ) span over both 
carbon chain C 2 i   and benzene ring on the 
left side or the right side. In short, the spatial 
distribution of frontier orbitals in our models 
exhibits an evident even–odd behavior, which 
suggests a qualitative difference in the nature 
of electronic structure between the two types 
of models, M(C 2 i  ) and M(C 2 i  + 1 ). More impor-
tantly, all states are always localized (wholly 
or partially) on one of two carbon chains in 
a device rather than on two carbon chains 
simultaneously, which tends to increase 
asymmetries of local electronic structures 
along the electronic transport direction of our 
devices, and thus large rectifi cation behaviors 
can be expected.  

 In Table  1 , we can clearly see that the pref-
erential structure of all carbon chains after 
the whole device is optimized is a polyyne confi guration, with 
alternating single bonds of lengths of 1.33–1.35 Å and triple 
bonds with lengths of 1.20–1.23 Å. These bonding patterns can 
be explained easily. For the convenience of narration, carbon 
atoms on a chain are numbered 1C, 2C, 3C,  … , and  n C in the 
direction from the phenyl ring to S atom, where  n  is the total 
number of atoms on a pure carbon chain. As we know, in a 
phenyl ring, each carbon atom is connected to adjacent two 
carbon atoms by three bonds, therefore, when such a carbon 
atom is connected to atom 1C on a carbon chain end, the bond 
in between should be a single bond in a length of about 1.40 Å, 
in turn, a triple bond occurs between atoms 1C and 2C, a single 
bond is formed between atoms 2C and 3C, and so on. Note that 
when  n  is even, there is a triple bond between atoms ( n– 1) C 
and  n C, and the C–S bonding length is about 1.60 Å, whereas if 
 n  is odd, there is a single bond between ( n– 1) C and  n C atoms, 
and the C–S bonding length is about 1.55 Å. To check impacts 
of bonding patterns of carbon chains on electronic transport of 
our devices, we fi x carbon chains as cumulenes for calculations 
and fi nd that the  I – V  characteristics and rectifi cation ratios only 
exhibit a small change as compared with carbon chains with 
polyyne bonding patterns. 

 More importantly, electronic transport for carbon chains 
strongly depends on the nature of the specifi c valence  π  states 
with twofold degeneracy. [  37  ]  Linear carbon chains, regardless 
of their bonding, all feature sp hybridization, that is, the 2s 
eim Adv. Funct. Mater. 2013, 23, 2765–2774
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     Figure  4 .     Energy levels in the proximity of Fermi level for carbon chains, 
C 5  and C 6 , in an isolated situation, and for them in corresponding molec-
ular devices, D1 and D2  .
orbital is hybridized with the pz orbital to form two  σ  bonds, 
and the remaining p  x   and p  y   orbitals form a twofold-degen-
erate  π  orbital, i.e.,   ε  (p  x  )  =   ε (p  y  ), where   ε   represents the orbital 
energy. Each carbon chain has two pairs of valence electrons 
which are not involved in bonding and are localized at the end 
carbon atoms. Thus, for a carbon chain with  n  atoms, ( n– 1)/2 
degenerate  π  orbitals are fully occupied when  n  is odd, and 
( n /2 –1) degenerate  π  orbitals are fully occupied and the addi-
tional two electrons occupy the next higher orbital when  n  is 
© 2013 WILEY-VCH Verlag G

     Figure  5 .     Evolution of the molecular orbitals under applied bias for all mod
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even. This situation leads to the HOMO level being located 
below the Fermi level for odd- n  chains and the Fermi level lying 
deeply in the HOMO level for even- n  chains. When a carbon 
chain is connected onto Au electrodes, the situation is altered 
greatly. There is always a net transfer of electrons from elec-
trodes to carbon chains due to their different electronegativities, 
which leads to the HOMO level just lying in the Fermi level 
for odd  n  chains and being located far below the Fermi level 
for even- n  chains. [  37  ]  To demonstrate this issue more clearly, we 
take chains with carbon atoms  n   =  5 and 6 as examples. Energy 
levels in the proximity of Fermi level are displayed in  Figure    4  , 
where two carbon chains are denoted as C5 and C6, respec-
tively. When the two chains are sandwiched between two Au 
electrodes to construct molecular devices, we defi ne them as D1 
and D2, respectively. Remarkably, the HOMO level just aligns 
with the Fermi level for  n   =  5 chain and locates far below the 
Fermi level for  n   =  6 chain in D1 and D2. Interestingly, from 
zero-bias HOMO levels respectively for groups M(C 2 i  + 1 ) and 
M(C 2 i  ) shown in  Figure    5  , one can clearly see this issue as well, 
which implies that carbon chains have a strong tuning ability 
on the electronic structure of the whole molecular compound.   

 When bias is applied, a system is driven out of equilibrium 
and molecular levels should shift for various complicated rea-
sons, such as molecular successive polarizations (the spatial 
mbH & Co. KGaA, Wein
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distribution of the charge density in the mol-
ecule is altered successively with the applied 
external electrical fi eld (bias)), variations of 
the electrode potential, the potential drop 
profi le in the whole device region, and the 
bias-dependent coupling strength between a 
molecule and electrodes with bias. As is well 
known, molecular orbitals provide possible 
transmission channels for electronic tun-
neling. Thus whether molecular orbitals enter 
into the bias window (BW) and their delocali-
zation degree are underlying determinants of 
the transport properties, including rectifying 
performance. The evolution of molecular 
orbitals as a function of applied bias is shown 
in Figure  5 . The Fermi level is set to zero. For 
simplicity, only molecular orbitals in the prox-
imity of the Fermi level are displayed, which 
can move into or go close to the BW. As can 
be seen, two different groups are displayed for 
M(C 2 i  ) and M(C 2 i  + 1 ). For example, for M(C2) 
in group M(C 2i ) under forward bias, LUMO 
and HOMO levels enter into the BW respec-
tively around 1.4 and 1.2 V and contribute to 
a rapid increase of the current at such biases 
in Figure  2 a, and the HOMO–LUMO gap 
(HLG) becomes narrower with an increase 
of bias. For a reversed bias, the HOMO level 
for M(C 2 ) shifts away from the Fermi level at 
fi rst, then toward the Fermi level about  − 0.4 V, 
and fi nally into the BW about  − 1.6 V, but the 
LUMO level always stays outside the BW. 
Therefore, the asymmetric shift of the LUMO 
and HOMO levels in M(C2) under biases of 
different polarities makes major and minor 
2769wileyonlinelibrary.comheim
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     Figure  6 .     The transmission spectra of all models under three typical biases. The middle region 
of both dotted lines denotes the bias window.  
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contributions to a forward rectifi cation, respectively. Features 
of other M(C 2i ) are also qualitatively similar except for some 
distinctions of detail. Nevertheless, M(C3) in group M(C 2i + 1 ) 
shows completely dissimilar characteristics to that in M(C 2 i  ); 
HOMO and LUMO levels of this model almost always stick to 
the side of the BW under positive and negative biases except 
that the HOMO level somewhat moves into the BW under posi-
tive bias. Remarkably, the large rectifi cation ratio of the M(C3) 
in group M(C 2 i  + 1 ) essentially results from the LUMO + 1 level 
which falls into the BW about  + 1.0 V and open a large current 
at a lower positive bias as compared with M(C 2 i  ), whichthus 
leads to a larger forward rectifi cation than for all M(C 2 i  ). The 
situation for other M(C 2 i  + 1 ) is basically identical. Interestingly, 
when a level enters into the BW at a high negative bias, we can 
see that a current rises but is not large, for example, for models 
in group M(C 2 i  + 1 ). The reason for this issue is that the delocali-
zation degree of LUMO states under high bias, including both 
high negative bias and high positive bias, is greatly weakened to 
decrease transmission resonance signifi cantly, which was also 
found in a similar study by other authors. [  16  ]  This result can be 
wileyonlinelibrary.com © 2013 WILEY-VCH Verlag GmbH & Co. KGaA, We
related to the increasing fi eld strength in the 
molecule which tends to increase the locali-
zation within the  π -conjugated regions. [  16  ]  In 
fact, this point can also be observed clearly in 
the later Figure  8  and Figure  9 . 

 In addition, we can observe different 
behaviors of the orbitals in their evolution 
with bias; this is because the spatial distribu-
tion of molecular states for different orbitals 
and their sensitivities to bias are different. 
The states localized at the sides are more 
sensitive to bias. [  42  ]  For example, the LUMO 
levels for group M(C 2 i  + 1 ) can evolve with the 
V-type line. Our calculations show that these 
LUMO states are localized on the left carbon 
chains under positive bias but on the right 
carbon chains under negative bias since they 
are extremely sensitive to the direction of the 
external fi eld (bias). This result implies that 
the LUMO states have a strong coupling with 
the left (right) electrode under positive (nega-
tive) bias so that these orbital levels always 
follow the left (right) electrode under bias. [  20  ]  
As a result, the LUMO levels all shift toward 
the direction of positive energies under both 
positive and negative biases to form the 
V-type line. 

 As we know, the transmission spectra of 
devices are the most intuitive representa-
tion of quantum transport behaviors because 
the current through a device depends on the 
integral area of the transmission coeffi cient 
in the BW, according to a Landauer-like for-
mula. [  41  ]  For clarity,  Figure    6   only shows the 
transmission spectra of all models at zero 
bias and several typical nonzero biases, which 
correspond to the best rectifying perform-
ance as shown in Figure  3 . The incident elec-
tronic energies are set from  − 2.0 to 2.0 eV. 
Variations of transmission spectrum with bias are principally 
because a molecule can be polarized by the fi eld, and this polar-
ization is changeable, leading to bias-dependent transmission-
spectrum curves. The position of transmission peak is gener-
ally determined by the energy level of the molecular orbital, i.e., 
transmission channel, and the delocalization degree of orbital 
directly affects the size of transmission peak. From Figure  6 , 
one can see that for all M(C 2 i  ), resonance peaks above and below 
the Fermi level arise from the LUMO and HOMO levels, which 
provides two major tunneling channels, and are involved inside 
the BW at  + 1.6 V (or  + 1.8 V). The transmission curve within the 
BW has a larger integrating area at a positive bias than that at 
a negative bias( − 1.6 or  − 1.8 V), which is especially obvious for 
M(C 2 ) and M(C 8 ) and which leads to a forward rectifi cation and 
a larger rectifi cation for M(C 2 ) and M(C 8 ) compared to M(C 4 ) 
and M(C 6 ). For all M(C 2 i  + 1 ), the resonance peak in the BW origi-
nates from LUMO + 1, while highly localized LUMO and HOMO 
states that are almost entirely limited to the left carbon chain 
C 2 i  + 1 , as mentioned above, lead to a severe depression of the 
electronic tunneling, and no LUMO and HOMO transmission 
inheim Adv. Funct. Mater. 2013, 23, 2765–2774
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     Figure  7 .     The device DOS and PDOS on several components of M(C5) and M(C6) at two 
typical biases. Vertical dash lines denote the bias window.  
peaks are visible in Figure  6 . The integrating area of the trans-
mission curve within the BW is much larger at a positive bias 
(1.2 or 1.0 V) than at a negative bias ( − 1.2 or  − 1.0 V), especially 
obvious for M(C 7 ) and M(C 9 ). Meanwhile, we note that the mag-
nitude of transmission peak(s) within the BW is much larger in 
all M(C 2 i  + 1 ) than that in all M(C 2i ). Thus we can expect that all 
M(C 2 i  + 1 ) have a much larger forward rectifi cation ratio than all 
M(C 2 i  ), in particular, M(C 7 ) should possess the highest forward 
rectifi cation ratio, and M(C 9 ) the next-highest.  

 To demonstrate the localized electronic structure in more 
detail and identify the contribution of various parts of a device 
to transport, especially for a rectifying performance; it is usu-
ally helpful to compute its projected density of states (PDOS) 
on an atom or a group of atoms, which can be obtained by sum-
ming the individual orbital PDOS contributions for an atom 
or a group of atoms. The orbital PDOS is the density of states 
projected on the  i th atomic basis orbital  |  χ   i  〉, namely, PDOS  =  
 
∑
nk

Re[c∗
i (Enk)

〈
χi

∣∣ ψ(Enk)
〉
]δ(E − Enk)  , where  |   ψ (E)  is a wave function 

for the device scattering state and could be presented as a 
linear combination of the pseudoatomic basis orbitals  |  χ   i  〉,  |   ψ    =  
 
∑

i
ci |χi 〉  .  E  nk  are energies of incident states of electrons. Here 

we take models M(C5) and M(C6) as examples. The PDOS, as 
shown in  Figure    7  , is the density of states projected on six parts 
of the model: 2S, left C  n  , phenylamine,  σ -bridge, nitroben-
zene, right C  n  , and screening layers, at two typical biases, cor-
responding to maximum values of rectifi cation ratios. The 
bias-polarity dependence of the DOS and PDOS can be clearly 
observed, which contributes to the rectifi cation of a device. For 
the positively biased M(C 5 ), the positive-energy DOS peak in the 
BW, which can identifi ed as the LUMO + 1 peak just by looking at 
Figure  5 , derives from the PDOS peaks of the nitrobenzene and 
© 2013 WILEY-VCH Verlag GmbH & Co. KGaA, WeinAdv. Funct. Mater. 2013, 23, 2765–2774
the right C 5 ; this means that the LUMO + 1 
state lies on both nitrobenzene and on the 
right carbon chain, which is more delocali-
zation than the HOMO and LUMO states 
have; these are only localized on the carbon 
chain, corresponding to the PDOS peak on 
the carbon chain in Figure  7 a. Under nega-
tive bias, no DOS and PDOS peaks are found 
in the BW. As a result, a forward rectifi cation 
for M(C 5 ) occurs. For M(C 6 ) under positive 
bias, two DOS peaks with positive and nega-
tive energies, corresponding respectively to 
the LUMO and HOMO states, emerge in the 
BW. Obviously, the LUMO state distributes on 
both nitrobenzene and the right C 6  chain, and 
the HOMO state on the phenylamine and left 
C 6 . But under negative bias, only the negative-
energy DOS peak that corresponds to the 
HOMO state contributed by the nitrobenzene 
and right C 6  (namely, the PDOS peaks of the 
right carbon chain and nitrobenzene line up 
to form the HOMO peak) can be inspected. 
Undoubtedly, there is a forward rectifi cation 
for M(C 6 ). From the above detailed analysis, 
one can see a prominent carbon-chain effect, 
that is, the carbon chain is involved in almost 
all electronic tunneling channels, and thus 
the carbon chain plays a very important role 
in electronic transport for our devices. Furthermore, a negli-
gibly small PDOS occurs on the  σ -bridge; this implies that the 
 σ -bridge is a well insulator that effectively prevents a mixture of 
states between acceptor and donor portions. It is worth noting 
that the PDOS analysis here on molecular states also rational-
izes existing transmission peaks shown in Figure  6 .    

 3.2. NDR Analysis 

 In the following, we will address the physical origin of the NDR 
behaviors observed in all M(C 2 i  + 1 ), as demonstrated in Figure  2 . 
For all M(C 2 i  + 1 ), the LUMO + 1 is responsible for the resonant 
tunneling at high positive bias, as shown in Figure  5 . There-
fore, the NDR behaviors for all M(C 2 i  + 1 ) should be intimately 
related to this molecular orbital.  Figure    8   shows the transmis-
sion spectra for all M(C 2 i  + 1 ) at two typical biases, which corre-
spond to the peak and the valley of the current curve, as shown 
in Figure  2 . From Figure  8  it is very clear that the LUMO + 1 
resonance is extremely sensitive to bias; this resonance shifts 
toward the Fermi level with increased bias and simultaneously 
reduces its resonance height greatly. As a result, the integrating 
area of the transmission coeffi cients within the bias window at 
a higher bias is much smaller than that at a lower bias, which 
leads to a large net drop of current and the NDR behavior 
occurs. In other words, the fact that the LUMO + 1 resonance is 
greatly depressed with increased bias is the underlying physical 
origin of the NDR behavior observed in all M(C 2 i  + 1 ).  

 To obtain the detailed information that molecular transmis-
sion channels are depressed on certain part(s) of a device with 
increased bias, we here select M(C 7 ) as an example to calculate 
2771wileyonlinelibrary.comheim
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     Figure  8 .     Bias-dependent transmission spectra for all M(C 2 i  + 1 ) at biases that correspond to the 
peak and the valley of the current curve, as shown in Figure  2 .  
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its PDOS at biases of 1.0 and 1.6 V, which correspond respec-
tively to the peak and valley of the current curve. The projected 
parts are divided as shown in Figure  7 . As can be seen from 
 Figure    9  , the LUMO + 1 state is largely localized on the nitroben-
zene and has only a small portion on the right C 7  chain. 
wileyonlinelibrary.com © 2013 WILEY-VCH Verlag GmbH & Co. KGaA, Wein
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     Figure  9 .     The device DOS and PDOS on several parts of M(C 7 ) at two 
typical biases. Vertical dash lines denote the bias window.  
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Strikingly, the height of the DOS peak of the 
LUMO + 1 is reduced with increasing bias. By 
the PDOS, such a reduction can be unambig-
uously attributed to two factors. One factor is 
that the PDOS peak for the LUMO + 1 on the 
nitrobenzene is suppressed with increasing 
bias; this is because increasing the fi eld 
strength in the molecule tends to increase 
the localization of the molecular state within 
the  π -conjugated region. [  16  ]  The other factor 
is a bias-driven energy mismatch of levels for 
different components of the molecular com-
pound. [  42  ,  43  ]  At 1.0 V, two PDOS peaks of the 
LUMO + 1 for both nitrobenzene and right C 7  
can be lined up strictly to form a high DOS 
peak. However, at 1.6 V, such a PDOS peak 
occurs at 0.32 eV for the nitrobenzene but at 
0.21 eV for the right C 7 , i.e., an energy mis-
match occurs, which further reduces the DOS 
peak of the LUMO + 1; that is to say, the bias-
driven energy mismatch of levels between 
the nitrobenzene and the right C 7  and weak-
ening of delocalization of the molecular state 
in the nitrobenzene are the origins of NDR 
here. Note that the DOS peak below the Fermi level mainly 
originates from the PDOS peak of screening layers (six layers 
of Au surfaces), which does not make any contribution to an 
effective electronic tunneling through a molecular core, thus it 
is unrelated to the rectifi cation and NDR of a device.  

 Finally, we discuss the role played by thiol groups. As we 
know, thiol groups are introduced to act as “anchoring atoms” 
to form a stable structure for a molecular device, just like that 
in real experiments. Here, we are interested in the degree to 
which they affect the electronic transport. For this, we take 
M(C 5 ) as an example and remove thiol groups at its both ends, 
and the remaining molecule compound is directly attached onto 
Au electrodes. Such a device is referred to as M(C 5 ) RS . After it 
is fully relaxed, the  I–V  characteristic and rectifi cation ratio are 
calculated and plotted in  Figure    10  . In comparation with calcu-
lated results for M(C 5 ) as shown in Figure  2 b and Figure  3 b, 
we can clearly fi nd that the shapes and trend of the  I – V  and 
rectifi cation ratio curves for both M(C 5 ) RS  and M(C 5 ) are basi-
cally similar, including the NDR. Of course, there are also 
heim

  characteristics and rectifi cation ratio (inset) for 
y are similar to those for M(C 5 ).  
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some detailed distinctions. For example, the maximum current 
is increased from 24.5 nA for M(C 5 ) to 28.9 nA for M(C 5 ) RS , 
and the maximum rectifi cation ratio is enhanced from 121 for 
M(C 5 ) to 131 for M(C 5 ) RS . The variation of current can be attrib-
uted to changes of the molecular length and the energy-barrier 
size on the interface. Sulfur has a higher electronegativity than 
does carbon, therefore an S atom in a device would be more 
electron-dense, leading to the formation of a higher energy bar-
rier to weaken electron tunneling. After S atoms at both ends 
of the molecule compound are removed, the energy barrier is 
reduced due to the lower electronegativity of C, and the molec-
ular length becomes shorter as well, thus the current increases 
naturally. Here an enhanced rectifi cation ratio more signifi -
cantly highlights that effects of carbon chains on controlling 
rectifi cation of the D– σ –A molecule are increased by removing 
S atoms. In other words, the interaction of carbon chains with 
the D– σ –A molecule, rather than S atoms, is responsible for 
the rectifying behaviors in our designed devices.  

 To examine the stability of our calculated results, we also cal-
culated the electronic structures and transports with different 
exchange-correlation functions, such as local density approxi-
mation (LDA), or different basis sets, such as SZP for all atoms. 
We found that these variations result in only minor quantitative 
differences.    

 4. Conclusions 

 Motivated by recent investigations that show the donor–
acceptor (D–A) molecule always possessing a very low recti-
fying performance (rectifi cation ratio ca. 10), we explore how to 
enhance rectifi cation ratio by novel ways and new mechanisms. 
We use carbon chains C  n   with various lengths as spacers for 
the D–A molecule to construct molecular devices and a combi-
nation of density functional theory and nonequilibrium Green 
function formalism to study their electronic transport proper-
ties. A dramatic odd–even oscillation for transport behaviors 
with increasing carbon-chain length  n  can be clearly observed: 
for models with even- n  carbon chains, the rectifi cation ratio 
is smaller (30), and no negative differential resistance (NDR) 
behavior is detected. But for models with odd- n  carbon chains, 
the rectifying performance is improved tremendously and 
maximum rectifi cation ratios on the order of 50 to 400 can 
be achieved, which exceeds the limit of rectifi cation ratio by 
100 for a unimolecular rectifi er using the currently accepted 
rectifying mechanism. [  44  ]  A large NDR behavior also appears. 
The new mechanism of high rectifi cation ratio originates from 
the bias-polarity-dependent asymmetric shift of the LUMO + 1 
rather than the effects of frontier orbital (HOMO/LUMO) that 
were suggested by Aviram and Ratner. In short, asymmetric 
coupling of the molecule to electrodes is responsible for the 
rectifi cation of our designed devices, that is, a level is pinned 
to the left (right) electrode chemical potential when its orbital 
is spatially located on the left (right) side of a device to cause 
an asymmetric movement of a molecular orbital under biases 
of different polarities. This effect is especially obvious for 
models with odd- n  carbon chains acting as spacers, which have 
a correspondingly larger rectifi cation ratio. These fi ndings sug-
gest that using a suitable spacer might be an effective way to 
© 2013 WILEY-VCH Verlag GAdv. Funct. Mater. 2013, 23, 2765–2774
signifi cantly boost electrical characteristics, including rectifying 
performance, of the donor–acceptor molecule.  
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