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Current rectification by molecules with asymmetric tunneling barriers
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A simple experimentally accessible realization of current rectification by moleguigecular filmg bridg-
ing metal electrodes is described. It is based on the spatial asymmetry of the molecule and requires only one
resonant conducting molecular levet Erbital). The rectification, which is due to the asymmetric coupling of
the level to the electrodes by tunnel barriers, is largely independent of the work function difference between the
two electrodes. Results of extensive numerical studies of the family of suggested molecular rectifiers
HS-(CH,) -CeH4-(CH,) ,-SH are presented. The highest rectification ratis00 is achieved an=2 andn
=10.
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[. INTRODUCTION We note that both described mechanisms reguiteelec-
troactive molecular levels and a fine balance between poten-
The concept of a molecular rectifier started the field oftial drops inside the molecule and on the molecule-electrode
molecular electronicémoletronicg almost 30 years agbAt  interfaces. To the best of our knowledge, neither of the
present, moletronics is an explosively growing field of ex-mechanism has been realized experimentally.
perimental and theoretical activity. The molecular rectifier Recently, an interesting case of molecular rectification
(MR) is still one of the central objects of this research. Evenyas discussed by Krzeminskt al® They studied theoreti-
the simplest future application, such as molecular memoryga|ly current rectification in Langmuir-BlodgettB) films
will require a h|gh.qual_|ty MR with sharp_voltage thresholds, ¢ y-hexadecylquinolinium  tricyanoquinodimethanide
large current rectification ratios, sm:’;\II time constants, Iarg?ClGHng_ngNQ)’ which was previously studied
breakdown voltages, and so on. MR’s demonstrated $o'far experimentally® That molecule was initially considered to

constitute an impressive proof of principle but their electncalbe a possible implementation of the Aviram-Ratner mecha-

arameters are in fact very poor. The situation prompts fur-_. . . .
ltoher investigation of molec{llgr rectification. promp nism because its active part Q-3CNQ comprised a donor and

Until recently, a theoretical analysis of the MR was an acceptor(The Iong. insulating tail GgHss was added to
largely limited to the Aviram-Ratner donor-insulator- help form good LB films. It was later realizeithat the

acceptor D — o — A) mechanisnt.In this design, the highest Q-3CNQ is, in fact, & — m—A molecule and is unlikely to
occupied molecular orbitiHOMO) and the lowest unoccu- implement _the Awram-Ratngr mechanism. Th.e. analygs of
pied molecular orbitalLUMO) are confined to two different Ref. 6 confirmed that ther bridge does not sufficiently iso-
parts of the rectifierD and A, respectively. The insulating late D andA to keep molecular orbitals localized on eithr
bridge o prevents the orbitals from “spilling off” to the Or A. Instead, the orbitals were delocalized over the entire
other part. If such a molecule is placed between two metaR-3CNQ unit. Krzeminsket al. attributed the observed rec-
electrodes, the current-voltage characteristics of the junctiotification to asymmetric position of the LUMO and HOMO
is expected to be highly asymmetric. At a particular voltagewith respect to the Fermi levels of the metal and to “asym-
applied in the positive direction, the Fermi level of the elec-metric profile of electrostatic potential across the system.”
trode onA side aligns with the LUMO, and the ob side The purpose of this paper is to point out that there is,
aligns with the HOMO. At this voltage, the current rises indeed, a simple and general mechanism of molecular recti-
sharply because the electrons can now be loaded on thgation where a single electroactive unit is positioned asym-
LUMO, then tunnelinelastically through the o to the  metrically with respect to electrodemnd the HOMO and
HOMO and the escape into the second electrode. In the op-ymo are positioned asymmetrically with respect to the
posite direction, a similar process does not occur until g-ermj level. However, this mechanisiioes notrequire such
much higher applied voltage. _ . complex molecules as ;gH33Q-3CNQ. What is needed is

A sllghtl_y different mechanism of molepular rectification just one conducting molecular level placed closer to one
was described by Ellenbogen and LGV&.is based on an  gjcirode than to the other. Since most of the applied voltage
energy mismatch between two condgctlng levels localized 0'Eirops on the longer insulating barrier, the conditions for
different parts of the molecul'e. Within ti3—o —A frame- resonant tunneling through the level are achieved at very
work, such levels could, for instance, be the LUMO'sf di . "

ifferent voltages for the two opposite polarities. By chang-

and A. Under external bias, the levels shift because of thGilng the lengths of the insulating barriers, the rectification

align at some voltage, and facilitate resonant transport ofatio can be systematically changed. This mechanism can be

electrons between the electrodes. In the reverse direction, tfigalized by relatively simple molecules. For instance, the

levels move away from each other and the current remainsenductive level could be supplied by a benzene ring. Also,
small. Hence molecular rectification occurs. the molecules can kehorter, produced by e.g. self-assembly

electric field. In the forward direction, the conducting levels
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instead of LB deposition, and therefore more conductive.

Indeed, the currgnts reported in Ref. 3 were of order / Lc}ig ms]ﬁg'rronm:éfgon#ngg?
10" A/molecule, which almost rules out any practical ap-
plication of such a MR. This is obviously a result of having
the long aliphatic tail ¢gHs3. There is an experimental evi- SH

dence that even much shorter alkane chains, likg, @re
very resistive and transport there proceeds by hopping pro-

cesses rather than tunnelifigVe show below that with sim- BS
pler conducting and shorter insulating units, MR’s can
achieve rectification ratios in excess of a hundred while re- L_,‘ ) g
maining fairly conductive.
In the foregoing sections, we discuss the present mecha- | D Lright

nism of molecular rectification in more detail. We have per-

formed a numerical analysis of the mechanism by calculating FIG. 1. Top: Schematic structure of an asymmetric tunneling
the current-voltagél-V) characteristics of the family of pro- barrier molecular rectifier. Bottom: The2,6) member of the MR
totype molecular diodes HS-(GH,-C¢Ha-(CH,),-SH. We  family HS-(CHp)n-CgHu-(CHz) -SH.

have found that rectification ratios 6f100 are achievable

with such a design. or silver, carboxyl groups in case the Langmuir-Blodgett

We mention for completeness thany asymmetric technique is used,. and so on. The end groups may even be
electrode-molecule-electrode junction should in principleabse_nt altogether if the apphcatlon_does hot require them to
produce asymmetric currents at large enough voltages. Suéﬁov'de better _contacts. The three inner par_ts of th? MR are
a high-voltage asymmetry due to unequal coupling to thdn€ central conjugated groand two insulating barrier.
electrode$1% or to an asymmetric central molecular dhit andlg. The purpose of such a construction is to provide an

have been observed experimentally and discussed theorefil€ctronic level localized o€, with energy not very differ-

cally. However, the current rectification ratios in these stud£nt from the Fermi energies of the electrodes. In most cases
ies were of order unity, which is clearly insufficient for prac- thiS level will be the lowest unoccupied molecular orbital of
tical applications. Zhouet al reported rectification in a the molecule. Then the electron transmission probability

molecular monolayer of 4-thioacetylbiphedyln that ex-  Should be resonant near the energy of the LUMO.
periment, the two electrodes were different, with different 1he energy diagram of the MR is shown in Fig. 2. The

work functions, and different connections to the molecules V0 Main parameters that determine the rectification proper-

The experimental data were interpreted as the standard thef€S Of the MR are the energy difference between the LUMO
mionic emission through an asymmetric barrier. and the Fermi energy of the electrodés-W—A, and the

In Sec. Il we give a qualitative analysis of the presentratio of the voltage drops on the right and left insulating parts

mechanism of molecular rectification. It gives a general ided?- Under the assumption that the polarizability®fs much

of how a particular conducting molecular orbital, which is larger than that of thé's, the voltage drops on the barriers
positioned spatially asymmetrically with respect to the elec2r€ proportional to their respective lengthgyy and L eq,
trodes, leads to the rectification if the transport proceeds b§nd 7=Liignt/Lierr- FOr simplicity, we assume that the two
resonant elastic tunneling of electrons through the moleculeélectrodes are similar, or have similar work functions. There-
In Sec. Ill these qualitative arguments will be supported andOre there is no contact potential difference and the electric
further analyzed by full quantum mechanical Green’s func-iéld on the molecule is zero at zero applied bias. The minor
tion calculations of current through a family of molecular COMplications that may arise from the contact potential dif-
rectifiers. The molecules contain two fully saturated groupderence will be briefly discussed in Sec. V. Let us consider
of different length. These groups insulate the central conjuth® operating principle of the MR. We shall follow the con-
gated part(phenyl ring, which can be perceived as a mo- vention thgt the right electrode is always grounded and the
lecular quantum dot, from electrodes. In the present case, tHiNt Fermi energy can be used as the reference energy. Then
LUMO on the phenyl ring will be the orbital responsible for & positive potential applied to the Ieft.electrode shifts its
the rectifying behavior of the molecules. The charge on eacﬁlectrpnlc levels to !ower absolute energies. Thus under posi-
atom in the molecule has been estimated self-consistentlyV€ Pias, the Fermi energy of the left electrode goes down.
and all the quantum statggnolecular orbitals and Bloch DPué to the non-zero electric field, the LUMO will be dragged

states in the electrodebave been accounted for in the cal- 40Wn too. The energy shift of the LUMQE, yyo is deter-
culations of thd -V curves. mined by the parametey. Under our assumptions, the field

acrossC is very small, and the potential drops on the two
barriers,U e and U g have to sum up to the total external
Il. A MOLECULAR DESIGN FOR CURRENT biasV, U+ Uigne=V. Then it is easy to show that
RECTIFICATION

- . . . . 7
Our molecular rectifiers with asymmetric tunneling barri- AE ymo=— Urightzmqv, D

ers consist of five structural parts; see Fig. 1. The end groups
provide contact to the two electrodes. For instance, thesahereq is the elementary charge. A sharp increase in current
may be thiols that could self-assemble on the surface of golis expected when the LUMO lines up with thight Fermi
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(a) Different parts of the MR affect different properties of the
N\ N I-V characteristic. The parametéy determines the overall
METAL % MOLECULE \ METAL scale of the forward and reverse voltagasitself could be
N N\

systematically changed by using different materials for the
electrodes and different conductive patsThe work func-
tions of the electrodes used in moletronics studies vary from
5.6 eV (Pt to 4.0 eV (Si), enabling almost a continuous
adjustment ofA. (Obviously, any changes of the electrode
material have to be compensated for by respective changes
of the side groups of the MRThe use of different materials
for the two electrodes provides further tuning of Indeed,

the contact potential changes energy of the LUMO by some
additional amount.Cf. Eq. (1), and use the contact potential
in place of biasV.] The conclusion from this qualitative
analysis is thatA is a parameter under the control of a de-
signer of molecular rectifiers. What absolute value Aof
large or small, is optimal from the electronic viewpoint is not
clear a priori. Increasings widens the rectification window
and improves the stability of the device. At the same time,
largerAs imply higher operating voltages, power dissipation,
and other unwelcome consequences.

The shortest of the two insulating barriers controls the
width of the conducting level and consequently the sharpness
of the current increase in the vicinity - andVg. Indeed,
the transmission probability(E) through a molecular level,
which defines the conductance of the molecu&E)
«T(E) according to standard Landauer formalithis well
described by the Breit-Wigner formula

FIG. 2. The basic principle of rectification by asymmetric tunnel I' g
barriers.W is the work function of the metalA is the electron T(E)= , (4)
affinity of the moleculeA=W-—A. (b) A molecule withA<W and (E— EMo)2+ E(FL + FR)Z
with different lengths of the insulating barriers is connected to two 4

metallic leads(c) Under forward bias, the current rises when the

right Fermi level aligns with the conducting molecular levie) ~ whereE,g is the energy of the molecular orbital available

Under reverse bias, the current rises when the left Fermi level alignfor resonant transmissiofb,UMO in the present cageand

with the conducting molecular level. Since most of the total voltagel"| ¢ are the partial widths associated with coupling to the

drops on the right insulation barrievg> Ve . left and right electrodes, respectively, see analysis in Ref. 13.
The “golden rule” estimate givefL,RMf’R/DL,R, t, r be-

level, that is atAE, yyo=A. The correspondindorward  ing the effective coupling matrix element aBq  the elec-

voltage follows from Eq(1): tron bandwidth in the electrodes. We see that a steep rise in
current occurs when one of the electrode Fermi levels rises to

1+7 A line up withEy,q, which is exactly what is required for large

F= 7 a 2 rectification ratios. If theC component of the molecule is too

close to a metal, the conducting level is so broad that the
Under reverse bias, both the left Fermi level and the LUMOGtransmission probability will be substantial at all energies.
go up in energy. The current will turn on when tleét Fermi  Indeed,I";ce 2%, wherex o (Epamie— Er) Y2 is the tunnel-
level lines up with the LUMO, wheml\ =U¢q=V— U ign- ing attenuation coefficient. Hel, ., is the energy of the
This corresponds to geversevoltage conducting level of the insulatingarrier, which lies higher
that the LUMO of the conducting uni. For alkane chains
on gold, Eparie— Er) ~4.8 €VE8 Thus the width of the level
Vr=(1+7) a 3) is exponentially sensitive to the distance from the electrode.
If the level is substantially broadened, there will be little
Clearly, the forward and reverse voltages are different, theidifference between the currents in the forward and reverse
ratio beingVg/Vg= 7. At a large, the two thresholds dif- directions. Sufficient insulation of the conducting molecular
fer, and there is a voltage windoWg<|V|<Vg within  orbital from both electrodes is an essential feature of the
which there is a substantial current in the forward directionpresent rectification mechanism.
and almost no current in the reverse direction. Hence a Finally, the longest of the two barriers controls the anisot-
strong rectifying effect is expected. ropy of the I-V characteristic and the overall amplitude of the
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current. As was discussed aboViy,/Ve~L gn/Ler - There-
fore, the longer the second barrier the larger\the Ve ratio

and the better the diode. At the same time, the current goes
down exponentially with the barrier length. Indeed, the cur-
rent is
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when the resonance falls into the “window” between the  FIG. 3. A monolayer of molecular diodes between two semi-
lowest and the highest Fermi levels in the leads. The currenkfinite fcc electrodes. Only one layer of electrode atoms is shown.
falls off exponentially with the thickness of tlileickerof the ~ The solid line encloses the atoms included in one molecular com-
insulating barrierd .. . Therefore, we are facing a typical plex.
trade-off problem but in its worst form. The asymmetry of
the MR improves linearly but the resistance grows exponengens and replace them with two clusters of three gold atoms.
tially with the length of the barrier. Nonetheless, we foundThe clusters formr bonds to sulfurs instead of the lost hy-
that substantial rectification is achieved at the current levelglrogens. The primary molecule axis is roughly perpendicular
that make electronic applications of the MR practical. This isto the planes of the gold triangles. The resulting molecular
detailed in the next sections. complexes(three gold atoms—dithiolate—three gold atoms
are organized in a periodic two-dimensional film which is
placed between tw@l11) surfaces of semi-infinite gold elec-
trodes. The film is commensurate with the (Alll) surface

In order to test the proposed mechanism of molecular redaut its primitive surface cell is four times larger.
tification, we calculated the I-V characteristics of a prototype In order to obtain thé-V characteristic of the device we
family of molecular diodes HS-(CH,-CsH,-(CH,),,-SH  use the Landauer formulation of quantum transigoto-
sandwiched between two gold electrodes. The five functionagether with a semiempirical tight-binding parametrization of
parts of MR are constructed from the standard chemicalhe Hamiltonian matrices for the molecule and the elec-
groups used in moletronic studies. The end thiols -SH chemitrodes. The off-diagonal matrix elements of the molecule are
cally attach the molecules to gold, the middle benzene ringaken from Harrisort! They all are Slater-Koster linear
provides a conducting levelLUMO) at energyE, yuo= combination®® of the four basic elements/,
—3.5 eV (with respect to vacuujmand the insulating barri-
ers are made of saturated hydrocarbon units ,-Chhdi-
vidual members of the family are parameterized by the two
integers (,m) which are the respective numbers of the
-CH,- groups on both sides of the molecules. whered;; is the distance between atomandj, and 7sg,=

The electrode-MR-electrode junction is shown in Fig. 3.—1.40, nsp,=1.84 77,,,= 3.24, andy,,,= —0.81. The di-
The equilibrium structure of isolated molecules was obtained@gonal matrix elements, that is on-site energigf core
through total energy minimization with the density- atomic orbitals, are also adopted from Ref. 17, while the
functional progransPARTAN.2* An important factor affecting on-site energies of valence orbitals are calculated from
the electrical properties of the junction is the local geometryatomic affinitiesA; and ionization potentials; as discussed
of the molecule-electrode contact. It is generally acceptedn Ref. 16:
that, upon self-assembly on gold, thiols lose the end hydro-
gens and then bind directly to the gold atoms. The preferen-
tial binding position of sulfur atoms on the ALlL1) surface
is at the apex of the pyramid with a triangular base of gol
atoms (hollow position. Also possible is theop position,
where the sulfur is positioned directly above one of the gol
atoms® In this paper, we assume the hollow binding posi- @)
tion of the sulfur. In the hollow position, the end S states
strongly hybridize with states on gold atoms, and the resultTable | lists the molecular tight-binding parameters used in
ing current is less dependent on exact molecule-contact géhis paper.
ometry in comparison to the top positiéhStarting with the Our parameterization for the electrodes is based on the
equilibrium molecular structure we remove the end hydro-parameter sets of Papaconstantopotiasithough our cal-

Ill. CALCULATION DETAILS

aBy:

W, i —j)=7.62% eV,

ij

(6)

5 (7)

dThe affinity and ionization potential determine the atomic
OHubbard parametdd; as well:

Uizli_Ai.
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TABLE I. Tight-binding parameters of atoms used in transportgies are, as a rule, shifted linearly with the distance from the
calculations. electrodes to reflect the voltage drop across the moldgbyle
adding a term like-eFz, whereF is the field strength on
es(€V)  ep(eV) U (eV)  Numberof electrons  the moleculez; a position ofith atom in the direction nor-
mal to the electrodg¢sWe have checked that this procedure

c —691  -17.52 8.7 4 works fairly well in comparison with the results of fully self-
H —785 _ 11.5 1 consistent calculations.

In the second step, the semi-infinite electrodes are solved.
S —20.80 —6.47 7.8 6 In our approach, there are two global quantum numbers, total
AU 588 _ 6.7 1 energyE and momentum parallel to the surfdge Fixing k|

converts the semi-infinite three-dimensional problem into a
semi-infinite one-dimensional problem with a finite dimen-

culational procedure enables us to treat the leads with the fufiional basis. Notice, however, that the Hamiltonian of the
set ofs, p, andd orbitals*32°for the purposes of this paper one-dimensional wire explicitly depends_ &p. Thus trans-

the details of the electrode electronic structure are not impof0rt problems at differenk are not equivalent. Moreover,
tant. We therefore choose to retain oslgtates on Au atoms. ("€ dependence on this quantum number could be substan-
The W,,, parameter of Ref. 19 for gold is 0.909 eV. We t|a_l. It is important therefore to cons_lder a gridlofand the
found, however, that this value results in too narrow a band@rd should be as dense as possible. Then we follow the
with the high-energy edge being not very far from the Ccm_procedgre of Ref. 20, modified for the presence of an arbi-
ducting LUMO of the MR. In order to separate molecular frary oriented surface. For eaéhandk, we solve theshan-
rectification from the specific effects associated with gaps if'€! Problem, i.e. find all the Bloch vectors with both real and
the leads’ density of states, we also used twice larger value®mPlexk; vectors. The former correspond to open conduct-
than aboveW,,= —1.818 eV. The same value W, has N9 channe_ls while the latter to evanescent channels. The
been used for matrix elements inside the electrode and bdvave functions and, values of the channels are used to
tween the electrode surface and atomic triangles that are pnstruct the surface Green's functions of the electrodes.
of the molecules. A comparison of the results obtained using!Oté that no energy or momentum integration is required
the two values ofVs, will be given in Sec. IV. The second With this method. o

important parameter is the Fermi energy of the electrodes, On the next step, the molecule is eliminated from the
(that is minus the work function of the lead matexiaThe  Picture by first solving the Schdinger equation for the mo-
effectiveness of our rectification mechanism depends critilécular wave function at given energy and then substituting

cally on Eq. Therefore we choose to studysariesof Eg the solution into the Schdinger equation for the surface
which imitates the effect of using different electrodes. Inatoms of the leads. This is a standard decimation procedure,

particular, we studied the six valuds:-=—4.0, —4.2, described in detail in ARef. 20. As a result of such a proce-
—45, —5.0,—5.2, and—5.5 eV. dure, a matrix operatd¥ appears that directly couples states
Calculation of current is performed utilizing a multi-step on the left wire with the states on the right wiké.is essen-

procedure. First, an isolated molecular compléxee Au  tia|ly the inverse ofE—H,,, convoluted with the matrices
atoms—dithiolate—three Au atoiris treated as follows. The {hat describe the molecule-electrode coupling. Therefore, it

molecular HamiltoniarH y is constructed from the param- ¢ontains all the information about the molecule and molecu-

and their energies are found by diagonalizing the méirix X oA )
- olecular orbitals. Knowingy/ and the Green’s functions of

_lH'E‘O" From thﬁ V\f[ave_funcltloTSt, g?e average number o he free(not connected to the molecllelectrodes, the full
electrons on each atom IS calculated. transport Green’s function is found from the Dyson
oce equatior’
0i=22 2 [thnal? 9 A
I @ N Ne; G:(Gol—v)il, (11)

where the indexx numbers the molecular orbitals ang the
atomic orbitals that belong to atomAfter that the diagonal
matrix elements of,,, (the onsite energies;) are recalcu-

lated as

where GO is the block-diagonal matrix in which the upper
left corner is the free surface Green'’s function of the left wire
and the bottom right corner is that of the right wire. Note that
the size of all the matrices involved in EdJ) is equal to the
combined dimension of the left and right electrode surfaces.
In the present study, each surface unit cell has four states,

whereZ; is the atomic charge of thieth atom, which in turn  therefore all the matrices are-<. i

changes the chargep on the atomic sites. Then the proce- ~ Since the Green's function solves Sctiger’s equation
dure is repeated until the charggsconverge. The converged for noncoincident spatial arguments, the transmission coeffi-
charges define the final position of the molecular levels angi€ntsta, (E,k)) between the open channels can be found by
the molecular Hamiltonian to be used in the transport calcumultiplying G by certain projector vectorB. Each projec-
lations. At the nonzero bias the corresponding on-site enetion recovers an incident wave in one of the open channels in

ef =& +Ui(qi—Z), (10
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a particular electrode. The components of the ve&ér
determine the transmission and reflection amplitudes in all
the open channels of both electrod®&he contribution to
current is found by squaring the transmission coefficients
and summing over the open channels of the receiving wire.
The total current is obtained by summing over all the inci-
dent channels available, then ouer, and integrating over
energyE:

Density of states (st./cell.eV)

2 Ep+qV/2
=213 [ deTE), (12
kH EF—qV/2
230 -20 -10 0
T(E)=2 |taw (EkpI2. (13 Energy (eV)
nn’

FIG. 4. The bulk electrode density of states for the two values of

In _the pres_en'r study, we have use_d a g_rid Oflﬁélpoints . W, . The data are collected from ax@ grid of k| points, the
uniformly distributed over the two-dimensional surface Bril- gne-dimensional square-root singularities being visible. The vertical

louin zone. solid line indicates the position of the Fermi level. Inset: the same
An important and technically difficult problem is to ac- density of states but computed on @440 grid ofk; points.
count for the additional charge that the molecule acquires
due to the mismatch of its equilibrium chemical potential .
with the Fermi energy of the electrodes. All the moleculariime for the transport calculations. The DOS affects Ithe
components of the scattering wave functions could be foungharacteristic of the diode in two ways. First, it changes the
from the same Green’s functrd:rEq (11)] Squaring them effective resonance width sindex N(E) Thus, in the case
and integrating over energy, one finds new charges on thef Wss,=—1.818 eV, the resonances are expected to be
molecule, much like Eq9). Then the new on-site molecular twice as narrow as foWg,=—0.909 eV N<D~*.) Sec-
energies are Computed according to Etp) Thus, in prin_ ond, gaps/edges in the density of states could block elastic
ciple, the entire calculational procedure described alfexe ~ tunneling completely, resulting in a strong negative differen-
cept the final calculation of currentas to be repeated many tial resistance effect. This pOSSIbl'lty is discussed in Section
times until the charges converge. Moreover, this self{iv) below. We investigated four major effects of the spatial
consistent procedure has to be performed anew for eve@n.d electronic structure of the junction on ity character-
value of the external bias voltagg i.e., out of equilibrium. IStiC.
The charges in this nonequilibrium case can be calculated (i) Effect of the width of the molecular level on the recti-
with the use of the procedure described in Ref. 16. fication property of the junctionWithin our mechanism,
The additional charge transfer is most important forgood rectification requires narrow molecular resonances. If
strong coupling between the molecule and the wires. In thighe levels are narrow, the current rises steeply upon reaching
case, the molecular levels broaden significantly so that thefine threshold voltage. In other words, there is very little cur-
tails can accommodate significant additional charge. Luckilyrent before the resonance is reached but some finite current
our rectification mechanism works best for narrow molecula@fter, which can produce a high rectification ratio. In the case
resonances. As |0ng as the Fermi energy remains below tﬁg a broad resonance, the Lorentzian tails of the transmission
conducting molecular level with account of its shift in accor- function provide a sizeable current even before the nominal
dance with the work function difference between the mol-threshold voltage is reached. The rectification ratio should be
ecule and the electrodes, the additional charge is neg||g|b|§ma” in this case. The width of the resonance is controlled
For this reason, we do not perform the self-consistent calcuPy the thickness of thshorterinsulating barrier. In Fig. 5 we
lation of charge in this paper. What we do take into accounfompare the transmission function for the three molecular
is the linear shift of the on-site atomic energies due to th&ectifiers which have no, one, and two insulating -€H

external electric field due to the bias voltage. groups on the short side. One can see that in the first two
cases the resonance has a sizeable width of 0 @uii\Wvidth
V. RESULTS at half maximum, which implies a strong coupling to the

electrode. This is more or less obvious for 0, when the
We begin by presenting our numerical results for the elecsulfur atom is directly attached to the benzene. The lone
trode density of statedOS) N(E); see Fig. 4. Clearly vis- electron pair of the sulfur overlaps with the electrons of
ible are the square root singularities, which are characteristithe ring, resulting in a molecular orbital distributed almost
of one-dimensional conductors. Recall that fixiggrenders ~ evenly over the ring and the sulfur. Since the sulfur is di-
the wire one dimensional and the three dimensionality igectly coupled to the electrodalbeit through an intermedi-
restored upon summation over the infinite numberkef ate trianglg, the molecular orbital is significantly broadened.
points. The comparison of the main panel and inset in Fig. 4n then=1 rectifier, the sulfur is separated from the ring by
indicates that this is indeed the case. Our choice okf4 a single insulating -Ckt group. However, because of the
points is a reasonable compromise between the accuracy asg® hybridization of carbon, the sulfur atom is out the plane
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FIG. 6. The effect of the metal work function on the&/ char-

FIG. 5. Transmission probability through molecular diodes acteristic of the molecular diode -S-(GH-CsH,-(CH,)6-S-.

Au;-S-(CH,) ;-CgHy-(CH,) 6-S-Aug, n=0,1,2. The peak corre-

sponds to transmission through the LUMO located on the benzengheir forward and reverse voltages systematically increase

unit.

of the ring. Then the separation between the sulfur and th
ring is not large enough to prevent elongaedrbitals of

with A, as expected. Analysis of parameters from Table Il
[eveals that the ratio¥r/A~1.6, Vr/A~2.6, andVr/V
~ 1.6 all remain approximately constant as functiond dor

sulfur and carbon from direct overlapping. As a result, the”::2 andn=6. ':'hus the ratiOVR/V; is ind_ep'end;en; of |
electronic level is still significantly broadened. The situation®/ectrode material and is indeed a characteristic of the mol-

changes radically fon=2. Two insulating groups move the

ecule asymmetry only. However, the relatidfz/Ve=17

sulfur away from the ring by 4.3 A, so that direct overlap = Lrignt/Liert is satisfied only approximately. For th@,6)
between the sulfur and the ring wave function becomegnolecule, presented in Fig €ygni/Ler=3 which is almost
small. (From this point, insertion of new groups results in antWice the voltage ratio. This is because simple equati@ns

exponential decrease of the overjaficcording to our cal-
culations, forn=2 the width is just~10 meV; see Fig. 5.

and (3) do not take into account the voltage drop on the
central conductive unit. Clearly, some voltage always drops

The numerical results illustrate the general formula forthere, which effectively increases the lengths of both barriers

transmission probabilitf (E) [Eq. (4)]. For the present mo-

lecular diodes, one partial level width is much larger than thetetail in subsectioriii) below.

other, sayl'| >I'g. Then transmission at the resonance is
T(E=Epno)=4I'gr/T'| . Thus, ad’| decreases due to better

and reduces the anisotropy. We discuss this issue in more

The last two columns of Table Il present data on current
rectification. As a measure of the latter, we choose to com-

insulation, the resonance becomes narrow but higher. For tHR€ CUITents at some positive and negative voltages with the

n=2 diode, the resonance is narrow enough to be compas-

ame absolute valué,,. Obviously, rectification is strongest

rable with thermal, disorder, and other types of broadeninS; Vop is chosen betweelW and Vg. In this case, in the

present in the system. A further increase of the short barri
is unnecessary, it will result only in reducing the molecular
asymmetry and spoiling the rectification property. Our con-,
clusion from this analysis is thatvo -CH,- groups on the
short side is the optimal choider rectification. One should
add that this rule has been derived for thiol-terminated mols
ecules that are self-assembled on gold or other noble met

For other types of contacts, this may change. For instanceatiom+/|_E|(+Vop)/|(_vop).

when an LB film is deposited on a metallic surface, a larger

ositive direction there is already some appreciable current

TABLE II. Parameters of thé-V characteristics shown in Fig. 6
for m=2 andn=6. A=W—|E, yuo| is computed from the work
function W and the molecular orbital enerdy, ymo= —3.45 eV.

Ve and Vg are the current onset voltages under positive and nega-
jve bias, respectivelyV, is someoperatingvoltage betweern/g

aAnd Ve . The last column represents typical current rectification

(van der Waals-likegap may exist between the film and the w (ev) A (ev)

metal. Such a gap will serve as an additional insulator, which

may reduce the optimal length of the insulating material or.0

the molecule itself.
(i) Effect of the metal work function on the forward and 4.2

reverse voltagesAccording to Eqs(2) and(3), the forward 4 g

and reverse voltages are directly proportional to the equilib—
rium energy differencé between the conducting molecular 5.0

level and the Fermi energy of the metal. We have studied thi
effect by varying the electrode Fermi energies with respect tg"

the molecular orbitals. The results are presented in Fig. 6 ansls

Ve (V) VR(V) VelVe Ve (V) 1,71
055 090 144 160  1.13 56
075 119 193 162 141 118
1.05 166 273 164 207 173
155 251 401 160 3.02 276
175 277 450 163  3.68 305
205 325 532 164 425 323

in Table Il. Thel -V characteristics all have similar shape but
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6 ‘ . ‘ . . . TABLE lll. Parameters of thé-V characteristics shown in Fig.
—— 2(CH, 1 . 7. Ris the resistance of one molecule\at + V.

—_ —-— 2(CHy, * 10 Nt

4 b — CH), * ¢ 'v\_:\_ﬁ
T RSP j 7 NnOVe(V) VR(V) VeIV Ve (V) 1./1_ R(MQ)
© —— -2(CH,),, * 10,000 ; !
S 5 2 1.19 1.19 1.00 any 1 0.33
3]
% 4 0.99 1.28 1.29 1.13 32 2.40
S
= 0 6 090 144 160 113 56 42.6
&
= 8 081  1.61  1.99 1.13 76 836
3 -2

10 0.80 1.74 2.18 1.13 104 13,150

0 1 2 3 4 ®Resistance aV=1.6 V.
Bias voltage (V)
monotonically decreases buk increases, resulting in a sys-
FIG. 7. Dependence of tHeV characteristic on the asymmetry tematic shift of thel-V characteristic with respect to the
of the molecular diode HS-(Chl,-CeHs-(CH,),-SH for work  origin. By n=10, the reverse-to-forward voltage ratio
functionW=4.0 eV. Notice how the/r goes down whileVg goes  reachesVy/Vg=2.18. The voltage ratio grows slower than
up, systematically shifting the'V curve to the left from the origin.  «cpp/2, suggested by Eq&) and(3). It could be described by

. the relation
due to resonant tunneling through the molecular level. In the
reverse direction, the tunneling is still under the barrier and Vr  Lignt AL
therefore is exponentially reduced. This is the essence of our Ve Lot AL’ (14)
F left

rectification mechanism. The values of the operating voltage
V,p shown in the table are roughly halfway betweénand  whereAL is a correction that takes into account the voltage
Vg. (Approximately,V,,~ 1.3V .) One can see that the cur- drop on the central conducting unit. Using the data of Table

rent ratio is a steadily increasing function &f The overall  1ll, one findsAL/L,z=2.5, 4.0, 4.0, and 4.9 far=4, 6, 8,
dependence is close to linear, with both end points beingnd 10, respectively. The correction does not remain constant
slightly off this general trend. as a function ofn. Therefore it is difficult to assign to it a

An interesting problem is choosing an optimal valuglof ~ useful geometrical meaning.
As we have seen, largk'’s result in a better rectification of The penultimate column of Table Il shows the current
current and a wider rectification voltage windowWg— V.  rectification ratiosl , /I _. It grows approximately propor-
The latter fact is very important because all sorts of disordetional ton—2, reaching a value of- 100 atn=10.
in the system will tend to shrink the working window. Also,  The important issue is the exponential growth of the diode
a particular circuit design may require that thigeratingre-  resistance witm, see the last column of Table Ill. This result
verse voltage must be larger in absolute value than a certais, of course, expected because the transmission as well as
voltage. In general, the absolute vaMg has to be as large the current through the molecule is directly proportional to
as possible. Both these arguments favor a laxgeOn the I'r; see Eqgs(4) and(5) atI', >I'r. As the barrier length
other hand, large operating voltages imply higher power andncreases, the probability of underbarrier tunneling goes
higher electrostatic stress on the molecules, which are, glown exponentially fast, which is reflected in the numerical
course, undesirable. Quantitative understanding of this tradéata. According to our calculations, addition of every extra
off problem warrants a detailed investigation for a particularpair of -(CH,)- groups increases the resistance by a factor of
application. 17+2. [Note that, for =2)—(n=4), the transition

(iii) Effect of the length of the insulating barrier on the should not follow the same trend becauserat @) the mol-
asymmetry of the |-V characteristic and on the overall cur-ecule is symmetric antl =I'g.] Thus we have an unfavor-
rent magnitudeThis effect is central to the present paper. By able trade off problem where the rectification ratio improves
increasing the length of thlenger barrier while keeping the linearly with n but the resistance and the time constant of the
shorter one fixed, one forces a larger portion of the voltage tdevice worsens exponentially. This is an inherent feature of
drop on the longer barrier. This implies that the conductingour mechanism and in some sense the price for its simplicity.
threshold is reached at different bias voltages in the two op¥When discussing the rectifier resistances, one should not for-
posite directions, as illustrated in Fig. 2. This design prin-get that what matters is the total resistance of an electronic
ciple provides us with the means to systematically increaselement. With a typical target size of @0 nn¥, the num-
the current rectification ratio and produce better moleculaber of molecules per junction is going to be of order of 1000.
diodes. In Fig. 7, we show the calculated/ characteristics Then evem=8 and 10 diodes will have total resistances of
of a series of molecular diodes (3, for a work function ~ 1—10 MQ, which amounts to a time constantl0 1% s for a
W=4.0 eV. The electrical parameters of th& character- 1um long nanowire, and~10 ® s for a 1-cm-long nano-
istics are summarized in Table Ill. The series begins with thevire.
symmetric molecul&n= 2, which produces a symmetrieV The data from Table Il suggests that rectification could be
characteristic withvg=Vg=1.19 V. With increasing, V¢ improved further by increasing the initial energy difference

165436-8



CURRENT RECTIFICATION BY MOLECULES WITH . .. PHYSICAL REVIEW B 66, 165436 (2002

TABLE IV. The rectification ratiol . /I _ for six values of the
wire work function and nine different molecules. The first column is (a) j C
the (m,n) numbers of the diodes. The top row is the work function

of the electrodes in eV. The bottom row is the operating voltége /\\ m

in volts, at which the rectification ratio is reported. “N/C” stands

for nonconclusive evidence due to numerical noise in calculating ” -

small currents under reverse bias. Best rectification is achieved for 7/

the (2,10 MR at W=5.2 eV (in bold). The W value is close to the

work function of gold.

W (eV) 40 42 45 50 52 55 C
A (eV) 055 075 105 155 175 205 (b) j
1,2 42 50 8¢ 124 39 56
(1,9 102 13° 26° 75 111 154 ‘,
7
(1,6 15 25 4 112 127 15

2
1.9 16 25 44 91 148 126
(1,10 19 27 47 85 123

(©
2,4 32 52 01 138 156 154 C
2,6 56 74 173 276 374 444
2,9 76 92 225  N/C 438 NIC ~
(2,10 104 118 290 NI/IC 556° NI/C

-

Vop (V) 1.13 151 2.08 3.02 3.50 3.97

At V=1.32 V. dat V=3.59 V. FIG. 8. (a) A gap in the density of states of the electrodgs.
PAt V=1.89 V. €At V=3.02 V. Under forward bias, when the right Fermi level aligns with the
CAt V=2.46 V. LUMO, there are still states available in the left electrode. The

current flows.(c) Under reverse bias, by the time the left Fermi
A. We computed -V characteristics for every value of the level aligns with the LUMO, there are no states available in the

work function listed in Table Il and for all MR'srf,n) with ~ "ght electrode. The elastic current is blocked.
m=1,2 andn=2,4,6,8,10[In addition, everything was cal-
culated for the two values of the electrode matrix elementatter case, the gap of the right electrode is readieddrethe
W, , bringing the total number of studigeV'’s to 120] All left Fermi energy aligns with the conducting orbital.
the curves have shapes similar to those in Figs. 6 and 7; The above argument does not take into account inelastic
therefore, we do not show them explicitly. Table IV summa-processes. If included, they would result in a non-zero cur-
rizes the results on rectification ratios for a variety of com-rent even in the situation of Fig(®. In this case, the elec-
binations. As expected, the rectification ratio grows withtrons can tunnel under the right barrier with irradiation of
both W and n. The maximum ratio of above 500 was ob- phonons, arriving at the right electrode with a reduced en-
served fom=10 andW=5.2 eV (A=1.75 eV). ergy for which there are available states at the top of the
(iv) Role of energy gaps in the electrodes’ density ofvalence band. In this paper we assume that the elastic tun-
states.This effect is not generic and potentially applies toneling is the dominant transport mechanism and such pro-
semiconductor electrodes only. Nevertheless, it offers an ineesses can be neglected. We have modeled this effect by
teresting possibility to enhance the rectification property ofusing the smaller electrode matrix elementVyg,
the diode by inhibiting current flow in the reverse direction =0.909 eV. Typical -V characteristics are shown in Fig. 9,
due to an energy gap in the density of states. The basic ideend their parameters are summarized in Table V. With in-
is illustrated in Fig. 8. At some voltagé,, the bottom of the  creasing/NV (andA), the forward and reverse voltagés and
gap aligns with the conducting molecular orbital. At higher Vg increase in accordance with Eq4®) and(3). At the same
V>V, elastic resonant tunneling becomes impossible due time, V, decreasesecause the bottom of the energy gap
the lack of available final electronic states. Accordingly, themoves closer to the conducting molecular level. As a result,
current must drop to zero &t=V,. If V4 lies in betweerVe  the window of resonant tunneling is squeezed from both
and Vg, then there will be some substantial current in thesides and at some criticél/ vanishes altogether. This effect
forward direction in the intervaV <V <V, [Fig. 8b)], and  can be seen in Fig. 9. In the reverse direction, the peak dis-
no current at all in the reverse directipRig. 8c)]. In the  appears betweeW=4.2 and 4.5 eV. In the forward direc-

165436-9



KORNILOVITCH, BRATKOVSKY, AND WILLIAMS PHYSICAL REVIEW B 66, 165436 (2002

4
----- woizey m
= —— W=42eV HS COOH
< 3 . w-45ev
° —— W=50eV
3 ol T W=52eV
i.g -------------- W=558eV
o
g 17F . . SH
c
: e
3 L
o 0 AL
A\ H CCCH
-1 6 _;; 2 0 2 4', 6 FIG. 10. Other possible molecular diodes.

Bias voltage (V)

FIG. 9. 1-V characteristic of thg2,8) MR for the electrode (r0des by insulating molecular groups of different length. By
matrix elemeniV.,, =0.909 eV. A gap in the electrode’s density of Varying the ratio between the barrier lengths, one can achieve
states cuts off current at large voltages. Apart from current rectifi rectification ratio of several hundred while keeping the cur-
cation, this leads to a significant negative differential resistance eft€nt through the molecule at measurable levels.
fect. The latter will be reduced if inelastic processes are taken into As far as the described mechanism of molecular rectifica-
account. tion is concerned, the observed trends could be divided into

“spatial” and “energetic” domains. The spatial trends refer
tion, the same happens betwe#n=5.2 and 5.5 eV,(Of to the changes in thé-V characteristic that follow from
course, resonant tunneling survives longer in the forward dichanging the lengths of the two insulating barriers of the
rection becaus¥:>Vg.) MR. The length of the shorter barrier controls the width the

Notice that the -V's of Fig. 9 display large negative dif- Molecular resonance. We have found the optimal Ien_gth to be
ferential resistance under positive bias. In this respect, ouv0 -(CHy)- groups. One such group does not provide suf-
molecular diodes behave similarly to the conventional semificient insulation of the conducting unit from the metal. As a
conducting tunneling diodes. However, under negative biagesult, the resonance is too broad and current asymmetry is
the behavior is quite different. While the tunneling diodesnot pronounced. More than two -(GH groups make the
conduct very well under reverse bias, our MR’s conduct very€sonance narrower than temperature and disorder induced
little. widths, which is not useful. Increasing the length of the

longer barrier improves the current rectification ratio but in-

creases the total resistance of the molecular diode. These
V. CONCLUSIONS trends can be observed experimentally by studying several

The major purpose of this paper has been to predict Se\molecules vyith different Iengths of the longer chain but iden-
eraltrendsin thel-V characteristics of the MR when they are tical other\'/vllse.. The energetic trends refer to'the dependence
dominated by resonant tunneling through a certain molecula?f the rectification property on the work function of the elec-
orbital localized on the conjugated part of a spatially asym-tmde matenallzfmd on the electron afflnlty. of j[he molecule.
metric molecule. To achieve a large rectification ratio, thel N€ two quantities define the parameterwhich is the most

conjugated part of the molecule must be connected to eledMPOrtant energy scale in the problem. In general, a latger
leads to better rectification but at the same time to larger

TABLE V. Parameters of thé-V characteristics of th€2,8) operating voltages. '_I'hese trgnds can also be checked experi-
molecular rectifier foM,,,=0.909 eV. (-Vs are shown in Fig. 9.  Mentally by measuring, for instance, the same molecule on
Notice how the rectification ratio exceeds 1000 when the resonard0!d and silver electrodes, or by measuring the molecules
conduction disappears in the reverse direction, but then drops to ju¥fith different conducting unit¢say, benzene and naphtha-

3 when it disappears in the forward direction too. leng on the same set of electrodes.
Most of our results are rather insensitive to changing the
W(EV) A@EV) VE(V) Ve(V) Vg(V) Ve (V) 1,71 end (“anchor”) groups. The role of the latter is to provide
better connection to the electrodes. Thus the end groups
4.0 0.55 0.84 1.62 N/C 1.23 70  could be adjusted to the particular experimental setup with-
out significantly altering the electrical properties of the de-
4.2 0.75 117 2.16 N/C 1.80 151 yice. They could even be absent altogether if the measure-
45 1.05 1.58 N/C 5.20 217 2g2 Mment technique does not require covalent bonding between
the molecules and the electrodes. The composition of the
5.0 1.55 2.33 N/C 3.68 2.83 1308 insulating barriers may be changed too. For instance, instead
59 175 260 N/C 310 583 1064 of alkane chains one could use a combination of the alkane

segments and saturated cyclic hydrocarbons; see Fig. 10. An
55 2.05 N/C N/C N/C 2.83 3 advantage of this design is that the molecules have more or
less the same cross section along their entire length. There-
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fore the packing of the film will be much better. On the othertures of thel -V characteristic, thereby reducing the rectifica-
hand, such MR’s could be harder to synthesize. tion ratio. The inclusion of inelastic processes would
These conclusions are certainly limited to the particularprobably reduce the estimated rectification ratio.
set of approximations used in the present study. For instance, In conclusion, we have described a simple principle for
we have ignored inelastic processes, which should beconmolecular rectification. It requires only one conducting mo-
progressively more important for larger molecules and atecular level located asymmetrically with respect to the elec-
larger bias voltages. Inelastic scattering generally increasesodes. Theoretical calculations have shown that current rec-
the current through the system, since the carrier has moréication ratios of several hundred are achievable with this
final states to tunnel into when it can lose energy by excitingnechanism. Higher ratios are likely to be accompanied by a
a vibronic excitation. In the present resonant case, wen significant reduction in the conductance, which will make
exceeds the threshold, eithég or Vg, there will be some such diodes less practical. We have made several predictions
electrons with energhigher than the energy of the LUMO of how the rectification properties should change between
resonance. Such electrons can still tunnel through the jundifferent molecules and different electrode material®rk
tion effectively by first loosing their energy and then tunnel-functiong. These trends are experimentally verifiable on
ing resonantly. Thus the overall current withntinue to grow  families of structurally similar molecules. Such trends are
after the initial sharp increase, in contrast to the elastic-onlsignatures of resonant tunneling through molecules
case where the current stays approximately constant. Addand could serve as proof of experimental observation of the
tionally, a finite temperature should smoothen the sharp fedatter.
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