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Current rectification by simple molecular quantum dots: An ab initio study
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We calculate current rectification by molecules containing a conjugated molecular group sandwiched be-
tween two saturate@insulating molecular groups of different lengtiignolecular quantum dptusing anab
initio nonequilibrium Green’s function method. In particular, we study S{GH-C;oHe—(CH,),S with
naphthalene as the conjugated central group. The rectification current+afichas been observed rat= 2
andn=10, due to resonant tunneling through the molecular orki&D) closest to the electrode Fermi level
(lowest unoccupied MO in the present cadehe rectification is limited by the interference of other conducting
orbitals, but can be improved by, e.g., adding an electron withdrawing group to the naphthalene.
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[. INTRODUCTION tive molecules not suitable for moletronics applications.
There are reports of rectifying behavior in other classes of
An effective current rectifier is a necessary element ofmolecules, e.g., molecules chemisorbed on electrodes, where
electronics circuitry. Aviram and Ratner suggested in 1974n observed asymmetry of tHeV curves is likely due to
that in a molecule containing dongb) and acceptolA) asymmetric contact with the electrodespr an asymmetry
groups separated by a saturatedridge (insulato) group,  of the molecule itself.
the (inelastig electron transfer will be more favorable from  To achieve good rectification by a molecule with a rea-
A to D, rather than in the opposite directiont was noted  sonable conductivity, one should avoid using molecules with
more recently that the electron transfer fré@nto A should long saturatedinsulating groups, which would make them
start at smaller bias voltage because the highest occupigutohibitively resistive. Thus, a suggestion to use relatively
molecular orbital( HOMO) is centered on theD group, short molecules with certain end groups to allow their self-
whereas the lowest unoccupied molecular orliitalMO) is  assembly on a metallic electrode’s surface seems to be very
located on the acceptor grodp The onset of resonant tun- attractive’ In that previous paper the transport through a
neling in this case corresponds to the alignment of thephenyl ring connected to electrodes by asymmetric alkane
HOMO on theD group with the LUMO on theA group chains (CH), has been calculated with the use of a semi-
under external bias voltage, which are closest in enefye  empirical tight-binding method. Since the microscopic pa-
molecular rectifiers synthesized in the laboratory were ofameters of the model are poorly known, especially hopping
somewhat differenD-7-A type, i.e., the “bridge” group integrals between the molecule and electrodes, the electrode
was conjugated” The molecule GHsz—yQ3CNQ can be  work function, and the affinity of the moleculgvhich may
viewed as fused naphthalene and tetracyanoquinodimethabe strongly affected by bonding to a métahe calculations
molecules with an attached, 5, alkane “tail,” needed to  have been performed for a number of these parameters. The
provide enough van der Waals attraction between the molealculations indicated a rectification ratio for the
ecules to assemble them into a Langmuir-Blodgett film on a—S—(CH,),—CsH;—(CH,),—S— molecule of about
water surface. Although the molecule did show rectification100 forn= 10, with a resistancBR~13 GQ). It is difficult to
(with considerable hysteresjst performed not like a con- know how quantitative these numbers are, because of a lim-
ductor but rather like an anisotropic insulator because of théed basis set and uncertainty in the parameters of the model.
large alkane tail. Indeed, the currents reported in Ref. 4 wer&or instance, accounting for a larger basis set for wave func-
of the order of 107 A/molecule, which make its application tions may lead to an increased estimate of the tunnel current,
impractical. It was recently realized that in this molecule thesince the system may have more channels to conduct current.
resonance does not come from the alignment of the HOMO The ided of a molecular rectifier with one conjugated
and LUMO, since they cannot be decoupled through the corring has been tried in a recent wdfkThe molecules in this
jugated 7 bridge, but rather due to an asymmetric voltagestudy consisted of a phenyl or thiophene ring attached to a
drop across the molecule where the HOMO and LUMO arg(CH,) 5 tail by a CO group. The molecules have been self-
asymmetrically positioned with respect to the Fermi level ofassembled on a Si surface functionalized in the usual manner
the electrodes.It is not clear if this mechanism has been by SiO,. Rectification behavior has been clearly observed
observed. For instance, the contact between the alkane chaiith a maximum value of about 37, with most samples hav-
and electrode was certainly poor, via weak van der Waaléng the rectification ratios 10. One may note that the insu-
forces. No temperature dependence of the resistivity was rdating tail was rather long, so that inelastic tunneling pro-
ported, but its large value suggests that inelastic tunnelingesses may have been present. In this respect, measurements
processes may have been involved. at different temperatures may shed some light on the nature
It is clear that the rectifying molecular films built with the of transport in these samples.
use of the Langmuir-Blodgett technique, relying on long ali- Experimentally, it may be easier to synthesize some-
phatic (or other insulating tails, will produce hugely resis- what different compounds with a naphthalene group as a
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FIG. 1. (Color online Schematic diagram of typical Au- (a)
molecular rectifier-Au device structure analyzed within abiinitio

formalism. Electrodes are represented ax 83 Au(111) surfaces,
with the terminal sulfurs of the molecule positioned 1.8 A above
the triangular hollow site of the electrodéRef. 16. Thel, (L,)
indicates the insulating barrier length separating the molecular con-
ducting unit from the lefiright) electrode.

“molecular guantum dot,” such as
— S (CHy) y— CyHe—(CHy) —S—,** which we will /1/ (b)
also refer to as—S—(CH,) —Naph—(CH,),—S—. To P

obtain an accurate description of transport in this case, we
employ an ab initio nonequilibrium Green’s function
method*?

The calculation shows that indeed the current rectification
I, /1 _~100 may be possible for some designs such as
—S—(CHy),—Naph—(CH,) ,—S—, wherel , _, is the
forward (reverse current. The difference between the for-
ward and reverse voltages is, however, limited by other or-
bitals intervening into the conduction process. One needs the
conducting orbital to be much closer in energy to the elec-
trode Fermi level than the other onés.g., LUMO versus
HOMO) and this energy asymmetry can be manipulated by
“doping” the conjugated conducting part by attaching a do-
nor (or acceptor group, as will be shown below.

The present calculation takes into account only elastic
tunneling processes. Inelastic processes may substantially
modify the results in the case of strong interaction of the
electrons with molecular vibrations, see Ref. 13. If the in- ) ) "
elastic processes are important, one should observe steps in FIG. 2. Schematic band diagram of the molecular rectlfle_r. The
the 1-V curve at energy intervals corresponding to the enerMddle narrow-band part represents the naphthalene conjugated
gies of the excited vibrons, at least at low temperatties, group. The barrier heigitt,=4.9 eV (present theory 4.8 eV (ex-

. . . periment Ref. 18 Panels(a)—(c): unbiased, forward, and reverse
observed in Ref. 14. It would be interesting, therefore, tobiased rectifier with similar electrodes. Pafgl unbiased rectifier

pe_rform current measurements on the .fa”.“'y .Of pr_esent "®GRith dissimilar electrodes. At equilibrium, there is a voltage drop
tifiers at low temper_ature;. There are mgimauons in the “tfqvl(z) across the leftright) barrier.

erature that the carrier might be trapped in a polaron state in
saturated molecules somewhat longer than those we considerlecular rectification by a molecular quantum dot is illus-
in the present papér.The present design should avoid thesetrated in Fig. 2, where the electrically “active” molecular
effects, since we deliberately choose relatively shorter barrieorbital, localized on the middle conjugated part, is the
groups. This alleviates a possibility of trapping the charged UMO, which lies at an energy above the electrode Fermi
on the conjugated group, since the left barrier is selected ttevel at zero bias. The position of the LUMO, for instance, is
be relatively transparent, in order that the transport not beletermined by the work function of the metgp and the

affected by Coulomb blockade effedtee details in the fol-  affinity of the moleculeqy, A=A, yumo=9(¢— x). The po-

lowing section. sition of the HOMO is given byApomo=Aumo—Eg,
whereE is the HOMO-LUMO gap. If this orbital is con-
Il. RECTIFICATION BY MOLECULAR QUANTUM DOT siderably closer to the electrode Fermi lef&gl, then it will

be brought into resonance wit: prior to other orbitals
The structure of the present molecular rectifier is shownwvhen the molecule is biased in either the forward or the
in Fig. 1. The molecule consists of a central conjugated parnteverse directiorfFig. 2). It is easy to estimate the forward
(naphthalenkisolated from the electrodes by two insulating and reverse bias voltages, assuming that the voltage mainly
“arms” built from saturated aliphatic chains (Gh, with falls off at the saturatedwide band gapparts of the mol-
lengthsL, (L,) for the left (right) chain. The principle of ecule with the lengthk, (L,) for the left(right) barrier, Fig.
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FIG. 3. (Color online Transmission coefficienttop) and local
density of states (bottom) vs energy E for rectifiers
—S—(CHz)z—CloHe—(CHz)n—S—, n:2,4,6,10.A indicates

the distance of the closest MO to the electrode Fermi enefgy (

=0).
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¢,>0 (right work function is larger One would like to use

as asymmetric a molecule as possible to increase the operat-

ing voltage, and in this case the difference of the work func-

tions of the electrodes progressively becomes less important.
The main transport features of the present system can be

qualitatively explained within a model of resonant tunneling

through a localized statémolecular orbitgl in the barrier.

The current can be written as

|=2qu dET(E)[f(E)—f(E+qV)], @)

where the transmission(E) at zero temperature is given by

(for two spin directionp

B I' I'r
(E—Epmo)?+ ([ +Ig)%4’

where Eyo=A—-qV;=A—-qVL,/L is the energy of the
molecular orbital, relative to the Fermi level of the left elec-
trode. The transmission is maximal and equals unity when

T(E) ®

2. Since the voltage drops proportionally to the lengths of thds=Ewmo and I't =I'r, which corresponds to a symmetric
barriers V5% L1 2, we obtain for the partial voltage drops position of the central cor_uugated parzt with re§|geft to the
Vi(2=VLy(z/L, whereV is the bias voltage. Forward and €lectrodes. We can estimaté g ~t"/D=Ige =1,

tion, which gives

A
Ve=—(1+§), ()
q
vV —é(1+ 1) )
gl g)
VF/VR:§EL1/L2, (3)

where g is the elementary charge. A significant difference

(MO) and the electrodd) is the electron bandwidth in the
electrodes, andk the inverse decay length of the resonant
MO into the barrier. The latter quantity can be estimated
from #2k?/2m*=U,, where U, is the barrier height
[~4.8 eV in alkane chains (Ch,,*® ~5 eV from density-
functional theory(DFT) calculationg$ andm* <1 the effec-
tive tunneling mass. The current above the thresliaiten
the resonant tunneling condition is mé& given by

2
|~ quoefzktz. 9

between forward and reverse currents should b_e obser_ved We see immediately that increasing the spatial asymmetry of
the voltage rang¥r<|V| <Vg. For our systems in question the design(i.e., increasingL,/L,) changes the operating
the parameteAzl.Z—l.S'eV, Fig. 3, the value being deter- voltage range linearlyVg— Ve~ (A/q)L,/L;, and brings
mined by the work function of the electrodes and the elecypoyt anexponentiadecrease in currefitThis severely lim-

tron affinity of the conjugated part of the molecule, as welljts the apility to increase the rectification ratio while simul-
as by the strength of a surface dipole layer. For unlike electaneously keeping the resistance of the molecule at a reason-

trodes with the work functiong¢, andqde, there will be a

built-in potential in the system¢,=q(¢p>— ¢1), Fig. 2Ad).

able value. One therefore needs a quantitative analysis of all
microscopic details, including the molecule-electrode con-

In this case the expressions for the forward and reverse biagct, and the potential and charge distribution, in order to

voltages are modified as follows:

A
Ve= a+¢b (1+9), (4)
FIRETRE 5
R= b q ) )

Thus, the operating bias “window” in this case is

Al
VR_VF:(VR_VF)O_§¢b:a(E_

Therefore, it slightly €<1) increaseswhen ¢,<0 (1
> ¢,, left work function is larger), angdhrinks downwhen

é) —&dp.  (6)

make comparisons with the data.

. METHOD

Since we study relatively shorter molecules, electron
transport is likely to proceed elastically. We shall treat the
elastic tunneling processes from first principles in order to
evaluate all the relevant microscopic characteristics within
the density-functional theory. This allows us to check the
accuracy of the semiempirical methods used previously, and
find results for new objects of experimental interest, such as
the present molecular quantum dot with a naphthalene con-
jugated middle group. We use ab initio approach that
combines the Keldysh nonequilibrium Green’s function
(NEGPH (Ref. 18 with pseudopotential-based real space
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DFT.* In contrast to standard DFT work, our NEGF-DFT nel representation of the scattering states with moméfita
approach considers a quantum-mechanical system with aK") in the left (right) electrodes, where index enumerates
open boundary condition provided by semi-infinite elec- a|| open channelgavailable Bloch states of the electrons in
trodes under external bias voltage. The main advantages @fe electrodes The Fermi functiond (k) and (k") define
our approach aré) a proper treatment of the open boundary the occupied states in the leads to be accounted for in an
condition; (ii) a fully atomistic treatment of the electrodes, eyaluation of the electron transport. To evaluate the Green's
and (iii) a self-consistent calculation of the nonequilibrium f,nction, one treats theéisconnectedystem consisting of the
charge density using NEGF. Details of the method have beegy (right) lead marked by indeKr) and the scatterar. The
presented elsewhetéand here we briefly outline the main transport Green's function is then found from the Dyson
points. _ _ equation

For the open devices studied here, our system can be di-
vided into three regions, a left and a right electrode and a (GR1=(GH -V, (13
central scattering region, which contains a portion of semi- o )
infinite electrodegsee Fig. 1 This division effectively re- yvhere the unperturbed retarded Green’s function is defined
duces the infinitely large problem to one defined inside d" Operator form as
finite scattering region, by using the fact that deep inside our H H 0
electrodes, the effective Kohn-ShaniKS) potential Ll l.c
Ve p(r)] corresponds to the bulk KS potential. Boundary (G})"*=(E+i0)S—H, H=| Hc¢; Hcc He,

conditions on the central scattering region, which corre-
. . X 0 H,. H,,
sponds to our DFT simulation cell, can then be writtén, ' ' (14)
VE() =V pur),  2<7 H is the Hamiltonian matrixH¢;=H/., H,.=H! , Sis

theoverlapmatrix, S; ;={xi| xi), for nonorthogonal basis set
vef=4 Ve, A <2<Z (10 orbitals x; , and the 1<J:0prli|ng]>0f the scatterer to the leads is
Ve =V, pudr), 2>z, given by the Hamiltonian matri¥ =diad s, 0,3, ,]. In
) . ) all formulas above, it is assumed that the matrix elements are
where the planes, g are the left(right) scattering region given in terms of the nonorthogonal basis set.
boundaries. External bias voltage is then applied as a boung— The self-energy pai® <, which is used to construct the

ary condition for the Poisson equation in our central scatterponequilibrium electron density in the scattering region, is

ing region, which is self-consistently solved on a three-fo,nd from

dimensional3D) real space grid using a multigrid approach.

By including atomic layers of the electrode in our scattering 3===-2im[f(E)3, +f(E+qV)X, ], (15

region, we provide a proper treatment of the electrode- , .

molecule interaction, and allow for the effective screening ofVNeré,iir is the self-energy of the leftight) electrode,

the molecule away from our molecular junction. Importantly, calcul-atedz Igr ihe semi-infinite leads using an _iterative

our atomic electrodes are computed within the same modé?fhn'quel' X" accounts for the steady charge “flowing

chemistry, using a standard self-consistent DFT approach from the electrodes. The transmission probability is

The contributions of our semi-infinite electrodes to the scat91ven by

tering region are then incorporated explicitly through the _ R A

self-energies in the Green'’s function. Furthermore, the addi- T(E)=4TdIm(Z )Gy Im(Z)Gr ], (16)

tional layers of atomic electrode included into the scatteringrom which we obtain the current as

region allows us to consider the effects of charge transfer,

and implicitly accounts for the alignment of molecular orbit- 2e (uL

als to the electrode Fermi enerffpr the Au111) electrodes I= T dE[f(E)-f(E+aV)]T(E\V), 17

considered here, the work function was found to be KR

~5.3 eV]. Finally, the nonequilibrium density matrjx is ~ Whereu, —ur=qV. The local density of states, which is a

constructed via NEGE very important quantity to characterize the spatial character
of the wave functions, can be obtained from

p=5_ | dETIG™(E), (11)

- 1 - -
N(E.N) =5 TG (E)x(r){(x(Nl]. (8
where the lesser Green’s function is determined from the o )
operator relation To cons_trL_Jct the system Ha_mlltonlan, we use self—con3|s§ent
DFT within the local-density approximation. The atomic
G<=GRY<GA, (12) cores are defined using standard norm-conserving nonlocal
pseudopotentia® and we expand the Kohn-Sham wave
via the retardedadvanceyiGreen’s function&R®, and==  functions in a firebaff s-, p-, d- real-space atomic orbital
corresponds to the self-energy part describing an injection dbasis'??2 The Green’s function is determined by direct ma-
charge into the scattering regiédmolecule from the elec- trix inversion. External bias is incorporated into the Hartree
trodes. This process is characterized by the uspah chan-  potential, and in this way the nonequilibrium charge density
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FIG. 4. (Color onling Local density of stateSl(E, yuo ,F), pro- F 0.0054 : '|
jected onto a 2D grid defined by the plane of our central molecule, ' : i
for the naphthalene series=2,4,6,10 from left to right, respec- " i
tively. As the alkane chain increases in length, the coupling of the i P A
naphthalene group to the bottom electrode decreases. The stick fig- e #‘,4"_,,3\{:’_ o5,
ure on the far right illustrates the junction orientation. 0'0001 0 ' '1'5 —
. . . E Y
is iterated to self-consistency, after which the current-voltage neray(eX)
(1-V) characteristics have been computed. FIG. 5. (Color onling Transmission through molecular rectifiers
—S—(CH,),—CiHe—(CH,)¢—S—, m=0,1,2. The peak cor-
IV. RESULTS responds to transmission through the LUMO state localized on the

naphthalene ring. The numbers in parentheses indicate the peak

The physical picture of the transmission through a seriesvidth =T +T' in meV.
of rectifiers —S—(CH,) ,—C;0He—(CH,),,—S— for m
=2 andn=2,4,6,10 is illustrated in Figs. 3 and 4. The trans-clusion is similar to the one reached on the basis of the
mission coefficienT (E) (top panel and the density of states tight-binding model, but the peak positions and sizes are sub-
N(E)=/dVN(E,r) (bottom panel are shown at zero bias stantially different in both cases, the peak size being much
voltage in Fig. 3, with the electrode Fermi level taken as thdarger in the case of the present DFT calculations, Fig. S.
energy origin. It follows from this figure that indeed the ~ NOte that the molecule in the present design remains con-
LUMO (Ref. 23 is the closest molecular orbital transparentductive, so that Coulomb blockade effects should not affect
to electron transport, and it is higher in energy tianby an the transp'ort. Indeed, thga left barn(_ar remains relgtllvely trans-
amountA=1.2-1.5 eV, depending on the molecule. SinceParent, with a substantial trapsmlssmn probability through
the molecule is asymmetric, even at the resonance energy W LUMO, T~0.2 form=2, Fig. 3. The fact that the elec-
haveT(E umo)<0.5, Fig. 3. This can be traced back to the {on placed on the LUMO would quickly escape to the near-
Breit-Wigner formula (8), which for T'r<I, gives est e_Iectrode is obvious also fr_om the map of the projected
T(ELumo) ~4Tr/T' <1, and it falls off as the asymmetry density of states &=E yyo, Fig. 4. , _
increases. There, the transmission through the HOMO and ©Our assumption that the voltage drop is proportional to
HOMO-1 states is negligibléthese states are localized on th€ lengths of the alkane groups on both sides is quantified
the terminating sulfur atomsbut the HOMO-2 state con- by the calculated potential ramp in Fig. 6. The plot is pro-
ducts very well. As we shall see below, the HOMO-2 defines
the threshold reverse voltadk,, thus limiting the operating
voltage range, Eq6).

The maps of the densities of state6E, yo,r) in Fig. 4
show the development of the tunneling gap between the
naphthalene group and more distant electrode separated by
an alkane chain (CH,, n=2-10. The symmetry and
weight distribution of the LUMO in the device is very simi-
lar to the LUMO in the isolated molecule, telling us that the
character of the molecular wave functions is preserved to a
high degree. Obviously, in contact with electrodes molecular
orbitals acquire some finite width’'=I" +I'g, and for
highly asymmetric molecules~TI"| , so it is mainly defined
by the transparency of the shortéeft) insulating group 0.0
(CHp)m. One needs a rather small width which defines FIG. 6. (Color onling Potential drop as a function of position
theg sharpness of the voltage threshold fqr the curre'nt turQlong the lengthtransport directionof our molecular device, for
on.” We have calculated the molecules witi=0,1,2 with  yhen=2 6,10 molecular rectifiers, at an applied bias voltage of 1 V.
the results fol',=130, 60, and 12 meVFig. 5. The last  The drop is obtained by averaging the potential over a number of
value for the left insulating group (Ghi, seems to be most  representative slices in the transverse direction. The positions of the

reasonable, since the resonant peak is rather narrow yet th@phthalene ring inside the junction are indicated by the stick fig-
molecule remains conductive. However, in some cases théres, and the respective insulating barrier lengths are shown as hori-

short insulating group (C§; may be preferential. This con- zontal lines. Curves are vertically shifted for clarity.

1.5

Voltage Drop (V)
5
Il

o
(9]
|
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FIG. 7. (Color onling Evolution of the rectifier LUMO energy
state as a function of applied bias voltage. Solid black lines repre- F|G. 8. (Color onling 1-V curves for naphthalene rectifiers
sent the electrode chemical potentials, which are symmetrically_s_(CHZ)Z_ClOHG_(CHZ)n_s_, n=2,4,6,10. The short-

shifted by the applied voltager)=Er+(—)qV/2. The forward  dash-dot curve corresponds to a cyano-dofmttied group—C
voltage threshold corresponds to the crossing of the LUMO energy=N) n=10 rectifier.

state with the right electrode chemical potential. In the case of a
CN-doped naphthalene ring both the forward and reverse thresholdimated resistance of the molecule in DFT is substantially
voltages correspond to the LUMO crossing the electrode Fermjess (2.8 ®) compared to the tight-binding model with
level, as in the ideal case, Fig. 2. In other systems, the HOMO-2; phenyl ring as a conjugated central unit (12)G see
defines the reverse voltage threshold, thus reducing the operatinggpe |.
voltage range. One can manipulate the system in order to increase the
energy asymmetry of the conducting orbitalsduceA). To
duced by averaging the full Hartree potential over a fewshift the LUMO towardsEr, one needs in effect to gate the
representative slices<(20) in the transverse direction, with naphthalene group by positive voltage. A chemical way of
a grid spacing of 0&, between them in the direction of doing this would be to attach some chemical group, such as
current(whereay is the Bohr radius The profile is close to —C=N in the present case. The conjugated part would be-
a linear slope along the (GH, chains. There is also a come l-naphthalenecarbonitrile. If this molecule indeed re-
smaller but still noticeable voltage drop across the naphthamains stable with an addition of two aliphatic barrier groups,
lene group, which can be viewed as a fragment of wide-banthen one may observe an effect of such a chemical “doping”
semiconductor. of the conjugated part. The C=N group withdraws a frac-
The threshold bias voltages can be obtained from Fig. 7tion of an electron and acquires the negative chargé
showing the evolution of the LUMO versus bias voltage with = —0.11q. The charge is donated mainly by the naphthalene
respect to the chemical potentials of the rifbft) electrodes  group, which acquires a positive charge and orbitals on the
#r=Eg+(—)qV/2. The forward voltage corresponds to molecule shift to lower energies almost rigidly by about 0.6
the crossing of the LUMOY) and ug(V), which happens at eV, Fig. 9. The value of the shift is compatible with the value
about 2 V. An extrapolated crossing of the LUMO ang of the Hubbard electron-electron repulsion enethy 9 eV
occurs at large negative voltages but, unfortunately, this largen C atoms. On the resultingl-V curve, both thresholds
desirable difference betwe&fy andVg does not materialize.
Although the LUMO defines the forward threshold voltages TABLE I. The parameters for a set of the naphthalene-based
in all molecules studied here, the reverse voltage is definegctifiers with various _rlgh_t lnsul_atlng groups (GH, Fig. 1.
by the HOMO-2 for “right” barriers (CH), with n=6,10. I_+ /1_ the current rectification ratidR the molecule resistance at
The I-V curves are plotted in Fig. 8 and the corresponding?'2S Voltagev=2.5 V.
parameters are listed in Table I. We see that the rectification
ratio for current in the operation windoWw, /I ~ reaches a

A(eV) VeE(V) Vr(V) Ve (V) 1./l R(MQ)

maximum value of 35 for the “2-10” moleculen(=2, n 2 1.23 2.45 2.45 1 2.20
=10). It was estimated to be about 100 for the “2-10" mol- 4 1.37 2.50 3.00 2.50 5 20.1
ecule with a phenyl ring as a conjugated central pate ¢ 1.39 2.15 3.13 2.50 15 90.9
have checked a series of molecules with a central phenyl ringa 0.71 1.05 1.85 1.75 25 11.63
and, unfortunately, do not find any significant rectification in4g 1.50 210 2.85 250 35 2780
this case, because the Fermi level in DFT calculations apiga g3 1.18 250 1.75 85 1287

pears to lie close to mid gap. Thus, the tight-binding results
for large rectification in one-phenyl ring molecules might ®CN doped.
have been a consequence of the model. Furthermore, the éResistance a¥=1.75 V.
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204 — ing in a ballistic quantum-mechanical regime, because of the

15.] S small size. This is very different from present Si devices with
D carriers diffusing through the system. As they become
1.0 \ + smaller, however, the same effects as those discussed here
0 5_‘ — | for molecular rectifiers will eventually take over, and tend to
- ! diminish the rectification ratio. In this regard the present re-
< 0.0 & sults are indicative of the problems which will ultimately be
% 05 1 F faced by Si devices of molecular proportions.
> : It is interesting that the parameters of the device, such as
E_-j -1.0 T the threshold voltages for forward and reverse bias, can be
454 ——= | significantly modified by “chemical” doping. In the present
5] 1 case adding the-C=N electron withdrawing group has
A I scaled the threshold range by a factor of about 2. There may
-2.5 \_ ‘: be other modifications that could improve/add functionality
30l — geem of the molecular devices, by varying central, end, and side
00 02 04 06 groups of the molecule. The present results illustrate very
Transmission clearly that the optimization of the parameters of the molecu-

lar devices is typically facing the problem that some param-

FIG. 9. (Color onling Left: Energy-level positions for undoped eters, such as level widths, vary exponentially, while others,
and cyano doped+-C=N) symmetric (n,n=2) naphthalene rec- sych as the voltage thresholds, vary as a power law as a
tifiers. Right: Transmissiofi (E) for the dopedsolid) and undoped  function of the molecular sizes. Although the approximate
(dotteq rectifiers at zero applied bias voltage. TheC=N sub-  phand diagrams illustrating the level structure, Fig. 2, are very
stituent shifts the electronic levels ne#y to lower energy, increas-  he|pfy| for a qualitative description, the atomistic details of
ing the energy asymmetry and hence decreasing the electron density distribution are extremely important,
Fig. 4. This necessitates the useabfinitio methods, without
which one may obtain qualitatively wrong results.

We have found that in the present study significant recti-
fication may be obtained in relatively short self-assembled
molecules. Self-assembly provides for a good contact with

lectrodes and relatively small resistance per molecule. In

xisting studies of Aviram-Ratner-type molecules they were
assembled by Langmuir-Blodgett deposition and are prohibi-
tively resistive by design, because of a long aliphatic tall
V. CONCLUSIONS needed for the assembi§}. Thus, for applications the self-
gssembly of shorter molecules on metallic electrodes seems

We have presented parameter-free DFT calculations Oft b tial. O hould K in mind that th lecul
class of molecular quantum dots showing current rectifica!® P€ €sSential. bne should keep in mind that the molecular

tion at a reasonable current density through the moleculéectification, here estimated for ideal contacts at zero tem-
The explored mechanism of rectification is different from perature, will be reduced at a finite temperature and also due

Aviram-Ratner diodesand relies on a considerable asymme-to inevitable disorder in the contact area and in the molecular

try of the spatial composition and energy structure of thef|Im. Indeed, the optimal width of the level was found to be

conducting orbitals of the moleculeSince there are no em- about 12 meV, which is just a half of the room temperature,

pirical parameters, the predictions are quantitative and can t%o the temperaturéand static dlsord_&'rwnll significantly
tested in a controllable fashidhWe have studied molecular roaden the level and reduce the rectification. In terms of the

guantum dots with a naphthalene central conjugated grou;?,'mpleSt Cross-point memories one may use a large number
and found a rectificaton of about 35 for of molecules on a pitch. This may allow for use of longer,

— S (CH,),—CyHs—(CHy)g—S— molecules. The better rectifying molecules. There, however, the inelastic

modest rectification ratio is a consequence of the resonaft’ ocesfﬁe}s m" plady a F;Logresf.'f\.’eli'. mo[l?h S|gn|f|cart1t%le|t
processes at these molecular sizes. The present design u wilt further reduce the rectincation. The present resuits

relatively short molecules, which, therefore, should not bé:)rovide an estimate from above for the rectification ratio of

significantly affected by Coulomb blockade effects, as dis-f[he molecular rectlfler_s_ with the present design. Further stud-
of molecular rectifiers should be focused on these out-

cussed in the text. The present study also suggests that tifes Of mo . . . . . .
rectification ratio in the case of a central single phenyl ring,s't"’mc“ng issues in conjunction with experimental studies.
studied previously, is significantly overestimated by the
tight-binding model.

The rectification ratio is not great by any means, but one We acknowledge useful discussions with Shun-chi Chang
should bear in mind that this is a device necessarily operaand R. S. Williams. The work was supported by DARPA.

VE(r) Now correspond to the LUMO crossing either the right
or left electrode Fermi levelsee Fig. 7, and the operating
voltage range is modified significantly. It is not known if the
“doped” molecular rectifier of this kind is stable or n@hus,
the naphthalene with two CN groups is probably unstable
Nevertheless, the present calculations illustrate the effect
molecular doping, which should be general.
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