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: 

The construction of a very simple electronic device, a rectifier. based on the use of a si.ngle organic molecule is 
discussed. The molecular rectifier consists of a donor pi system and an a’cceptor pi system, separated by a sigma- 
bonded (methylene) tunnelbng bridge. The response of such a molecule to an applied field is calculated, and rectifier 
properties indeed appear. 

1. Introduction 2. Architecture of the rectifier cimit 

The tremendous improvements in reliability, com- Common solid-state rectifiers’are based on the use 
pactness, versatility and range of electronic circuitry of p-n junctions. An organic molecule, to show recti- 
due to the widespread manufacture and use of solid- fier properties, should have roughly the properties of 
:state devices constitutes perhaps the majqr techriologi-. a p-n junction. By ‘Lhe use of substituent groups on 
c-al advance of the past quarter century. Within biologi- aromatic systems, it is possible to increase or decrease 
cal systems, however, some tasks performed by solid- the pi electron density within the organic, and there- 
state devices in electronic applications are performed, fore to create_reIatively electron-poor (p-tip&) or 
instead, by organic molecules; such tasks include electron-rich (n-type) motecular subunits. Those sub= 
storage and transfer both of energy and of el&trons. .’ stituents classified as electron withdrawing (that is, 
It has been suggested occasionally [ 1 J that the develop- ‘. showing positive HaFett constants) [4] will cause 
ment of synthetic electronic devices based on orbqnics their,aromatic subunit to becomb relatively poor in pi 
be attempted. Particular interest has been evinced electron density, thus raising the electron affinity and 
recently in the use of organic crystals both as semi- making ihe subunit a good el&ztron acceptor. Con- 
conductors [2] and as possible superconductors [3]. .versely, electron-releasing substituents will increase 
It seems to us reasonable to examine the pot&&l use the pi-el&tron. density, thereby lowering the ioniza- 
of molecules as components of electronic circuitry by. tion potential and rendering the subunit a good elec- 
ltioking, as a start, at the current-voltage characteris-, tron donor [5-71. ‘_ 
tics of a single molecule acting as a rectifier. 1 Certain solids, the so-called charge-transfer crystals, 

Ii this article we present semiquantitative calcula- show high el&ronic conductivit$ and spin susceptibi- 
tioris that are intended to.demonstrate the feasibility ,lity due to the donor-acceptor, transfer of electrons 
of such a molecular~device; .. [8] ,, This electron motion suggests that a rectifier 

could be built in.which electrons would be alIowed to 
* Alfred P. Sloan FouridatiotiFeEow. pass from a cathode to an a,ccept& site or,from a 
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F@ 1. An example of a hemiquinone. 

donor site to an anode, dut not in the other sense. If, 
however, the electronic systems of the donor and ac- 
ceptor molecular subunits are allowed to interact 
strongly with one another, a single donor Ievel will 
exist on the time-scale of any laboratory experiment 
[9]. Therefore, the donor and acceptor sites should 
be effectively insulated from one another in order for 
the device to function. This can be accomplished by 
the use of a sigma-electron system between the donor 
and acceptor pi subunits’. Such a molecule, illustrated 
in fig. 1, might then be expected to show rectifier 
properties; electron current would be expected to pass 
only from left to right,in the figure, along the system 
cathode + acceptor + donor + anode. The hemi- 
quindne molecule shown in fig. 1 may.be used as a 
prototype for understanding rectifier behavior. The 
quino (=O) groups or-the left decrease the pi density 
and r&se the electron affinity, whereas the methoxy 
(LOCH,) groups on the right increase pi density and 
lower ionization potential. Fig. 2 shows a similar mole- 
cule based on the extremely popular acceptor tetra- 
cyanoquinodimeth,ane’(TCNQ) and the donor tetra- 
thiofulvalene (TTF). In this case, we have indicated a 
triple, rather than single, methylene (-CHZ-) bridge; 
this will help ensure molecuhu rigidity. We wiil refer 
to the methyIene bridge as a C bridge henceforth. Its 
purpose is to cause the pi leveis of the donor and ac- 
ceptor sites to be essentially non-interacting’on the 
time-scale of electronic motion to or from the elec- 
trodes. -’ 

donor acceptor tiolecules of the, type shown+ figs. 1 
and 2, the electron affinity of the acceptor will be of 
order ‘i-2.5 volt,while the ionization potentiai of the 
donor wiIl be of order 6-9 volt. Thesk values are con- 
siderably modified in crystals [3], as we might expect 
them to be in our rectifier circuit, due to interaction 
with other (in our case metallic electrode) electronic 
states.-For proper rectifier behavior we require the af-. 
finity level of the acceptor to be either totally or par- 
tialIy empty;and he at or slightly above the Fermi 
level of the electrode (and of course above the ionizing 
level C of the donor) as shown in fig. 3. 

To describe simply the response of such a molecular 
rectifier circuit to an ac signal, we Will employ an in- 
dependent-particle picture for the pi electrons. The. 
empty orbital which accepts electrons from the 
cathode will be called the affinity state. In-the free 

_‘_ ._. ‘, 
. 

a Cqm&e; e.s:, the beautiful experimental work on photo- 
electron spectra of metiflene-bridged aromatics by 

Figs. 4 and 6 demonstrate the passage of electron 
current from cathode to anode and the non-conduc- 
tion of current on reversal of polarity; that is, they 
show the rectifier property of the molecule. As soon 
as the applied field becomes large enough for the 
cathode levels to overlap-the acceptor levels in fig. 4, 
electron transfer onto the acceptor becomes possible. 
The thieshold for this process w.iIl depend on several 
factors, principally the affmity perturbed lev,ei energy 
ER and the work function @. A similar process occurs 
at the donor end, where electron transfer from the 
donor.orbital C to anode becomes possible when the 
applied voltage Y> IP - @, where IP is the donor 
ioniyztion potential. Motion of electrons from acceptor 
to donor will occur under the action of the field. The 
(now occupied) affinity level and the hole left on the 
ionized donor are sufficiently close in energy that an 
electron tunneling process will occur: the tunneling 
width can be of the order of IO-5000 cm-!. This 
tunneling is generally inelastic as can be observed by 
glancing at fig. 5. The-charged acceptor contains an 
electron in orbital B, in the ground vibrational state, 
that tunnels with conservation of energy to the empty 
orbi;:al C at the donor site. Except incases of resonant 
tran:;fer, the level B will lie above C, so that C will be 
prepared in an excited Fran&-Condon state, which 
will then decay radiationlessly, [I l] .‘Tl& process is 
clearly irreversible so long as-B lies above C. 

1\‘e thus thinkof current passage through our recti- 
fier molecule as a three-step equivalent-resistance. 
Kitd:loff net, with the three steps being cathode to 

‘acce,ptdr, acceptor to donor and donor to anode. 
transfers. Thus when polarity is reversed as shown in 
fig. 6 level D would have to be lowered to the.Fermi 
level of the metal on the right and the Fermi level of. 
the metal on the left ‘wou@ have tc bq lowered below .’ 

.’ -. 
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Fig. 2, AR exkpls of a rectifier molecule. 

ACCEPTOR 

Fi: 3. Energy v&us distance af the devie (schetiatic)~ B 
and D itie the affinity levels and A and C the highest occupied 
ievels, of acceptor and donor, respectively. 

level A’in order to obtain assisted tutieling aloud I ., 
these ievels. As can-be seen from the figure, the &r&h- 
old voltage for this process should be relatively hi& 
TheiemrrL6eanadditionalmp,chanism forc@W- ‘ _ . 
tion in this direction that has to be taken into ac- v&m a t~eshold volt?ge, since.it is &.pera&e that 
count. The first step of this mech~jsm involves an in- the donor highest occup,ied molecular arbitd C, an 
teirial tunnekg from level C of the donor to level l3 ’ the right, be energetically at or,above the acceptor s 
of,the’acceptor. T&is would iead to a hole at the iight affinity orbital B, before. tunneling would occur, It is 

side and ti electron on the left side. Fo~ow~ng t&s, thez no.~eve~sib~t~ of the internal tunneling (for 

initid step, tu~~el~g would proceed from charged II small applie’d fields) that yields the rec&cl;tion 
levels to and from the metals. This mec~n~sm also in-‘. properties of the& qnolecziles. i: is thus possible to,, 
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design katerials that would have a larger threshold 
voltage fir conduction in one direction than for the 
other direction; that is, rectifiers. 

(1) 

3. CaIcu!ations 

The passage of electric current through a molecular 
system earl generally be considered simply from the 
viewpoint of perturbation theory, with the total 
moIecular wavefunction perturbed by the applied 
field..Ln the case of our A-S-D system, however, the 
Z bridge effectively separates the pi units, and the 
concept of a total molecule wavsfunction to describe 
the response to an external field is no longer necessari- 
ly the most,convenient starting point. Instead, we now 
choose to consider the three steps of cathode -+ A, 
A + Z: + I), and D + anode as processes in an equiv- 
alent resistance network; arguments for the use of this 
method have been given by Mott and Twose, 
Kirkpatrick and others [12]. The essential reason for 
the use of this model is really based on time-scales; 
the.electrode and bridge processes occur on such dif- 
ferent time-scales that each one is really not dynami- 
cahy coupled to the others. We will also choose to ig 
nore, in our present crude independent-particle de- 
scription, any direct excitonic interactions of the 
donor hole with the acceptor eIectron. The electronic 
eigenenergies (donor acceptor levels) as well as the ef- 
fective tunneling matrix-elements can be roughly 

.estimated using self-consistent field molecular orbital 
calculations. Alternatively, and preferably, these levels 
can be found from photoelectron spectra of the mole- 
cule. Our SCF calculations, which were carried out 
for the molecule of fig. 1 using the INDO semi-empi& 
cal method [13], give rough one-electron energies for 
the molecule alone; interaction tiiftsand broadening 
must then be added. 

3.1. T&c cathode + oiceptor step 

To estimate the rate 3f this transition in an applied 
field, we have employed a variant of the transfer- 
hamiltonian method originally proposed by Oppen- 
heimer [14] to treat field ionization. In this method,’ 
the expredon for the transition probability per unit 

Here II> is the final eigenstate (in otir case, the 
vibronic state on the A site), (Cl> is the initial eigen- 
state t:the metallic wavefunction), and the electric 
field of strength F is directed .llong the z axis. Duke 
[ISI has shown the equivalence of (1) to Bardeen’s 
calcuhtidn of junction tunneling (161. The only dif- 
ference between (1) and the usual golden-rule result is 
that Ij’i is associated with the unperturbed hamiltonian 
on the final site, rather than with the original un- 
perturbed ha_miltonian of which JO> should be an eigen- 
state. The state 10) has simply been taken as a plane- 
wave state @loch states within the electrode would of 
course be more correct, but we do not expect this to 
make much difference in our final result). 

For the states If), however, the unperturbed states 
of the pi system of the acceptor are not good enough. 
As studies of molecular adsorption have shown, the 
molecular eigenstates undergo both shift and broaden- 
ing due to interaction with the electrodes. Gadzuk 
[ 171 presented an early treatment of these effects for 
the case of an atom interacting with a metallic surface. 
He showed that the concept of image charges could 
be taken ov&from classical electrostatics, and that an 
estimate of both the shift and the broadening could 
be obtained from perturbation theory. For the case 
of an alkali atom adsorbed on a metal, he showed that 
correct semiquantitative results could be obtained using 
as an unperturbed basis set the bare atom s-function 
and the lice-electron states within the metal. The 
level shift is then simply 

A.!? 7 ~sll’l,_,,tls)/(s1s> , @a) 

where Is> is the atomic function and H,_,,r is the s- 
electron kteraction with the image charges in the 
metal. For the adsorption of K on Pt, he finds that 
A!Z drops off sIowlywith distance, from 0.3 volt at 
3 A separation to 0.1 voIt at 15 A”. Similar values 
had been previously suggested by Razor [ 181 and by 
Levine [193, while Comer [20] had proposed the es- 
sential shape of the AE curve as a function of distance. 

For our molecule-metal interaction, we first com- 
pute the-shift for each atomic basis function. The 

T For slishffy smaller distances, the shift goes up dramati@ly: 
foor dictakes of order 25 A, values,o! 15-Z volt seem 
reasonable. 
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total shift of the molecular orbitals on the rectifier 
donor and acceptor ends will then be given by linear 
combinations of these basis-function shifts. Thah is, if 
we say, for a particular molecular qrbital Qi (5) 

(2b) 

v,, = c c TpfQj f C.C. 
iED jEA 

where U, are the atomic basis functions, then, denoting 
by Hi -me: the molecule-metal interaction, we have 

(cPjlHm_m,,IVj)= CCi, Ci~(~~IH,_,&I~~) * (3) 

We find the coefficients Ci, using the IfiD procedure, 
while the final matrix elements in (3) are evaluated 
using the image-charge procedure of Ga&uk”. 

Thus far, the calculations have been based on those 
for either elastic electron tunneling (Oppenheimer 
transfer hamiltonian) or adsorption (shift and broaden- 
ing of molecular levels). There is, however, one extra 
complication brought about by the fact that, even 
after brdadening due to interactioa with metallic 
electrodes has been included, there can still be im- 
portant contributions from vibrationally inelastic 
tunneling; that is, a contribution to the electron trans- 
fer possibility can arise from transfer of an electron 
from the cathode to a vibrationally excited level of 
the acceptor. On the basis of strong-coupling theory 
[l l] and assuming, as is generally the case for aromat- 
ics, that one particular normal mode (usually the 
1400 cm-l stretch) is far more strongly coupled than 
any other, one can evaluate the relative transition 
probabilities to various vibrational states. This is a 
standard problem in electron-transfer reactions. For 
our present calculations, we have taken :he.diagonal 
Frdlich-type coupling constant as 1 S, the standard 
spectroscopic value. The contribution of the inelastic 
component is in fact small for the electrode process; 
it makes its major contribution in the internal tunnel- 
ing step. 

The Hb, and Hn are the subunit electronic hamiltonians 
for the-A, D ends, and of course include two-electron 
terms. The i, j in (5) run over the one-electron pi states 
of the donor and the acceptor?, respectively; T+ is an 
effective one-electron transfer, or tunneling matrix 
element, and (li’ is a Fermion creation operator for or- 
bital j. Using simple moleculararbital splitting GIN- 
siderations (or, more elaborately, a cznoniczl trans- 
formation), the size of the tunneling elements 7’~ can 
be estimated from separate SCF-type calcuIations on 
D, on A, acd on A-Z-D. The element Tda was 
evaluated in this fashion for the molecule of fig. I 
using the INDO parametrization, and found to be 
360 cm-l. While this is certainly not quantitatively 
correct, it is in qualitative agreement with expecta- 
tions as to the transfer probability for a Z bridge, and 
we will use it without further correction??. 

When the rectifier molecule is placed between 
electrodes, the one-electron levels will, as stated above, 
shift and broaden. The transfer probability for an 
electron passing from A to D will still be proportional 
to 1 Tda 12, but it will ako contain densityof-states fac- 
tors on the final state, as wall 2s Franck-Condon fac- 
tors describing the possibility of inelastic transfer. 
Both the electronic changes and the vibronic factors 
were discussed above in connection with cathode 4 
acceptor motion. 

3.3. Donor + anode motion 

This is treated in a transfer-hamiltonian procedure, 
very similar to the cathode -+ acceptor calculation. 

3.2. A + D motion 4. Results 

Within our equivalent-resistance scheme and one- 
electron model, we have effectively chosen to write 

A current-voltage characteristic can be caIcuIated 
along.the lies described above. The true chacacteristic 

* Gurney [21] has pointed out that, due to tunneling, the ? We have assumed that the i, j states are approximately OI- 
one-electron levels will in fact become broadened. This thogonal, so that [ok, of], = 6k[. 
broadening is negligiile at our assumed 3 JI separation. t? The n-Z-z idea was first suggested to us by P.E. Seiden. 

. 
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the electronic hamiltonian of the entire molecule as 
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In fig. 7 we ha’ve $%&ted the ca!c&ated- v 
characteristic for arbitrary choices of dqnor ionization 
potential, accept& electron affinity, and electrode 

: ,;I’ .,:,_ r, ,:m wosk function. More complete calctilations, including 
a discu+on-of the dependence of the.cuFent on these 

N 
. parameters, &II be published subsequently: The im- 

‘6 portan< observation to be made about the present : 
result i:; that there is indeed a rectification evident: 

$‘-- k!t is, current passes preferetitially to the right in figs. 
1 and 2. The threshold potential for passage of current 

0 
is determined essentially by the voltage at which 

5 
WLT. meaningful overlap of the broadened states ll3> and 

I 
-0.48 

.IC) aria the respective metallic states occur. In our 
-ox -016 0.00 016 0.X 0.e 

case, tLe broadening has been.found to be negligible, 
due to the large distance from.the electrode, so that 

4 ,, fhe I- 17 curve is nearly discontinuous near thr&hold: 
9 For IaqJer broadening, this onset of current flow will . bzcomesmoother. If the reverse voltage is pushed 

%, .- high enough, current will indeed begin to fiow through 
the pi system from anode to cathode; for the present 

$, . choice 3f parameters, this occurs at an applied voltage 
of 0.55 volt. 

A large number of materials and synthesis problems 
_.$ . . must, clearly, be overcome before such a molecular 

electrbnic de&e can be tested in the laboratory. Ef- 
$. forts tcwards the.solution of these problems are 

presently under way:In addition, there-are several 
Fig. 7. I’,F’characteristics of a molecular rectifier including ,serious drawbacks to the present se&quantitative 
direct electrode to electrode turqeling. I in A/cm’, Vin volt, treatment, including neglect of direct energytiansfer 
EA acceptor = 5.0 eV, IP donor = 5.3 eV, Q = 5.1 eV. from D to A (t&can, however, be minimized if the 

geometry is chosen properly), possiiile J&n-Teller 
of such‘s circuit, however, will contain other contri- effects, difficulties with electrpde polarization, and, 

..butions to the current. These might include suiface particu!arly, electron correlatipn effects. Some of 
terms and pirect passage due to inhomogeneous pre- these will be corrkcted in further work. The essential 
paration’of the molecular layer, both of wKch could point to be made, however, is that the& calculations 
be-difficult experimental problems but will be ignored Seem to verify that a properly coristructed single or- 
here. Another possible contributor would be direct ganic rcolecule can indeed exhibit useful device proper- 
t!uuielir&df electrons,from electrode, to electrode ties. In turn, such properties may aid in our further 
.with' the signia nehvork as a barrier. Thjs last contri- understanding of the-molecular el-ctronic structure 
puti& iiiather.difficult to calculate. Kuhn [22], in of the& molecules. 
an elegant series of experiments, has measured the 
dir&t conductivity of molecular films of fatty acids;, . . 
.usiiig a.Langmi.Gr-Blodgett film with a vapor- ‘Acknmvl&ement 
de’pq’sited electrode, We have cdmpared the direct ‘. 
passage current v&h that expected by pi-eletitron This work was undertaken aft& a s&es of discus-. 
m@io$ir ‘ihe rectifier, and it appears clear. that the sions o!l the concept of molecular rectifiers with M.J. 
direct t!anSmission contribution .wjli be smail co!-. .-. Freiser, W.R. Yoing and-especially P.E. Seiden of 
‘pared to the’~~@ifier current. :. PM. Wiltson I+tboratories; we are veiy appreciative of. ,, 
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