PHYSICAL REVIEW B, VOLUME 64, 085405

Theory of electrical rectification in a molecular monolayer
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The current-voltage characteristics in Langmuir-Blodgett monolayergtaxadecylquinolinium tricyano-
quinodimethanide (GH;3;Q-3CNQ) sandwiched between Al or Au electrodes is calculated, combatding
initio and self-consistent tight-binding techniques. The rectification current depends not only on the position of
the LUMO and HOMO relative to the Fermi levels of the electrodes as in the Aviram-Ratner mechanism, but
also on the profile of the electrostatic potential which is extremely sensitive to where the electroactive part of
the molecule lies in the monolayer. This second effect can produce rectification in the direction opposite to the
Aviram-Ratner prediction.
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[. INTRODUCTION tion results from the asymmetric profile of the electrostatic
potential across the system. We obtain that thgHgs tail
Molecular electronics has gained large-scale interest iplays an important role in this asymmetry, and we predict a
recent years. A promising system is the electrical rectifieimore symmetrid (V) curve in the case of molecules with a
based on suitably engineered molecules. At the origin of thismall alkyl chain. Quite generally, our work emphasizes the
idea, Aviram and Ratnérproposed in 1974 to usB-o-A  importance of the electrostatic potential profile in a molecu-
molecules, wher® andA are, respectively, an electron do- lar system and suggests that this profile could be chemically
nor and an electron acceptor, ands a covalent “sigma”  designed to build new devices.
bridge. Electrical rectification was observed only recently, in
particular in Langmuir-Blodgetf{LB) multilayers or mono- Il. ELECTRONIC STRUCTURE AND POTENTIAL
layers of y-hexadecylquinolinium tricyanoquinodimethanide )
(C16H33Q-3CNQ, 1, Fig. 1) sandwiched between metallic To calculate the electronic structure and the geometry of
electrode€% Even if these results represent an importanthe free moleculeggas phase we Oh_ave performedb initio
progress to achieve molecular electronics, the physicdtalculations, using themoL code? in the local-density ap-
mechanism responsible for the rectification is not clear. On@roximation(LDA) with the functional of Ref. 11, and in the
critical issue is to know if the Aviram-Ratner model can be 9eneralized gradient approximati¢6GA) of Ref. 12. The
applied to1, because it is ®(+)-m-A(—) molecule® On two approximations give very close_ results. We use a dpuble
the theoretical side, these molecular diodes are complex sy8umerical basis seftwo atomic orbitals for each occupied
tems, characterized by large and inhomogeneous electriybital in the free atom together with polarization functions
fields, which result from the molecular dipotds the layer,
the applied bias, and the screening induced by the molecule
themselves and the metallic electrodes. A theoretical treat 7
ment of these effects is presently lacking, as most of the Al I Acceptor
theoretical works ignore the effect of the electric field or, in \C
the best cases, only consider the application of an externa 7
electric field on isolated moleculés? Thus it requires a self- 77 <« @
consistent resolution of the quantum-mechanical problem, 7
including the molecules and the electrodes. Our aiminthis ~~ "~~~ "~~~ """ """ """ oo oo
paper is to present such a t.heo.ry, and its application to t_heEF LUMO (A LUMO (D)
systems experimentally studied in Refs. 3, 4 and 6. Combin- — (A)
ing ab initio and semiempirical calculations, we show that \
the direction of easy current floyectification currentde- — > BV
pends not only on the position of the HOMO and LUMO, ®) HOMO (D) z
relative to the Fermi levels of the metal electrodes before HOMO %
S . oo o : (A)
bias is applied, but also on their shift after the bias is applied:
this situation is more complex than the Aviram-Ratner FIG. 1. Top (a): Schematic representation of;El3:Q-3CNQ
mechanism, and can provide a rectification current in thend of the diode. Bottonib): The Aviram-Ratner mechanism for
opposite direction. We calculate that the electrical rectificamolecular rectificatioRef. ).

Al
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(2p for H, and 3 for N and Q. As the molecular diode is a
complex system, which cannot be treated in LDA, we have ~20L
developed self-consistent tight-bindifigB) calculations, as ﬁ
described in Ref. 13. We start from the GGA optimized ge- S
ometries. C and N atoms are represented bysoaed three e 10
p atomic orbitals, and H atoms by oserbital. The diagonal =T
terms of the Hamiltonian matrix are charge depentféfitin E‘
atomic units, o
0 1000 2000

Specific area (A2
Hia,ioz:HiOa,ia_Z QJ/ Rﬁ—'_(ez/u(%)_evext(l)! (1) P @9
J FIG. 2. Evolution of the dipole moment of;g4;,Q-3CNQ in a
monolayer without electrode as a function of the molecular area.
whereq is the orbital indexj andj are atomic indice§ runs
over all the atoms of the systenQ; is the net charge on pled, as in the original Aviram-Ratner model. This is obvi-
atomj, R;; is the distance between atomandj, Uy is the  ously due to ther bridge between the donor and acceptor
intra-atomic Coulomb energy and the quantiﬁﬁ%’m define  sites.
the s andp atomic levelsV.,(i) is the potential induced by Because of the large dipole of the free molec(@@D in
the charges on the electrodes. It is calculated using a selffB), electrostatic interactions play an important role in the
consistent solution of the Schtimger and Poisson equations, LB film. We plot in Fig. 2 the intensity of the dipole, when
with the boundary condition imposed by the applied biaswe vary the molecular area in a free monolayer without a
The second term in Ed1) is evaluated using the method of metallic electrode. At a molecular area of 58.5 e dipole
Ewald;" taking into account the two-dimensional periodicity is screened by a factor 2.6, due to the Coulomb interaction
of the LB film. The molecules are ordered on x6.5A  between the parallel dipoles. When the metallic electrodes
rectangular lattice, corresponding to a molecular area of 58.are included, the dipole moment is enhanced, because of the
A%, close to the experimental value of50 A%3 The mol-  attractive interaction between the charges in the dipole and
ecules are inclined by 45°, as measured experimeritallythose induced in the electrodes. We obtain a final dipole of
Chemical interactions between molecules are supposed to B@®D in the diode at zero bias. This dipole layer gives rise to
negligible. The LB film is sandwiched between two planar Al a built-in potential between the two sides of the film, as
or Au electrodes, which we put at 3.2 A from the edges ofshown in Fig. 3, where we plot the average electrostatic po-
the molecule, a reasonable value for molecules in weak intential in the system. In the presence of the electrodes and at
teraction with a metallic surfacé.We applied our calcula- zero bias, opposite charges appear on the electrodes (5.8
tions tol, but also to molecules with a smaller alkyl chain or x 10~ 3 electrons/ &), so that the induced potential drop ex-
without alkyl chain(Q-3CNQ, 2) for reasons which will be-  actly cancels the one created by the dipole layer. When a bias
come clear later. As expected, the electronic structure closig applied to the diode, the HOMO and the LUMO energies
to the gap does not depend on the length of the alkyl chaibecome linear functions of the voltag¥) with the same
for the free molecules. We predict a large dipole moment oklope(#) for the two levels(Fig. 4), which is another conse-
21D in LDA and 27D in TB. The general results in LDA  quence of their delocalization. Indeed, if the two states were

and in TB_ are quite similar, and agree with recentiocalized at opposite sides of the molecule, the energy of the
calculations"’

Figure 1 describes the original Aviram-Ratner . . . . .
mechanisrh® for a D-o-A molecule. The electronic states are Sl --- 0 Volt
supposed to be totally localized either on theide or on the — +2 Volt
A side. The HOMQ(D) and LUMO (D) are high in energy,

compared to, respectively, the HOM@) and LUMO (A). < Of
Therefore a current can be established at relatively small £
positive bias, such that the Fermi level at theside is higher g
than LUMO (A), and the Fermi level at thB side is lower g—z—
than HOMO(D), providing that the electrons can tunnel in- &
elastically through ther bridge. Thus we expect an asym- _at

metric [ (V) curve with an important rise of the current at

positive bias above a given threshdtte electrode af side

is grounded, as in the experiment$® In the case of our mh 5 " ” ” o
D(+)-m-A(—) molecules(1 and2), LDA and TB calcula- Length (A)

tions show that the HOMO and the LUMO are strongly de-

localized on the whole molecule. Even if the HOMO is more  F|G. 3. Electrostatic potential in the metaC;gH3:Q-3CNQ
localized on theA part and the LUMO on thé® part, the  film | metal system at zero biddashed lingand at+2 V (straight

extension of the wave functions on the opposite side exceedige). The potential is defined as an average value in a lattice unit
30%. Thus the two parts of the molecules cannot be decoteell.

Metal Left D-n—-A  Alkyl Chain Metal Right
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FIG. 4. Evolution of the LUMO and HOMO energiéeelative
to the vacuum levélas a function of the applied bidstraight lines:
C16H33Q-3CNQ, dotted lines: Q-3CNQALt zero bias, the molecu-
lar levels and the metal Fermi levels are as shown for ¢asef
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large gap® This important effect is particularly striking in
Fig. 3, where we compare the electrostatic potential in the
system at zero bias and at2 V. The voltage drop in the
molecular layer, and thus the factey can be simulated,
using a simple dielectric model, where the different parts of
the structure are described by a dielectric medium. We con-
sider three regions: the vacuum gaps between the molecules
and the metal electrodes, the Q-3CNQ part, and the alkyl
chain, with respective widths, ;¢ ym, d, daiyi, and respec-

tive dielectric constants X, ande . We obtain easily

1
Ex dalkyl
€alkyl (d,+dvacuume )

This equation explains well the dependenceznoWith the
length of the alkyl chairiFig. 5). The best fit is obtained with
£ ,=10.0 ande = 1.6, in agreement with the fact that the

=5 (2

1+

Fig. 6. The crossings of the LUMO and HOMO energies with thealkyl chains have a small polarizability. Measurements on

Fermi levels(dashed linescorrespond to current thresholds in the
1(V) characteristics.

monolayers of alkyl chains between metal electrodes give
values ofe 5, between 2.0 and 2.5, but for a density of one
molecule per surface of 20—222ARef. 19 (compared to

state closer to the grounded electrode would vary less thab8.5 A in our casg Our calculations for such a monolayer

the other. For example, it was shown recentlyDpor-A mol-

with a molecular area of 20 Agives Ealky~2.1, in agree-

ecules that the HOMO-LUMO gap is strongly distorted by ment with the experiments.
the electric field, because the two states are localized on

different sites. In contrast, in our case obam-A molecule,
the gap is almost independent of the applied voltage.

The sloper, obtained from the self-consistent calculation,
strongly depends on the length of the alkyl chéfig. 5). It

can be estimated by comparing the center of the chro-

mophore of the molecule with the molecular length. Thus
for Q-3CNQ, 7=0.49 (close to3), because the potential
drop is symmetrically shared in the molecule, while for mol-

Ill. CALCULATION OF THE CURRENT

The current intensity is calculated using the Landauer
formula?®

2e (=
Ffﬁx[fL(s)—fR(s)]TI’{Ga(S)FR(S)Gr(s)FL(s)}dS,
3)

eculel it is 0.21(close toz), because the states are localized\yhere f_(¢) and fr(e) are the Fermi-Dirac distribution
in the Q-3CNQ part, close to the grounded electrodesn tions in the left and right leads, respectiveBi’ @) (¢)
whereas a large part of the potential drop takes place in thge the retarded and advanced Green’s functions of the mol-

alkyl chains, which have a small polarizability due to their
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FIG. 5. Variation of » with the length of the molecules

CHuy+ 1Q-3CNQ (% . full self-consistent tight-binding calculation;
straight line: simple dielectric modely is the slope of the linear

ecule, and thd{-R}(¢) are matrices that describe the cou-
pling of the molecule to the electrod®The Green’s func-
tions of the semi-infinite metal electrodes are calculated in
TB,% using the decimation methdd.The hopping matrix
elements between metal orbitdlg) and molecular orbitals
(B) are restricted to the interactions with metal atoms of the
top surfaces. They are written

Syp(d)
S,5(do)

where d is the interatomic distancel, is the sum of the
f:ovalent radii of the two atoms, andjﬂ(do) is the hopping
integral, calculated from Harrison’s rufésat the interatomic
distancedy- S, 4(d) is the hopping matrix element, as calcu-
lated by Che?f' to study the current in a scanning tunneling
microscope. The advantages of expressidn are: (i) at
small distancel close tod,, the couplings are close to Har-
rison’s values, which give a good description of the chemical
interactions® (i) at larger distancesded,), the exponen-

V()= VHa(do), @

dependence of the HOMO and the LUMO energies with respect tdial dependence of the hopping integrals witlis correctly

the applied voltage.

described by the expressions given by CHeRor a given
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FIG. 7. Calculated (V) characteristics of AC;gH33:Q-3CNQAI
FIG. 6. Three possible schemes for the position of the moleculafor the three configurations of the molecular levels, with respect to
energy levels with respect to the Fermi level of the leads at zerehe Fermi level of the electrodes, as defined in FifstBaight line:
bias.| andA are, respectively, the ionization energy and the electrona); dashed line(b); dotted line:(c). Insets: same for AQ-3CNQ)|
affinity of the isolated molecule&.;, andX . account for the reduc- Al.
tion of the charging energy in the diode due to the screening by the

lectrodes. . . - .
elecirodes monolayef The main effect is a rigid shift of the whole set

_ _ _ of molecular energy levefs. Thus, in order to investigate a
bias, we calculate. the self-consistent elt_actromc structure angroad range of possible experimental situations, we have
the Green’s f_uncuons of the molecule in the LB film. The -gnsidered a second situatidh) corresponding to the Al
Green’s functions of the whole system are calculated by COUrgrmi level at the middle of the HOMO-LUMO gap and, a
pling the molecules to the leads. third situation(c), symmetric to the first one, where the Al

Fermi level is closer to the LUMO level.
IV. RESULTS FOR Al ELECTRODES The calculateq (V) characteristics are plotted in Fig. 7
for moleculel, with its long alkyl chain. In the level con-
Let us consider the case of Al electrodes. We need tdiguration (a), we predict an asymmetri(V) curve with a
discuss the problem of the position of the molecular leveldorward behavior at negative bias, contrary to the Aviram-
with respect to the Fermi level of the electrodes at zero biasRatner situation. The onset of the current-at.1 V corre-
We have considered three situatidiag, (b), and(c), which  sponds to the resonance of the LUMO level with the Fermi
are summarized in Fig. 6. The first situatita corresponds level of the D(+)-side electrode, as shown in Fig. 4. The
to the vacuum level alignment, a common approximation forelectrical rectification arises from the asymmetric profile of
physisorbed molecules. The HOMO and LUMO energy lev-the electrostatic potential across the system, leading to
els are fixed, with respect to the metal work functi@gh2 ~ # 1. The resonance of the LUMO with the Fermi level of the
eV), by the ionization potentidl and the electron affinith,  A(—)-side electrode could only occur at high positive bias
respectivelyA andl include the charging energy of the mol- (3.7 V). In configuration(b), the resonance with the LUMO
ecule, corresponding to its ionization when the current flowsshifts to a more negative voltage-1.8 V) but there is an
through the structure. We have calculated these values iadditional onset at-1.8 V, corresponding to the resonance
LDA (1=6.9eV,A=2.7eV forl and2).® But, for an ion-  with the HOMO level(almost invisible in Fig. 7 because the
ized molecule in the diode, we must also consider the screenransmission coefficient is smallFinally, in configuration
ing due to the electrodes, i.e., the interaction energy betwee(), only this latter resonance is possible-at.0 V, giving
the extra chargéan electron in the LUMQ}, or a hole in  rise to a rectification at positive bias. The situation is com-
the HOMO ;) and the image charges induced in thepletely different in the case of Q-3CN@nset of Fig. 7,
electrodeg® It is given fairly accurately, in first-order pertur- where »~3. If a Fermi level of an electrode energetically
bation theory, by ne)=(¥n(e)| Vind ¥n(e))/2, WhereVi,q is  reaches some molecular level at a given bias, the same effect
the electrostatic energy of a charge between two metallioccurs symmetrically with the Fermi level of the other elec-
electrodes. We obtain in TB.=0.53eV andx,,=0.62eV  trode at the opposite bias(Fig. 4). This leads
for 1 (respectively, 0.90 and 0.97 eV f@j. We fix the mo- to—almost®—symmetricl (V) curvesfor the three configu-
lecular levels by applying a rigid shift to all unoccupi@zt-  rations (a), (b), and(c).
cupied states, such that the LUM@IOMO) level position Experimental studi€s® have been made on moleculés
is given byA+2X (I —2X}). Figure 6(casea) shows that the with a long alkyl chain; some Almonolayef Al devices
Al Fermi level is closer to the LUMO level than the HOMO. show (i) a rectification at positive bias and relatively low
In fact, the vacuum level alignment does not occur in manycurrent? (i) some have symmetrica(V) curves, andiii)
metal-organic systenfS.In our case, the alignment may be some have relatively high currents and rectification at nega-
influenced by charge distributions in the thin Al oxide, which tive bias? The calculations presented here would make case
is unavoidably present between the Al electrodes and the LB) correspond to configuratiaic), where the HOMO level is
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0.5 curvé with the calculated one for AG;gH33Q-3CNQAU.
D g4l | — theory (CsH;:Q-3CNQ) As discussed above, the theory predicts a rectification at
BT - theory (€30 3CNQ) positive bias, in agreement with the experiments. But we
2 o3l | exp. (C¢H3;Q-3CNQ) have been obliged to multiply the calculated current by a
E T factor 1 to be on the experimental scale. Recent works
< show that the amplitude of the current is very sensitive to the
w021 )
py 3 nature of the interface between the metal and the
= ol x10 ! molecules’® However, we have checked that there is no way
g to explain this factor by reducing the distance between the
g 0.0l _ molecules and the electrodes. Thus one possible explanation
© g is that some metal of the top Au electrode deposited on the

-0.1 : L L ! . . L LB film has slightly diffused in the molecular layer. This is

20 -15 -10 -05 00 05 10 15 20 equivalent to a reduction of the length of the alkyl chain,

Bias V (Volts) which acts as a barrier for the tunneling of the electrons.
Figure 8 shows that a correct magnitude of the current is
FIG. 8. ExperimentalRef. 6 and calculated current-voltage obtained for AUCgH;,Q-3CNQAu, or equivalently for a dif-
curves of molecular diodes with Au electrodes. fusion of gold over a length of4 A (taking into account the
tilting of the molecules This is quite realistic with gold
close to the metal Fermi level, and cage) correspond to  electrodes, even if the experimental procedure of Ref. 6 has
configuration(a), where the LUMO level crosses the Fermi peen designed to avoid at maximum the diffusion of the
level of the Al electrode with bias applied to it. All this metal. The theory predicts a saturation of the current at high
experimental variability is either due to molecules turningvohage, which is not observed experimenta”y as the experi-
upside down after film deposition and before measurefhentmental threshold~+1.6 V) is at higher voltage. We must
or it is due to nonuniform charges in the thin Al oxitie. add that the steplike dependence of the calculated current
would be broadened by taking into account the interactions
V. RESULTS FOR Au ELECTRODES between the molecules or the coupling to molecular vibra-

) i tions. On the experimental side, the application of high bias
Recent experimerfthave been performed on LB films of starts to degrade the molecular didde.

the same molecules but using oxide-free Au electrodes. All
the operating device@ot short circuitegl are rectifying at
positive bias with a threshold at+1.6 V (Fig. 8. The main VI CONCLUSION

difference between Au and Al electrodes comes from the |n conclusion, we have presented detailed calculations of
metal work function(respectively, 5.3 and 4.2 @VShifting  the 1(V) characteristics in a LB film of GH:Q-3CNQ

the zero bias Fermi level at5.3 eV, we can just transpose sandwiched between two Al or Au electrodes. We show the
the results of Fig. 4, from which we calculate the voltages fofimportance to include Coulomb interactions and screening
the resonance between the HOMO-LUMO levels and thexffects in a self-consistent manner. Inescapable conclusions
Fermi levels. As oxide charges cannot be invoked in the casgre that the placement of the electroactive part of the mol-
of Au electrodes, we have only considered the situaten ecule within the gap between metal electrodes is very impor-
where levels are aligned with respect to the vacuum levekant, and that an important experimental issue in the future
We obtain in this case a rectification at positive bias.24  will be to control the band alignment at the organic-metal
V) in agreement with the experimentorresponding to the interface.
resonance of the HOMO with the Fermi level at the
D(+)-side electrodésituation close to the cade) for Al].

The resonance with the Fermi level at thé—)-side only

occurs at—4.6 V. The Institut d’Electronique et de Micrteetronique du
We compare in Fig. 8 one typical experimenigV) Nord is UMR 8520 of CNRS.
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