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Molecular Diode at Fast Switching on (off) Regime

E. G. Petrov
Bogolyubov Institute for Theoretical Physics, National Academy of
Sciences of Ukraine, Kiev, Ukraine

It is shown that after a sudden change of the voltage bias in device “electrode—
molecule—electrode”, only the hopping current components are able to achieve a
great value as compared to the steady current. The effect becomes especially notice-
able at asymmetric coupling of the molecule to each electrode. At such asymmetry,
the molecule exhibits itself as a molecular diode which is kinetically recharged
during the transfer of electrons through a molecule. Just a specific kinetic molecu-
lar charging (at switching on the voltage) and discharging (at switching off the
voltage) become responsible for a formation of switch-on and switch-off currents.

Keywords: charge transmission; kinetic equations; molecular charging; molecular
discharging; tunneling

PACS numbers: 05.30. —d, 05.60.Gg, 34.70.+e, 73.40. — ¢

I. INTRODUCTION

Molecular diode is the simplest basic element which performs a trans-
formation of electric signals in molecular circuits. The first model of
molecular diode has been proposed by Aviram and Ratner in the
70th [1]. But, the experimental verification of diode properties has
been only obtained in last ten years [2-5]. It has shown that noticeable
rectification behavior of organic molecules appears at strongly asym-
metric profile of electric potential along the molecule [6,7]. At the same
time, a rectification behavior of single molecules is also caused by a
specific molecular charging which is happen at inelastic electron
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transmission through a molecule [8,9]. The charging factor becomes
especially significant at resonant electron/hole transmission. Note,
that the reliable experimental results on molecular conductivity have
been only obtained when a stationary regime of charge transmission is
supported. However, an important information on mechanisms of
chasrge transmission through single molecules and nanomolecular
systems one can obtain studying the current evolution to a steady
state just after alteration of the inter-electrode voltage. In the present
communication, we study the physics of current evolution in a molecu-
lar diode at fast alteration of applied voltage.

Il. BASIC EXPRESSIONS FOR A CURRENT EVOLUTION

To understand the physics of current evolution in a molecular device
from its initial value (formed just after a voltage alteration) to its
steady value (formed at ¢>1t, where 74 is the characteristic time of
establishment of a stationary charge transmission in the device), we
model a molecular diode as the system “electrode L—molecule—
electrode R” (LMR-system) where only a single electronic level related
to the lowest unoccupied molecular orbital (LUMO), dominates in for-
mation of the current through a molecule. It is supposed that this level
is well separated energetically from the rest empty and filled levels
(cf. Fig. 1). Similar single-level models are often used to clarify the
physics of charge transmission through organic molecules [8—15].

In this communication, we assume a strong Coulomb repulsion
between two extra electrons occupying the molecule. Therefore, in
the voltage region under consideration only neutral (M) and singly
(M) charged states of the molecule participate in formation of the cur-
rent. Probability for realization of the noted states is defined through
respective charge molecular occupancies W(My,t) and W(My,?).
Evolution of the occupancies is determined by hopping transmission
of electrons from the electrodes to the molecular level. [In Fig. 2,
respective contact rate constants are denoted via y. and y_,,
(r = L,R).] General form of kinetic equations for charge molecular
occupancies have been derived in Ref. [9]. For our case of charge
neutral and singly charged molecular states they read

W (Mo, t) = —2k;W (Mo, t) + ks W(Mj, ), a
W(My,t) = —kyW(My,t) + 2k;W(0,¢)
where

ki =L+ 1r:, ke =2+ 1 g (2)
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FIGURE 1 LMR-system as a molecular diode with the only frontier molecular
orbital. Current formation occurs through real and virtual population of the
LUMO by the transferred electrons. Before a steady current is established in
LMR-system, the currents I7,(¢) and Ig(¢) through the electrodes remain unequal.

E(M,)

_y hopping
x \

tunnehng

——— Lr+E(Mo)

Ur = Eg, Ug = EBg+ eV

FIGURE 2 Charge hopping transmission in molecular diode with active
LUMO. Electrode-molecule and molecule-electrode rate constants are denoted
via yrr) and y_r(_g), respectively. Resonant regime is opened when one of
transmission gaps, AEL(V) or AEg(V), vanishes.
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are the charge transfer rates. Molecular occupancies satisfy the
normalization condition

W (Mo, t) + W(My,t) = 1. (3)

The form of kinetic Eq. (1) is valid if only rate constants y, =
0w V), x_, = x_,(V) and, thus, transfer rates ks =k/(V), ky = ks (V)
are time-independent quantities. If the applied voltage is time-
dependent, i.e., V = V(¢), then, generally, one have to employ much
more complicated non-Marcovian form of kinetic equations. Below
we consider only the fast voltage alteration. At such switching on
(off) regime, the kinetic equations, Eq. (1) are quite suitable for
description of current evolution. Kinetic theory shows that a current
through each separate electrode r contains direct and hopping compo-
nents so that I,(¢) = I (¢) + I"P)(¢). Direct component is given by
expression 197 (¢) = 1) [W(M,, t) + W (M, ¢)] which is identical for
r=L and r =R. Such identity is explained by the fact that a direct cur-
rent is formed by the tunneling electrons which do not really populate
the molecule. In line with normalization condition (3), a direct current
is time-independent quantity which is determined by a standard
Landauer expression [6]

e _ g [ am [f1(B) — fn (E) Ty (E)r(E)

o [E—(E(My) —E(My)? + TL(E) + Tr(E)?/4

(4)

where fz(E) = {exp[(E — u,)/ksT]} ! is the Fermi distribution func-
tion of the r th electrode (1, is the chemical potential, kg is the Boltz-
mann’s constant, 7' is the absolute temperature). Width parameters
I'L(E) and I'r(E) reflect interaction of the molecule with respective
electrodes. Introduction of the current unit I, = 2|e|/h =~ 77.6 pA sup-
poses that all energy quantities including the width parameters, have
to be taken in electron-volts. [It is important to note that if more than
one extra electron can occupy the molecule, then a direct current
component becomes dependent on charged state of the molecule (via
molecular occupancies). Formation of such direct current includes
more than one tunnel route. But that more complicated case is beyond
our consideration.]

Sequential (hopping) charge transmission includes a real popu-
lation of molecular level by the transferred electron. This leads to a dif-
ference between the hopping currents related to each electrode.
Following the kinetic approach to description of charge transfer
processes in LMR-system one derives (& is the Planck’s constant)
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Iéhom(t) = Loh[y W (Mo, t) — y_W(Mq,t)], (5)
10P)(¢) = —Ioh[yg W (Mo, t) — z_g W (M3, 1)).

It is clear seen that an evolution of each hopping current is governed
by relaxation of charge molecular occupancies to their steady values
We(M,; V) = W(M,,t>»14), (v =0,1), formed at given fixed voltage V.
Solving the set (1) at stationary condition W(M,,t) = 0, with taken
into account the normalization condition (3) one derives

___ k()
2k (V) + Ep(V)

2kr(V)

Wt (Mo; V) = e (V) + kp (V) (6)

7Wst(M1; V)

Let 74 be the characteristic time of fast voltage alteration from V = V;
to V =V,. Fast alteration means that 7y >>1,;. Therefore, if one
describes evolution of the occupancies at ¢ >> 1., then solution of the
set (1) is performed at initial condition W(M,,t = 0) ~ W(M,,t << 71oy) =
W (M,; V1) whereas the occupancies theirselve evolve at V = V,. Thus,
the solution to set (1) reads

W(M,,t) = We(M,; Va) + [We (M,; V1) — Wey (M,; Va)le /™ (7)

where quantities Wy (M,; V) are given by Eq. (6). In fact, the Eq. (7)
describes a relaxation of molecular occupancies in LMR-system from
their steady values existed at V = V7 (i.e., before a voltage alteration)
to the occupancies formed at new voltage V = V. This relaxation occurs
with the characteristic time

Tt = Tst(Va) = [2kr (V) + Ry (V)] (8)

lll. RESULTS AND DISCUSSION

On the base of derived analytic expressions one can conclude that evol-
ution of the current through the rth electrode is defined by a sum of
tunnel and hopping components,

I(¢t) = 1% 4 [%P) () (r=L,R). (9)

To specify a tunnel component we use a well known wide-
band approximation [6]. In line with this approximations, the width
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parameters I';, and I'p are energy independent values. This allows us
to reduce Eq. (4) to a much more simple form I\*"(¢) = I{¥")(¢) =
Lgir(t) = ™) where

r.r 2AER(V3) 2AEL(Vs)
Jtun) _ oy LR L0PR\V2)) _ SOPLAY2Z)N
0 T, fTx arctan T, + T arctan T, + T (10)

[In Eq. (10) we have introduced the transmission gaps AEL(V) =
E(My)— (E(Mo) + ;) and  AEg(V) = E(My) — (E(Mo) + jig)  (cf.
Fig. 2).] Whereas the tunnel current component, Eq. (10) is a time-
independent value, the hopping components, Eq. (5) are also time-
dependent quantities. To analyze evolution of these current
components one has to specify the form of contact rate constants that
characterize a relaxation of occupancies. For the sake of definiteness,
we consider the case of small nuclear displacement. Respective contact
rate constants are obtained in the form [8,9]

1(V) = 3 Ton(AE,(V))

14(V) = § T{1 = n(AE,(V))

with

1

n(AE.(V)) = exp|AE,.(V)/kgT] + 1

(12)

being the electronic distribution function with a voltage controlled
transmission gap. [Note that the gaps for both tunnel and hopping
charge transmission are identical.] When an extra electron occupies
the MO then an energy shift of molecular level is defined by voltage
division factor 5 [6]. We consider a situation when the left electrode
is held at zero voltage so that y; = Ep, up = Ep + eV where Ep is the
Fermi energy for both (identical) electrodes. In this case, one derives
EM,) —E(My) = AE(0) + eV and thus

AEL(V) = AE(0) + neV,
AER(V) = AE(0) — (1 - n)eV.

(13)

Here, AE(0) is the unbiased transmission gap.

To have at hand a more suitable expression for the hopping current
components we substitute the rate constants, Eq. (11) and the
occupancies, Eq. (7) into the Eq. (5). It yields
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IPP) () = 1) (Vo) + [P(0) = Ii™) (Va)le /e« (14)

where the characteristic time

h

T (V2) = TL[1+n(AEL(V3))] + Tr[1 + n(AER(V2))]

(15)

is associated with adaptation of the hopping current components to
their common steady value

107V (V) = 1P (¢ > 14(Va)) = T0P) (¢ > 14(Va))
27‘CFLFR

= ST T n(AB (V)]
r=L.R

[n(AEL(V2) —n(AER(V2)].  (16)

The adaptation starts from initial currents

117 (0) = IP) (¢t << <o) = Io 2l
;R [1+n(AE, (V)]
x Y Ty[n(AEL(V3)) — n(AE.(V1))] (17)
r=L.R
and
10°P)(0) = IJ) (t < 1) = —1o 2l 'R
;R I [1+n(AE(V2))]
x Y TH[n(AER(Vy)) — n(AE.(V1))] (18)

r=L,R

that are formed just after a sudden alteration of the applied voltage
from V =V; to V =Vj,. Therefore, we attribute quantities I (0)
and 11”)(0) to the switch-on currents (if Vi =0,Vy=V) or to the
sw1tch off currents (if V1 =V, Vy = 0).

Current evolution depends strongly on the transmission gaps,
Eq. (13). When the gap AE,.(V) is positive then an electron tunneling
occurs in off-resonant regime and thus a tunnel current is not large.
As to the hopping current components, they vanish at zero temperature
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(since a charge hopping process requires a temperature activation).
Situation changes principally if AE,(V) < 0. Now a molecular level
becomes resonant to one of the filled electrode’s level. It forms a tunnel
and a hopping resonant charge transmission in LMR-system. Now, an
electron hopping does not require more a temperature actlvatlon Con-
dition AE,(V) = 0 determines those resonant voltages V = V" that
open a resonant regime of current formation. It is not difficult to see that
a resonant regime with the left (rlght) electrode 1s happen only at posi-
tive (negative) voltages when V > V res)(V < V 7)) where

(res) AE(O) (res)
=22 s, Vi) = -
L leln R

AE(0)

Therefore, two voltage 1ntervals are important for the analys1s
0< V<Vres and V >V (at V > 0) as well as 0>V > V7 and
V<Vm (atV<0)

1.1 Switch-on Currents

For description of current evolution at a sudden switching on the volt-
age, one has to set V1 = 0 and Vg # 0. The switching on effect becomes
especially clear if a voltage jump exceeds 0.1V. Figures 3 and 4 illus-
trate a current evolution at off-resonant and resonant charge trans-
mission, respectively. We have to pay attention on three principal
peculiarities. The first one reflects the fact that a direct (tunnel)
current component does not depend on time belng equal to its steady
value. In off-resonant voltage region 0 <V <V res) (or 0>V > V(res )
where V = Vs, a tunnel current component at does or does not exceed
the hopping current components. At the fixed transmission gaps,
Eq. (13) this is defined by a concrete temperature (cf. Figs. 3a and
3b). The second peculiarity concerns a 1ar%e difference between absol-
ute value of the switching on currents I ) and 11 (0) both at off-
resonant and resonant regimes of charge transmission. This fact is
easy explained on the base of simplified analytic expressions for the
currents. Actually, at voltage alteration of |Vo—Vi|=|V|> 0.1V,
one can set n(AEL(V)) > n(AE(0)) > n(AEg(V)) Gf V >0) and
n(AEg(V)) > n(AE(0)) > n(AEL(V)) Gf V < 0). It allows us to rewrite
Eq. (16) in much more simple form

2nl' L Trn(AE,(V))

(hop) _ .+
L™ = sign(V)lo 5 = A, (V) + Ty

(20)
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FIGURE 3 Current evolution in LMR-system during the off-resonant trans-
mission at room (a) and low (b) temperature. The evolution starts just after
an instantaneous rise of the applied voltage from V =0 to V # 0. Hopping
and direct (tunnel) electron transmission occurs through the LUMO. The
switch-on hopping current and the steady ho plng current drop strongly at
low temperature. Direct (tunnel) current I\ (¢) = 1% (1) = I®") s time
and temperature independent value. The case of symmetrlc coupling of the
molecule to the electrodes is presented. No large difference between the
switch-on hopping current and the steady state hopping current. The calcula-
tions are based on Egs. (10) and (14) at AE(0) = 0.3 eV, I, =g =5-107% eV;
V=405V;n=0.5.
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FIGURE 4 Evolution of current components in LMR-system just after an
instantaneous rise of the applied voltage from V =0 to V # 0. Resonant
regime of transmission through the LUMO is shown for the case of symmetric
(a) and asymmetric (b) coupling of the molecule to the electrodes. At asymmet-
ric coupling, a maximal value of the switch-on ho 1ng current differs strongly
on the steady current. Direct (tunnel) current I =1 1? dir) () = J(tun) ig time
and temperature independent value. The calculatlons are based on Egs. (10)
and (14) at AE(0)=03 eV, I, =T =5-10"° eV (a), T =3-10"3 eV,
TR=5-10%eV(b); V=42V, T=298K; 5 =0.5.
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where one hastosetr=L,r¥ =R(atV=Vy>0)andr =R,r =L (at
V =V, < 0). Analogously, setting V;=0,V, =V we derive from
Eq. (17) and (18) the following expression for switch-on currents,

1"P)(0) ~ Io2nTn(AEL(V)),
17 (0) = Iy2nTgn (AE(0)), (V > 0) .
and
I(Lhop)(O) ~ —Io2rnI'Ln(AE(0)),
10)(0) ~ ~Iy2xTgn(AER(V)), (V < 0). 22

It is not difficult to see that quantity

) Ty {n(AEL(V))/n(AE(O)) V>0 oo

(on) _ _

CLiR = 177(0)  Tr " | n(AE(0))/n(AER(V)) if V <0
varies in wide region dependently on a precise magnitude of the
a(pplied voltage as well as the width parameters. Quantity
¢ LO/"}% = C(LO/"I%(V) can be large (at V > 0) or small (at V < 0) both at sym-
metric and nonsymmetric coupling of the molecule to the electrodes
(i.e., at I', =T'g and Iy # I'g, respectively). The third peculiarity
refers to a ratio between the switch-on currents and the steady cur-
rent. Let, for instance, an applied voltage be positive and I';, > I'i.
In this case, the ratio of a maximal switch-on current to a steady hop-
ping current reads

(hop)
ILImo;E)O Jo1s % [1+n(AEL(V))]. (24)

st

C(On) —

In contrast with quantity C% (which is large even at I', = I'g) the
ratio (24) depends strongly on relation between the width parameters.
If I, = T'g then the (Y is equal to 2 and 3 (at off-resonant and res-
onant transmission regimes, respectively). But, the ratio becomes
large at I';,/T'z >> 1. Thus, the quantity like {®® can be employed as
the characteristic of switching on effect in a molecular diode. It is
important to stress that the effect appears only at asymmetric coup-
ling of the molecule to the electrodes (compare Figs. 4a and 4b). Note
also, that a tunnel current component as well as a steady hopping cur-
rent component alternate insignificantly even though one of the width
parameters (the I';, in our case) increases strongly. At the same time,
the condition I'./T» >> 1,(r' #r), leads to large switching on effect at
V>0,r=Lr=RorV<0,r=R,r=L.
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lll. 2 Switch-Off Currents

Let a voltage bias drop suddenly from V; =V to V3 =0 so that the
establishment of steady current in LMR-system is achieved at ident-
ical chemical potentials of the electrodes, i.e., at y; = uyp = Er. Due
to such regime of transmission a common current, Eq. (9) does not con-
tain a distant (tunnel) current component. As to the hopping current
components 1) (¢t) and 14" (¢), they evolve to a common value
1P — 1hP) (7)) — 0. Figure 5 manifests a current behavior at sym-
metric (panel a) and asymmetric (panel b) coupling of the molecule
to the electrodes. At symmetric coupling, an absolute value of switch-
ing off current 1" (0) coincides with the I gwp )(0) whereas at strong
asymmetric coupling there is a dramatic difference between the noted
currents. One can also indicate a switch-off effect which lies in the fact
that one of the switch-off currents (the I gwp )(O) in our case) exceeds
strongly a steady current I" = 1"P)(V}) formed at V; = V. [Com-
parison of Fig. 4b and Fig. 5b shows that Igwp (V =2V) ~ 10nA and
1"°P)(0) ~ —70nA.] All noted peculiarities can be explained on the
base of analytic expressions

1")(0) ~ —Ip27T L D (V),

I}?oﬁ(O) ~102nTrPrr(V), (V > 0), 2%
and

12"””(0) ~ —1o2rl ' QrL(V),

Ip%)(0) = 1027l g @, (V), (V > 0), 20

[Egs. (25) and (26) follow from respective Eqs. (17) and (18) at
Vi=V,Va =0 and |V; — V3| > 0.1 V.] In Egs. (25) and (26), we have
introduced the factor

_ I'Ln(AEL(V)) — Trn(AE(0))

O (V) = 27
Lr (V) TL[1+n(AEL(V))] + Tr (27)
Expressions (25)—(27) show that quantity
ho,
o _ |2 O _ T (28)

varies in wide region dependently on a precise magnitude of the
applied voltage as well as the width parameters. Quantity Cf’?
becomes large at strong coupling asymmetry (i.e., at I'; > I'g) inde-

pendently on the voltage polarity. Note that a ratio of maximal
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FIGURE 5 Evolution of current components in LMR-system just after an
instantaneous drop of the applied voltage from V #0 to V =0. Resonant
regime of transmission through the LUMO is shown for the case of symmetric
(a) and asymmetric (b) coupling of the molecule to the electrodes. At asymmet-
ric coupling, a maximal value of the switch-off hopping current differs strongly
on the steady current formed at V =42 V. Direct (tunnel) current
190 ) = 17 (1) = 1) is completely absent. The calculations are based on
Eqgs. (10) and (14) at AE(0) =03 eV, I, =T =5-10% eV (a), I, =3-1073
eV,Tp=5-10"%eV (b); T =298 K; y = 0.5.
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switch-off current (the |I(Lh0p )(0)\ in a given case) to steady current
1) — 1%°P) (v, — V) is also determined through Eq. (28) and can be
large. At last, one has to pay attention that independently on the sign
of starting steady current I/”)(V; = V) the current I\"””(t) is negative
while the current 11 (¢) is positive. This fact indicates that switch-off
currents 17 (0) and I g"’p )(0) reflect a starting kinetics of molecular
discharge. [If LMR-system exhibits itself as a molecular diode, one of
the switching currents exceeds strongly the second one, cf. Fig. 5b.]

IV. CONCLUSIONS

Based on the simplest model of system “electrode L-molecule-electrode
R” (LMR) we show analytically that at a sudden alteration of applied
voltage from V; to Va, the currents I\ (t) and I”)(t) through
respective electrodes (cf. Fig. 1) do not coincide for as long as the
charge transmission process in a molecular diode remains transient.
Steady current Ig“)p )'is formed only at ¢t > t; where quantity g is
the time that characterizes the establishment of stationary electron
transmission in LMR-system. At symmetric coupling of the molecule
to the electrodes, the switch-on (-off) currents Igwp (0) and Igl P)(0)
appearing just after a sudden voltage alteration from V; =0 to
Vo=V #0 (or from V; =V # 0 to V3 = 0), do not strongly differ from
steady current IL?"P ) formed at V # 0. But, if the noted coupling is
strongly asymmetric, then diode properties of the molecule embedded
between the electrodes, become significant so that one of the switch-on
or switch-off currents (I"”)(0) or I gl °7)(0)) exceeds noticeably the I"7)
(cf. Egs. (24) and (28) at I';, >> I'r as well as Fig. 4b and Fig. 5b). This
effect may be very important in molecular electronics where single
molecules are assumed to use as basic functional elements. It follows
from the results presented in a given communication, that it is desir-
able, where possible, to avoid the use strongly asymmetric contacts of
molecular diode with the leads.
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