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IN AN ELECTRODE-MOLECULE-ELECTRODE SYSTEM

The kinetics of electroluminescence formation in an electrode—molecule—electrode system has
been considered in the framework of the HOMO-LUMO model. The appearance of electrolu-
minescence in a charge-neutral molecule is shown to be driven by the hopping and tunneling
mechanisms of electron transfer between the electrodes. The corresponding electron transmis-
sion is found to occur with the participation of both real and virtual states of the charged
molecule. Conditions for the electron transmission through the molecule to occur by the hopping
and tunneling mechanisms in the resonant regime are determined. In this case, the molecular
electrofluorescence and molecular phosphorescence, as well as the current through the molecule,

achieve their maximum values.
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1. Introduction

The scanning tunnel microscope (STM) allows the
electroluminescence to be observed in various sys-
tems, e.g., metal surfaces, metal particles, semicon-
ductor heterostructures, quantum dots, and so forth,
as well as in self-assembling molecular monolayers. As
for separate molecules, their luminescence was re-
vealed for the first time in 1988, while studying the
electron density in molecules adsorbed on a sub-
strate [1,2].

During the last decade, the optical properties of
molecules, which are located on a metal substrate,
were mainly studied in connection with their further
application in optoelectronics. However, the emission
associated with the excitation of surface plasmons in
the regions between an STM tip and the metal sub-
strate [3, 4] becomes a significant obstacle in study-
ing the molecular electroluminescence. The direct ob-
servation of the electroluminescence from molecules
turned out possible only provided that the molecule
is isolated from the metal substrate either by means
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of thin dielectric films [5-8| or by using a few molecu-
lar monolayers [9-13]. We would like to mention also
the experiments dealing with the luminescence of sin-
gle molecules [5, 14] attached to an ultra-thin layer of
aluminum oxide grown up on a NiAl substrate. The
obtained plots describing the radiation intensity dis-
tribution over the photon energy differ considerably
from one another depending on the type of an ap-
plied tip. However, the curves obtained by subtract-
ing plasmon modes from experimental curves were
found to be considerably similar [5], which testifies
that the intramolecular luminescence does not depend
on the type of an STM tip.

The results obtained in the course of the experi-
ments with molecular layers [9, 15, 16] showed that
the intramolecular luminescence does not depend on
the voltage polarity, provided that the applied volt-
age biases are identical. This fact testifies that the
molecular levels are not coupled with the substrate,
but are shifted under the action of the applied volt-
age bias. It was also demonstrated that the molecular
electron structure and the resonance of the molecu-
lar levels with the Fermi levels in the substrate and
a tip are the key factors for the molecular lumi-
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nescence to take place. Moreover, the luminescence
was observed only if the voltage bias exceeds the
energy gap between the highest occupied molecular
orbital (HOMO) and the lowest unoccupied molec-
ular orbital (LUMO). The further experiments with
other materials used as insulating layers and sur-
face molecular layers [10, 17-20] brought about sim-
ilar results. In addition, the asymmetry of molecu-
lar fluorescence and phosphorescence with respect to
the applied voltage polarity, which was detected in
works [6, 7, 21] for Cgg and Cyp molecular crystals,
was associated with the asymmetry of HOMO and
LUMO levels with respect to the Fermi energies in
an STM tip and the substrate [22], as well as with
different tip—molecule and molecule-substrate energy
barriers [6, 23].

According to the aforesaid, we may assert that the
energy arrangement of HOMO and LUMO levels in
relation to the Fermi levels in the electrodes plays
an important role in the formation of the electrolu-
minescence phenomenon. However, the mechanisms
engaged, when the current through a single molecule
forces this molecule to emit photons, remains poorly
investigated theoretically. This work aims at elucidat-
ing how the transmission gaps in the system elec-
trode 1-molecule—electrode 2 (1M2) affect the for-
mation of fluorescence and phosphorescence by the
molecule and how this phenomenon depends on the
applied voltage bias. For this purpose, we consider
the kinetics of current formation in the 1M2 system
in the framework of the HOMO-LUMO model.

2. Basic equations

Following works [24-28|, let us consider a model of
1M2 system comnsisting of a molecule coupled with
two non-magnetic electrodes. The Hamiltonian of the
system in the standard form looks like

H = Hqg + Hyol + Hern- (1)

The first term,

He = Z ZErka:_kaarkrrv (2)
r=1,2 ko

is the Hamiltonian of electrodes. Here, E, i is the en-
ergy of an electron in the conduction band of the r-th
electrode and characterized by the wave vector k (for
non-magnetic electrodes and in the absence of a mag-
netic field, this energy does not depend on the projec-
tion of the electron spin o). The quantities ajka and
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arke are the operators of creation and annihilation,
respectively, of an electron in the one-electron state
rko. The second term in Eq. (1),

Hmol - Z |:Z (5/\0' + U)\Ci_,o-ck —(7) Ci—gc/\a +
A o

1 ~ ~
+ 5 Z (Z Usx €}y CraChirgr Crror — J/\A’SAS)\’):|7 (3)

MN#N Yoo’

is the Hamiltonian of the molecule. Here, ), is the
energy of the electron that occupies the A-th molec-
ular orbital (MO) with the spin projection o; the
parameters Uy and Uy, determine the Coulomb in-
teraction between electrons on the same MO and on
different MOs, respectively; the parameter Jyy/ char-
acterizes the exchange interaction between electrons
on different MOs; the operators of creation and an-
nihilation of an electron on the A-th orbital and with
the spin projection o are designated as c;fg and ¢y,
respectively; and §) is the spin operator for the elec-
tron that occupies the A-th MO. The third term in

Eq. (1),

Hcm = Z Z (5)\,rkc_;0arka + B;yrka:«_kocAa')v (4)

A rko

describes the interaction between the molecule and
the electrodes. Here, () ;x are matrix elements that
characterize the interaction between the one-electron
states of the molecule and the r-th electrode.

The transmission of electrons in the 1M2 system

forms a current consisting of the hopping and tunnel-
ing components,
IM(t) = Is(ggl(t) + L4 (2). (5)
The hopping component Iég&(t) is generated by the
sequential transfer of an electron from the r-th elec-
trode to the molecule and, afterward, from the
molecule to the other electrode. The tunneling cur-
rent component Iq;; (¢) is a result of the direct distance
transfer of an electron between the electrodes. The
MOs participate in this transfer virtually, i.e. the
electron is not captured by the molecule. As a re-
sult, even under non-stationary conditions, the num-
bers of tunneling electrons that leave one of the elec-
trodes and enter the other precisely equal each other,
e Igi(t) = I((hlr) (t) = —I(gizr) (t).
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In this work, the case of a weak interaction between
the molecule and electrons is considered. Therefore,
the individual properties of the molecule remain in-
variant, and Hamiltonian (3) can be expressed in the
form [25, 26]

Hpol = Z EM(N)|M(N)> <M(N)|7 (6)
M, N

where |M(N)) and Eps(yy are the eigenstates and the
characteristic energies, respectively, of the molecule
(N is the number of electrons in the molecule). Let
N = Ng be the number of electrons in a non-charged
(neutral) molecule, which can be in the ground state
(M(Ng) = Mp) or in the excited singlet or triplet
one (M*(Ng) = Mg, Mrt). We also adopt that the
Coulomb repulsion in the doubly charged molecule
is so large that, besides the neutrally charged states
indicated above, only the states of singly charged
molecule (M(Ng — 1) = My, M(Ng +1) = M_)
can participate in the electron transfer through the
molecule in a wide interval of the applied voltage
bias. In the framework of this model, the hopping
component of the current through the r-th electrode
is written down as follows:

r r+1 ( )
190 =lel (-1 Y [KALNHM/(NH) -
NMM’'

_ K](&)(NHM,(NI)} P(M(N),1). (7)

where |e| is the elementary charge. In expression
(7), the electron jumps between the r-th electrode
and the molecule are characterized by the rates

K](\Z)(N)%M/(Nil)v in which N = Ng. The current
component
_ (12)
Laix(t) = el Z [KM(N)HM’(N) -
NMM'
(21)
_KM(N)—>M’(N):| P(M(N),t) (8)

corresponds to the direct distance transfer of elec-
trons between the electrodes and takes into account
the contributions made by the elastic (M'(N) =
= M(N)) and inelastic (M'(N) # M(N)) elec-
tron tunneling from electrode r to electrode r’. The
corresponding tunneling rates are designated as

M(N)— M’ (N)? where N = Ng, Ng = 1.

The both current components are the sums of par-
tial contributions. The weights of the latter are de-
termined by the probabilities P(M (NN);t) to find the
molecule at the time moment ¢ in one of the above-
indicated neutral (Mg, Ms, M) or charged (M,
M_) states. The evolution of the molecular popula-
tion probabilities is described by the system of kinetic
equations,

P(M(N);t) ==

N’ M’

_K]W’(N’)HZM(N)P(M/(N/)at):|7 9)

|:KM(N)—>M/(N’)P(M(N)7 t)—

which should be solved with regard for the normal-
ization condition

> P(M(N),t) = 1.

N,M

(10)

In Egs. (9), the rate constants

Kyrny—smr(vy = Z[(l —Onr ) +

rr!

+ (1 - 6r/r)5M/M]K](\r[z]\)l)~>M’(N)

and ")
Ky(ny—smr(n+1) = ZK]\:[(N)AZW’(NiI)
s

can be calculated with the help of expressions pre-
sented in works [24-26].

3. HOMO-LUMO Model

The further specification of the theory is made for
organic molecules, which are luminescent owing to
the electron transition from the half-filled LUMO
onto the half-filled HOMO. We suppose that both the
LUMO and the HOMO belong to the photochromic
group of the molecule, which is connected to the elec-
trodes by means of saturated bonds. Those bonds
play the role of tunnel barriers (spacers), so that
the interaction between the photochromic group and
the electrodes is supposed to be weak. Therefore,
the account for the quantities Bg .,k and Sr,k in
Hamiltonian (4), which describe the interaction of
the HOMO and LUMO with the band states in the
r-th electrode (see Fig. 1), can result in only an in-
significant broadening of energy levels (see expres-
sion (15)). In the framework of the HOMO-LUMO
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model, the excited singlet, Mg, and triplet, Mr,
states are formed by two unpaired electrons located
on the HOMO and LUMO. In this case, the triplet
state Mt = My, is associated with three spin pro-
jections, m = 0 and 1. Similarly, the charged states
of the molecule are characterized by the spin projec-
tions of the unpaired electron that occupies the cor-
responding MO. In our case, M(Ng + 1) = M_(o1,)
and M(Ng — 1) = M, (o), where o, = £1/2 and
oy = +1/2 are the spin projections of unpaired elec-
trons on the LUMO and HOMO, respectively.

In the absence of a magnetic field, the excited
triplet state of the molecule is triply degenerate,
and each state of the charged molecule is doub-
ly degenerate. Taking into account the degenera-
tion of molecular states, it is convenient to in-
troduce the quantities P(0;t), P(S;t), P(T;t) =
= Zm:O,il P(Tm;t), P(—;t) = ZUL P(M_(o1);t),
and P(+;t) = >, P(M,(on);t), which determine
the total probability for the molecule to be found
in the indicated states with the energies Ej, FEs,
FEr, E_, and Ey, respectively. In what follows, we
will consider that the energy E. is high and, conse-
quently, the probability P(+;t) for the molecule to
be formed in a positively charged state is low. From
Egs. (9), supposing that P(+;t) ~ 0, we obtain the
following system of kinetic equations:

P(0,t) = — (Kos + 3Kor 4+ 2Ko_+) P(0,t) +
+KSOP(S7t) + KTOP(Tat) + K—OP(_at)v
P(S,t) = — (Kso + 3Kst + Ks_) P(S,t) +

1
+KOSP(Oat) + KTSP(Tvt) + iK—SP(fat)v

P(T,t) = — (K70 + Kts + K1_) P(T,t) + ()

3
+3KorP(0,t) + 3KsTP(S,t) + §K,TP(—,t),

1 3
P(*,t) = — <K_0 + gK_S + 2.Z’-(_T> P(*,t)‘F
+2K,_P(0,t) + Ks_P(S,t) + Kr_P(T, 1).

The system must be solved with regard for the nor-
malization condition,
P(0,t) + P(S,t) + P(T,t) + P(—,t) = 1. (12)

The coefficients 2, 3, 1/2, and 3/2 in Egs. (11) ac-
count for the degeneration of states, between which
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spacer 1

spacer 2

electrode 1
electrode 2

Nu ‘ photochromic
group

Fig. 1. A photochromic molecular group separated from the
electrode surfaces by spacers. The parameters nyg and ny, char-
acterize the position of maxima for the electron densities lo-
calized on HOMO (H) and LUMO (L). Interaction of HOMO
and LUMO with the band states in the electrodes is governed
by the parameters By 11 (2x’) and Br 1k (2k’), respectively

the electron transitions take place. The quantities
K;j_ and K_; (j = 0,S,T) are the rates of one-
electron recharge of the molecule. The transitions
My = Mgty and Mgty 2 My between the neutrally

charged states of the molecule are described by the
d

rates Kog(m) = kéf()T) + Qos(1) and Kg(yo = ké()T)-l-
+Qs(1)0, Where kéf()T) and ké((i)T) stand for the rates
of molecule excitation and luminescence, respectively,
owing to the interaction of the molecule with an exter-
nal electromagnetic field (while considering the elec-
troluminescence formed in the absence of a molec-
ular excitation by the external field, we must put
kéf()T) = 0). The rates Qg()o and Qos(t) character-
ize radiationless transitions between the same ground
and excited states of the molecule. Those rates arise
owing to the interaction between the molecule and
the electrodes. The radiationless transitions S = T
in the molecule are characterized by the rates Kgr =
= kél% + Qst and Krg = krﬁ% + QTs, which are gov-
erned by both intramolecular interactions (the com-
ponents kg% and k%%) and the interaction between
the molecule and the electrodes (the components Qg
and Qrg). The diagram of kinetic processes described
by the system of equations (11) is depicted in Fig. 2.

Using general expressions for the hopping and di-
rect distance transition rates in the 1M2 system
[25, 26] and applying the widely known wide-band
approximation for the electrodes [29], we obtain the
following expressions for the rates of one-electron

631



V.O Leonov, Ye.V. Shevchenko, E.G. Petrov

Fig. 2. Kinetic diagram of transitions in the 1M2 sys-
tem. The weakly populated state M corresponding to a pos-
itively charged molecule is excluded from consideration

AE. |

- -S

Sy EE
AE
_i___E;__l__

E,

Fig. 3. Transmission gaps in the 1M2 system (the highly
located molecular state My is not taken into account)

recharge of the molecule:

K_;=Y K",

Ko =Y K",

In turn, those rates are expressed in terms of the elec-
tron hopping rates between the molecule and the r-th

632

(13)
(j=S,T).

electrode as follows:

) _1pm (r)
K" =21 (1-n(aB"),
1
KO =210 (1= n(aE"),

r 1 T T

T 1 ks T
K = %F(L)n(AE(_;).
Here, the parameters

0 =20 Bl 0(E - En) (A=H,L) (15)
k

characterize the broadening of molecular energy levels
owing to the interaction between the A-th MO and
conduction electrons in the r-th electrode, and the
distribution

AE JkpT -t
n(AE) = (e J7 kT 1) (16)
determines the dependence of the hopping rates on
the temperature 7. The transmission gaps

AE(_lg- =AE_j—mule|lV, (j=8,T),
AE®) = AE_;+ (1= 1m)le]V,
AE") = AE_o - le|V,

AE®) =AE_o+ (1—n1)|e|V

are equal to the energy differences between the states
of the 1IM2 system with a negatively charged molecule
and a neutral one. At V = 0, those gaps are de-
termined by the quantities AE_o and AE_; (see
Fig. 3). The growth or reduction of the gaps under
the influence of the applied voltage bias depends on
the arrangement of the photochromic group with re-
spect to the electrodes and on the electron density
distribution in the molecule. In the framework of a
phenomenological approach, the dependence of gaps
(17) on V is governed by the so-called “voltage divi-
sion factors” [27,29]. In our case, these are the dimen-
sionless parameters ny and 7y, related to HOMO and
LUMO, respectively (Fig. 1).

The level width parameters (15) and the trans-
mission gaps depending on the voltage bias (see
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Egs. (17)) are responsible for the rates of intramolec-
ular transitions. Using the approach expounded in
works [25, 28], we obtain the following formulas for
those rates:

Qjo ZZQ%), Qoj ZZQ(();), (j=8T), (18)
QST = ZQ(TT P QTS = ZQ’(ITéﬂ )7 (19)
where
o_loore |l (o o
Qjo = %FH L'y [F_ (80—0 _on):| x
x 0(AE") — AE® )
@) _ @aro [ L o @
Qjo = EFH Iy T (8070 _90_]‘)} X
2 1
x 0(AEZ) — AED)),
1 D@ [ 1 2 1
Q() hF(L)F%) _PT( @ g0(())) y
0(AEY) - AED)),
_ e @M (1w @
Qx; o T ( Y- 0) x
<0(AE®, — AEY), (20)
and
() ()
ey 1 1Ty Ty ™) ()
= G %O—j)] "
) A ()
x (AE",) — AE")). (21)

In expressions (20) and (21), 6(x) is the theta-

function. We also introduced the notations go( No=

= arctan(2AE")/T_) and T_ = Y2 (I\"” + 2r§;“>).
Since the probability P(+;t) to find the molecule

in the positively charged state is negligibly low, the

hopping component (7) of the current looks like

seq

IO () = 27k Iy (6,1 — 6r2) {Ké”P(o; t) +

e e
+ 5ngp(s;t) + §K(TZP(T;1:) -

( K%+ K(” + 3K(”) P(—;t)},

ISSN 2071-0194. Ukr. J. Phys. 2014. Vol. 59, No. 6

where the hopping rates K(_TJ? and K J(r_) are deter-
mined by Egs. (14). In Eq. (22), the current unit
Iy = (leln/h) x 1 eV ~ 77.6 pA was introduced.
This means that, in calculations, the magnitudes of
width parameters (15) and transmission gaps (18)
must be taken in electronvolts. In contrast to the
hopping component of the current, the tunneling one
(Eq. (8)) contains two terms,

Laie(t) = IE (1) + I3 (). (23)
The first term,

1% (t) = 7h Iy [Quo P(0; 1) + Qss P(S;t) +
+3QrrP(T;0) + Q——P(—;0)] (24)

arises owing to the elastic electron tunneling, dur-
ing which the electron state of the molecule is not
changed. This process is characterized by the rates

(1)1(2)
2 I'y'Ty ((p(g) _

Qoo = T 9)
st;rhrl;r (2% (1?S>

Qrr = %F(ﬁrw (#%5 — %),

0 = b (- o) +

O (52, - ) 43 (02, - 5%)]. 9

where gb(_T)J = arctan <2AE(_T;/F]-) with 7 =0, S, and
T To = 30,2 (T +T{7); and T = Ts = Ty =

=3, (I‘g) + Fg)). The second term in Eq. (23)
reads

I&(t) = 7hIy [(Ros + 3Ror)P(05t) +
+ (Rso + 3Rst)P(S;t) + (Rro + Rrs) P(T; t)] . (26)

(12 (21) (12)
where ROS(T) = QOS(T)_ 0S(T)’ RS(T)O Qs(

21) 12 21 12
Q(S(T o Bst = éT) - (ST)7 and Rpg = (Ts)

QT251 . This term corresponds to the process of in-
elastic electron tunneling, which is accompanied by
the intramolecular transitions Mgy = My and
Mg = M. In Fig. 4, the inelastic and elastic tunnel
transitions of an electron from electrode 1 to elec-
trode 2 are represented by arrows.
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4. Discussion of Results

In this work, we study the dependence of the sta-
tionary molecular electroluminescence on the voltage
bias V applied to the electrodes. This luminescence
is formed at t > 74, where 74 is a characteristic
settling time for the stationary values of molecular
population probabilities P; = P(j;t > 7). The elec-
troluminescence intensity is governed by the singlet—
singlet (fluorescence) and triplet—singlet (phosphores-
cence) light-emission channels and, therefore, consists
of two components, J = Jau + Jpho- Each of them
is proportional to the probability to find a molecule
in the given excited state, i.e. Jpqy, = Jég) Ps and

Jpho = j;gl Pr. Here, the intensities jﬂ(g) and jp(gz)
are determined by the probabilities of the singlet—
singlet and singlet—triplet intramolecular transitions,
respectively. Provided a weak coupling between the
photochromic group of the molecule and the elec-
trodes, those probabilities can be regarded as in-
dependent of the applied voltage bias V. Therefore,
the dependences of intensities Jay and Jpno on V
are completely contained in the molecular population
probabilities Ps and Pr. Bearing this circumstance in
mind, in order to understand the physics of the elec-

V>0
Etp bV ]
S “1 T T T
k(l) |
ST k(l) |
E+u ¢ L M
T (12) ss |6|V
b S |
kg ' I
S k(t) o > i
! Qi g("lr) T T Ect,
| o b
E;ty, T é‘T‘ jT k;g
! L Ertp,
| ) )
v NGNS
|
|
R E;p,
1 2
“I:EB MFEF—\CW
Fig. 4. 'Transitions between the states of an uncharged
molecule, being in contact with the electrodes. The rates kél%,
ké%, kéd), and kr(rd) are related to intramolecular interactions,

whereas the rates Qéls), Q(()}r)v Qélrg), and ngls) characterize

the molecular transitions accompanied by the inelastic elec-
tron tunneling from electrode 1 to electrode 2. The rates of
elastic electron tunneling, Q;;) (7 = 0,S,T), induce no in-
tramolecular transitions, but can excite plasmons with frequen-
cies w < |e|V/h in electrode 2

634

troluminescence formation, it is enough to consider
the dependences of its normalized intensities

Cﬂu = jﬂu/jfgg) = Ps (27)
and
Cpho = jpho/jrggg = Pr. (28)

on V. The corresponding probabilities Ps and Pr
(as well as the probability P_) are determined by
solving the system of equations (11), provided that
P(j;t) = 0.

In the framework of the HOMO-LUMO model,
both the sequential (hopping) and direct (tunnel-
ing) transmissions of electrons are driven by physi-
cal quantities of two types. The first group includes
parameters describing the broadening of molecular
energy levels. They reflect the relation between the
molecule and the electrodes and, hence, determine,
to a great extent, the current magnitude in the
1M2 system. The available results of measurements
demonstrate that the typical current in a molecu-
lar diode (an asymmetric 1M2 system) does not ex-
ceed 1 nA. At larger currents, the contact section
is heated up, which makes the molecule fixation be-
tween the electrodes uncontrollable. For estimations,
we selected the values of width parameters such that
they did not exceed 1076 eV by the order of magni-
tude. The corresponding maximum current through
the molecule was of the order of 0.1 nA. The phys-
ical quantities of the second important type com-
prise the transmission gaps (17). The gap signs de-
termine the resonant or nonresonant mode of electron
transmission. The researches carried out in this work
showed that the current in the 1M2 system and the
accompanying electroluminescence became apprecia-
ble, when the signs of the gaps AEQ& and AE(fg are
negative. For the sake of definiteness, we will confine
the consideration to the case V' > 0. The analysis for
V' < 0 can be carried out analogously.

According to expressions (17), the dependences of
gaps on V is regulated by the factors ny and 7.
The results obtained in those cases are depicted in
Figs. 5 and 6. Figure 5 illustrates the case where
the photochromic group is located asymmetrically be-
tween the electrodes (in the case concerned, closer
to electrode 2), and the distributions of the elec-
tron density on the HOMO and LUMO correspond
to a strong electron delocalization on each MO. In
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Fig. 5. Dependences of transmission gaps (a), molecular state
population probabilities (b), and current (¢) on the volt-
age bias V applied to the electrodes. The electron densities
on HOMO and LUMO are delocalized (n;, = ng = 0.7). The
fluorescence, wg, and phosphorescence, wr, frequencies are in-
dependent of V' (a). At V = V4, the nonresonant transmission
mode is switched over to the resonant one. The calculations
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Fig. 6. Electron localization on HOMO and LUMO does not
affect the character of electron transmission: analogously to
Fig. 5, the behavior of the electroluminescence intensity and
the current imitates that of molecular population probabili-
ties. The basic difference consists in that the fluorescence and
phosphorescence frequencies depend now on V' (a). The calcu-
lations parameters are the same as in Fig. 5, but n, = 0.7,
m = 05, T =1 = 1076 ev, IV = 5 x 107 &V, and
r{® =5 %1076 ev
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this case, the values of factors ny and 7y, are identi-
cal. From Fig. 5, a, one can see that the gap signs can
change as the voltage bias V increases. This circum-
stance gives rise to a situation where the switching
between the transmission modes, from the nonreso-
nant to resonant one and wvice versa, becomes possi-
ble for a specific transition. The characteristic value

(r)

of voltage bias V = V"7, at which the switching oc-

curs, is determined by the condition AE(fj) =0.In
particular, at V = VS(2) = |AE_gl|/le|(1 — nu), the
gap AE(f; changes its sign from negative to posi-
tive. Whereas, at V = VT(U = AE_v/|e[nu, the
gap AE(J% changes its sign from positive to nega-
tive. The values of VS(Q) and ngl) are in a vicinity
of V. = Vi, which is determined by the condition
AE(_%%. = AE(_I%. It is easy to see that Vi = Jyui/le|,
where Jy;, = Fs — ET is the exchange interaction
between unpaired electrons located on the HOMO
and LUMO. In Fig. 5, we also marked the voltage
biases V = V5, and V = V3, at which the equalities
AE% = AE(_Q% and AE% = AE(_QS), respectively,
hold true. A special attention should be paid to the
value V. =V, = Vo(l) = AE_y|/|enL, at which the
transmission mode switching takes place. At V < Vj,
the hopping transition My — M_ (giving rise to the
molecule charging) runs in the nonresonant mode,
whereas the same transition at V' > Vj uses the reso-
nant way.

In order to understand the transformation of one
transmission mode into the other, let us discuss the
electron jump from electrode 1 to the molecule, when
the latter is in the excited state Mr. The jump oc-
curs if the basic condition of hopping electron trans-
mission, Er + Fy = E_, is obeyed. Concerning the
transmission mode itself, it is determined by distribu-
tion (16). For electrons located above the Fermi level
(i.e. at E1x > p1), the basic condition of transmis-
sion looks like E_ — Et > p;, which gives rise to the
inequality AE(_I% > 0. Hence, it follows from expres-

sions (14) and (16) that, if V' < Vlgl), the electron
hopping rate exponentially falls down as the gap in-
creases: KV ~ (1/B)IY exp (—AE(_l%/kBT). This
fact testifies to the nonresonant mode of hopping
transmission. Therefore, electron jumps occur only
provided the temperature activation of conduction
electrons. For electrons located below the Fermi level
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(i.e. at Ejx < p1), the basic equation of hopping

1)

transmission is satisfied if AE . < 0, ie. at V >

> Vél). In this case, the electron hopping rate Kfrl_) ~

R (1/h)F§{l) becomes maximal and independent of
the gap magnitude and, hence, of the temperature
and the voltage bias. Therefore, the mode of resonant
hopping transmission is established.

In the case of direct distance electron transmission,
when the electron tunneling between the electrodes is
accompanied by the transition M; — Mj in the neu-
trally charged molecule, the conditions for the res-
onant and nonresonant tunneling remain the same
as for the hopping transmission. However, the non-
resonant mode is possible now even without the tem-
perature activation of electrons. The explanation con-
sists in that the negatively charged state M_ of the
molecule participates in the electron tunneling in a
virtual manner; that is why the energy of this state
is not included into the basic condition of distance
transmission, F; + E1x = Ej + Eox. For instance, let
us consider the V-dependence of the rate Q(Tlg This
parameter characterizes the efficiency of direct inelas-
tic distance tunneling of the electron from electrode 1
to electrode 2 (see Fig. 4), which is accompanied
by the degradation of the triplet molecular excita-
tion. The process concerned is governed by the inter-
action of the molecule with the electrodes. According
to expression (20), the transmission mode is deter-
mined by the factor <p(_2()) — <p(_1)T At V > 0, the gap

AE(_I% is always positive. Therefore, considering the

smallness of the width parameters I‘g )

obtain (see also works [27, 28])

1
SOOI ARG (1
T2 AW 7 \arY. AE®)
At AESI% > 0 (ie.at V < Vlgl)) with regard

for l/AE(fO) < 1/AE711)17 we obtain the follow-
ing expression for the rate of My — M, tran-

sition: Qg ~ (1/4h) (T{PT7/AE). At the

and I‘g), we

same time, if AE(E% < 0, we obtain Q,(rlg ~
~ (1/2h) (Fg)l‘g)/ll). It is evident that, owing to
the strong inequality I'_/ ‘AE(_l%‘ < 1, the change

of the AEQ)F gap sign from positive to negative re-
sults in a drastic growth of the inelastic tunneling
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rate. Since this rate ceases to depend on the magni-
tude of transmission gap AE(})F7 the inelastic electron
tunneling and the degradation of triplet excitation
run in the resonant mode.

The characteristic values of voltage bias V =V,
(n = 1,...,4), which were indicated above, reveal
themselves directly in the populations of molec-
ular states. As a result, the jumps are observed
both in the molecular electroluminescence intensity
(Fig. 5, b) and in the current through the molecule
(Fig. 5, ¢). At the zero voltage bias between the elec-
trodes (V' = 0), the current strictly equals zero. The
populations of the singlet and triplet excited states of
the molecule, even if the latter is in the charged state,
are scanty (the temperature-induced populations of
levels with the energies Eg, Er, and F_ are neg-
ligibly low). Accordingly, the temperature-activated
luminescence is also scanty. If the voltage bias is
switched on, the magnitudes of transmission gaps
start to change. In particular, at V' > Vi, the en-
ergy of the 1M2 system with the negatively charged
molecule becomes lower than the energy of the same
system but with the molecule in the excited state,
Mg or Mr. As the voltage bias grows up to V = Vj,
the electron transmission runs in the nonresonant
mode, when the condition E_ > FEy + pp is satis-
fied. Although the population probabilities P_, Ps,
and Pr become higher, nevertheless, in spite of the
jumps observed at V' = V; and V = V3, they remain
so insignificant that the electroluminescence and the
current are still too low (see Figs. 5, b and c¢). The
transmission mode changes at V' = Vj, when the
main transmission gap AE(}g changes its sign (see
Fig. 5, a). At V > Vy, the inequality Fo+uq > E_ is
satisfied. Since AE% < 0 now, the electron jumps
from electrode 1 to the molecule without activa-
tion, i.e. in the resonant manner. As a result, the
probabilities P_, Ps, and Pr achieve their thresh-
old values (Fig. 5, b). Those values correspond to
certain values of luminescence intensity and current
(Figs. 5, b and c¢), which can be measured experi-
mentally. For instance, in works [30, 31], an intensity
of photons of about 10* photon/s was registered at
a tunnel current of 1 nA, which coincides with the
estimations of the quantum efficiency of an order of
10~ photon /electron |32, 33].

By comparing the results presented in Figs. 5 and
6, we may assert that, at the fixed values of width
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parameters I‘g\r) and initial transmission gaps AE_;,
the luminescence intensity and the current depend
on the voltage bias V in a similar manner. The both
quantities imitate the behavior of the probabilities
P_, Ps, and Pr, undergoing appreciable changes in a
vicinity of the characteristic voltage biases V = V,,
(n = 1,...,4) (see Table). However, there is a sub-
stantial difference associated with the fluorescence
and phosphorescence frequencies — ws = (Es — Fy)/h
and wr = (BT — Ey)/h, respectively. In the case of
strong electron delocalization on HOMO and LUMO,
those frequencies do not depend on the voltage bias
V (Fig. 5, a). But the V-dependence of the frequen-
cies arises when the factors ny and 7, which govern
the magnitudes of transmission gaps, do not coincide
(see Figs. 1 and 6, a). As follows from Fig. 6, a, the
frequencies ws and wr decrease, as the voltage bias
V grows. The reason for this phenomenon consists in
the different shifts of electron energy levels for HOMO
and LUMO. Analytically, this is a consequence of the
expression

hwg(y (V) = hws(ty — le|V|(nr, — nm). (29)
Note that expression (29) is satisfied at both the non-
resonant and resonant transmission modes. At the
same time, the luminescence intensity and the cur-
rent become independent of V only if the transmission
mode is resonant. This can be seen if one compares
panels a in Figs. 5 and 6 with panels b and ¢ in the
corresponding figures.

As follows from Figs. 5, b and 6, b, the ratio be-
tween the normalized intensities does not depend on
V. This circumstance is associated with the fact that,
under stationary conditions, (pho/Ca0 = Pr/Ps =
= exp (JuL/ksT); therefore, if the temperature is
fixed, the indicated relation is completely determined
by the magnitude of exchange splitting Jyp, between
the excited singlet and triplet states. The results de-

Characteristic voltage biases

Voltage division Biases (in Volts)

factors
V1 V2 V3 V4
ng = 0.7, n =0.7 0.2 1.6 1.8 2.43
ny = 0.5, nr = 0.5 0.2 1.6 1.8 3.4
ng = 0.5, n, =0.7 0.2 1.33 1.5 2.43
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picted in Figs. 5 and 6 were calculated for Jyp =
= 0.2 eV. This value is in agreement with the magni-
tudes of exchange splitting between excited singlet
and triplet states in organic molecules. The corre-
sponding splitting for those molecules can amount to
a few tenths of electronvolts [34].

The exchange splitting is also governs the ratio be-
tween the phosphorescence and fluorescence intensi-
ties; this fact follows from the expression

§ = Tpho/ Tan = € exp (Jur/ksT), (30)
where ¢(0) = jp(}?()) /T Fluorescence and phos-
phorescence are associated with the correspond-
ing dipole and magneto-dipole transitions in the
molecule. Therefore, as a rule, £© ~ 10=* + 1076,
Hence, for the fixed values of £(©) and temperature
T, the contribution to the total luminescence inten-
sity J = Jau + Jpho depends substantially on the
exchange splitting of the singlet and triplet levels. In
particular, for £ = 1075 and Jy, = 0.2 €V, we
obtain & =~ 3 x 1072, which testifies to an apprecia-
ble excess of the fluorescence intensity over the phos-
phorescence one. However, already at Jygi, = 0.4 eV
and the same room temperature of 300 K, we have
€ ~ 9 x 102. Hence, under those conditions, the main
contribution to electroluminescence is made by phos-
phorescence.

5. Conclusions

In this work, with the use of the HOMO-LUMO
models for the electron states in a photochromic
molecule, the physics of electroluminescence forma-
tion in the 1M2 system has been studied. Fluorescen-
ce and phosphorescence were demonstrated to arise
owing to the kinetic processes of two types. One
of them is described as the electron jumps from
one of the electrodes onto the molecule that is in
the ground state. As a result, the molecule becomes
charged following the scheme My — M_. Then, the
charged molecule gives an electron to the other elec-
trode, but remains in the excited state. This pro-
cess corresponds to the molecule discharge follow-
ing the scheme M_ — Mg(T). Being in the excited
state, the molecule can be luminescent with the fre-
quency wg(r) = (Eg(t)y — Eo)/h. Hence, the directed
transitions with populating the transient state M_,
ie. My - M_ — Mgty — Moy, take place in the
molecule. The kinetic process of the second type is
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described as a direct distance jump of the electron
from one electrode to the other, with the molecule be-
ing simultaneously excited, by following the scheme
My — Mg(t)- In this process, the transient state M_
of the molecule is not populated with the transported
electron, but participates in the excitation and the
electron transport in a virtual manner. The distance
jump is based on the inelastic electron tunneling. In
this case, for the molecule to be excited, the energy
le|V must exceed the difference Eg() — Eo. The pro-
cess of molecular electroluminescence is the most ef-
fective at the resonant mode of electron transmis-
sion, when the electron jumps from the electrode onto
the molecule without activation, and the tunneling
rate does not depend on the transmission gap mag-
nitude. We have demonstrated that the luminescence
frequencies wg and wt can depend on the applied volt-
age bias V even in the resonant transmission mode,
when the luminescence intensity does not depend any
more on V. Expectedly, the effect can be observed in
1M2 systems with photochromic molecules, the elec-
tron density distribution in which are considerably
different for HOMO and LUMO; molecules with lo-
calized MOs are an example.

The main attention was focused on the analy-
sis of those electron states in thelM2 system that
are responsible for the electroluminescence formation
mechanism. Therefore, only the integral electrolumi-
nescence yield was evaluated. In order to elucidate a
detailed structure of the radiation spectrum and the
temperature dependence of the electroluminescence
intensity, the influence of electron—vibration interac-
tions relating to the molecule itself and to the re-
gion of its contact with the electrodes must be taken
into account. For this purpose, one has to know de-
tailed experimental data on electroluminescence spec-
tra. As far as we know, such detailed experimental
data have been absent till now. At the same time, we
note that phonons reveal themselves in the current-
voltage characteristics of organic molecules as steps
[24, 35, 36]. A similar structure should be expected
for electroluminescence spectra as well.
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B.O. Jleonos, €.B. Illesuenro, E.I'. [Iempos

®OPMYBAHHSA EJTEKTPOJJIFOMIHECIIEHIIIT
B CUCTEMI EJIEKTPO/JI-MOJIEKVJIA-EJIEKTPO/]

Pezmowme

V mexxax HOMO-LUMO mogeni po3riasiHyTo KiHeTuky op-
MyBaHHSI €JIeKTpOJIIOMiHecIeHIil B cucremi “esekrpomy 1-—
MouteKyna—esiekTpos 2”. [loka3zaHo, 1110 BUHUKHEHHS €JIEKTPO-
JIIOMIHECIIEHIIIT B 3apsi/I0BO HEUTPAJIbHINA MOJIEKYJI 3YMOBJIEHO
CTPUOKOBUM Ta TYHEJIbHHUM MEXaHI3MaMU IE€PEHOCY €JIEKTPOHA
MiXK esiekTpojiaMu. BinmosigHa ejeKTpoHHA TpaHCMIcis BiaOy-
BA€ETHCH 3a yYaCTIO K PeabHUX, TaK i BIpDTyaJIbHUX CTAHIB 3a-
PAIPKEHOT MOJIEKYJI. 3HANWIEHO YMOBH, 33 AKUX CTPUOKOBHUIA Ta
TYHEJIbHUN TPAHCIOPT €JIEKTPOHIB Yepe3 MOJIEKYJy BiIOyBaro-
ThCsI B PE30OHAHCHOMY pexKuMi. Y TaKOMY PEXUMi eieKTpodIry-
OpecCIIeHIIisT Ta eJeKTPOPOCAOPECIIEHITIsT MOJIEKYINU, & TAKOXK
CTPYM 4Yepe3 MOJIEKYJIY JIOCSATAIOTh CBOIX HAWOLIBIINX 3HAYEHD.
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