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ABSTRACT

The non-radiative energy transfer process governs the transport of excitons in organic semiconductors, directly affecting the
performance of organic optoelectronic devices. Successful models describe this transfer in terms of energy donor-acceptor pair sites, in
contrast to experimental photophysical properties, which reflect the average behavior of the molecular ensemble. In this study, an ener-
getic and spatial probability density function is proposed to determine the average non-radiative energy rate for homotransfer processes.
This approach considers the energetic-spatial distribution typical of disordered semiconducting polymers. The average homotransfer rate
is significantly dependent on the energy of the donor site, allowing the identification of the photophysical process most likely to occur.
Values of the order of 10" s~ were predicted and are consistent with experimental results. This approach was used to evaluate how the
energy transfer efficiency in heterostructures is affected by the energy and position of the energy donor site. The model presented in this
study can be explored in other organic systems to investigate exciton transport mechanisms in new organic optoelectronic device
architectures.
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I. INTRODUCTION interface and contribute to charge generation in devices with planar
charge-accepting heterojunctions.

An approach to overcoming this problem is to direct the
exciton motion between consecutive layers of different materials
via energy heterotransfer processes,”” a term used for non-radiative
energy transfer between chemically different molecules. To support
energy heterotransfer, each material has a lower energy state than the
previous one.

The competition between energy heterotransfer and homo-
transfer must be taken into account in this situation. Experimental
evidence indicates that downward energetic relaxation due to
highest to the lowest energy states of the density of states (DOS), homotransfer occurs within 2 ps for polyfluorene films,” implying
producing a downward energetic relaxation.”’ rates on the order of 10" s™" of the same magnitude for energy

In OPVs, excitons must diffuse to the acceptor charge hetero- heterotransfer. Therefore, near heterojunctions, the energy transfer

The optoelectronic properties of organic semiconductors have
paved the way for diverse technological applications, including
organic photovoltaic cells (OPVs),'™ organic light-emitting diodes
(OLEDs),"” and organic field-effect transistors (OFETs).™

Many interesting topics related to charge and exciton trans-
port in organic semiconductors have been discussed over the
years."”'" A crucial aspect of organic device performance is the
exciton diffusion,'"'” which are driven by multiple energy homo-
transfer processes, i.e., non-radiative energy transfer between chem-
ically identical molecules. Diffusion of excitons occurs from the

junction to generate charge carriers via exciton dissociation.'*
However, the exciton diffusion length (3 and 17 nm) " is less
than the active layer thickness (order of magnitude 10° nm) and its
diffusion occurs in all directions in amorphous organic semiconduc-
tors. Consequently, only a fraction of the excitons reaches the

pathways are (1) homotransfer to one of the energy states in the
DOS and (2) heterotransfer to an energy state at the interface.
Analysis of these energy transfer mechanisms must include the
average photophysical behavior of the molecular assembly under
study. Interestingly, the experimentally accessed energy transfer rates
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reflect the average values of the studied set. For instance, more than
one million chromophores—considering the average segment length
of eight monomeric units and volume equal to 2 x 107> nm’—are
expected for ultrathin polymeric films (thickness lower than or equal
to 10 nm) in a small region of 200 x 200 nm (the size of one pixel)
normally accessed in laser scanning confocal microscopy experi-
ments. This value must be even higher for spectroscopic techniques
with spatial resolution of the order of 1073-10"% m, as in femtosec-
ond and steady-state spectroscopy, for example.

The influence of lower energy states on the energy homotrans-
fer process was interpreted by’” in a study with polydioctylfluorene
(PFO) films,

E;
k(E;) oc J k(E)p(E)dE, (1)

where k(E;) is the energy transfer rate of the donor chromophore
(or donor site) i characterized by the energy E; p(E) is the
DOS, and k(E) corresponds to the transfer rate between two
chromophores.

This equation can be understood as the average rate for lower
energy states if p(E) acts as a probability density function associated
with the energy distribution of the electronic states in the material.
A comprehensive description requires considering not only the
energy dependence but also the incorporation of details of the
spatial organization of chromophores.

In this study, the average energy homotransfer rate is deter-
mined for disordered semiconductor polymer films, considering
the energetic disorder and spatial distribution of sites in three
dimensions. Initially, we present the main theoretical concepts
involved in the non-radiative energy transfer process and the pre-
mises of the proposed mathematical model in which the probability
density function is presented. Then, we demonstrate how the math-
ematical model can be used to determine the probability of finding
a site with a certain energy value.

Subsequently, the average homotransfer rate is obtained for a
PFO film, a blue-light-emitting polymer widely studied in organic
electronics and whose photophysical properties are well
known.”*™*" The disordered PFO was adopted as a study model. At
this stage, the transfer to higher and lower energy states and the
effect of temperature on this process are discussed.

Finally, the average homotransfer rate is applied to investigate
the energy heterotransfer in a donor-acceptor organic heterostruc-
ture. The effect of energy and distance from the donor site on het-
erotransfer efficiency are explored in this last section.

Il. THEORETICAL BASIS AND METHODS
A. Non-radiative energy transfer processes

A fundamental characteristic to describe energy transfer pro-
cesses in semiconductor polymers is the conformational disorder
generated by the rupture of the conjugation of m electrons, resulting
from chemical defects and twists along the polymer chain.
Consequently, there is a statistical distribution of conjugate seg-
ments of different lengths, each presenting an excitation energy,
promoting the energetic distribution described by the Gaussian dis-
order model. In this model, the polymeric semiconductor is
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represented by exciton-carrying elements named by sites, whose
DOS is described by the Gaussian function,

N  _ew? @
e 22
o2

where N is the site density, o is the standard deviation, and E and u
correspond to the energy and the mean distribution value, respec-
tively. The site is adopted here as a model to describe a chromo-
phore, which is characterized by its energy gap.

The energy homotransfer rate from the donor site to the
acceptor is described by the Miller-Abrahams equation adapted for
non-radiative energy transfer,

G(E) =

Eq—Eg+|Ea—Eg|
kT,homo = kFérster67 st (3)
with the Forster rate via dipole-dipole coupling Kkgg ger = kr
(Rohomo! )%, where k, is the radiative decay rate (~10°s71),”*
Rohomo is the Forster radius for homotransfer (1-3 nm for conju-
gated polymer), and r is the distance between the energy donor and
acceptor sites. In the exponential term, E, and E, are the energies
of the acceptor and donor sites, respectively, kg is the Boltzmann
constant (€V K™"), and T is the temperature (K). The exponential

Eq—E
is defined by parts: (1) equal to the Boltzmann factor e BT for

E; < E,, (2) equal to 1 for E; > E,.
The heterotransfer efficiency ®perero is determined by

kT,hetero ( 4)
kT,hetero + kn'r + kr + <kT,homo> ’

Dhetero =

where  krhetero 1S the energy heterotransfer rate, and
ky~102s™" and k,~10°s™" are the non-radiative and radiative
decay rates, respectively. According to the Forster model,
krhetero = kr(Rohetero/7),” Where Rgpetero is the Forster radius for
energy heterotransfer. The term (k7 pnomo) is the average homotrans-
fer rate that will be determined in the present study. The efficiency
of any other photophysical process can be determined similarly to
Eq. (4) by replacing the rate in the numerator with the desired
property. For example, the homotransfer efficiency can be
expressed by @pomo = ( krhomo)/ (k7 hetero + knr + kr + (k7 homo))-

B. General model considerations

Let us consider an organic heterostructure with (1) an amor-
phous polymer film characterized by DOS, where homotransfer pro-
cesses will operate, and (2) an organic molecular system with low
conformational disorder, which promotes narrow DOS, approxi-
mated by a single energy-accepting electronic state in heterotransfer.
The sites in the homotransfer and heterotransfer processes are called
homotransfer sites and heterotransfer sites, respectively. The hetero-
structure consists of an ideal planar heterojunction, i.e., there is no
interpenetration between these materials, as shown in Fig. 1(a).

In addition, the sites must be uniformly distributed throughout
the volume of the polymeric film; there is no accumulation of material
in any direction, consistent with spin-coating films. Consequently,
energy and spatial distributions are independent. Therefore, the Spatial
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FIG. 1. lllustration of the system studied to describe hetero- and homotransfer processes. (a) Nanoscale dimension region composed of the amorphous polymer film on
the right and the energy acceptor film on the left, forming an ideal interface indicated by the dark green region. This illustration also has a part of the film described by a
cube containing a sphere, which is better detailed in the illustration alongside. (b) Region of the polymeric film delimited by a cube of length equal to 2Rg pomo Containing a
sphere in its center, delineated by the Forster radius R nomo, here called the energy transfer sphere. The energy donating site is in the center of the sphere.

Probability Density Function (SPDF) and the Energy Probability
Density Function (EPDF) are also independent.

The geometric shape under analysis will be described by a cubic of
nanometric dimensions with a donor site in the center so that the prob-
ability density functions (SPDF and EPDF) are equal in each portion of
the volume. The energy donating site is understood as a site occupied
by an exciton. Conveniently, a cube with a length equal to 2Ronomo
should be chosen to delineate a sphere, as indicated in Fig. 1(b), here
called the energy transfer sphere. The sites contained in the energy
transfer sphere are the potential energy acceptors in homotransfer.

From these assumptions, the SPDF for the energy transfer
sphere is obtained from the transformation of the variables (x, y, z)
to spherical coordinates (r, ¢, 6) with r € (0, Ronomol> ¢ € [0, 7],
and 6 € [0, 2n]. Then, SPDF is described by

H(r, ¢, 0) = |J|h(x, y, 2) = r*sen ¢ (5)

(2R0,homo ) 3

with |J| = r*sen ¢ corresponding to the absolute value of the
determinant of the Jacobian matrix and h(x, y, z) = 1/(2R0,hmm)3
corresponding to the product of the marginal distribution
1/(2Rohomo) of each independent variable x, y, and z.

EPDF is

g(B) = —— 3, ©)

which is related to the Gaussian DOS [Eq. (2)] by G(E) = Ng(E).
Note that EPDF is normalized; the probability (P) of finding a site
with energy E for the entire sample space is P[—o0 < E < 0]
= [" g(E)dE=1.

Therefore, the joint probability density is expressed by

1 E—ﬂ)2

r’senc e i
(ZRO,homo)3 oV2n -

f(r, ¢, 6, E) = H(r, ¢, 0)g(E) = (7)

The model considered only the temperature effects on energy
transfer predicted by the Miller-Abrahams equation [Eq. (3)]. Any

other temperature-induced alterations, such as expansion and
thermal degradation, as well as breaks in the m-conjugation due to
torsion in the polymer chain, were disregarded.

C. Methods

Using the f(r, ¢, 6, E), the average homotransfer rates were
determined analytically with the support of Wolfram Mathematica
software (version 11.2). To simulate the homotransfer results, the
properties of the PFO given in Table I were used in the average
homotransfer equations found in Sec. I1I. The average homotrans-
fer values were used to obtain the efficiency of the photophysical
processes using Eq. (4), which is detailed in Subsec. I A.

I1l. RESULTS AND DISCUSSION
A. Probability of finding a site

The  integral over the entire  sample  space
ff Ohomo fg foz "H(r, ¢, 0)drd¢dé indicates the probability of
finding a site inside the energy transfer sphere. Its value corre-
sponds to the ratio of the volume of the sphere to the volume of
the cube, that is, (47:R3,h0m0/3)/(2R0,h0m0)3, which corresponds to

/6 =2 0.52. It means that 52% of the sites uniformly distributed in

TABLE |. Properties of PFO film used to simulate the curves of average rates and
heterotransfer efficiency. EPDF, energy probability density function.

Parameter Value
Gaussian EPDF typical of PFO [g(E)] u 3.12eV"
o 90 meV*
Radiative decay rate k, 10°s71°
Average homotransfer radius Ro homo 3nm"

*Gaussian properties to reproduce the absorption spectrum of the
PFO film.**

Typical radiative decay rate for PFO films estimated using the decay
time (~1077s).”>"

“Equivalent to the Forster radius.”*
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the 2Ronomo edge cube will be involved by the energy transfer
sphere.

f (r,¢,6,E) allows to know the probability of finding sites in a
certain energy range present in a given volume within the energy trans-
fer sphere. For instance, we will have a probability of approximately
36% of finding a site in the volume delimited by the energy transfer
sphere for the energy range u — o < E <y + ¢ located around the center
of DOS. Sites with energies within this range will be called dense
states. On the other hand, the probability of finding sites with energies
belonging to the DOS tail, with energies E>u+ 20 or E<u—20, is
minimal and corresponds to approximately 1%. These sites with a
probability lower than or equal to 1% will be called rarefied.

B. Average energy homotransfer rate

The average homotransfer rate (krpomo) in its most general
form is calculated by

B Jo Jo I krhomo(r, &, 6, ENf(r, &, 6, E)drd pd6dE
fézo.homo Ir 02” [ f(r, $,6,E)drd¢d6dE

(kT,homo> =

®)

with k7 homo(> ¢, 6, E) corresponding to the homotransfer rate.
The integral in the denominator corresponds to the normalization
constant of f (r,¢,6,E) and is equal to 7/6 considering the entire
sample space in which the model was built, r € [0, Ropomol> ¢ € [0,
n], 6 € [0, 27, and E € [-o0, oo]. This integral will be replaced by
this value for simplification purposes.

Although the probability density function depends on the vari-
ables (r, ¢, 6), the k7 homo described by Eq. (3) is symmetric in ¢ and
6 depending only on the distance r between sites. Figure 2(a) shows
the behavior of the function k7 pomo normalized by (k,)(Ronomo/ r°.

The adopted approach will be to separately analyze the occur-
rence of energy transfer from a site with energy E,; to sites with
lower (E; > E) and higher (E; < E) energies than E,. Therefore, the
average homotransfer rate for E;> E and E, < E, respectively, can
be written as

6 Rohomo 7 27 (Eq
<kT,homo>EdZE = _J J J J kT,homo(ra d’) 9) E)

T )R 0Jo J-o

x f(r, ¢, 6, E)drd¢pdOdE, 9)

6 [Robomo (7 (2T (oo
<kT,homo>Ed<E = - J J J J kT,homo(r: ¢7; 0, E)
E4

T Jr o Jo

x f(r, ¢, 6, E)drdpdOdE, (10)
considering that the lower limit of the integral in r must include
0 <R<Rghomo SiNCe kThomo — ©© when r — 0. Furthermore, the
selection of sites with energy below or above E; is carried out by
the limits of the integral of the energetic term. The limits of
E € [—, E;] concern the case in which E;>E; and E € [E; 0]
for the situation in which E;<E. The validity domains of both
equations are shown in Fig. 2 for a hypothetical energy E; con-
tained in the Gaussian DOS.

ARTICLE pubs.aip.org/aip/jap

£1 ()
S
< |
<0 :
L : (b)
w
> | (kT homo)E4=E (kT homo) E4<E

Ell !l

E (eV)

FIG. 2. (a) Behavior of kznomo (normalized by the constants k and Ropomo and
an arbitrary value of r) as a function of energy E with E = E indicated by the
vertical dashed line. The curve was simulated for thermal energy at room tem-
perature, where kg T is approximately equal to 26 meV. (b) It presents the EPDF
that reflects the behavior of the Gaussian DOS with regions smaller (black
dashed area) and larger (blue dashed area) than E; in which Egs. (9) and (10)
are valid, respectively.

The result of the integral of the average homotransfer rate for
the case in which E; > E is equal to
E;, —
1+ erf <d—'u>
20

5 >

Rohomo }
<kT,homo>EdzE:kr|:( 0); ) -1 (11)

with [(%)3 - 1] resulting from the integral of the spatial variables

Lerf ( 22
and M from the energetic variable, with erf (Ed\/;:)

corresponding to the error function.

The dependence of (krnomo)p,> 2s a function of energies E4
of the donor sites is shown in Fig. 3. EPDF is presented in the
upper part of the figure. This curve was simulated considering the
parameters shown in Table I. We assumed R = 0.34 nm at the lower
limit of the integral in r, which corresponds to a sphere with a
volume equal to that predicted for a site (0.16 nm®). This value will
be used to simulate all subsequent curves. As expected, the rate is
independent of thermal energy, as the transfer of excitons to lower
energy states does not need to be thermally activated.
Consequently, the exponential in Eq. (7) is a constant equal to 1, as
indicated in Fig. 2(a). The average homotransfer rate for donor
sites with energies equal to the average DOS, energy of 3.12eV
indicated by the black dashed line in the figure, presents the order
of 10" s™!, which is about two orders of magnitude higher than
the radiative decay rate (10°s™"). Consequently, the exciton must
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102.7 28 29 30 31 32 33 34 35
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FIG. 3. Average homotransfer rate for sites with energies lower than Ey on a
mono-log scale. The parameters used to simulate the curve are shown in
Table I.

be transferred to some neighboring site contained in the energy
transfer sphere, promoting exciton migration.

As the energy of the sites increases, the average homotransfer
rate increases until it reaches a constant value of around
6.85x 10" s, as indicated by the dashed green line in the figure.

In fact, these sites, belonging to the higher energy tail of DOS,
have a higher number of sites available to accept the exciton. In
other words, the density of sites with energy lower than E, is high
and, therefore, (kT homo) £,>E 18 also high. On the other hand, the
number of energy acceptor sites is rarefied when the donor site

(a) (b)
1 1
107 Center of DOS 10 E-
10°}
S0 10" |
102} Lowest energy Highest energy )
/i tail of DOS tail of DOS A
¥ * 1 2 10° |
Temperature (K) § 1
300 ~
-
v

10° |
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belongs to the lower energy tail of DOS (indicated by the blue
dashed line) and, therefore, (k7 nomo) g>p assumes values lower
than the radiative decay rate of 10°s™". Consequently, homotrans-
fer will be unlikely and the radiative decay process will be domi-
nant. That is, the exciton should practically not migrate during its
lifetime and will occupy the same site until its radiative decay.

For the case in which E, <E, the average homotransfer rate is
expressed by

2

Ed—wz,‘(’?

R,hm 3 < *5T >
<kT,homo>Ed<E:kr|:<%> —1]e 5

2

o
Eq—+—

1

x erfc kT | 1

V2o 2’

(12)

in which erfc is the complementary error function, which is erfc
(w) =1—erf(w), considering w equal to the argument of that func-
tion. The effect of thermal occupation given by kgT for higher
energy states is found in the complementary error function and the
exponential that precedes it.

Figure 4(a) shows the behavior of (k7 homo) E<E 852 function
of energy of the donor site at room temperature (~300 K), consid-
ering the parameters established in Table I. DOS is presented again
at the top of this figure to indicate the location of energetic states in
the distribution. The average homotransfer rate presents values
higher than k, for states with energies close to the center of DOS, as
indicated by the black dotted line in the figure. It occurs due to the
higher concentration of acceptor states within the energy transfer
sphere can be thermally accessed. Consequently, the homotransfer

Temperature (K):
5

FIG. 4. (a) The energetic probability
density g(E) for the values in Table | is
shown at the top, while the average
homotransfer rate as a function of
donor site energy E4 is shown at the
bottom. Both figures are in a mono-log
scale. (b) Effect of temperature on the
average homotransfer rate.

7 A H N 7 N
10,728 29 30 31 32 33 34 35 0,7

28 29 30 31 32
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process will predominate relative to radiative decay. On the other
hand, the highest and lowest energy states (indicated by the dotted
green and blue lines, respectively) present (krhomo)y,<p close to ky;
that is, the radiative decay process will compete with homotransfer.

ARTICLE pubs.aip.org/aip/jap

1000

The acceptor sites, that is, those with energies above E,, are 05+ 3m
rarefied when a donor state belongs to the higher energy tail of
DOS, and, therefore, the probability of finding an acceptor state
within the transfer sphere will be small. For instance, the probabil-
ity of finding a state with energy higher than 3.4eV within the 0.0 X X 1'2 ' '

energy transfer sphere is 0.05% for E;= 3.4 eV. In contrast, any state
with energy higher than E, that is within the transfer sphere is a can-
didate to receive the exciton if a donor state belonging to the lower
energy tail of DOS. The probability of finding a state with an energy
above this value is approximately 52% for an energy E;=2.8¢V. In
other words, the number of candidates to accept energy will be
abundant. However, only a portion of these states will actually accept
energy since the transfer will only occur for those with energies close
to that of the donor such that the thermal energy is sufficient to acti-
vate homotransfer. In this case, the number of acceptor states within
the energy transfer sphere is controlled by temperature.
Consequently, the average homotransfer rate for these less
energetic donor sites is affected by temperature, as shown in
Fig. 4(b), which has (k7 homo) £ <p for temperatures ranging from
75 to 600 K. Moreover, (kT homo) £,<g varies two orders of magni-
tude (108-10"s7") for E;=2.8¢eV, reaching values above k, when
the temperature increases from 75 to 600 K. In other words, homo-
transfer becomes more likely with the increase in the temperature,

6 9
Distance (nm)

15 18

FIG. 5. Heterotransfer efficiency as a function of distance relative to the energy
acceptor interface. The illustration included in the figure shows the energy
acceptor interface (in green) together with the energy homotransfer spheres (in
yellow) containing the polymeric site in its center. The distances relative to the
interface are |—3nm, [I—10nm, and [ll—17nm. Simulated curve for
Eg=2.8¢€V, T=300K, Ropete = 12 nm, and the PFO parameters in Table |.

II—17 nm. This efficiency concerns the donor site and the closest
heterotransfer site in the interface.

The heterotransfer efficiency is influenced by the distance
between the donor and the heterotransfer site. Maximum hetero-
transfer efficiency is observed for the energy acceptor interface
when the site is at a distance equal to Ropomo =3 nm, a situation
indicated by I. However, ¢petero becomes smaller for higher dis-

disregarding the effects of thermal degradation in the polymer tances so that this site demonstrates a 62% efficiency (situation II) E
material. A similar, but less pronounced, effect is observed for for the limit of ultrathin films (distance equal to 10 nm), while the
states in the center of DOS. However, thermal activation is ineffec- efficiency for higher distances presents lower values, still showing a %’T
tive for higher energy donor states, as energy acceptor candidates  value equal to 6% for situation III, for example. g
will continue to be rarefied even with an increase in the The origin of the dependence of @pecero On distance is related S
temperature. to the competition between all photophysical processes, which &

C. Energy heterotransfer process

To study the efficiency of photophysical processes in the pres-
ence of homo- and heterotransfer, we assume that the heterotrans-
fer sites located at the interface represent a single electronic state
with lower energy than the donor, and, therefore, krpetero =k,
(Ronetero/T)." Let us also assume a fixed heterotransfer radius of
Ro hetero = 12 nm, independent of the energy of the donor site, to
obtain the heterotransfer efficiency using Eq. (4). All calculations
were done at a temperature of 300 K.

The vibrational relaxation process has rates of the order of
10"*s™" and is generally dominant over all other processes; that is,
it must occur before energy transfer and radiative decay. Therefore,
analyzing the photophysical processes right after vibrational relaxa-
tion has occurred is convenient.

Figure 5 shows the ¢peero behavior of a low-energy donor site
(2.80 eV) as a function of its distance from the heterotransfer site at
the interface. The illustration added to this figure depicts the situa-
tion in which the interface for heterotransfer is located on the left
side in green color. The spheres in yellow represent the energy
homotransfer sphere with the donor site in the center. The dis-
tances to the interface are as follows: I—3 nm, II—10 nm, and

depend on the donor site energy. Figure 6 shows the behavior of ¥

the efficiency of these processes (heterotransfer, homotransfer, and

—e— Heterotransfer —@— Homotransfer (Ed>E)
—@— Radiative decay —@— Homotransfer (Ed<E)

6 9 12 15 18
Distance (nm)

FIG. 6. Photophysical processes at room temperature for donor sites with
energy equal to (a) E;=2.80€V, (b) E;=3.12¢eV, and (c) E4=3.40eV.

N
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radiative decay) as a function of distance between the donor and
heterotransfer site. The energies of the donor sites are (a) 2.8, (b)
3.12, and (c) 3.40eV, which correspond to states of the lowest,
center, and highest energy tail of DOS, respectively.

The reduction in heterotransfer is followed by an increase in
homotransfer efficiency as the distance between the donor and heter-
otransfer site increases. This is attributed to a reduction in k7 petero»
making the heterotransfer pathway less relevant. Consequently,
homotransfer efficiency increases to levels where there is no competi-
tion with heterotransfer. Note that (krpomo) is influenced only by
the homotransfer site properties (energy and joint probability
density) and is independent of the distance to the heterojunction,
similarly for radiative decay.

Figure 6(a) shows that heterotransfer becomes dominant for
distances less than 12 nm for a low-energy donor site. In contrast,

the high average homotransfer rate ((kr,h0m0> pop = 101 s’l) for

a site belonging to the center of DOS implies competition with het-
erotransfer near the interface, a distance of around 4.5 nm from the
interface, with efficiencies approximately equal to 45%, as shown in
Fig. 6(b). The homotransfer process surpasses heterotransfer for
distances higher than 4.5 nm and becomes dominant over all other
processes.

Similar behavior is observed for a site with energy belonging
to the highest energy tail of DOS, which presents efficiency of 51%
and 48% for hetero- and homotransfer, respectively, at 4 nm from
the interface [Fig. 6(c)]. These results indicate that the donor states
with higher energies prefer to carry out the homotransfer process
(Eq4> E) for distances higher than 10 nm to a state of lower energy
than to transfer to the heterotransfer site. Furthermore, homo- and
heterotransfer processes are practically equivalent and compete
with each other even close to the interface.

IV. CONCLUSION

In this study, the average rate of energy homotransfer was
determined from the energy and spatial probability function for
disordered polymeric films. This approach allowed to explore the
mechanisms involved in the processes of homo- and heterotransfer
of the energy.

The analytical expressions obtained for the average homo-
transfer rate indicate that this process is significantly affected by
the energy donor. Average rates between 107 and 10" s™" were pre-
dicted, enabling the identification of the most likely photophysical
pathway. Additionally, these findings have implications for the
efficiency of photophysical processes in devices with planar
energy-accepting heterojunctions. The heterotransfer efficiency
depends on the donor site energy in conjunction with the donor-
acceptor distance.

The results demonstrate that the heterotransfer efficiency is
significantly enhanced when the low-energy homotransfer sites are
situated at distances less than the exciton diffusion length
(~10nm) of the heterojunction. In this case, as the lower-energy
sites are accessed at the end of exciton diffusion, the heterotransfer
enables the perpetuation of exciton motion through additional
layers. This theoretical prediction supports experimental

ARTICLE pubs.aip.org/aip/jap

approaches to direct exciton motion via energy transfer between
planar heterojunctions.

The proposed model can be explored by adding temperature
effects on the DOS of the homotransfer site. Furthermore, a DOS
for the heterotransfer sites can be integrated into the model to
derive an energetic and spatial probability density function for
these sites. This will permit an investigation of other types of heter-
ostructures, including bulk heterojunctions. The prediction of these
processes can help in the planning of new, more efficient device
architectures, contributing to the area of organic optoelectronics.
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