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In this paper, a comprehensive study is carried out on the dissociation mechanism of excitons in

bulk-heterojunction organic solar cells. It is proposed that at the donor-acceptor interface, a Frenkel

exciton relaxes to a charge transfer exciton and then dissociates into free charge carriers with the aid

of molecular vibrational energy. The interaction operator between the charge transfer exciton and

molecular vibrational energy is derived and used to formulate and calculate the rates of dissociation of

singlet and triplet excitons into free charge carriers. The dissociation rates are found to be dependent

on the binding energy, lowest unoccupied molecular orbital offset between the donor and acceptor, the

phonon energy, reduced excitonic mass, excitonic Bohr radius, and the dielectric constant of the

organic material. Using the proposed dissociation mechanism, three points have also been highlighted

that could provide possible reasons as to why the performance of bulk-heterojunction organic solar

cell is low. VC 2013 AIP Publishing LLC. [http://dx.doi.org/10.1063/1.4818813]

I. INTRODUCTION

Research interest in organic solar cells (OSCs) has esca-

lated recently due to their cost effectiveness, easy fabrication

techniques, and large scale production.1 There are various

types of OSCs, but the most prominent and successful at pres-

ent is the bulk-heterojunction OSC.2 Here, the donor and

acceptor organic materials are mixed together to form an

interface.3 In bulk-heterojunction OSCs, the principle proc-

esses of operation include: (1) photon absorption and exciton

formation,4,5 (2) exciton diffusion to the donor-acceptor inter-

face,6 (3) exciton dissociation at the interface,7 and (4) trans-

port of respective free charge carriers to opposite electrodes.8

These four processes are interdependent and contribute

to the conversion efficiency of bulk-heterojunction OSCs. If

any of the above processes gets hindered, it affects the over-

all performance of an OSC. This is one of the reasons why

the conversion efficiency of OSCs prepared to-date is rela-

tively low (5%–9.2%).9–12 When photons are absorbed, the

excited electron and hole pairs instantly form excitons due to

the higher binding energy, EB, in organic materials having

low dielectric constant (e¼ 3–4).13–15 After this process,

excitons have to be dissociated to form free electrons and

holes, a process that is known to occur at the donor-acceptor

interface. Thus, after their creations, first the excited excitons

are required to diffuse to the interface and then dissociate.

Finally, free charge carriers thus created need to be separated

and transported to the opposite electrodes. Apparently, only

few research efforts have been made in studying these proc-

esses in OSCs, systematically.16–19 We have recently studied

the first two processes of exciton formation4,5 and diffusion,

theoretically.6 However, the third and fourth processes have

not yet been studied explicitly, neither experimentally nor

theoretically.

Following the seminal work of Tang et al.,16 it is very

well accepted that the exciton dissociation is facilitated by

the presence of a donor-acceptor interface in OSCs and most

of the OSCs till date are fabricated with such a design.

However, the mechanism of exciton dissociation occurring

at the interface is not yet understood very well. To the best

of our knowledge, no interaction operator between an exci-

ton and a donor-acceptor interface has yet been discovered

to dissociate excitons in OSCs. In this study, a time-

dependent interaction operator responsible for the dissocia-

tion of excitons at the donor-acceptor interface is derived.

Using this interaction operator, the rate of exciton dissocia-

tion is derived and calculated for the dissociation of singlet

and triplet excitons. It is expected that such rates of exciton

dissociation may help in understanding the operation of

OSCs and improving their photovoltaic performance.

II. MECHANISM OF EXCITON DISSOCIATION
AT DONOR-ACCEPTOR INTERFACE

In this section, we have derived a time-dependent exciton-

donor acceptor interaction operator responsible for the dissoci-

ation of excitons at the interface in bulk-heterojunction OSCs.

Considering that the absorption of a photon of energy larger

than or equal to the band gap of the donor organic material

excites a pair of electron (e) and a hole (h), the electron is

excited to the lowest unoccupied molecular orbital (LUMO),

leaving a hole in the highest occupied molecular orbital

(HOMO). These excited pairs of charge carriers instantly form

excitons due to their strong Coulomb interaction caused by

the low dielectric constant, e, in organic solids.13–15 As the

electronic intermolecular interaction is weak in organics, the

formation of such excitons is usually of Frenkel type with a
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high binding energy, EB, (0.06–0.80 eV).6 The formation of

Frenkel excitons in OSCs has been extensively studied in our

previous works.4–6

The Hamiltonian of a free Frenkel exciton, ĤFE, is given

by20

ĤFE ¼
XN

n¼1

EnBþn ðSÞBnðSÞ; (1)

where En ¼ ELUMO � EHOMO � EB is the exciton’s energy,

ELUMO is the LUMO energy, and EHOMO is the HOMO

energy of the organic donor molecule at site, n. Bþn ðSÞ and

Bn(S) are the exciton creation and annihilation operators,

respectively, with spin S and are expressed as

Bþn ðSÞ ¼
X
re;rh

aþnLðreÞdþnHðrhÞ; (2a)

BnðSÞ ¼
X
re;rh

anLðreÞdnHðrhÞ; (2b)

here aþnLðanLÞ represents the creation (annihilation) operator

of an electron with spin re in the LUMO level and dþnHðdnHÞ
represents the creation (annihilation) operator of a hole with

spin rh in the HOMO level. The sums over spin in Eq. (2)

give rise to a singlet and triplet exciton state, S¼reþ rh,

whereby S¼ 0 and S¼ 1 for a singlet and triplet excitons,

respectively.

After its formation, a singlet Frenkel exciton in the do-

nor diffuses via the F€orster energy transfer and a triplet exci-

ton through the Dexter transfer mechanism6 to the interface

and dissociates. Here, we propose that the mechanism of

exciton dissociation occurs through two steps: (1) As the

energy of acceptor’s LUMO is lower than that of donor’s

LUMO, a Frenkel exciton relaxes first to a charge transfer

(CT) exciton state where electron gets transferred to the

acceptor’s LUMO21 as shown in Fig. 1(a). It is to be noted

that the CT exciton is not yet dissociated because for dissoci-

ation it requires an external energy at least equal to the bind-

ing energy.19 This external energy comes from the excess

vibrational energy released due to the formation of CT exci-

ton. This excess vibrational energy, if adequate, may impact

back to the CT exciton causing it to dissociate into free

charge carriers as shown in Fig. 1(b). Free electrons, thus

generated, are drawn towards the cathode and holes towards

the anode due to the potential energy difference caused by

the difference in work functions of the two electrodes,3,22

which will be discussed later in this study.

In organic solids, the intramolecular vibrations play a

more significant role in the exciton dissociation than the

intermolecular vibrations due to the larger intermolecular

separation. The vibrational Hamiltonian, H
_

v, in organic sol-

ids may be written as23

H
_

v ¼
XN

n¼1

Xn

v¼1

�hxvðbþnvbnv þ 1=2Þ; (3)

where �h is the reduced Planck’s constant, xv is the phonon

frequency, and bþnv (bnv) is the phonon creation (annihilation)

operator in the vibrational mode, v and N is the number of

molecules.

As shown in Fig. 1, the formation of a CT exciton

involves emission of phonons at the donor-acceptor interface

site, which then impact back to CT exciton and dissociate it

into free charge carriers. Following the theory of molecular

vibration, the interaction operator, H
_

d , between excitons and

phonons can be written as23

H
_

d ¼
XN

n¼1

Xn

v¼1

�hxnvGvBþn ðSÞBnðSÞðbþnv þ bnvÞ; (4)

where Gv is the exciton-phonon coupling constant, which is

a dimensionless linear displacement in the excited state of a

molecule associated with the vibrational mode, v and is

given by

G� ¼
ffiffiffiffiffiffiffiffiffiffi
lxxv

2�h

r
ðqvo�qooÞ; (5)

where lx ¼ memh

meþmh
is the reduced excitonic mass and me and

mh are the free electron and hole masses,6 respectively, qvo

FIG. 1. (a) The Frenkel exciton in the

donor relaxes to the CT exciton at

the donor-acceptor interface whereby

the electron moves to the acceptor

LUMO. Molecular vibrational energy

in the form of phonons is released

when the Frenkel exciton relaxes to the

CT state. (b) The excess molecular

vibrational energy, thus released,

causes the CT exciton to dissociate

into free charge carriers. Finally, disso-

ciated electrons move to the cathode

and holes to the anode due to the

potential energy difference provided

by the difference in work functions of

the two electrodes.
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denotes the displacement associated with the �th vibrational

mode by which a molecule gets shifted when excited from

HOMO to LUMO and qoo is the equilibrium position in the

ground state along the dimensionless coordinate, k, which is

given by k ¼ ðqvo�qooÞ
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
lxx=2�h

p
as shown in Fig. 2.23

Substituting Eq. (2) into Eq. (4), H
_

d is obtained as

H
_

d ¼
X

g;h;i;j;k;v2

X
r

1
;r

2
;r

3
;r

4

�hxkv2
Gv2

aþgL2
ðr1ÞdþhH2

ðr2ÞaþiL2

� ðr3ÞdþjH2
ðr4Þðbþkv2

þ bkv2
Þ: (6)

For the dissociation of an exciton at the donor-acceptor

interface in a bulk-heterojunction OSC, the initial state, jii,
can be considered to consist of a CT exciton and a phonon,

and the final state, jf i, consists of dissociated free electron

and hole. Thus, the initial state can be expressed as24

jii ¼ N�3=2
X
‘;m;n

X
re ;rh ;v

aþ‘LðreÞdþmHðrhÞbþnvj0; vi; (7)

where the electron is created at a site ‘ of the acceptor’s

LUMO, L and hole at the site m of the donor’s HOMO, H,

and j0; vi ¼ j0ijvi,where j0i represents the electronic vac-

uum state with the LUMO completely empty and HOMO

completely full and jvi represents the occupation of the

vibration state. And the final state can be written as

jf i ¼ N�3=2
X
‘1;m1

X
r0e;r0h;v1

aþ‘1L1
ðr0eÞdþm1H1

ðr0hÞj0; v
1
i; (8)

where the electron is created at site ‘1 of LUMO, L1 of the

acceptor molecule and hole at site m1 of HOMO, H1 of the

donor molecule.

Using Eqs. (6)–(8), the transition matrix element is

obtained as

hf jHdjii ¼ N�1
X

n

�hxnvGvnv; (9)

where nv is the number of phonons required to dissociate a

CT exciton.

Using Fermi’s Golden Rule, the rate of exciton dissocia-

tion, Rd, can be expressed as4

Rd ¼
2p
�h
jhf jHdjiij2dðEf � Ei þ �hxÞ; (10)

where Ei is the initial energy and Ef is the final energy of the

dissociation process at the donor (D) and acceptor (A) inter-

face, which can be expressed as

Ei ¼ ED
LUMO ¼ EA

LUMO þ nv�hx (11)

and

Ef ¼ EA
LUMO þ EB þ n1�hx; (12)

where (n1� 0) is the remaining number of phonons after dis-

sociation of the CT excitons.

Substituting Eqs. (9), (11), and (12) into Eq. (10), we

get Rd as

Rd ¼
2p

�hEB

X
n1

ð�hxÞ2n2
vG2

vd 1� ðnv � n1Þ
�hxv

EB

� �
: (13)

Using ðnv � n1Þ �hxv

EB
¼ 1 within Eq. (13), we get

n1 ¼ nv � EB

�hxv
, and then the rate, Rd, becomes

Rd ¼
2pð�hxvÞ2

�hEB
G2

v nv �
EB

�hxv

� �2

: (14)

In Fig. 2, qvo � qoo ¼ rcosh, where r is the average sep-

aration between an e and h in a CT exciton before its dissoci-

ation. Using this in Eq. (5) and integrating over the whole

solid angle, dX ¼ coshdhd/, we get

ðqvo � qooÞ2 ¼ r2

ðp2
�p

2

ð2p

0

cos2hcoshdhd/ ¼ 8p
3

r2; (15)

where the average separation, r, can be written in terms of

excitonic Bohr radius, ax as r¼ ax/e.
6

Substituting Eqs. (5) and (15) in Eq. (14), we get Rd as

Rd ¼
2p

�hEB
ðnv�hxv�EBÞ2

lxxv

2�h

8p
3

ax

e

� �2

: (16)

Finally, substituting Eq. (11) into Eq. (16), Rd in bulk-

heterojunction OSCs is obtained as

Rd ¼
8p2

3�h3e2EB

½ðED
LUMO�EA

LUMOÞ�EB�2ð�hxvÞlxa2
x (17)

provided ðED
LUMO � EA

LUMOÞ � EB. The advantage of obtain-

ing the rate of dissociation in the above form is that all

FIG. 2. Schematic energy diagram for the vibrational potentials of ground

(Vo) and excited (V1) state along the dimensionless coordinate, k. The

excited state potential is displaced on the k-axis by qvo.23
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quantities can be estimated from the known parameters of

materials used as donor and acceptor in bulk-heterojunction

OSCs.

III. RESULTS AND DISCUSSIONS

From the rate derived in Eq. (17), the dissociation of a

Frenkel exciton into free charge carriers at the interface of

any pair of donor and acceptor can be calculated in bulk-

heterojunction OSCs. According to Eq. (17), the exciton dis-

sociation rate depends on the binding energy of an exciton,

LUMO offset between donor and acceptor, molecular vibra-

tional energy produced when the Frenkel exciton relaxes to

CT exciton, reduced excitonic mass, excitonic Bohr radius,

and the dielectric constant of the donor material. The inverse

of the rate in Eq. (17) gives the time of dissociation of a

Frenkel exciton into free charge carriers: sd¼ (Rd)�1. Thus,

the rate and time of dissociation of a Frenkel exciton can be

calculated for any LUMO offset between the donor and

acceptor provided ðED
LUMO � EA

LUMOÞ > EB.

In this study, we have proposed that upon light absorp-

tion in a bulk-heterojunction OSC, a Frenkel exciton (either

singlet or triplet type) is formed in the donor. It may then dif-

fuse to the donor-acceptor interface6 and relax to a CT exci-

ton because the LUMO of the acceptor is at a lower energy.

The excess molecular vibrational energy thus generated is

released in the form of phonons, which can be transferred

back to the CT exciton thus formed to dissociate it into free

charge carriers. However, it is important to note that dissoci-

ation can only occur if the excess molecular vibrational

energy is greater than or equal to the exciton binding energy.

As singlet and triplet excitons have different binding

energies and excitonic Bohr radius, different rates and times

of dissociation will be obtained, respectively. Using Eq.

(17), the rate, RS
d and time, sS

d (where the superscript S
denotes singlet) of dissociation for singlet exciton can be cal-

culated if ES
B, lx, aS

x , and e are known. For organic semicon-

ductors, RS
d and time, sS

d have been calculated using the

following known input parameters:6 ES
B ¼ 0:059 eV,

lx¼ 4.66� 10�31 kg, aS
x ¼ 4:352 nm, and e¼ 3. These input

parameters are calculated for a few organic materials used

for fabricating OSCs elsewhere.6 The calculated rate and

time of dissociation of singlet excitons are plotted as a func-

tion of the LUMO offset in Fig. 3.

We have also calculated the corresponding triplet

exciton dissociation rate, RT
d and time, sT

d (where the super-

script T denotes triplet) in organic semiconductors, using

ET
B ¼ 0:759eV and aT

x ¼ 0:317nm.6 Other parameters

remain the same as for the case of singlet excitons. These

rates and times of dissociation for a triplet exciton are plot-

ted as a function of the LUMO offset in Fig. 4.

According to Figs. 3 and 4, the time of dissociation of

both singlet and triplet excitons decreases and the corre-

sponding rate increases, with increasing LUMO offset

between the donor and acceptor. This is because a higher

LUMO offset means a higher excess energy is available to

overcome the exciton binding energy and hence a quicker

dissociation is expected. The rate of dissociation of a singlet

exciton is about three orders of magnitude faster than that of

a triplet exciton. For example, at an offset of 0.10 eV, the

rate of singlet exciton dissociation is 1.8.4� 1015 s�1 and the

corresponding dissociation time is 0.54� 10�15 s (less than

1 fs). While for a triplet exciton, at 0.80 eV offset, the rate of

dissociation is 6.0.8� 1012 s�1 and the corresponding time is

0.16� 10�12 s (less than 1 ps). The dissociation time of a sin-

glet exciton agrees very well with experimental results.25,26

However, the underlying question arises that if the rate of

singlet and triplet exciton dissociations is so high, then why

the conversion efficiencies of bulk-heterojunction OSCs

obtained so far are limited to 5%–9.2%, experimentally?9–12

An attempt is made to answer this question below.

On the experimental side, the LUMO offset in bulk-

heterojunction OSCs vary from 0.3 to 0.5 eV.27–29 In the

case of triplet exciton, dissociation can only commence at an

offset of �0.759 eV. Hence, a triplet exciton cannot be disso-

ciated at such an experimentally available offset and hence

FIG. 3. The rate, RS
d , [Eq. (17)] and

time, sS
d , of dissociation of a singlet

exciton as plotted as a function of

LUMO offset between donor and

acceptor, ðED
LUMO � EA

LUMOÞ in a bulk-

heterojunction OSC.
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cannot contribute to the photovoltaic performance of bulk-

heterojunction OSCs.

Comparing the formation of singlet and triplet excitons

in OSCs with that in the organic light emitting devices

(OLEDs), where electrons and holes are injected from the

opposite electrodes, one may think that it is more probable to

create triplet excitons than singlet excitons. This is because

statistically, on average, the formation of triplet excitons in

OLEDs is three times more probable than singlet

excitons.30–32 As the triplet exciton energies are lower, one

may expect to excite more triplets than singlets. This implies

that unless one can dissociate triplet excitons in OSCs, more

than half of the absorbed energy may be lost through triplet

excitons. It is to be noted that triplet excitons cannot also

recombine radiatively due to spin restrictions and cannot dis-

sociate due to insufficient LUMO offset. Hence, they may

lose their energy through non-radiative recombinations.

One of the possibilities of such loss may be due to the

creation of high density triplet excitons within a thin film to

enable them to interact with each other and dissociate non-

radiatively. In our previous study, it has been found out that

in triplet excitation, incorporation of heavy metal atom

enhances the rate of absorption of triplet excitons due to the

enhanced spin-orbit-interaction which flips the spin to a sin-

glet form. This leads to a faster dissociation of triplet exci-

tons and hence an overall enhancement in the conversion

efficiency of organic solar cells.5

In addition, contributing to the loss of energy due to high

density triplet excitons, there are other possibilities as well

which need to be considered. These are due to three different

inefficient processes: (1) transport of created excitons towards

the interface, (2) transfer of vibrational energy back to CT for

its dissociation, and (3) transport of dissociated charge carriers

to opposite electrodes. Impact of these three possibilities on

the performance of an OSC is discussed below:

(1) Inefficient transfer of excitons to the donor-acceptor

interface

An exciton created by the absorption of a solar photon is

an electrically neutral entity as electron and hole are bound

together through Coulomb interaction. An exciton created at

a molecule can move in any direction of outward solid angle,

X. Considering the fractional solid angle, dX ¼ sinhdhdu,

we get the whole solid angle as
Ð

dX ¼ 4p. This means that

the probability of an exciton created at a molecule to move

to any one particular direction is 1/4p. If this molecule is

next to the interface then the transfer should be multiplied by

1/4p. However, if this interface is a few molecules away

from the excited molecule, the rate of transfer should be mul-

tiplied by 1/4p at each such molecular step. Thus, the proba-

bility that an exciton created n molecules away from the

interface will reach the interface becomes (1/4p)n. As

4p> 10, the farther the exciton is from the interface, much

less is the probability that it will reach the interface to form a

CT exciton. This basically means that every single step away

from the interface will reduce the probability by at least one

order of magnitude.

From this analysis, one may conclude that the only effi-

cient way of ensuring that an exciton reaches the interface is

that each donor molecule must be next to an acceptor mole-

cule. If the fabrication is based on solution method, this

implies that in a heterojunction OSC, donor-acceptor con-

centration should be equal (1:1).

(2) Inefficient transfer of vibrational energy back to CT

exciton for dissociation

When an exciton from a donor molecule converts itself

to a CT exciton by transferring its electron to an acceptor

molecule, the excess energy released will excite molecular

vibrations. This vibrational energy can be dissipated in any

direction from the excited molecule. The probability that it

will be transferred back to the CT exciton to dissociate it is

only one of the possible directions of a solid angle.

Therefore, the transition matrix element of dissociation

[Eq. (9)] of excitons must be multiplied by 1/4p. This means

that the rate of dissociation reduces by a factor of (1/4p)2,

FIG. 4. The rate, RT
d , [Eq. (17)] and

time, sT
d , of dissociation of a triplet

exciton as plotted as a function of

LUMO offset between donor and

acceptor, ðED
LUMO � EA

LUMOÞ in a bulk-

heterojunction OSC.
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which is nearly three orders of magnitude less than that

obtained from Eq. (17) and hence the dissociation time will

be longer by three orders of magnitude.

(3) Inefficient transport of free charge carriers to oppo-

site electrodes

After the dissociation of an exciton, free charge carriers

are drawn to the opposite electrodes, solely by the difference

between the ionisation potential of the anode and the elec-

tron affinity of the cathode. The potential difference due to

the work functions, / (in eV) between the anode and cathode

is given as: DV ¼ /a � /c, where /a and /c are the work

functions of the anode and cathode, respectively. The force,

F, required for a charge carrier to be drawn towards the elec-

trode is given as

F ¼ /a � /c

r
; (18)

where r is the inter-electrode distance. In bulk-heterojunction

OSCs, normally ITO is used as the anode, /ITO¼ 4.7 eV

(Ref. 33) and aluminium (Al) as the cathode, /Al¼ 4.3 eV

(Ref. 34), which provides DV¼ 0.4 eV. The inter-electrode

distance is around 100 nm (Ref. 35) and using Eq. (18), the

effective force for charge diffusion to the electrode is

F¼ 0.64 pN. According to Eq. (18), in order to enhance the

force for charge diffusion to the electrodes, the potential dif-

ference should be larger and the inter-electrode distance

should be smaller. Hence, calcium (Ca), /Ca¼ 2.9 eV (Ref.

36) and caesium (Cs), /Cs¼ 2.1 eV may be employed as

potential cathodes to enhance the potential difference to

strengthen the force. The charge mobilities should also be

high for efficient charge diffusion to the electrodes.

Furthermore, the exciton dissociation rate in Eq. (17)

can also be postulated for bulk-heterojunction hybrid OSCs.

These OSCs are similar to bulk-heterojunction OSCs but the

acceptor material is usually an inorganic semiconductor such

as cadmium selenide, zinc oxide, and titanium oxide.37–39 In

bulk-heterojunction hybrid OSCs, blends of the inorganic

nanoparticles are mixed with the organic polymer to form an

active layer.40 The inorganic semiconductor nanoparticles

provide the advantages of high absorption coefficients and

tuning ability of the optical band-gap and electron affinity to

the nanoparticle size.41 The rate of exciton dissociation in a

bulk-heterojunction hybrid OSC can be written as

Rd ¼
8p2

3�h3e2EB

½ðED
LUMO�EA

CBÞ�EB�2ð�hxvÞlxa2
x ; (19)

where EA
CB is the energy level at the conduction band of the

inorganic acceptor material. Other parameters remain the

same as in Eq. (17). This dissociation rate can be modeled

for various organic donor and inorganic acceptor materials.

IV. CONCLUSIONS

A time-dependent interaction operator for the dissocia-

tion of an exciton into free charge carriers in bulk-

heterojunction OSCs has been derived. It is proposed that at

the donor-acceptor interface, the molecular vibrational

energy generated when a Frenkel exciton relaxes to a charge

transfer exciton provides the excess energy for the self-

dissociation of the charge transfer exciton into free charge

carriers. For such a mechanism of dissociation, the rate of

dissociation of a Frenkel exciton into free charge carriers is

derived, which depends on the LUMO offset between the do-

nor and acceptor, molecular vibrational energy, reduced

excitonic mass, binding energy, dielectric constant, and the

excitonic Bohr radius.

For a bulk-heterojunction OSC, increasing the LUMO

offset between the donor and acceptor may lead to faster dis-

sociation of both singlet and triplet excitons and hence may

enhance the conversion efficiency. However, despite the dis-

sociation rate being very fast, the conversion efficiency is

still low. Possible reasons for this are inefficient transport of

created excitons towards the interface, transfer of vibrational

energy back to CT for its dissociation, and transport of disso-

ciated charge carriers to opposite electrodes. The exciton dis-

sociation rate is also postulated for bulk-heterojunction

hybrid OSCs.
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