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Primary steps of exciton formation in organic solar cells are presented here. The rates of

absorption of photons to excite singlet and triplet excitons are derived using exciton-photon and

exciton-spin-orbit-photon-interaction, respectively, as perturbation operators. In both singlet

and triplet absorptions, the rates are found to depend on the absorption energy, excitonic Bohr

radius, and the dielectric constant of the donor organic material. Incorporation of heavy metal

atoms enhances the exciton-spin-orbit-photon interaction and hence the rate of excitation of

triplet excitons because it depends on the square of the heaviest atomic number. The new

exciton-spin-orbit-photon interaction operator flips the spin to a singlet form leading to faster

dissociation into charge carriers and resulting in higher photon to electron-hole pair conversion

efficiency in organic solar cells. VC 2013 AIP Publishing LLC.

[http://dx.doi.org/10.1063/1.4826199]

I. INTRODUCTION

Absorption of light of energy larger than or equal to the

bandgap of an organic solid results in the production of

excited electron ðeÞ and hole ðhÞ pairs. An electron is excited

to the lowest unoccupied molecular orbital (LUMO), leaving

a hole in the highest occupied molecular orbital (HOMO),

which instantly form an exciton due to strong Coulomb inter-

action between e and h caused by the low dielectric constant

(e¼ 3–4) of organic solids. In organic solids, the energy

bandgap is equal to the energy difference between the

LUMO and HOMO energy levels. As the electronic intermo-

lecular interaction is weak in organics, the formation of such

excitons is usually of Frenkel type.1–4 A simple heterojunc-

tion organic solar cell (OSC) consists of donor-acceptor

layer sandwiched between the two electrodes, an anode

(TCO) and a cathode (Al, Ag, Ca, etc.) and by shining light

on the transparent anode, excitons are excited within the

donor material.5

In our previous work,1 it is shown that singlet excitons

diffuse and dissociate faster than triplet excitons in organic

solids, which is advantageous in OSCs. A singlet exciton has

a higher diffusion length than triplet exciton because of its

larger diffusion coefficient as investigated in Ref. 1 using the

F€orster and Dexter energy transfer mechanisms. In a previ-

ous study,6 the diffusion lengths of singlet and triplet exci-

tons have been measured and calculated but not for the same

material. The calculated diffusion lengths of a singlet exciton

in one material are found to be larger than that for triplet in

another material. However, the measured values appear to be

not very different and the limitation of the experiment tech-

nique is also discussed.6 This agrees with our calculations1

as well where we have calculated the singlet and triplet

exciton diffusion lengths in the same material and found that

the singlet diffusion length is larger than that of triplet. In

addition, a singlet exciton has a lower binding energy than a

triplet exciton, which makes dissociation of a singlet exciton

more efficient.7

It has been recently discovered that incorporation of

Iridium (Ir) complexes in the donor enhances the photon to

electron-hole pair conversion efficiency in OSCs7–10 as well

as it enhances the emission efficiency in organic light emit-

ting devices (OLEDs).11–15 In OLEDs, this enhancement has

been attributed to the enhanced recombination of triplet exci-

tons due to enhanced spin-orbit interaction and also has been

studied theoretically through the new time-dependent

exciton-spin-photon interaction operator.16 However, it has

not yet been clearly understood how the introduction of

heavy metal atoms can enhance both, dissociation of triplet

excitons in OSCs and their radiative recombination in

OLEDs. To the best of our knowledge, no theory has yet

been developed to understand this mechanism in OSCs. The

objective of this paper is to present a comprehensive study

on the excitation mechanisms of excitons to singlet and tri-

plet states, calculate their rates and determine their effect on

the performance of OSCs. This work is expected to provide,

for the first time, insights on how the incorporation of heavy

metal atoms can enhance the conversion efficiency from

photons to electron-hole pairs in OSCs, which has recently

been observed.7–10

II. METHOD

Rates of absorption of a photon to excite singlet and

triplet excitons are derived in this section. Absorption of a

photon in any semiconductor can excite an electron from the

valence to the conduction bands leaving a hole in the valence

band. Such an excited state will usually be a singlet because

of the spin conservation. In organic semiconductors, usually
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a triplet state lies at a lower energy than a singlet state and

hence it can be excited from the singlet excited state through

intersystem crossing. The excess singlet energy helps flip-

ping the spin of singlet excited electron which then relaxes

to the triplet state.17 The triplet state can also be excited

directly by photons of energy larger than or equal to the tri-

plet mediated by the exciton-spin-orbit-photon interaction

operator as described below. The mechanism of absorption

of a photon and formation of a singlet exciton due to

exciton-photon interaction is presented in Sec. II A and for a

triplet exciton due to the exciton-spin-orbit-photon interac-

tion in Sec. II B.

A. Formation of singlet excitons due to
exciton-photon interaction

We consider an organic solid in which an electron is

excited directly from HOMO to LUMO upon photon absorp-

tion without any change in its spin configuration. The inter-

action operator, ĤIs, between radiation and a pair of electron

and hole is given by18

ĤIs ¼ �
e

m�e
pe �

e

m�h
ph

� �
� A; (1)

where the subscripts I and s denote interaction and singlet,

respectively, m�e and m�h are the effective masses and pe and

ph are the linear momenta of the excited electron and hole,

respectively, e is the electronic charge, and A is the vector

potential of photons given by

A ¼
X

k

Aosðêkcþk e�ixkt þ ekckeixktÞ; (2)

where Aos ¼ �h
2e0n2Vxk

� �1=2
and n is the refractive index, V is

the illuminated volume of the material, xk is the photon fre-

quency, e0 is the vacuum permittivity, �h is the reduced

Planck’s constant, and êk is the unit polarization vector of

photons. cþk ðckÞ is the creation (annihilation) operator of a

photon in mode k . The first term of A represents the emis-

sion while the second term relates to absorption of a photon.

In this study, only the absorption term is considered from

here onwards.

Using the centre of mass coordinate, Rx ¼ ðm�ere

þm�hrhÞ=M, where M ¼ m�e þ m�h and relative coordinate,

r ¼ re � rh, the absorption interaction operator, Ĥas for sin-

glet, can be written as

Ĥas ¼ �
eck

lx

X
k

�h

2eon2Vxk

� �1=2

eixktðek � pÞ; (3)

where the subscript a denotes absorption, lx is the reduced

mass of exciton: l�1
x ¼ m��1

e þ m��1
h and p ¼ �i�hrr is the

relative momentum between e and h.

The field operator of an electron in the LUMO level (L),

ŵLðreÞ can be expressed as19

ŵLðreÞ ¼ N�1=2
X
‘

/L
‘ ðreÞaL‘; (4)

where N is the number of molecules in the sample, /L
‘ ðreÞ is

the wave function of an electron at the excited molecular site

‘ and aL‘ is the annihilation operator of an electron in

LUMO of site ‘ .

Likewise, the field operator of a hole, ŵHðrhÞ, in the

HOMO level ðHÞ, can be expressed as

ŵHðrhÞ ¼ N�1=2
X

m

/H
mðrhÞdHm; (5)

where /H
mðrhÞ is the wave function of a hole at the excited

molecular site m and dHm is the annihilation operator of a

hole in HOMO of site m .

Now using Eqs. (4) and (5), the interaction operator in

Eq. (3) can be written in the second quantized form as

Ĥas ¼ �
e

lx

X
k

�h

2eon2Vxk

� �1=2

eixktZ‘mkBþLH‘mck; (6)

where BþLH‘m ¼ 1ffiffi
2
p ½aþL‘ðþ1=2ÞdþHmð�1=2Þ þ aþL‘ð�1=2ÞdþHm

ðþ1=2Þ�20
is the creation operator of a singlet exciton by

exciting an electron in LUMO at site ‘ and a hole in HOMO

at site m and Zlmk ¼
Ð

/L
‘ ðreÞek � p/H

mðrhÞdredrh:
21

For deriving the rate of absorption, we consider the ini-

tial state jii consisting of a photon in mode k and the final

state jf i has a singlet exciton. Such initial and final states can

be, respectively, expressed as

jii ¼ cþk j0ij0pi (7)

and

jf i ¼ 1ffiffiffi
2
p ½aþL ðþ1=2ÞdþHð�1=2Þ
����
þ aþL ð�1=2ÞdþH ðþ1=2Þ�

����� 0ij0pi; (8)

where |0i represents the vacuum states of the solid where

HOMO is completely occupied and LUMO is empty and |0pi
is the vacuum state of photons (no photons).

Using these, the transition matrix element for transition

from the initial to the final state is obtained as18

hf jĤasjii ¼ �
e

lx

X
k

�h

2eon2Vxk

� �1=2

eixktpLH; (9)

where

pLH ¼ N�1
X
‘

X
m

Zlmkd‘;m (10)

and d‘;m represents that the matrix element is non-zero only

when e and h are created on the same site.

Now applying Fermi’s golden rule, the rate of absorp-

tion, Ra, of a photon to excite an exciton can be written as22

Ra ¼
2p
�h

X
k

jhf jĤajiij2dðEf � EiÞ; (11)
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where Ei and Ef are the initial and final state energies given

by

Ei ¼ �hxk; (12a)

where �hxk is the energy of the absorbed photon in mode k
and

Ef ¼ ELUMO � EHOMO; (12b)

where ELUMO is the LUMO energy and EHOMO is the HOMO

energy.

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

rate of formation of singlet exciton, Ras, by absorption of a

photon as: 0

Ras ¼
2pe2

l2
x

1

2eon2Vxk

� �
ELUMO

�
X

EHOMO

jpLHj2dðELUMO � EHOMO � �hxkÞ: (13)

Applying the two-level approximation, the rate of sin-

glet excitation in organic solids can be written as

Ras ¼
pe2

eon2xl2
x

jpLHj2dðELUMO � EHOMO � �hxkÞ: (14)

Now using the dipole approximation, the transition

matrix element, PLH, is obtained as18

pLH ¼ ixlxhek � ri; (15)

where r is the dipole length and hek � ri denotes integration

over the photon wave vector k for all photon modes k, which

can be evaluated as follows: Considering that a wave vector

k can be associated with every photon mode, one can write:P
k ¼ 2V

ð2pÞ3
Ð

d3k with k ¼ xk=c, where j ¼ ð4peoÞ�1

¼ 9� 109, c is the speed of light and k2dk ¼ x2
k

c3�h dð�hxkÞ,
we get16

X
k

¼ 2V

ð2pÞ3
ð

d3k

¼ 2V

ð2pÞ3
ðELUMO�EHOMO

o

ðp
0

ð2p

0

x2
k

c2�h
sin h sin2 /kdð�hxkÞdhd/k:

(16)

Replacing Eq. (16) into Eq. (14) and substituting e ¼ n2,

we get Ras as

Ras ¼
4je2

ffiffi
e
p
jrsj2ðELUMO � EHOMOÞ3

3�h4c3
: (17)

B. Triplet excitation due to exciton-spin-orbit-photon
interaction

By absorption of a photon of adequate energy, an elec-

tron can be excited to a triplet spin configuration through the

electron-spin-orbit-photon interaction, ĤIt, given by16,23

ĤIt ¼ �
eg

2m2
ec2

s � p�
XN

n¼1

En

 !
(18)

where the subscript t denotes triplet, g¼ 2 is the gyromag-

netic ratio, En ¼ �rVn is the electric field of the electron

generated by the nth nucleus in the molecule, where rVn is

the gradient of the scalar nuclear potential and s and p are

the spin angular and orbital momenta of the electron, respec-

tively. Once light shines on the sample, the interaction opera-

tor in Eq. (18) modifies to

ĤIt ¼ �
eg

2m2
ec2

s � pþ e

c
A

� �
� � 1

c

@A

@t
�
XN

n¼1

rVn

 !

þ eg

mec
s �H;

(19)

where H ¼ r� A is the magnetic field of the electromag-

netic radiation and rVn ¼ �ðZnek=r3
enÞren, where ren is the

position vector of the electron from the nucleus and jrenj ¼
ren . For Zn � 1, the interaction between the excited electron

and other valence electrons in the atom is considered to be

negligible. A is the vector potential of photons suitable for

the exciton-spin-orbit-photon interaction through the triplet

excitation given by

A ¼
X

k

Aotðêkcþk e�ixkt þ ekckeixktÞ; (20)

where Aot ¼ ½2pc2�h=e0exkV�1=2
. Like in Eq. (2), here the

first term of A corresponds to the emission while the second

term is the absorption of a photon.

The operator in Eq. (19) can be further simplified by tak-

ing into account that within the dipole approximation we get

r� A¼ 0, which eliminates a few terms as shown below16

e

c2
s � A� @A

@t

� �
¼ 0 ; (21a)

1

c
s � p� @A

@t
¼ � i�h

c
s � r � @A

@t
¼ � i�h

c
s � @
@t
ðr � AÞ ¼ 0:

(21b)

Substituting Eq. (21) into Eq. (19), we get the interaction

operator as

ĤIt ¼ �
eg

2m2
ec2

�
XN

n¼1

Znek s � Ln

r3
en

� e

c
s � A�

XN

n¼1

rVn

 ! !
;

(22)

where Ln ¼ ren � p is the orbital angular momentum of

electron. The first term of Eq. (22) is the well known station-

ary spin-orbit interaction operator16 and is obtained in the

absence of radiation. Its inclusion in the Hamiltonian as a

perturbation can only split the degeneracy of a triplet state.

As this term is a stationary operator, it cannot cause any tran-

sition. Only the last term, which depends on spin, radiation

and time can be considered as the time-dependent perturba-

tion operator and hence can cause transition.
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Substituting the absorption term for A from Eq. (20)

into Eq. (22), the time-dependent interaction operator for tri-

plet absorption, Ĥat, becomes

Ĥat ¼
e3gk

2m2
ec2

X
k;n

Zn

r2
en

2p�h

e0exkV

� �1=2

e1xkts � ek � renð Þck; (23)

where ren ¼ ren=ren is a unit vector. For evaluating the triple

scalar product of three vectors, without the loss of any gener-

ality, we may assume that vectors ek and ren are in the

xy-plane at an angle /k, then we get ek � ren ¼ sin /knĝ,

ĝ being a unit vector perpendicular to the xy-plane. This

gives s:ðek � renÞ ¼ s:ĝ sin /kn ¼ sz sin /kn, which simplifies

Eq. (23) to

Ĥat ¼ �
e3gk

2m2
ec2

X
k;n

Zn

r2
en

2p�h

eoexkV

� �1=2

eixkt sin /knszck: (24)

The electron spin-orbit-photon interaction operator in

Eq. (24) represents interaction for an electron with spin-orbit.

For exciting an electron and hole pair, this interaction can be

written as24

Ĥat ¼ �
e3gk

2l2
xec

2

X
k;n

Zn

r2
en

2p�h

e0exkV

� �1=2

sin /kensez

"

þ
X
k;n

Zn

r2
hn

2p�h

e0exkV

� �1=2

sin /khnshz

#
eixktck; (25)

where ren and rhn are the electron and hole distances from

their nuclear site n and sez and shz are the spin projections

along the z-axis of the electron and hole, respectively. It may

be noted that the interaction operator in Eq. (25) remains the

same for an electron-hole pair and an exciton, excited in a

triplet state.

Using the field operators in Eqs. (4) and (5) in Eq. (25),

the time-dependent operator of spin-orbit-exciton-photon

interaction is obtained in second quantization as

Ĥat ��
e3gZk

l2
x c2e r2

t

2p�h

e0e V

� �1=2X
k

X
re;rh

sin /kffiffiffiffiffiffi
xk
p eixkt

� ðsez þ shzÞaþL ðreÞdþHðrhÞdre ; rhck; (26)

where rt is the average separation between electron and hole in

a triplet exciton and is approximated by hHOMOjr�2
en jLUMOi

� hHOMOjr�2
hn jLUMOi � ðrt=2Þ�2

.

It may be noted that the sum over sites n does not appear

in Eq. (26). This is because the interaction operator depends

on the atomic number, Zn, and the inverse square of the

distance between an electron and nucleus and a hole and

nucleus. Therefore, only the contribution of the nearest heav-

iest atom is significant while contributions from the other

atomic sites become negligible. Hence the summation over n
may be removed as an approximation.

For simplifying the sum over spins in Eq. (26), one

needs to consider the three spin configurations of a triplet

exciton state which are expressed as20

aþL ðþ1=2ÞdþHðþ1=2Þ ¼ aþL ðþ1=2ÞaHð�1=2Þ (27a)

1ffiffiffi
2
p ½aþL ðþ1=2ÞdþHð�1=2Þ�aþL ð�1=2ÞdþHðþ1=2Þ�

¼ 1ffiffiffi
2
p ½aþL ðþ1=2ÞaHðþ1=2Þ�aþL ð�1=2ÞaHð�1=2Þ� (27b)

aþL ðþ1=2ÞdþHð�1=2Þ ¼ aþL ð�1=2ÞaHðþ1=2Þ: (27c)

Using the property of sez and shz operators as seza
þ
L ð6 1

2
Þ

¼ 6 1
2
�haþL ð6 1

2
Þ and shzd

þ
Hð6 1

2
Þ ¼ 7 1

2
�hdþH ð6 1

2
Þ, we find that

only the contribution from Eq. (27b) is non-zero. This

reduces the operator in Eq. (26) to the following term:

Ĥat ��
2�he3gZk

l2
xc2e r2

t

2p�h

e0eV

� �1=2X
k

sin/kffiffiffiffiffiffi
xk
p eixk t

� 1ffiffiffi
2
p ðaþL ðþ1=2ÞdþHð�1=2Þþ aþL ð�1=2ÞdþH ð1=2ÞÞ
� 	

ck:

(28)

It may be noted in Eq. (28) that the operator sz has

flipped the spin from the triplet configuration to singlet con-

figuration. Thus in such case, the exciton-spin-photon inter-

action plays two roles:

a. Enhances the rate of triplet excitation due to incorpora-

tion of heavy metal atoms and

b. Flips the spin from triplet to singlet configuration which

facilitates dissociation. This mechanism is schemati-

cally presented in Fig. 1.

We now consider a transition from an initial state jii
given in Eq. (7) to the final state jf i in Eq. (8), whose spin

has been flipped by the spin-orbit interaction. Then the tran-

sition matrix element is obtained as

hf jĤatjii ¼ �
2�he3gZk

l2
xc2er2

t

2p�h

e0eV

� �1=2
sin /kffiffiffiffiffiffi

xk
p eixkt: (29)

Applying Fermi’s golden rule as in Eqs. (11) and (12)

and simplifying the sum over k as carried out in Eq. (16)

with g ¼ 2, Rat is obtained as

Rat ¼
32e6Z2k2ðELUMO � EHOMOÞ3

l4
xc7e0e3r4

t

: (30)

III. RESULTS AND DISCUSSION

In this section, the rates of singlet and triplet excitations

for organic solids are calculated using rs ¼ axs=e and

FIG. 1. Schematic diagram of the effect of exciton-spin-orbit-photon inter-

action in directly exciting a triplet exciton state by absorption of a photon.
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rt ¼ axt=e, where axs and axt are the excitonic Bohr radii of

singlet and triplet excitons, respectively. Now substituting

these into Eqs. (17) and (30), we get the rate of a photon

absorption for a singlet excitation due to exciton-photon

interaction and triplet excitation due to exciton-spin-orbit-

photon interaction, respectively, as

Ras ¼
4ke2ðELUMO � EHOMOÞ3a2

xs

3c3e1:5�h4
; (31)

Rat ¼
32e6Z2k2e ðELUMO � EHOMOÞ

c7e0l4
xa4

xt

; (32)

where axs ¼ a2

ða�1Þ2 axt, axt ¼ le
lx

ao, where a is a material

dependent constant representing the ratio of the magnitude

of the Coulomb and exchange interactions between the elec-

tron and hole in an exciton, ao is the Bohr radius and l is the

reduced mass of electron in a hydrogen atom.20 The values

of the singlet and triplet excitonic Bohr radii in organic

materials have been calculated by Narayan and Singh.1

The rates of singlet and triplet absorption derived

in Eqs. (31) and (32) are sensitive to the energy gap,

ðELUMO � EHOMOÞ, of the material. Hence for various donor

organic materials used in OSCs, the rates of formation of

singlet and triplet excitons are calculated as a function of

ðELUMO � EHOMOÞ obtained from the experimental studies

and presented in Table I. The inverse of these rates gives

the time of formation of the corresponding exciton, si ¼
R�1

ai ; i ¼ s or t .

According to Eqs. (31) and (32), Ras does not depend on

Z but Rat depends on Z2 . Thus in the case of triplet excita-

tion, the higher the Z value, the faster will be Rat . Normally,

organic materials consist of hydrocarbons, where carbon, C,

has the highest atomic number. In experimental studies,7–10

doping with the heavy metal atoms such as Ir in the donor or-

ganic materials is observed to enhance the photon-electron

conversion efficiency of OSCs. Therefore, we have calcu-

lated the rates and corresponding formation times of triplet

excitons with Z¼ 6 for C and Z¼ 77 for Ir, for several

organic materials used as donors in OSCs and the results are

presented in Table I.

For all organic materials used as donors and listed in

Table I, the rate of excitation of singlet excitons is five orders

of magnitude greater than that of triplet excitons. This is

because Ras is highly sensitive to the absorption energy,

ðELUMO � EHOMOÞ3 while Rat is only linearly dependent on

ðELUMO � EHOMOÞ . According to Table I, TFB has the high-

est absorption energy of 3.59 eV and provides the fastest rate

of absorption of 6:36� 1010 s�1 for singlet excitons and

5:28� 105s�1 for triplet excitons as compared to other or-

ganic materials. Therefore, utilizing wide-band gap materials

as donors can be expected to greatly enhance the singlet and

triplet absorption rates in OSCs.

The rates are also sensitive to the singlet and triplet exci-

tonic Bohr radii as shown in Eqs. (31) and (32). In the case

of a singlet exciton, the rate is proportional to a2
xs while for a

triplet exciton, it is proportional to a�4
xt . Hence, the larger

the distance between electron and hole in a singlet exciton,

the faster will be the rate of formation of singlet excitons by

photon absorption. However in the case of triplet excitation,

the smaller the electron-hole distance in the triplet exciton,

the faster will be the triplet absorption rate. In addition, the

dielectric constant of the donor organic material also plays a

key role in the absorption rates. Organic solids with low e

TABLE I. Rates of absorption of a photon to form a singlet exciton due to exciton-photon interaction and triplet exciton due to exciton-photon-spin-orbit inter-

action calculated using Eqs. (31) and (32), respectively, as a function of energy gap of various donor organic materials [PCBM¼ [6,6]-phenyl-C61-butyric acid

methyl ester, PFPy¼ poly(fluorene-alt-pyridine), P3HT¼ poly(thiophene), a-NPD¼N,N0-diphenyl-N,N0-bis(1-naphthyl)-1-10biphenyl-4,400diamine, P3OT

¼ poly(3-octylthiophene-2,5-diyl), Pt(OEP)¼ platinum octaethyl porphyrin, MEV-PPV¼ poly(2-methoxy-5-(20-ethylhexyloxy)-1,4-phenylenevinylene),

PPV¼ poly(1,4-phenylene vinylene), MDMO-PPV 5 poly[2-methoxy-5-(30,70-dimethyloctyloxy)-1,4-phenylenevinylene], PEOPT¼ poly(3-(40-(100,400,
700-trioxaoctyl)phenyl)thiophene), PTPTB¼ poly-(N-dodecyl-2,5-bis(20-thienyl)pyrrole-(2,1,3-benzothiadiazole)), BBL¼ poly(benzimidazobenzophenanthr

oline ladder), F8BT¼ poly(9,9-dioctylfluorene-cobenzothiadiazole), PFB¼ poly(9,9-dioctylfluorene-co-bis-N,N-(4-butylphenyl)-bis-N,N-phenyl-1,

4-phenylenediamine), TFB¼ poly(9,9-dioctylfluoreneco-N-(4-butylphenyl) diphenylamine)].

Organic material

ELUMO �EHOMO

[eV] Ras � 1010 [s�1]

sas

� 10�11 [s]

Rat (C)

� 103 [s�1]

sat (C)

� 10�4 [s]

Rat (Ir)

105 [s�1]

sat (Ir)

10�6 [s] Reference

PCBM 2.40 1.90 5.26 2.14 4.67 3.53 2.83 9

PFPy 2.94 3.49 2.86 2.62 3.81 4.32 2.31

P3HT 2.10 1.27 7.85 1.87 5.34 3.09 3.24 8

a-NPD 3.10 4.10 2.44 2.77 3.61 4.56 2.19 17

P3OT 1.83 0.84 11.9 1.63 6.12 2.69 3.72 25

Pt(OEP) 1.91 0.96 10.4 1.70 5.87 2.81 3.56 26

MEV-PPV 2.17 1.41 7.12 1.94 5.16 3.19 3.13 27

PPV 2.80 3.02 3.31 2.50 4.00 4.12 2.43 28

MDMO-PPV 2.20 1.46 6.83 1.96 5.09 3.23 3.09 29

PEOPT 1.75 0.74 13.6 1.56 6.40 2.57 3.89 30

PTPTB 1.70 0.68 14.8 1.52 6.59 2.50 4.00

BBL 1.90 0.94 10.6 1.70 5.90 2.79 3.58 31

F8BT 1.80 0.80 12.5 1.61 6.22 2.65 3.78

PFB 2.81 3.05 3.28 2.51 3.99 4.13 2.42

TFB 3.59 6.36 1.57 3.20 3.12 5.28 1.89
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favors singlet excitation while a larger value leads to faster

triplet excitation as obtained in Eqs. (31) and (32),

respectively.

The rate of emission of photons in OLEDs16,17 is equal

to the rate of absorption of photon in OSCs as derived in

Eqs. (31) and (32). These results are in agreement with the

well-known Einstein’s equation that states that “in thermal

equilibrium, the rate at which photons of any particular fre-

quency are emitted must be equal to the rate at which they

are absorbed” given that light is emitted and absorbed by

atoms independently and thermal equilibrium is preserved

by interaction with atoms.32

According to Table I, the rate of triplet excitation by

incorporating Ir atom (Z¼ 77) increases by two orders of

magnitude in all donors than without it. This clearly shows

that the incorporation of heavy metal atom enhances the rate

of triplet excitation in OSCs due to enhanced exciton-spin-

orbit-photon interaction. As described above, this exciton-

spin-orbit-photon interaction also flips the spin to singlet

configuration to facilitate the absorption by spin conserva-

tion. At the same time, flipped spins to singlet configuration

makes it easier to dissociate the exciton into free charge

carriers, which is essential for the operation of a solar cell.

Assuming that faster dissociation means faster collection of

the charge carriers at the opposite electrodes, this can lead to

higher conversion efficiencies. Such an enhancement in the

photon-electron conversion efficiency of OSCs incorporated

with Ir complexes is in agreement with the experimental

results.7–10

Without doping with any heavy metal atom, the spin-

orbit interaction becomes negligible in organic solids and

only singlet excitons can be excited efficiently through the

exciton-photon interaction. The incorporation of heavy metal

atoms facilitates the excitation and dissociation of triplet

excitons as well and hence enhances the number of excited

charge carriers. This enhances the photocurrent leading to

enhanced conversion efficiency in OSCs. These results

clearly explain for the first time, theoretically, why the incor-

poration of heavy metal atoms increases the photon-electron

conversion efficiency in OSCs and enhances the emission

efficiency in OLEDs, as stated in the Introduction.

Overall, the rate of singlet excitations as derived in

Eq. (31) shows that larger absorption energy, greater exci-

tonic Bohr radius and smaller dielectric constant in donor or-

ganic materials will favor formation of singlet excitons.

While in the case of triplet excitations in Eq. (32), larger

absorption energy, doping of heavy metal atoms, smaller

excitonic Bohr radius, and a larger dielectric constant in do-

nor organic materials provide a faster rate of formation of tri-

plet excitons.

Singlet and triplet exciton contributions to the conver-

sion efficiency have recently been reviewed by Thompson

and Fr�echet29 which were based on the relative locations of

the charge separated and triplet exciton states. The efficient

mechanism of intersystem crossing is postulated in detail,

but no rates of intersystem crossing are either measured or

calculated. Therefore, it is difficult to compare the present

results with those by Thompson and Fr�echet.29 As the calcu-

lated absorption rates in Table I show that despite doping

with the heavy metal atoms, the rate of triplet absorption is

still five orders of magnitude slower than that of singlet and

hence the postulated intersystem crossing mechanism by

Thompson and Fr�echet29 may be considered more efficient

and hence prevalent. However, the well-established intersys-

tem crossing depends mainly on the relative position of sin-

glet and triplet states which have overlapping vibrational

energy states. Although an association of heavy metal atom

doping with the intersystem crossing is made by Guo et al.,33

an intersystem crossing is not influenced by the doping

of heavy metal atoms. Only the spin-orbit interaction, as con-

sidered here, gets enhanced by the doping of heavy metal

atoms which enhances the rate of absorption. Therefore,

intersystem crossing cannot be applied to explain the

enhancement of conversion efficiency in OSCs when the

donor is doped with heavy metal atoms.

It should also be noted that in any intersystem crossing,

there is always a loss of energy unless singlet and triplet

states are isoenergetic so that their vibrational energy states

overlap. Such a loss lowers the conversion efficiency, which

has not been addressed by Thompson and Fr�echet.29 This

paper addresses the problem of directly exciting triplet states

from the ground state due to the spin-orbit-interaction and

without going through the intersystem crossing, so that there

is no energy loss.

Also, it is not only the absorption of triplet excitons that

contributes to the conversion efficiency of the OSC. The dis-

sociation of excitons and subsequent separation of charge

carriers to opposite electrodes also contribute equally to the

conversion efficiency. The dissociation of excitons at the

donor-acceptor interface has been studied in our recent

work.34 According to this, the dissociation mediated by

heavy metal atoms is of the order of 1012 s�1, which is only

two orders of magnitude less than singlet exciton. However,

both are in the pico to femtosecond range hence will contrib-

ute to the conversion efficiency of the organic solar cells.

IV. CONCLUSIONS

In this study, the rates of excitation of singlet and triplet

excitons by the exciton-photon interaction and the exciton-

spin-orbit-photon interaction, respectively, have been

derived and calculated for various donor organic materials.

The rate of formation of singlet excitons is found to be larger

than that of triplet excitons because it is dependent on the

third power of the absorption energy of the donor organic

material. In the case of a 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 singlet form. This leads to a faster dissocia-

tion of triplet excitons as well and hence an overall enhance-

ment in the conversion efficiency of organic solar cells. The

present results provide very clear explanation as to why the

incorporation of heavy metal atoms leads to higher conver-

sion efficiency in OSCs, which has not been clearly under-

stood before.
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