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 1 Introduction Radiative recombination of triplet exci-
tons has attracted immense research interests due to its ap-
plications in electroluminescence [1], in particular in organic 
light emitting devices (OLEDs) [2–4]. This is because in 
inorganic crystalline semiconductors the exchange interac-
tion between the excited electron and hole in an exciton is 
negligibly small due to being of narrow range [5]. It is the 
exchange interaction that separates the singlet and triplet ex-
citon energy states. In these materials excitons have large 
orbital radius, known as large orbital radii excitons with van-
ishingly small exchange interaction. Therefore in these 
semiconductors singlet and triplet excitons are difficult to 
observe separately. However, triplet exciton emission has 
been observed in inorganic amorphous semiconductors [6], 
quantum dots [7, 8] and several conjugated polymers used in 
OLEDs [2–4]. In these semiconductors the energy differ-
ence, 

ST
ΔE , between the singlet and triplet excitons varies 

from a few meV to fraction of an eV. For example, in many 
conjugate polymers, 

ST
ΔE  is found to be nearly constant at 

about 0.7 eV [2, 3, 9, 10]. It has been established that Wan-
nier–Mott type excitons are formed in inorganic amorphous 
semiconductors [11]. The concept may also be extended to 
conjugated polymers because of the long chain structure. 
 The problem with a triplet excitation is that its radia-
tive recombination (phosphorescence) through dipolar 

transitions is spin forbidden, in contrast to singlet excita-
tions where radiative recombination (photoluminescence) 
is spin allowed. A triplet radiative transition is known to 
occur through the spin–orbit interaction that flips the spin 
to facilitate the recombination. As the spin–orbit interac-
tion is proportional to the atomic number it is weak in hy-
drocarbons and polymers, resulting in inefficient emission 
from a triplet exciton in such materials. Therefore, in light 
emitting devices (LEDs), one would like to have emissions 
only from singlet excitons. However, statistically singlet 
and triplet excitons are generated in the ratio of 1:3 [2] in 
LEDs, which limits their efficiency to 25% at most. It is 
therefore very important to make the triplet emission as ef-
ficient as possible and for doing this one needs to under-
stand quantitatively the mechanism of a triplet exciton ra-
diative recombination in any material first. 
 The well known spin–orbit interaction operator is a 
stationary operator [12], not a time-dependent transition 
operator and hence it cannot cause any optical transition. 
In aromatic molecules and molecular crystals, like naph-
thalene, anthracene, etc., the radiative emission from triplet 
excitations has been studied [13–17] a few decades ago. In 
some work, the time-dependent interaction operator used 
then consisted of higher order interactions, such as spin–
spin interaction, whose contributions were negligibly small 
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and hence the calculated radiative lifetime from the first 
order perturbation theory was found to be much longer 
than that measured experimentally [14]. 
 In the absence of a proper time-dependent spin–orbit–
photon transition operator, a very long standing tradition 
has been set up to calculate the transition matrix element 
between an excited triplet and singlet ground state in two 
steps [14, 17–19]. In the first step, applying the first order 
perturbation theory, the stationary spin–orbit interaction 
operator is used to calculate the energy splitting in a de-
generate triplet state and the first order perturbed wave 
function of the triplet state is expanded as a linear combi-
nation of all singlet and triplet unperturbed wave functions. 
In the second step, then the time-dependent dipole transi-
tion operator is used to calculate the transition matrix ele-
ment between the expanded first order triplet state and 
singlet ground state wave functions. In this way one gets 
fractional non-zero matrix element contributed by the 
singlet components in the expansion of triplet wave func-
tion. This approach has been applied to aromatic molecules 
by many and varying results have been obtained [14–20]. 
Li and Lim [21] have measured radiative lifetime in many 
aromatic molecules and Adrian [18] has calculated it 
semiemperically applying the traditional approach and 
among all, to the best of our knowledge, this work has pro-
duced results closest to the experiments. Some recent 
works, however, have applied the traditional approach on 
conjugated polymers [19] and non-planar aromatic hetero-
cyclic molecules [20]. As the two-step process is equiva-
lent to a second order perturbation theory, one wonders 
why there exists no spin–orbit–photon interaction opera-
tor for the triplet emission like the dipole transition opera-
tor for singlet emission. 
 However, as it has recently been pointed out [12] that 
the traditional approach cannot be applied to triplet Wan-
nier–Mott type excitons where both singlet and triplet 
states arise from the first excited (s-state with angular mo-
mentum quantum number being zero) state of an exciton 
bound in hydrogenic states and only the spin configura-
tions are different for singlet and triplet excitons. A new 
time-dependent spin–orbit–photon interaction operator 
[12] has recently been derived by one of the authors and is 
used to calculate the transition matrix element between a 
triplet excitation state and the singlet ground state through 
the first order perturbation theory in many amorphous sol-
ids [22] and conjugated polymers [23]. The approach has 
also been extended to molecular crystals, like naphthalene 
and anthracene. Although the radiative lifetime calculated 
from the new operator agrees very well for amorphous 
semiconductors and conjugated polymers, it does not agree 
so well with experiments for molecular solids because the 
concept of the Wannier–Mott excitons is not applicable in 
molecular crystals [5]. 
 In this paper, the newly developed recent theory is ex-
tended to calculate the rate of spontaneous emission in 
quantum dots and found to be in reasonable agreement 
with experiments. In addition, the cause of the discrepancy 

between the theoretical results and experimental ones are 
critically analysed and discussed. 
 
 2 Rate of spontaneous emission from triplet 
excitons For triplet excitons two expressions are derived 
for the rate of spontaneous emission within the two level 
approximation [9–12]. The first one that can be applied to 
a triplet excitation in any atoms or molecules is given by 
[12, 23]: 

6 2 2

12
sp 4 7 4

02 | |
x

e Z
R

c r

κ ω

μ ε

�
=  , 1

0
(4π )κ ε

-

=  ,  (1) 

where Z is the atomic number of the atom or constituting 
atoms in a homonuclear molecule. For molecules consist-
ing of hetero-atoms the atomic number of the heaviest 
atom should be used. In some cases, where heteroatoms are 
not very different in their atomic numbers, the average 
atomic number will be more appropriate to use [12]. 

12 2 1
E Eω� = -  is the energy of the emitted photon. E2 is the 

energy of the triplet state of excitation and E1 is the energy 

of  the ground state.  
2 H* L 2

H e L

1

| | | |

N

n n n n n

n

r C C rϕ ϕ
- -

=

=Â , where 

|r| is the average separation between excited electron and 
hole before their radiative recombination, 

Hn
ϕ  and 

Ln
ϕ  are 

the atomic orbitals of the n-th atom and H

n
C  and L

n
C  are the 

corresponding probability amplitude coefficients of HOMO 
and LUMO (triplet), respectively. 
 The second expression that can be applied to triplet 
Wannier–Mott type excitons bound in hydrogenic states in 
solids, is given by: 

6 2 2

12
sp 4 7 3 4

0 02

e Z
R

c a

κ ω

μ ε ε

�
=  , (2) 

where |r| in Eq. (1) is replaced by | | /
x

r a ε= , with 
x

a  is the 
excitonic Bohr radius of a triplet exciton given by 

0
/

x x
a aμε μ=  [4], 

0
0.0529a =  nm is the Bohr radius, ε  is 

the static dielectric constant of the solid and µ is the re-
duced mass of electron (µ = m

e
) in the hydrogen atom. The 

rate in Eq. (2) depends only on three material properties, 
the atomic number Z, emitted photon energy 

12
ω�  and the 

dielectric constant ε. 
 Equation (2) can be used to calculate the triplet emis-
sion rates only in bulk materials but not in quantum dots 
(QDs) because it does not take into account the effect of 
confinement. It is established that the exciton binding en-
ergy in QDs gets enhanced due to the confinement, espe-
cially in QDs of size smaller than the excitonic Bohr radius 
in bulk. As the exciton binding energy is inversely propor-
tional to the excitonic Bohr radius (separation between e 
and h in an exciton), one may define an effective exciton 
Bohr radius in QDs, which may be regarded to shrink from 
its value in bulk in proportion to the enhancement in the 
exciton binding energy. If the enhancement factor α  is de-
fined as the ratio of the exciton binding energy in a QD to 
that in bulk, the effective excitonic Bohr radius D

x
a  in a QD 
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can be given by D
/

x x
a a α= . Using this in Eq. (2), the rate 

of triplet exciton emission for QDs D

spR  is obtained as: 

D 4

sp spR Rα=  , (3) 

where Rsp is the rate in bulk [Eq. (2)]. Thus the confine-
ment plays a very significant role in the triplet recombina-
tion in QDs. 
 
 3 Results The rate derived in Eq. (3) is applied to cal-
culate the radiative lifetime of triplet excitons in single 
CdSe/ZnS quantum dots [7] and self-assembled InAs quan-
tum dots [8]. The triplet exciton emission energy observed 
in single CdSe/ZnS quantum dots (QDs) of radius 1.5 nm 
is 2.31 eV and of radius 5.6 nm is 1.94 eV. The effective 
masses of electrons and holes are found to be 0.235me and 
1.35me [24], respectively, which give the excitonic reduced 
mass 

e
0.2

x
mµ =  and excitonic Bohr radius a

x
 = 2.35 nm 

with ε  = 8.9 [25]. For using Eq. (3), we also need the con-
finement factor α . The enhancement in the binding energy 
in CdS QDs has been studied [26], accordingly the exciton 
binding energy in a QD of radius 1 nm gets enhanced by a 
factor α  = 10/3 at a barrier height of 500 meV, 5 meV at 
1000 meV and 7 meV at 2250 meV. The bulk exciton 
binding energy in CdS is 60 meV [26]. There are no such 
data known for CdSe QDs to the auhtor’s knowledge as a 
result these are used here to estimate the triplet radiative 
rates in CdSe QDs as well. Using these and Z = 48 (Cd) in 
an Eq. (3) we get D

spR  = 1.2 × 104 s–1 and radiative lifetime, 

r sp
1/ 83Rτ = =  µs at α= 10/3, D

spR  = 6.1 × 104 s–1 and radia-
tive lifetime, 

r sp
1/ 16.4Rτ = =  µs at α  = 5 and D

spR  = 2.3 × 
105 s–1 and radiative lifetime, 

r sp
1/ 4.2Rτ = =  µs at α  = 7, 

which qualitatively agree with the observed lifetime of 
1 µs [7]. If one changes the photon energy to 1.94 eV for 
QDs of radius 5.6 nm one would still get the radiative life-
time of the same order of magnitude because similar con-
finement factors [26] will be applicable. However, it is not 
possible to make any quantitative comparison without 
knowing the confinement factor more precisely. 
 In InAs self assembled QDs, the emitted triplet energy 
is 1.2 eV [8] for QDs of radius 1.00 nm. Using the electron 
and hole effective masses as 0.02me and 0.4me [24], respec-
tively, we get 

e
0.019

x
mµ =  and a

x
 = 40.37 nm with 

ε  = 14.5. For InAs, Z(In) = 49 is not very different from 
Cd (48) in CdSe but the dielectric constant of InAs is rela-
tively large. Therefore if the same confinement factors are 
used as for CdSe, according to Eq. (2) the rates are ex-
pected to be smaller and the corresponding radiative life-
times longer than in CdSe QDs. The experimental value is 
10 ns, which includes the non-radiative component as well 
and usually the non-radiative components are much faster. 
Nonetheless, it is difficult to compare quantitatively with-
out knowing the radiative lifetime exclusively and pre-
cisely. 
 The calculated values of the radiative lifetime in 
CdSe/ZnS QDs are listed in Table 1 at α  = 7 along with 
the results of a few amorphous semiconductors and conju- 

Table 1 Radiative lifetime calculated from the inverse of the rate 

of spontaneous emission given in Eq. (3) for CdSe/ZnS. Only the 

radiative lifetime with Z = 48 and the confinement factor α = 7 is 

given here, others are discussed in the text. The radiative lifetime 

of inorganic semiconductors and conjugated polymers are listed 

from the corresponding references using the material parameters 

published there. 

materials 
r

τ  (s) exptl. (s) 

CdSe/ZnS QD 4.2 × 10–6 10–6 [7] 

a-Si :H 5 × 10–3 [12] 10–3 [6] 

a-As
2
Se

3  0.7 × 10–4 [22] 10–4 [6] 

a-As
2
S

3 2.8 × 10–4 [22] 10–4 [6] 

P1 (polymer) 1.82 × 10–4 [23]   1.7 × 10–4 [10] 

P2 (polymer) 1.96 × 10–4 [23]   5.0 × 10–4 [10] 

P3 (polymer) 2.17 × 10–4 [23]   5 × 10–4 [10] 

naphthalene 2.2 [23] 36.2 [21] 

 

gate polymers incorporated with platinum atoms. Experi-
mental values are also listed. In addition, the radiative life-
time for naphthalene molecular crystal is also listed. It may 
be noted that while the agreement of theoretical results 
with experiments is quite good in amorphous inorganic 
semiconductors, conjugated polymers and quantum dots, 
the theoretical radiative lifetime in naphthalene does not 
agree that well with the experimental value. This discrep-
ancy will be discussed further in the next section. 
 
 4 Discussions The rate of spontaneous emission from 
triplet excitons and the corresponding radiative lifetimes are 
estimated for two CdSe/ZnS and InAs QDs using the new 
spin–orbit–photon interaction operator and first order per-
turbation theory. Table 1 shows that the calculated radiative 
lifetime in CdSe/ZnS QD with Z = 48 (Cd) and confinement 
α  = 7 agrees reasonably well with the experimental result. 
However, for a hetero atomic solid, with not very different 
atomic numbers, one should use the average value of Z. For 
CdSe, the average Z = (48(Cd) + 34(Se))/2 = 41, using this 
the rates of spontaneous emission and the corresponding ra-
diative lifetimes are obtained as D

spR  = 8.6 × 103 s–1 and radia-
tive lifetime, 

r sp
1/ 116Rτ = =  µs at α = 10/3, D

spR = 4.4 × 
104 s–1 and 

r sp
1/ 22.9Rτ = =  µs at α= 5 and D

spR  = 1.7 × 105 s–1 
and 

r sp
1/ 5.9Rτ = =  µs at α  = 7. These radiative lifetimes 

are slightly larger than those obtained in Table 1 with 
Z = 48. For InAs the average Z is the same as for CdSe and 
hence it will give similar results. 
 As it can be seen from Table 1, the calculated radiative 
lifetime agrees quite well with experimental results in 
CdSe/ZnS QDs, conjugated polymers and inorganic amor-
phous semiconductors. However, it does not agree so well 
in organic molecules, e.g., naphthalene. A similar discrep-
ancy is also obtained for anthracene not listed here. As the 
original theory of deriving the new operator is applicable 
for an excited electron hole pair bound in Wannier–Mott 
type excitonic states, the rate obtained from Eq. (2) may 
not be applicable for organic molecules and also for or-
ganic solids where Frenkel or molecular excitons concept 
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is more suitable. For organic molecules, as stated above, 
one should use the rate in Eq. (1) and in that use |r| calcu-
lated from the HOMO and LUMO molecular orbitals. 
 We have calculated HOMO and LUMO molecular or-
bitals of naphthalene using the standard software and then 
using the single atomic orbitals (AOs) evaluated |r|–2 as 
outlined above. For naphthalene, the energy difference be-
tween HOMO and LUMO is found to be 

12
ω�  = 7.56 eV 

and |r|–2 = 4.32 × 1014 m–2, which gives Rsp = 4.1 × 10–9 s–1 
and 8

r
2.4 10τ = ¥  s in comparison with the experimental 

value of 36 s (Table 1) measured experimentally and 69 s 
calculated through the traditional approach theoretically 
[18]. From this point of view, 

r
2.2τ =  s obtained from 

Eq. (2) (Table 1) agrees better with the experiment. This 
discrepancy is a clear indication of the fact that the simpli-
fied rate of Eq. (1) cannot be applied for organic molecules 
without taking into account the influence of the molecular 
structure. The importance of the molecular structure is evi-
dent from the work of Adrian and also more recent work of 
Schmidt et al. [20] on nonplanar aromatic heterocyclic 
molecules. 
 However, for amorphous solids and conjugated poly-
mers, the new rate in Eq. (2) and for QDs the rate in Eq. 
(3) are easy to apply and produce satisfactory results in 
comparison with experiments. 

Acknowledgements Authors are grateful to Dr E. C. Lim 

for bringing his previous work [21] to our attention otherwise it 

was unknown to us. A part of the work was done by JS during his 

sabbatical in 2007 at the Lawrence Berkeley National Laboratory, 

Berkeley, California USA and Hahn–Meitner Institute, Berlin, 

Germany. J.S. also had a few very useful discussions with Profes-

sor Jorn Hvam which is gratefully acknowledged. 

 

 References 

  [1] M. A. Baldo, D. F. O’Brien, Y. You, A. Shoustikov, S. Sil-

bey, M. E. Thompson, and S. R. Forest, Nature 395, 151 

(1998). 

  [2] H. F. Wittman, R. H. Friend, M. S. Khan, and J. Lewis,  

J. Chem. Phys. 101, 2693 (1994). 

  [3] V. Cleave, G. Yahioglu, P. L. Barny, R. H. Friend, and 

N. Tessler, Adv. Mater. 11, 285 (1999). 

  [4] A. Köhler and D. Beljonne, Adv. Funct. Mater. 14, 11 

(2004). 

  [5] J. Singh, Excitation Energy Transfer Processes in Con-

densed Matter (Plenum, N.Y., 2004). 

  [6] T. Aoki, in: Optical Properties of Condensed Matter and 

Applications, edited by J. Singh (John Wiley & Sons, 

Chichester, 2006), Chap. 5, p. 75 and references therein. 

  [7] O. Labeau, P. Tamarat, and B. Lounis, Phys. Rev. Lett. 90, 

257404 (2003). 

  [8] J. Johansen, S. Stobbe, I. S. Nikolaev, T. Lund-Hansen,  

P. T. Kristensen, J. M. Hvam, W. L. Vos, and P. Lodahl, 

Phys. Rev. B 77, 073303 (2008). 

  [9] A. Köhler, J. S. Wilson, R. H. Friend, M. K. Al-Suti, M. S. 

Khan, A. Gerhard, and H. Baessler, J. Chem. Phys. 116, 

9457 (2002). 

[10] J. S. Wilson, N. Chaudhury, R. A. Al-Mandhary, M. You-

nus, M. S. Khan, P. R. Raithby, A. Köhler, and R. H. Friend, 

J. Am. Chem. Soc. 123, 9412 (2001). 

[11] J. Singh and K. Shimakawa, Advances in Amorphous Semi-

conductors (Taylor & Francis, London & N.Y., 2003). 

[12] J. Singh, Phys. Rev. B 76, 085205 (2007). 

[13] D. S. McClure, J. Chem. Phys. 20, 682 (1952). 

[14] H. F. Hameka, The Triplet State (Cambridge University 

Press, Cambridge, 1967), pp. 1–30. 

[15] J. B. Birks, Photophysics of Aromatic Molecules (John 

Wiley and Sons, London, 1970), Chap. 6. 

[16] D. S. McClure, J. Chem. Phys. 17, 905–913 (1949). 

[17] B. R. Henry and W. Siebrand, J. Chem. Phys. 51, 2396 

(1969). 

[18] F. Adrians, J. Chem. Phys. 52, 622 (1970). 

[19] D. Beljonne, Z. Shuai, G. Pourtois, and J. L. Bredas,  

J. Phys. Chem. 105, 3899 (2001). 

[20] K. Schmidt, S. Brovelli, V. Coropceanu, D. Beljonne,  

J. Cornil, C. Bazzini, T. Caronna, R. Tubino, F. Meinardi,  

Z. Shuai, and J. L. Bredas, J. Phys. Chem. A 111, 10490 

(2007). 

[21] R. Li and E. C. Lim, J. Chem. Phys. 57, 605 (1972). 

[22] J. Singh, J. Optoelectron. Adv. Mater. 9, 3013 (2007). 

[23] J. Singh, H. Baessler, and S. Kugler, J. Chem. Phys. 129, 

41103 (2008). 

[24] M. Stroscio and M. Dutta (Eds.), Biological Nanostructures 

and Applications of Nanostructures in Biology (Springer, 

N. Y., 2004). 

[25] L.W. Wang and A. Zunger, Phys. Rev. B 53, 9579 (1996). 

[26] G. T. Einevoll, Phys. Rev. B 45, 3410 (1992). 

 




