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Electron-hole exchange interaction splits the exciton ground state into “dark” and “bright” states. The
dynamics of those states depends on the internal relaxation time between bright and dark states �spin-flip time�,
and on the radiative recombination time of the bright states. On the other hand, the calculated values of these
recombination times depend not only on the treatment of correlation effects, but also on the accuracy of the
electron and hole wavefunctions. We calculate the radiative decay rates for monoexcitons and biexcitons in
�In,As�Ga/GaAs self-assembled and colloidal CdSe quantum dots from atomistic correlated wave functions.
We show how the radiative decay time �R�X0� of the monoexciton depends on the spin-flip relaxation time
between bright and dark states. In contrast, a biexciton has no bright-dark splitting, so the decay time of the
biexciton �R�XX0� is insensitive to this spin-flip time. This results in ratios �R�X0� /�R�XX0� of 4 in
TJ
0 -2.1667 TD
-0.0001 Tc
(DOI:)Tj
0 0 1 rg
2.3882 0 TD
0 Tc
[(10.1)37(103/PhysRevB.74.205422)]TJ
0 0 0 1 k
22.4957 0 TD
[(P)91.9(A)0.1(CS)-332.7(number)]TJ
/F4 1 Tf
5.7964 0 TD
(�)Tj
/F2 1 Tf
0.333 0 TD
(s)Tj
/F4 1 Tf
0.389 0 TD
(�)Tj
/F2 1 Tf
0.333 0 TD
[(:)-500(73.21.La,)-250(71.35.)]TJ
/F5 1 Tf
7.3325 0 TD
(�)Tj
/F2 1 Tf
0.8329 0 TD
[(y)64.8(,)-250(78.60.)]TJ
/F5 1 Tf
3.435 0 TD
(�)Tj
/F2 1 Tf
0.8329 0 TD
(b)Tj
/F1 1 Tf
-49.4679 -3.6111 TD
[(I.)-332.7(INTRODUCTION:)-332.7(RELA)73.9(TION)-332.6(BETWEEN)-277.7(APP)73.9(ARENT)]TJ
3.654 -1.2222 TD
-0.0001 Tc
[(AND)-332.7(MICROSCOPIC)-332.7(CARRIER)-332.7(DECA)91.8(Y)]TJ
/F2 1 Tf
9.978 0 0 9.978 63.0368 408.4725 Tm
0 Tc
[(W)79.9(e)-301.1(address)-301.1(here)-301.1(the)-301.1(subject)-301.1(of)-301.1(how)-301.1(to)-301.1(compare)-301.1(measured)]TJ
-1.2 -1.1 TD
(exciton)Tj
/F5 1 Tf
9.978 0 2.7694 9.978 85.6752 397.4967 Tm
(�)Tj
/F3 1 Tf
6.9846 0 0 6.9846 90.3036 395.4133 Tm
(R)Tj
/F4 1 Tf
9.978 0 0 9.978 94.7106 397.4967 Tm
(�)Tj
/F3 1 Tf
0.3529 0 TD
(X)Tj
/F2 1 Tf
6.9846 0 0 6.9846 104.5262 401.1676 Tm
(0)Tj
/F4 1 Tf
9.978 0 0 9.978 108.1578 397.4967 Tm
(�)Tj
/F2 1 Tf
0.8779 0 TD
[(and)-525(biexciton)]TJ
/F5 1 Tf
9.978 0 2.7694 9.978 178.9373 397.4967 Tm
(�)Tj
/F3 1 Tf
6.9846 0 0 6.9846 183.5658 395.4133 Tm
(R)Tj
/F4 1 Tf
9.978 0 0 9.978 187.9728 397.4967 Tm
(�)Tj
/F3 1 Tf
0.3529 0 TD
0.0199 Tc
(XX)Tj
/F2 1 Tf
6.9846 0 0 6.9846 204.0829 401.1676 Tm
0 Tc
(0)Tj
/F4 1 Tf
9.978 0 0 9.978 207.7146 397.4967 Tm
(�)Tj
/F2 1 Tf
0.8779 0 TD
[(radiative)-525(relaxation)]TJ
-16.5776 -1.158 TD
[(times)-270.4(with)-270.4(calculated)-270.4(values.)-270.4(Experimentally)64.8(,)-270.4(a)0(n)-270.4(ensemble)-270.4(of)]TJ
0 -1.1 TD
[(quantum)-425(dots)-425(is)-425(excited)-425(by)-425(an)-425(optical)-425(pump-pulse)-425(and)-425(the)]TJ
T*
[(photons)-422.7(subsequently)-422.7(emitted)-422.7(are)-422.7(counted)-422.7(as)-422.7(a)-422.7(function)-422.7(of)]TJ
T*
[(time.)-293.7(The)-311.6(photon)-311.6(emission)-311.6(rate)-311.6(vs)-311.6(time)-311.6(is)-311.6(often)-311.6(not)-311.6(a)-311.6(simple)]TJ
T*
[(exponential.)-344.3(The)-362.2(reason)-362.2(for)-362.2(this)-362.2(is)-362.2(that)-362.2(even)-362.2(in)-362.2(a)-362.2(single)-362.2(dot)]TJ
T*
[(the)-256.8(monoexciton)-256.8(ground)-256.8(state)-256.8(is)-256.8(not)-256.8(a)-256.8(single)-256.8(state)-256.8(but)-256.8(a)-256.8(mani-)]TJ
T*
[(fold)-353.7(of)-353.7(exchange)-353.7(and)-353.7(fine-structure)-353.7(split)-353.7(states)-353.7(with)-353.7(internal)]TJ
T*
[(carrier)-429(dynamics.)-429(In)-429(III-V)-411(and)-429(II-VI)-429(dots)-429(the)-429(monoexciton)]TJ
0 -1.1114 TD
[(ground)-390.6(state)-390.6(originates)-390.6(from)]TJ
/F3 1 Tf
12.1159 0 TD
(e)Tj
/F2 1 Tf
6.9846 0 0 6.9846 176.5839 295.3248 Tm
(0)Tj
0 1 TD
(1)Tj
/F3 1 Tf
9.978 0 0 9.978 180.216 298.0234 Tm
(h)Tj
/F2 1 Tf
6.9846 0 0 6.9846 185.4031 295.3248 Tm
(0)Tj
T*
(1)Tj
9.978 0 0 9.978 189.0352 298.0234 Tm
[(,)-390.6(where)]TJ
/F3 1 Tf
3.4741 0 TD
(e)Tj
/F2 1 Tf
6.9846 0 0 6.9846 228.328 295.9399 Tm
(0)Tj
9.978 0 0 9.978 235.8573 298.0234 Tm
(and)Tj
/F3 1 Tf
1.8345 0 TD
(h)Tj
/F2 1 Tf
6.9846 0 0 6.9846 259.3495 295.9399 Tm
(0)Tj
9.978 0 0 9.978 266.8788 298.0234 Tm
[(are,)-390.6(re-)]TJ
-21.6292 -1.1 TD
[(spectively)64.8(,)-360.2(the)-360.2(lowest-)-360.2(and)-360.2(highest-ener)17.9(gy)-360.2(confined)-360.2(electron)]TJ
T*
[(and)-512.5(hole)-512.5(states.)-512.5(Due)-512.5(to)-512.5(the)-512.5(electron-hole)-512.5(exchange)-512.5(inter)19.9(-)]TJ
T*
[(action,)-459.1(this)-459.1(state)-459.1(is)-459.1(not)-459.1(fourfold)-459.1(degenerate)-459.1(but)-459.1(splits)-459.1(into)] 
TJ
0 -1.15 TD
[(four)-877.8(lines)]TJ
/F4 1 Tf
5.3105 0 TD
(�)Tj
/F2 1 Tf
0.333 0 TD
(Fig.)Tj
0 0 1 rg
2.4618 0 TD
(1)Tj
/F4 1 Tf
0.5 0 TD
(�)Tj
/F2 1 Tf
0.333 0 TD
(a)Tj
/F4 1 Tf
0.444 0 TD
(�)Tj
0 0 0 1 k
0.333 0 TD
(�)Tj
/F2 1 Tf
0.333 0 TD
(.)Tj
6.9846 0 0 6.9846 153.8173 257.1137 Tm
0 0 1 rg
(1)Tj
0 0 0 1 k
0.5001 0 TD
(–)Tj
0 0 1 rg
0.5001 0 TD
(3)Tj
9.978 0 0 9.978 173.0546 253.6214 Tm
0 0 0 1 k
[(For)-877.8(the)]TJ
/F3 1 Tf
4.3665 0 TD
(C)Tj
/F2 1 Tf
6.9846 0 0 6.9846 223.4771 251.538 Tm
(2)Tj
/F6 1 Tf
6.8428 0 0 6.8428 227.1087 251.4019 Tm
(v)Tj
/F2 1 Tf
9.978 0 0 9.978 239.558 253.6214 Tm
[(symmetry)-877.8(of)]TJ
/F4 1 Tf
-18.8911 -1.15 TD
(�)Tj
/F2 1 Tf
0.3529 0 TD
[(In)-89.7(,)-109.6(G)0(a)]TJ
/F4 1 Tf
2.4483 0 TD
(�)Tj
/F2 1 Tf
0.3529 0 TD
[(As)-89.8(/)-109.6(GaAs)-667(self-assembled)-667(quantum)-667(dots,)-667(the)-667(four)]TJ
-3.154 -1.208 TD
[(states)-338.3(are)-338.3(the)-338.3(high-ener)17.9(gy)-338.3(bright)-338.3(state)]TJ
/F3 1 Tf
15.73re the-d

the bright states is an order of magnitude larger than in self-
assembled dots, ranging from 2–20 meV.

4,5 In both self-
assembled and colloidal dots, the biexciton ground state e0

2h0
2

state has no fine structure and corresponds to a single bright
state that can decay to the four states of e0

1h0
1 in the monoex-

citon �Fig. 1�c��.
In this paper we show that �i� due to exchange and fine-

structure in the monoexciton, the measured apparent radia-

tive recombination time �R�X0� depends on the bright-to-dark
spin-flip relaxation time �BD with rate RBD=�BD

−1 . By using an
atomistic pseudopotential-based approach combined with the
configuration-interaction method,6 we calculate the charac-
teristic radiative recombination rates between B and the
ground state �RB0� and between D and the ground state �RD0�
and input them in a set of rate equations with varying RBD
rates. We find that the photon emission rate decays as
a single-exponential with rate�RB0 for slow spin flip times,
as a biexponential for intermediate �BD, and as a single-
exponential with rate RB0 /2 for fast spin flip times. �ii�
Within the same approach used for the monoexciton, we cal-
culate the characteristic recombination rates R0B and R0D of
the biexciton ground state into the bright and dark states of
the monoexciton. We find that R0B�RB0 and R0D�RD0, and
that the biexciton radiative decay is a single exponential with
a decay time ��XX0��2R0B

−1 regardless of RBD. �iii� We show
that due to the aforementioned dependence of the monoexci-
ton decay time on RBD, the ratio �R�X0� /�R�XX0� has the
values of 4 and 2 for the limiting cases of fast and slow spin
flip, respectively. We thus resolve the apparent contradiction
between the recent model calculations of Wimmer and
co-workers,7 who found �R�X0� /�R�XX0��2, and our previ-
ous atomistic-based realistic calculations of �R�X0� and
�R�XX0� in which we found8 �R�X0� /�R�XX0��4. We
illustrate our findings with atomistic, pseudopotential-
based calculations for a prototypical self-assembled
In0.6Ga0.4As/GaAs dot and a CdSe colloidal dot, comparing
with available data.

II. RATE EQUATIONS FOR THE RADIATIVE DECAY OF
THE MONOEXCITON

Figure 1�a� shows the monoexciton and biexciton energy
levels that enter our calculations. We do not consider higher-
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lying states because most time-resolved photoluminescence
experiments are conducted at temperatures such that the oc-
cupation of those states is negligible. From Fig. 1�a� we see
that there are a number of discrete transitions channels de-
noted below by rates Rij. We next set up a set of channel-
specific rate equations describing how the individual levels
of Fig. 1�a� “communicate,” from which we will deduce the
global decay of the ground state n0�t� which is measured.
Using the characteristic radiative rates of the four excitonic
states of e0

1h0
1 and the ground state e0

0h0
0 we establish the

following system of rate equations:

dnb/dt = − �Rbb� + Rbd + Rbd� + Rb0�nb + Rd�bnd� + Rdbnd

+ Rb�bnb�,

dnb�/dt = − �Rb�b + Rb�d + Rb�d� + Rb�0�nb� + Rd�b�nd� + Rdb�nd

+ Rbb�nb,

dnd/dt = − �Rdb + Rd�b� + Rdd� + Rd0�nd + Rd�dnd� + Rb�dnb�

+ Rbdnb,

dnd�/dt = − �R14 + R13 + R12 + R10�nd� + Rdd�nd + Rb�d�nb�

+ Rbd�nb,

dndt



then solve Eq. �6� and calculate the photon emission rate
I�t�=RB0 nB�t�+RD0 nD�t�, which is directly comparable to
time-resolved photoluminescence �PL� experiments.

III. RATE EQUATION FOR THE RADIATIVE DECAY OF
THE BIEXCITON

The biexciton has a nondegenerate state without B-D



F =
1

2
�RB0 − �S

�F − �S
	 , �12�

S = −
1

2
�RB0 − �F

�F − �S
	 . �13�

In time-resolved PL experiments the measured signal I�t� is
proportional to the number of photons per unit of time:
dn0 /dt �Eq. �6��, which under the assumption of RD0=0 re-
sults in I�t�=RB0 nB�t�. Note that by being proportional to the
occupation of the bright state the signal I�t� carries informa-
tion on both radiative and nonradiative �spin flip� processes.



In the slow spin flip regime, consistent with the findings
of Dalgarno et al.9 and Favero et al.,13 our calculated value
�R�X0��RB0

−1 =1.1 ns for the In0.6Ga0.4As/GaAs dot is in ex-
cellent agreement with the data of Bardot et al.,14 who ex-
tracted 1.55 ns from time-resolved photoluminescence, and
the value of 1 ns found by Buckle et al.15 and Stevenson et
al.16 In the fast spin flip regime, for our prototypical CdSe




