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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 g(X°) 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 g(XXP) is insensitive to this spin-flip time. This results in ratios g(X%)/ gr(XX°) of 4 inTJO -2.1667 TD-0.0001 TcPOI:YjO 0 1 r

45 In both self-
assembled and colloidal dots, the biexciton ground state e3h3
state has no fine structure and corresponds to a single bright
state that can decay to the four states of e3hg 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-
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the bright states is an order of magnitude larger than in self-
assembled dots, ranging from 2—-20 meV.

tive recombination time (X°) depends on the bright-to-dark
spin-flip relaxation time gp with rate Rgp= ng. By using an
atomistic pseudopotential-based approach combined with the
configuration-interaction method,® we calculate the charac-
teristic radiative recombination rates between B and the
ground state (Rgo) and between D and the ground state (Rpg)
and input them in a set of rate equations with varying Rpp
rates. We find that the photon emission rate decays as
a single-exponential with rate=Rg, for slow spin flip times,
as a biexponential for intermediate gp, and as a single-
exponential with rate Rgo/2 for fast spin flip times. (ii)
Within the same approach used for the monoexciton, we cal-
culate the characteristic recombination rates Rog and Ryp of
the biexciton ground state into the bright and dark states of
the monoexciton. We find that Ryg = Rpgy and Rop = Rpg, and
that the biexciton radiative decay is a single exponential with
a decay time (XX%) =2Rgj regardless of Rgp. (iii) We show
that due to the aforementioned dependence of the monoexci-
ton decay time on Rgp, the ratio g(X%)/ r(XX?) 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,” who found (X% / r(XX% =2, and our previ-
ous atomistic-based realistic calculations of (X% and

R(XX% in which we found® R(X%)/ r(XX%)=4. We
illustrate our findings with atomistic, pseudopotential-
based calculations for a prototypical self-assembled
Ing §Gay 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 R;;. 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 nq(t) which is measured.
Using the characteristic radiative rates of the four excitonic
states of eghj and the ground state eJhd we establish the
following system of rate equations:

dnp/dt = = (Rypr + Rpg + Rugr + Rpo)N + Rarpnar + RypNg

+ Rbrbnbr ,

dnb!/dt == (Rblb + Rbrd + Rbrd/ + Rbro)nbr + Rdlbrndr + Rdbrnd

*+ Rpp/ Ny,

dnd/dt == (Rdb + Rd’b’ + Rdd/ + Rdo)nd + Rd/dndr + Rb/dnb/

+ RpgNp,

dndr/dt == (R14 + R13 + R12 + Rlo)ndr + Rddrnd + Rb,d,nb,

+ Rbd/nb,

dit



then solve Eqg. (6) and calculate the photon emission rate
1(t)=Rgg ng(t) +Rpg Np(t), which is directly comparable to
time-resolved photoluminescence (PL) experiments.

II1. RATE EQUATION FOR THE RADIATIVE DECAY OF
THE BIEXCITON

The biexciton has a nondegenerate state without B-D
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In time-resolved PL experiments the measured signal 1(t) is
proportional to the number of photons per unit of time:
dny/dt [Eqg. (6)], which under the assumption of Rp=0 re-
sults in I(t)=Rgg ng(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.® and Favero et al.,’® our calculated value
r(X%) =Rg5=1.1 ns for the Iny¢Gag 4As/GaAs dot is in ex-
cellent agreement with the data of Bardot et al.,* who ex-
tracted 1.55 ns from time-resolved photoluminescence, and
the value of 1 ns found by Buckle et al.'® and Stevenson et
al.’® In the fast spin flip regime, for our prototypical CdSe






