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Mechanism and dynamics of biexciton formation from a long-lived dark exciton in a CdTe
quantum dot
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We study the biexciton formation process in a single CdTe/ZnTe quantum dot. Consistently with previous
studies, we find subquadratic dependence of the biexciton photoluminescence intensity on the excitation power.
We quantitatively explain this dependence in terms of the interplay between two alternative biexciton formation
mechanisms, including the formation from a long-lived dark exciton residing in the quantum dot. This mechanism
is demonstrated to be a dominant one for a wide range of excitation intensities. Our study is complemented by
determination of a characteristic biexciton formation time, which is shown to be governed by the spin relaxation

dynamics of an excited electron pair.
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I. INTRODUCTION

Numerous optical studies of various quantum dot (QD)
systems established a toolbox of techniques particularly
effective in characterization of single-dot photoluminescence
(PL) spectra. Photon autocorrelation measurement is used to
demonstrate that the QD is a single quantum emitter [1-3].
Photon cross-correlations uncover relationships between dif-
ferent lines, e.g., cascadelike arrangement [4—7]. Polarization-
resolved PL measurements typically reveal excitonic fine
structure [8], distinguishing between neutral states affected by
anisotropic exchange splitting and singly charged states, which
do not exhibit such a splitting. Finally, there is a measurement
of the PL spectrum as a function of the excitation intensity,
which is employed to distinguish between excitons, biexcitons,
and higher multiexcitonic complexes [9].

The results obtained using the last of those techniques—PL
measurements as a function of the excitation intensity—are
usually discussed in terms of a power-law behavior of the
PL intensity, both in the pulsed and continuous-wave (CW)
excitation regimes. The simplistic stochastic model states that
the formation of the biexciton requires a coincidence of two
exciton formation events [10], and thus the exciton PL intensity
should increase linearly with the excitation power, whereas the
biexciton PL intensity should be quadratic. In real experiments
the biexciton PL intensity often does not follow this prediction
and exhibits less steep dependence [7,11-18]. Such a deviation
from quadratic dependence is of no interest regarding the
identification of the biexciton state, since its PL intensity is
still superlinear. However, a more detailed analysis can provide
some new insight into the complex problem of a QD excitation
mechanism under nonresonant (incoherent) excitation.

In this work we analyze the excitation intensity dependence
of a single QD PL with respect to the biexciton formation
process. We demonstrate that in the wide range of excitation
intensities the key mechanism is the formation of a biexciton
from a dark exciton. Such an exciton exhibits long (up to
microseconds) lifetime, since its radiative recombination is
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only allowed by perturbations such as in-plane magnetic
field [8,19], valence-band mixing [20-22], or QD shape
imperfection [23,24]. As such, a long-lived dark exciton
state can store a photoexcited electron-hole pair until another
electron-hole pair is injected resulting in a biexciton formation.
A primary consequence of this mechanism is nonquadratic
excitation power dependence of the biexciton PL intensity.

The discussed mechanism opens interesting possibilities
due to the fact that two electron-hole pairs forming a biexciton
are excited by different laser pulses, which can be controlled
independently. In particular, we exploit it to study an effect
of carrier spin polarization on the dynamics of biexciton
formation. Our results evidence that the dynamics of this
formation is mainly governed by the effect of the electron
spin blockade.

II. EXPERIMENTAL DETAILS

A. Sample and experimental setup

The sample studied in this work contains a molecular
beam epitaxy grown single layer of self-organized CdTe
QDs embedded in a ZnTe barrier. The optical experiments
were performed in a microphotoluminescence setup with the
sample immersed in superfluid helium (7 = 1.8 K) inside
a magneto-optical cryostat. The QDs were excited below
the band gap of the ZnTe barrier. In the initial stage of
a QD characterization we used a CW rhodamine 6G dye
laser, while in all other experiments we employed a pulsed
optical parametric oscillator (OPO). Both of the lasers were
tunable from 560-600 nm. The pulses emitted by the OPO
were spectrally narrowed with an etalon. For some of the
measurements a nominal OPO repetition rate of 76 MHz was
reduced with a pulse picker. It allowed us to define the pulse
separation time by picking certain pulses and blocking all the
others with a contrast ratio better than 100:1.

To allow the studies of single QDs, the laser beam was
focalized to a spot of a diameter smaller than 1 um with
the use of a reflective-type microscope objective attached
directly to the sample surface. The QDs PL was resolved with
a monochromator and recorded either by a CCD camera or,
in the case of time-resolved measurements, by a Hamamatsu
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FIG. 1. (Color online) (a) PL spectrum of a single QD excited at
the resonance and (b) corresponding PLE map. (c) PLE spectra of the
same QD measured for various emission lines (as indicated). Solid
lines represent the fitted Lorentzian profiles. The spectra are shifted
vertically for clarity. Dashed lines present the spectra of a CW dye
laser used in the PLE measurements and pulsed OPO used in the rest
of the work.

synchroscan streak camera providing temporal resolution of
about 10 ps.

B. Optical excitation technique

Our experiments were performed on a number of randomly
selected CdTe/ZnTe QDs. A PL spectrum of a representative
one is presented in Fig. 1(a). It exhibits a well-established
emission pattern [25,26], which consists of four lines orig-
inating from the recombination of a neutral exciton (X),
charged excitons (XT, X™), and biexciton (2X). The presence
of the lines related to excitonic complexes of different charge
states in the time-integrated spectrum indicates existence of
the QD charge-state fluctuations. Their dynamics has been
extensively studied in the previous experiments [7,27-29]
and was found to be strongly dependent on actual excitation
conditions. In particular, under pulsed nonresonant excitation
the most efficient QD excitation channel was ascribed to
the single-carrier trapping [7,28], which implies that the
QD charge-state variation occurs statistically after each laser
pulse. In this work, to reduce the influence and relative
dynamics of these charge fluctuations, we employ below-
the-barrier excitation. It is realized by taking advantage of
a natural tendency of self-assembled CdTe/ZnTe QDs to
form spontaneously coupled pairs, between which an efficient
exciton transfer is observed [27,30-32]. Experimentally, we
select a QD exhibiting a relatively sharp resonance in the
photoluminescence-excitation (PLE) spectra, as shown in
Fig. 1(b). Such a resonance originates from an absorption in
an adjacent QD, from which the optically created excitons
tunnel out and are transferred to the studied dot, where they
recombine.

The PLE spectra of different emission lines from the
emitting QD measured with a CW dye laser are presented
in Fig. 1(c). Each of them exhibits homogeneous broadening
related to a short excitonic lifetime in the absorbing dot. In case
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of the presented QD, such lifetime is determined to be about
0.4 ps based on the energy width of the Lorentzian profiles
fitted to PLE spectra of the X, X, and 2X transitions. For each
of these transitions the energy of the resonance is similar and
yields about 2093.5 meV, which corresponds to the excitonic
energy in the absorbing dot. In contrast, for the X* emission
line the resonance energy is red shifted by ~0.3 meV and the
absorption line is about two times wider. Such an effect was
also observed in the previous studies on coupled CdTe QDs
[27] and is most probably related to the influence of weakly
confined hole residing in the emitting dot on the energy and
lifetime of resonantly created exciton in the absorbing QD.

In the following part we will focus on the experiments
performed under pulsed excitation with the OPO tuned to the
X resonance. The temporal width of the pulse is determined
to be about 0.6 ps based on its spectral width [see Fig. 1(c)].
Since this value is large compared to the excitonic lifetime
in the absorbing dot, we do not observe any coherent effects,
e.g., Rabi oscillations. At the same time, under such excitation
the events of single-carrier trapping are more than an order
of magnitude less frequent compared to the injection of
resonantly created electron-hole pairs, as was evidenced
in Ref. [27]. Thus, we will neglect the QD charge-state
fluctuations in further analysis.

III. TWO MECHANISMS OF 2X FORMATION

The 2X formation mechanisms are studied by measure-
ments of X and 2X PL intensity dependence on the power P
of the pulsed excitation. The results are shown in Fig. 2(a). As
expected, the X intensity initially increases roughly linearly
with the excitation power. However, the dependence obtained
for the 2X is far from being quadratic, which is a prediction
of the typically invoked scenario of the 2X formation from
two excitons injected to an empty dot by a single laser
pulse [10]. Subquadratic increase is naturally expected in the
saturation regime, but we observe it also for significantly lower
excitation intensities. In fact, the actual dependence of the 2X
PL intensity on the excitation power in the moderate power
range (1 uW/um?> < P <10 uW/um?) is close to a linear
one. This observation implies the importance of another 2X
formation mechanism, which we identify as related to the dark
exciton (DX). Such an exciton is likely to be injected to the
QD owing to any spin flip of an electron or a hole occurring
during the transfer of an optically created exciton between
the coupled dots. Crucially, the lifetime of the dark exciton
in a CdTe/ZnTe QD is much longer compared to the pulse
separation time of 13.2 ns [21]. As a result, once the DX
emerges in the dot, it will most probably reside there until
another exciton will be injected. This will finally lead to the
2X formation. Importantly, such a formation mechanism is
expected to exhibit linear excitation power dependence, as its
only prerequisite is the previous formation of a dark exciton.

The analysis presented above provides a qualitative under-
standing of the measured dependence of the 2X PL intensity
on the excitation power. In order to gain a better insight into the
relative efficiencies of two possible 2X formation mechanisms,
we analyze the relative probabilities px and p,x of X and 2X
occupation by a single laser pulse. Their values, however, are
not directly reflected by the respective PL intensities due to a
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FIG. 2. (Color online) (a) Integrated PL intensities of X and 2X
versus pulsed excitation power. Dashed lines representing the linear
and quadratic dependences are drawn for the reference. (b) The
ratio I,x/(Ix — Lbx) versus pulsed excitation power (repetition rate
76 MHz). The solid line corresponds to the fitted curve described
by Eq. (1), while dashed and dotted lines represent the contributions
from two 2X formation mechanisms (as indicated). (¢c) The ratio
Lx/(Ix — I,x) measured as a function of the pulse separation time
(i.e., pulse repetition rate) keeping pulse intensity constant. Each set
of data points corresponds to different pulse power (as indicated).
Solid lines represent the fitted curves given by Eq. (1). (d) Scheme
of QD states and optical excitation transitions considered in the
rate-equation model with indicated integrated probabilities of each
excitation transition (recombination transitions not shown). The states
labeled with gray rectangles (empty dot ¥ and dark exciton DX) are
stable at the scale of 13.2 ns, while the states denoted with white
rectangles (X and 2X) are emptied completely during 13.2 ns due to
the radiative recombination.

cascade nature of the 2X recombination process, which leaves
the bright exciton in the dot. In general, the bright exciton at
this stage might nonradiatively relax to the dark exciton state.
Such a relaxation would lead, for example, to the 2X saturation
at the higher level as compared to the X [12,13,33-35]. We
find no signature of such an effect in our experimental data and
therefore assume that 2X recombination is always followed by
the X emission. Consequently, the ratio prx/px is given by
Lx/(Ix — Ix), where Ix and I,x denote the PL intensities of
X and 2X, respectively. The dependence of this ratio on the
excitation power is shown in Fig. 2(b). To avoid the saturation
effects, the presented data correspond to a low-to-moderate
power range (P <8 puW/um?). At P> 1 uW/um? we
observe almost linear increase of p,x/px with the excitation
power. The linear slope reflects a quadratic contribution to
pax power dependence. Such a contribution is identified
with a well-known 2X formation mechanism from an empty
dot by a single laser pulse. However, the measured power
dependence of p,x/px exhibits also a pronounced constant
offset, which in turn corresponds to a linear contribution
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to pox increase with the excitation power. This is a direct
fingerprint of the second 2X formation mechanism related to a
long-lived dark exciton. As seen in Fig. 2(b), this mechanism
is dominant in the analyzed power range and its relative
contribution is progressively increasing for lower excitation
powers owing to a decreased probability of the 2X formation
from an empty dot. For example, at P =2 W /um? about
90% of the biexcitons are created from resident dark excitons.
Interestingly, at very low powers (P < 1 uW/um?) even the
efficiency of the DX-related mechanism is decreasing, which
underlies the observed decrease of the p,x/px ratio. This
effect occurs for very small probabilities of a laser pulse
absorption when the average time between two consecutive
events of an exciton injection to the QD becomes comparable
with the dark exciton lifetime. In such a case, the DX is
recombining prior to the injection of the second exciton, and
thus it cannot participate in the 2X formation. The effect
of similar nature can be also independently studied in the
experiment in which the pulse intensity remains constant, but
the pulse separation time ¢, is increased with the use of the
pulse picker. The measured dependences of I,x /(Ix — I»x) on
t, for three different pulse intensities are presented in Fig. 2(c).
As expected, for longer delay between pulses the probability
of DX recombination increases, which gives rise to a decrease
of the px/px ratio observed for each pulse intensity. It is
noteworthy that this effect originates solely from decreasing
contribution of DX-related mechanism to the 2X formation,
since the efficiency of the second mechanism corresponding to
the 2X formation from an empty dot is naturally independent
of t,.

The quantitative description of all our experimental results
is provided by a simple rate-equation model. It includes four
QD states, which are schematically depicted in Fig. 2(d).
We consider pulse separation times 7, > 13.2 ns, which are
much longer compared to X and 2X radiative lifetimes in
a CdTe/ZnTe QD [16,36]. Hence, we assume that both of
these complexes always recombine radiatively during #;,. On
the other hand, the lifetime tpx of the DX is taken as a free
parameter. We also introduce a constant p s corresponding to a
probability that an optically created exciton flips its spin during
the interdot transfer and is eventually injected to the QD as a
dark one. Finally, we assume that exciton injection after a laser
pulse is much faster compared to all excitonic lifetimes [27],
and that the integrated probability I" of an exciton creation in
the higher-energy dot is independent of the actual occupation
of the lower-energy QD. Under these assumptions we can
derive an analytical formula describing the ratio p,x/px in a
steady state, which in the low-power regime (i.e., when I" < 1
is proportional to the excitation power) reads

px _ by T
Dx Ix —Lx 21— py)
pr r
+ , (1)
(1= pp) [exp (&)1 +T)—1]

where the first term corresponds to 2X formation from an
empty dot, while the second is related to the formation from
the DX. The above formula accurately reproduces the data
from Figs. 2(b) and 2(c) for the same set of parameters. The
DX lifetime tpx determined from the fit yields 620 ns, which
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is consistent with the results of direct time-resolved measure-
ments from Ref. [21]. The probability p, is in turn almost
directly obtained based on the p,x/px ratio corresponding
to the saturation of DX-related 2X formation mechanism
[dashed line in Fig. 2(b)], which is equal to ps /(1 — py). The
determined p ; of about 37% indicates quite high probability of
bright-to-dark exciton spin flip during the transfer between the
coupled QDs and subsequent energy relaxation. At the same
time, such excitation regime is characterized by high circular
polarization transfer efficiency (up to 70%), as already reported
previously in Refs. [27,30] and independently confirmed in
the present study. This observation suggests that only one out
of two carriers forming the exciton keeps its spin during the
interdot transfer, while the other carrier becomes significantly
depolarized. Such an effect has been previously observed
in other QD systems, e.g., in InAs/GaAs QDs pumped via
the wetting layer, in which only the electron was found to
conserve its spin based on the analysis of the negative X~
optical orientation [37,38]. Similar efficiency of this process
in CdTe/ZnTe QDs [27] might thus indicate that such an
explanation is also valid in case of the studied dots.

IV. DYNAMICS OF 2X FORMATION

In order to have more complete insight into the 2X forma-
tion process, we study its dynamics by means of time-resolved
measurements of the QD emission under pulsed excitation. As
we show later in this section, the 2X formation dynamics is
governed by the spin blockade between relaxing carriers. To
corroborate this claim and identify which carriers are relevant
for the blockade effect, we investigate simultaneously the
formation dynamics of all four excitonic complexes present in
a CdTe/ZnTe QD PL spectrum. These experiments are carried
out upon application of low magnetic field of 1.5 T in the
Faraday configuration, which is needed to purify the exciton
spin states in the absorbing QD [27], and thereby to achieve the
control over the spin of excitons injected to the lower-energy
dot. The time-dependent PL intensities measured with a streak
camera for various excitonic complexes are shown in Fig. 3(a).
Each of them is characterized by a relatively fast rise, which is
followed by a slower decay. The decay dynamics is governed
solely by the respective radiative lifetime. On the other hand,
the time scale of the PL rise corresponds to a characteristic
formation time of a given excitonic complex in its ground state.
Interestingly, we observe a pronounced difference between the
PL rise dynamics for various complexes: the PL of X and X™
reaches its maximum value almost instantly after a laser pulse,
whereas the X~ and 2X PL continues to rise for about 100 ps.

To perform a quantitative analysis of the formation dynam-
ics, we assume that the ground-state occupation probability
p(t) for a given excitonic complex at the time ¢ after a
laser pulse is determined by dp(t)/dt = y(t) — p(t)/t, where
T denotes the radiative lifetime, while y(¢) corresponds to
the time-dependent formation probability. Its integral I'(r) =
for y(t')dt’ can be thus expressed (up to the normalization
constant) with the use of the time-resolved PL intensity
I(t) « p(t)/t and reads

() =17 + f 1(t)dt'. 2)

0
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FIG. 3. (Color online) (a) PL dynamics of X, X*, X, and 2X
measured at B = 1.5 T under o~ polarized pulsed excitation. Each
of the temporal profiles is determined as a sum of two profiles
detected in orthogonal circular polarizations and rescaled for better
visibility. (b) Normalized integrated formation probabilities I" of four
excitonic complexes versus time ¢ after a laser pulse arrival. Solid
lines represent the fitted curves of the form I'(#) o< 1 — exp(—t/Tt¢)

exc

with 73* ~ 7% = 14 ps, T3 = 55 ps, and 75" = 80 ps.

Such a formula applies to each excitonic complex observed in
the QD PL spectrum except the neutral exciton, for which
one should additionally take into account the contribution
from the cascaded 2X recombination. It is explicitly done
by subtracting the integral [; Lx()dt’ of the 2X PL intensity
from the right side of Eq. (2). The radiative lifetimes, being the
only parameters of the described model, are independently de-
termined from the time-resolved PL measurements performed
at a longer time scale of about 2 ns and yield tx = 410 ps,
Tx+ = 580 ps, Tx- = 600 ps, and 1ox = 250 ps.

The above approach allows us to obtain the time-dependent
integrated formation probabilities I'(r) for each excitonic
complex based on the data in Fig. 3(a). The results are shown in
Fig. 3(b). They are well described by dependences of the form
() «x 1 —exp(—t/t%°), which corresponds to anticipated
[7,28] exponential profile of the formation probability y(¢)
starting at the time of a laser pulse arrival and decaying with
a time constant t®. On this basis we determine the effective
formation times t**¢ for various complexes. In the case of the
X and X they are similar and equal to about 14 ps, which
is close to the temporal resolution of our experimental setup
and might be regarded as an upper bound. On the other hand,
as previously indicated, the formation times of X~ and 2X
are much longer and yield 55 ps and 80 ps, respectively. To
provide a consistent interpretation of the observed differences
in the formation dynamics, we first note that fast formation of
the neutral exciton clearly indicates the rapidity of the interdot
transfer. Consequently, much slower formation of the X~ and
2X has to be induced by some additional phenomenon, which
takes place during the energy relaxation rather than the transfer
itself. This phenomenon is clearly related to the interaction
between the electrons, since the complexes exhibiting fast
formation dynamics (X and X*) contain only single electrons,
while complexes characterized by slow dynamics (X~ and 2X)
accommodate two electrons in the lowest s shell.

The crucial factor in the electron interaction leading to
a slowdown of the formation process is the spin, which is
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FIG. 4. (Color online) Normalized integrated formation proba-
bilities I" versus time ¢ after a laser pulse arrival (B = 1.5 T). (a) I'(¢)
for X~ measured under o~ polarized excitation and detected in two
opposite circular polarizations (as indicated). Solid lines represent
the fitted curves of the form I'(z) o« 1 — exp(—¢/7%*°) with v for
co-polarization and cross-polarization of 28 ps and 65 ps, respectively.
Inset: the corresponding time-integrated X~ PL spectra. (b) I'(¢) for
2X obtained with the use of two excitation protocols (as indicated).
Inset: the ratio of I'(co) — I'(¢) determined under double and single
pulse excitation. The solid lines in both plots correspond to the model
calculation described in the text.

evidenced by the data displayed in Fig. 4(a). The presented
plot shows that X~ formation dynamics is different depending
on the polarization of emitted photon and thus on the spin
of formed charged exciton. The pronounced difference be-
tween the dynamics obtained in co-circular and cross-circular
polarization arises due to different spin relaxation paths of
the electron pair probed in the two cases. In particular,
cross-polarized X~ is formed via simultaneous spin flip of
the electron and the hole (i.e., flip flop), which occurs when
the electron of the optically injected exciton encounters a
resident electron of the same spin orientation. In such a case,
the electron-hole flip-flop process constitutes the most efficient
spin relaxation path, which leads to negative optical orientation
of X~ [see inset to Fig. 4(a)], observed previously in a number
of QD systems [27,37—40]. Although the mentioned relaxation
of a spin-blockaded electron pair is assisted by a hole, it is still
significantly slower than the relaxation of two electrons of
antiparallel spins, which gives rise to about two times faster
formation dynamics of X~ obtained in the co-polarization.

In general, similar spin-blockade effect could also arise for
two holes, as observed, for example, in InGaAs/GaAs QDs
[41,42]. However, in our experiment there is no difference
between X and X" formation dynamics [Fig. 3(b)], which
indicates that relaxation of a spin-blockaded pair of holes is a
very fast process in the studied CdTe/ZnTe QDs.

In the light of the presented results we expect that slow
2X formation dynamics is caused by the electron spin
blockade. However, spin-singlet structure of the 2X ground
state implies that regardless of the detected polarization, the
2X PL always reflects the formation dynamics of the same
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2X state. Consequently, the spin-related effects in the 2X
formation cannot be studied in a similar manner as for the X™.
Instead, we employ two excitation protocols, which differ in
the polarization of consecutive pulses. In both cases, the pulse
power is set to a value that assures that biexcitons are formed
almost exclusively from resident dark excitons. As discussed in
Sec. III, we assume that the spin of the electron forming such
a dark exciton is preserved during the transfer, and thereby
defined by the circular polarization of the corresponding
laser pulse. In the first excitation protocol, the QD is simply
excited with a train of o~ polarized pulses separated by
13.2 ns. In such a case, each 2X is formed from two excitons
injected by pulses of the same polarization, which entails
the same spin orientation of both electrons always leading to
the spin-blockade effect. Such a physical picture is modified
when using the second excitation protocol, in which the single
pulses are replaced with pairs of cross-circularly polarized
pulses separated by about 5 ns. Under such excitation, the two
excitons from which the 2X is formed may be injected by
pulses of different polarizations. This implies that the electron
spin blockade will not always occur. This should finally lead
to a faster 2X formation dynamics, which is indeed observed
experimentally, as presented in Fig. 4(b).

The observed difference between the 2X formation dy-
namics under two excitation protocols is subtle, however,
it is systematically reproducible. Its small amplitude stems
from the low pulse power used in our experiment, which
corresponds to a negligible probability that two consecutive
pulses are absorbed. Consequently, in the second excitation
protocol the spin of the electron forming the resident DX
can be regarded as random with respect to the spin of the
subsequently injected electron. Such an electron pair (prior
to its complete relaxation to the s shell) will thus form one
out of four possible excited states with equal probabilities:
three triplet states (7") or one singlet (S*). Therefore, only
25% of the 2X formation events under double pulse excitation
correspond to fast electron pair spin relaxation from the
S* state. As a result, the actual time-dependent integrated
2X formation probability in such a case reads I'(f) o« 1 —
%exp(—t/rr) — iexp(—t/rs*), where 77 and 75« denote the
relaxation times of an excited electron pair in triplet and singlet
states, respectively. Bearing in mind that under single pulse
excitation I'(¢) o< 1 — exp(—t/77), the ratio of I'(co) — I'(¢)
determined with the use of two excitation protocols should
be given by % + %exp(—t/ T + t/t7). This formula aptly
reproduces the actual experimental data presented in the inset
to Fig. 4(b). The time constant determined from the fit together
with the characteristic 2X formation time obtained under single
pulse excitation enable us to independently determine tg« =
30+ 10 ps and t7 = 80 &£ 10 ps. The former time is almost
equal to the fast co-polarized X~ formation time. On the other
hand, t7 is slightly longer compared to the slow X~ formation
time of about 65 ps obtained in the cross-polarization. This is
related to the fact that cross-polarized X~ is formed via the
relaxation of the spin-blockaded electron pair assisted by a
single hole, while the two holes forming the 2X are rapidly
accommodated in the lowest s shell (as evidenced by the
fast X formation dynamics) and does not interact with the
electrons. For this reason, the g+ and 77 determined based
on the 2X formation dynamics might be regarded as spin
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relaxation times of an isolated electron pair in a CdTe QD.
Moreover, a good overall agreement between the model and
experiment can be also treated as an ex post confirmation of the
invoked electron spin conservation during the interdot transfer.

It is noteworthy that the rather long relaxation time of an
electron pair in the excited singlet state S* is actually consistent
with the results of the previous PL studies of a doubly
negatively charged exciton (X?7) in CdTe/ZnTe QDs [43].
The X2~ PL spectrum consists of emission lines originating
from the recombination to both singlet and triplet states of an
excited electron pair. In each case, the linewidth of the PL lines
was found to be below the experimental resolution, providing
a lower bound of about 10 ps for both 75+ and 77.

V. CONCLUSIONS

Based on the measurements of X and 2X PL intensity
dependence on the excitation power we have directly demon-
strated contributions of two mechanisms of the 2X formation:
either from an empty dot by capture of two electron-hole pairs
within a single excitation pulse or from a resident dark exciton
created earlier. The latter 2X formation mechanism was shown
to be a dominant one in a wide range of excitation powers in
the studied CdTe/ZnTe QDs. This finding provides a natural
explanation for subquadratic 2X PL intensity power depen-
dence typically observed in many QD systems [7,11-18].
It is also a general example of the importance of the dark
exciton state, which is often neglected [7,28], however should
be taken into account in the rate-equation models to correctly

PHYSICAL REVIEW B 91, 155430 (2015)

describe the QD physics under various excitation regimes,
including the CW excitation.

The dark-exciton-related 2X formation mechanism evi-
denced in our work allows us to create the single 2X with the
use of two subsequent laser pulses of various polarizations.
By exploiting this possibility, we have studied the impact of
a carrier spin-blockade effect on the 2X formation dynamics
in the time-resolved experiments. Their results, as well as the
measured formation dynamics of other excitonic complexes,
revealed that the 2X formation in a CdTe/ZnTe QD is slowed
down due to the relatively long relaxation time of a spin-
blockaded electron pair, while the spin-blockaded holes were
shown to rapidly relax to their ground state within less than
14 ps. Our analysis allowed us to estimate the relaxation times
of an excited electron pair in singlet and triplet states to be
about 30 % 10 ps and 80 =+ 10 ps, respectively.
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