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Subnanosecond spectral diffusion of a single quantum dot in a nanowire
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We have studied spectral diffusion of the photoluminescence of a single CdSe quantum dot inserted in a ZnSe
nanowire. We have measured the characteristic diffusion time as a function of pumping power and temperature
using a recently developed technique [G. Sallen et al., Nat. Photon. 4, 696 (2010)] that offers subnanosecond
resolution. These data are consistent with a model where only a single carrier wanders around in traps located in

the vicinity of the quantum dot.

DOI: 10.1103/PhysRevB.84.041405

Elementary light emitters made of a single quantum object
are very sensitive to their local environment. Their optical
properties, such as intensity, polarization, and spectrum, can
be modified by charge or spin changes in their environment.
Spectral diffusion (SD) of a single-light emitter corresponds to
random spectral jumps of a narrow line within a broader spec-
tral profile. This effect has been observed in single-molecule '
or single-semiconductor quantum-dot*~ experiments. It is
generally due to the Stark effect caused by the electric field
of randomly trapped charges*® or to spin fluctuations’ in the
vicinity of the emitter.

Single-light emitters are very promising objects for quan-
tum information as single photon sources, for flying-solid
qubit interface,'® or for single-photon manipulation.!'~!3 In
quantum cryptography,'#!> the spectrum of the single photons
can be rather broad,'* and SD does not si gnificantly affect the
performance. On the contrary, quantum logic operation using
linear optics as proposed by Knill e al.'® or quantum logic
gates using nonlinear interaction at the single-photon level
(see Ref. 13 and reference therein) requires indistinguishable
single photons with ideal spectral purity. This means that they
must necessarily be SD free, which is also the case for quantum
memories. A way to be SD free is to operate faster than spectral
diffusion. The knowledge of the characteristic time of spectral
diffusion is thus required to know whether such a solution is
possible.

Visualizing directly the spectral wandering by recording
a time series of spectra has been so far the usual method
to observe SD.'*7 For single-photon emitters, the time
resolution was therefore limited by the minimum time of about
1 ms required for a photon-counting charge-coupled device
(CCD) to acquire a spectrum. Palinginis et al.!” have im-
proved this resolution by measuring a modulation frequency-
dependent linewidth in a spectral hole-burning experiment
using inhomogeneously broadened ensembles of semiconduct-
ing nanocrystals. Our recently developed technique'® converts
spectral fluctuations into intensity fluctuations, as also reported
in Refs. 2 and 19-21. It benefits from the subnanosecond time
resolution of a Hanbury-Brown and Twiss photon correlation
setup and improves by more than 4 orders of magnitude
the accessible SD times. It gives access to SD time in the
nanosecond range, as shown in this Rapid Communication.
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This technique is presented in detail in Ref 18. A sketch of
the experimental setup is shown in Fig. 1. In short, it is based
on correlations of photons emitted within a spectral window
narrower than the SD broadened line. Owing to the wandering
of the homogeneous line, the emission energy stays a limited
time within this spectral window, leading to photon bunching.
The characteristic time of this effect can be easily accessed
by photon correlation. Figure 2(a) shows a typical result for
autocorrelation on one half of the line, and Fig. 2(b) shows
a result for cross correlation between the two halves of the
line.

In the present work we use this method'® to evaluate the
SD characteristic time of CdSe quantum dots embedded in
a ZnSe nanowire’>>* and obtain information about the SD
mechanism in this system.

Semiconductor nanowires (NWs) appear to be promising
building blocks for nanoscale devices and circuits since they
can be grown almost defect free on low-cost, routinely used
substrates such as silicon.? Furthermore, NW heterostructures
are much less limited by lattice mismatches, which greatly
widens the possible material combinations compared to
standard self-assembled quantum dots (QDs). Details on the
growth of the CdSe/ZnSe NWs can be found in Ref. 22. Their
diameter is around 10 nm. An image of the sample is shown
in Fig. 3 together with a typical photoluminescence spectrum.
Exciton (X), biexciton (XX), and charged exciton (CX) lines
have been identified unambiguously using photon-correlation
spectroscopy.?® According to previously published results,?®%’
it is commonly admitted that charged excitons in CdSe-ZnSe
QDs are negatively charged. The radiative lifetimes of these
transitions are, respectively, Tx = 700 ps, txx = 400 ps, and
Tcx = 600 ps. The luminescence wavelength is around 550
nm with a high count rate of 25 000 counts per second at T =
4 K. This system has demonstrated single-photon generation
up to a temperature of 7 = 220 K.?* The QD is either neutral
(X and XX lines) or charged (CX line). It can be seen in
Fig. 3(b) that the CX line is more intense than the X and XX
lines, indicating that the QD spends more time in the charged
state than in the neutral states.”

The SD rate is extracted directly from the time width of
the correlation measurement, as shown in Fig. 2. In practice,
a more accurate value of the diffusion rate y, is obtained by
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FIG. 1. (Color online) The experimental setup is based on a stan-
dard microphotoluminescence experiment operating at a temperature
of T = 4 K. A continuous-wave diode laser emitting at 405 nm excites
the sample via beam splitter BS1 with reflection R1 = 30%. The lu-
minescence is then transmitted through BS1 and split by 50/50 beam
splitter BS2. Each beam is sent to a monochromator (resolution of
0.2 meV) whose output slit illuminates an avalanche photodiode
(APD) connected to a time-correlated single-photon (TCSP) module
that builds a histogram of the time delays between photons. This al-
lows us to perform either autocorrelation when the two spectrometers
(Spectro) are tuned at the same wavelength or a cross correlation
otherwise. The output slits of the spectrometers are adjusted so that a
controlled spectral window of a given line is detected. The work
presented herein has been obtained with high-quantum-efficiency
APDs (n = 60% at 550 nm). With these APDs the measured timing
resolution of the whole setup is 800 ps.

fitting the antibunching trace coming from cross-correlation
data [Fig. 2(b)] rather than the fitting from the autocorrelation
data [Fig. 2(a)] since the latter contains the excitonic lifetime
as an extra time scale. Details of the model used for the fitting
are given in Ref. 18.

Systematic cross-correlation data analysis allowed us to
study the SD rate as a function of different parameters. We
have plotted in Fig. 4(a) the diffusion rate y,; of the CX line as a
function of pumping power at two different temperatures. It can
be seen that the diffusion rate increases as the pumping power
is raised. Higher temperatures lead also to larger diffusion
rates.

To explain the power and temperature dependency shown
in Fig. 4, we have in mind a model with charge traps in the
vicinity of the QD.?® Electrical charges are randomly trapped
and induce a fluctuating electric field, leading to spectral
diffusion of QD transitions via the Stark effect. To account
for the observed SD broadened linewidth, charge traps need to
be located within a few nanometers of the QD.*® In the case
of ZnSe the residual doping is of the n type, and we assume
that the charges are electrons. Surprisingly, we have observed
that neither the SD-induced linewidth (i.e., amplitude of the
spectral fluctuations) nor the line shape depend on the pumping
power, as shown in Fig. 4(b). A possible explanation would be
that there is only room for a single charge exploring several
trapping sites around the QD and that additional charges are
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FIG. 2. (Color online) Spectral diffusion of the charged exciton
(CX) line (see text). (a) Autocorrelation of one half of the profile
showing the bunching due to SD (7, = 4 ns) and the narrower single-
photon antibunching. (b) Cross correlation between the two halves
of the profile displaying the antibunching due to SD with the same
characteristic time 7, = 4 ns. These two plots have been obtained on
the same QD with the same excitation power. The solid lines are fits
with the model explained in Ref. 18.

blocked by Coulomb repulsion. Indeed, the presence of several
charges, which could be induced by large pump power, would
lead to a broadening of the SD-induced linewidth, which is not
observed.

The charge number ¢ trapped around the QD is governed
by the following rate equation:

DN+ N1 =0~ Y(DNe, ()
where the first (second) term is the loading (escape) term.
The loading term is proportional to (1 —¢) to account for
the fact that the maximum number of charge is 1. The
loading rate y;,(T)(N + N,) is proportional to the number
of electrons N + N, in the ZnSe barrier, where N corresponds
to the number of photocreated electron-hole pairs in the
barrier and N, corresponds to the residual doping. For the
escape mechanism, we assume that the prominent effect is
the recombination of the trapped electron with a photocreated
hole. This leads to an escape rate y, (7T)N that is also
proportional to N. We assume an activation type behavior
~exp(—E,/kT) for the temperature dependency of y; (T)
and )/(;m(T).29 The energy E, corresponds to shallow potential
fluctuations experienced by the charges in the barrier. Raising
the temperature increases their diffusion length and makes
it more likely for the electrons (holes) to load (empty)
the deeper traps, causing the spectral diffusion of the QD.

CX

X
XX

2.32 2.33 2.34
Energy (eV
(b) gy (eV)

FIG. 3. (Color online) (a) Scanning electron microscope image
of a ZnSe nanowire containing a CdSe quantum dot. (b) Photolumi-
nescence spectrum.
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FIG. 4. (Color online) (a) Left axis: Diffusionrate y, at T =4 K
(openred circles) and T = 10 K (solid blue circles) and the charged to
neutral hopping rate y¢ (open green triangles; see text) as a function of
exciting power. Right axis: The black stars are proportional to the total
amount of light ¥ emitted by X, CX, and XX and a fair approximation
of the total number of carrier N in the NW. The saturation pumping
power for the charged exciton is 4uW. (b) Corresponding linewidth
as a function of exciting power at 7 = 4 K. The insets are examples
of two spectra taken at different powers, showing that not only the
linewidth but also the shape is unchanged.

From the increase of spectral diffusion with temperature,
y4(10K)/y4(4K) = 1.85 £ 0.15 at low powers, we can infer
an activation energy E, = 0.35 £ 0.05 meV.

Within this model, the spectral diffusion rate y, is given by

Va = Vio(T)No + [Vin(T) + You(DIN. @)

From the experimental data displayed in Fig. 4, it appears
that the diffusion rate approaches zero as the pumping power
vanishes. This means that the contribution of y; (T)N, is
negligible compared to the term depending on the carrier
number N. As seen in Fig. 4(a) the diffusion rates at 7 = 4 K
and T = 10 K exhibit a sublinear power dependency. So does
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the total light intensity £ = X 4+ XX 4 CX emitted within the
exciton, biexciton, and charged exciton lines. The quantity X
is proportional to the carrier number N in the nanowire as
long as these three lines are not saturated, which is the case
up to a pump power of 4uW in our situation. For larger pump
power, higher-order multiexcitonic lines appear away from
the detected spectral window, and the ¥ power dependency
slightly underestimates the total amount of carrier in the
nanowire. The similar power dependencies of y; and ¥ are
therefore a good indication of the validity of equation (2), but
they are not unambiguous proof. Additionally, we mention
that the sublinear power behavior of the total amount of the
carrier could also partly be attributed to Auger scattering in
the barrier.?%30

‘We compare now the spectral diffusion rate with the charged
to neutral hopping rate y¢, which is also displayed in Fig. 4.
This rate has been extracted from the width of the bunching
peak of the autocorrelation of the whole line of the charged
exciton.”> The similar hopping rate yc power dependency
suggests a charged-neutral hopping mechanism similar to the
spectral diffusion one, as exposed above.?! The comparison
between the absolute quantitative values of y¢ and y, is not
fully reliable since the data were acquired on different days.
Nevertheless, the close values of y¢ and y, are in favor of
a scenario in which a spectral diffusion event is a jump into
the other charge state and back with a modified surrounding
charge distribution.

To summarize, we have used a recently developed method'®
to measure spectral diffusion of single emitters with a
subnanosecond resolution. We have used this technique to
study, as a function of pumping power and temperature, the
spectral diffusion characteristics of the photoluminescence of
a single CdSe quantum dot inserted in a ZnSe nanowire. We
have found a characteristic SD time t; of a few nanoseconds
and have given good indications that this rate y; = 1/1, is
proportional to the carrier number in the wire. In addition
to the power-independent linewidth, these findings support
a model where a single charge is wandering within a few
nanometers around the quantum dot, suggesting a spectral
diffusion mechanism closely related to the charged-neutral
QD hopping events.

T.A. acknowledges support from Deutscher Akademischer
Austauschdienst (DAAD). Part of this work was supported by
the European project QAP (Contract No. 15848).
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