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Structure
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1.1 Contributions

This work was carried out in collaboration with Oscar Sandoval, a summer student at
Lincoln Laboratory. Daniel Harris and Daniel Franke synthesized the nanocrystals.
Matt Grein, Ryan Wilson, and Eric Dauler maintained the superconducting detector
system used for photoluminescence measurements at Lincoln Laboratory. Greg Stein-
brecher constructed the microscope. Thomas Bischof, Igor Coropceanu, and Oscar

Sandoval analyzed the data.

1.2 Introduction

Semiconductor nanocrystals rarely, if ever, exhibit emission linewidths which are
lifetime-limited. Instead, there are a number of linewidth broadening mechanisms
which are relevant under various conditions, such as spectral diffusion,!? charg-
ing,%? and excitonic fine structure.®® While spectral diffusion and charging are
most likely photoinduced effects and thus can be modulated by the excitation rate
of the nanocrystals, fine-structure broadening is fundamental to the photophysics of

nanocrystals and most likely unavoidable. A complete understanding of the excitonic
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energy landscape enables us to determine dephasing rates, linewidths, lifetimes, and
other parameters essential to optical applications.

Here we discuss the relationship between the excitonic fine structure and the
emission dynamics of InAs/CdS core/shell nanocrystals. At room temperature we
find steady-state emission dynamics on order of 150ns, and as the temperature is
lowered we find that the relaxation is greatly slowed (1.9 ps at 3.6 K). We find that
these emission dynamics are well-explained by a band-edge model including a pair of

“dark” and “bright” excitonic states, separated in energy by 2.3 meV.

1.3 Methods

Nanocrystal cores were prepared following the method reported in Bruns et al.!°. In
this synthesis, 4 mmol indium(III) acetate (1.168 g), 16 mmol myristic acid (3.654 g),
and 20mL 1-octadecene (ODE) were added to a 100 mL round-bottom flask. This
solution was heated under vacuum for 2h. An argon atmosphere was then introduced
and the solution was heated to 295°C. Two injection syringes were prepared, one
containing 0.244 mmol tris(trimethylgermyl)arsine™ ((TMGe),As, 96 mg) and 4 mL
tri-n-octylphosphine (TOP, 4mL, and the other containing 0.72mmol (TMGe);As
(332mg), 1mL TOP, and 4 mL ODE. The contents of the first syringe were injected
rapidly once the solution had reached 295°C. After 10 min, the contents of the second
syringe were injected at a rate of 5mL/h. This procedure yielded InAs cores with
an absorption peak at 1031 nm, and an emission peak at 1074 nm. Based on existing
size calibrations,!? these cores have an inorganic diameter of 4.9 nm.

To add the epitaxial shell, 5mL InAs QDs in hexanes (90 nmol 4.9 nm InAs QDs;
100 pmol InAs), 10mL ODE and 7.5mL oleylamine were added to a 100 mL round-
bottom flask. This solution was degassed at room temperature, then 1 mL of 50 mM
Cd(oleate), in ODE were added (sufficient for one monolayer). The solution was
heated to 100 °C under vacuum, then heated to 240 °C under nitrogen. Two ODE so-
lutions, one containing 45 mM sulfur and the other 50 mM Cd(oleate),, were injected

at a rate of 5mL/h until 8.2mL of each solution had been added. This procedure
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yielded core/shell InAs/CdS nanocrystals with a 4.9 nm core, a five-monolayer thick
shell, a photoluminescence peak at 1170 nm with a FWHM of 210 nm, and an emission
quantum yield of 30 %.

To prepare nanocrystal films for optical experiments, we first diluted 1 pL stock
InAs/CdS solution with 200 pL toluene and 200 pL. PMMA /toluene (2 wt. %). We
then deposited 30 pL of this diluted solution onto a 100 pm-thick Z-cut quartz sub-
strate (MTI Corp.), and spun the sample at 5krpm for 60s to create a uniform film.
This final sample was used without further treatment.

In our microscope, we mounted the sample in a closed-cycle helium cryostat (Mon-
tana Instruments, Cryostation). We performed our experiments in an epifluorescence
configuration with a 100x near-infrared corrected long working distance objective (Mi-
tutoyo, Plan Apo NIR), using a 640 nm pulsed diode laser for excitation (PicoQuant,
LDH-P-C-640B), a 1000 nm short-pass dichroic filter (Thor Labs, DMSP1000), and
a 700nm long-pass emission filter (Thor Labs, FEL0700). The emission was col-
lected into an SMF-28 fiber optic cable using an aspherical lens and directed into a
cryostat containing a four-element superconducting nanowire single-photon detecotor
(SNSPD), back-illuminated through a silicon substrate.'® !> The SNSPD elements

are read out using a PicoQuant HydraHarp.

1.4 Results

For our sample, we measured the emission lifetime at a variety of temperatures (3.6—
295K), with a laser repetition rate of 100kHz. We verified the absence of multiex-
citonic effects by confirming that the lifetime measured at one excitation power and
another measured at a lower power were identical. The low repetition rate was chosen
to prevent interpulse excitation at low temperatures, for which the emission lifetime
is on the order of 2 ps.

The lifetime of emission at two representative temperatures is shown in Figure 1-1.
At 295 K the emission is fit well as a biexponential with time constants of 49 ns and

175ns. At low temperature the resolution of the fast component seen in Figure 1-1A

3



- -
o o
2w’ 2
3 K
(&) (&)
X 107 4
10-3 ] ] ] ] ]
0 50 100 150 200 250 300 0 2000 4000 6000 8000 10000
Time (ns) Time (ns)

Figure 1-1: Emission lifetime of InAs/CdSe nanocrystals at 3.6 K and 295 K. A The
emission lifetime of the film at 3.6 K (blue) and 295K (red). B The same data, shown
on a longer timescale to demonstrate the 1.9 s low-temperature lifetime. All data
are normalized to the maximum number of counts detected in a histogram bin.
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Figure 1-2: The standard three-state band-edge excitonic fine structure model.

is limited by the instrument response function (laser pulse duration ~ 100 ps, detector

jitter & 60 ps), and the remaining signal is fit well as a biexponential (130 ns, 1.9 ps).

Prior reports? 616718 have suggested that the variability in emission lifetime is
to the presence of multiple excitonic fine-structure states. In this model (Figure 1-
2), the two lowest-lying excitonic states are a “dark” state, which is spin-forbidden
from direct radiation, and a “bright” state, which is spin-allowed. The dark state
is lower in energy, on the order of 3meV for several binary materials.!” At room
temperature both states are approximately equally populated, such that emission
primarily occurs through the bright state, but at low temperature only the dark
state has significant thermal population. In both cases this manifests as a steady-

state emission lifetime defined by the state populations and their relaxation rates (we
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Figure 1-3: The steady-state lifetime of InAs nanocrystal emission as a function of
temperature. The solid line is the fit to Equation (1.1).

assume thermal processes are fast relative to exciton recombination):!7
k’befﬁAE + kg
k:fbkb+fdkd:—6_BAE+1 (1.1)

Fitting this three-parameter model to the temperature-dependent steady-state life-
time, we obtain k, = 150ns, kg = 1.9ps, and AF = 2.3meV (Figure 1-3). The
bright-state lifetime is comparable to reports on indvidual nanocrystals of compa-
rable size.'® The energetic splitting is consistent with that measured previously by
photoluminescence methods'” and ultrafast methods,'® where it was attributed to
the confined acoustic phonon energy of the nanocrystal. The agreement between
transient oscillatory behavior and an equivalent splitting in state energies led Oron
et al.17 to conclude that all of the materials they studied (CdSe, InAs, PbSe, and
CdTe) exhibited the same effective band-edge fine structure, with similar acoustic

phonon energies.

These extracted relaxation rates are consistent with the dynamics observed in
the PL transient. To fully model the PL transient we introduce the rate kg, for
relaxation from the bright state to the dark state (the inverse rate is kgepe PAE to
preserve the Boltzmann distribution of population). Estimating this rate to be on the

order of 25 ps,® we obtain an initial rapid decay consistent with our transient data, the



measurement of which is limited by the finite duration our laser pulse (=~ 100 ps) and
the timing jitter of the detectors (= 60 ps). At intermediate times the kinetic model
deviates from the data, but this can be explained by the existence of a distribution
of relaxation rates,® most readily explained as the result of structural polydispersity
of the nanocrystal sample.'® In principle it is possible to extract an estimate of this
distribution from the ensemble data, but a more precise measurement can be achieved

by instead measuring the lifetimes of individual molecules.

1.5 Conclusions

We measured the temperature-dependent lifetime of a sample of InAs/CdSe quantum
dots, and found that the steady-state relaxation rate is consistent with the excitonic
fine-structure model of a bright and dark state coupled by acoustic phonons. We
obtain a bright-state lifetime of 150 ns, a dark-state lifetime of 1.9 pis, and a splitting
energy of 2.3meV, which are consistent with previous reports. The relaxation rates
and energetic splitting of these states are also consistent with the emission dynamics

before the exciton population reaches the steady-state.
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