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7 ABSTRACT: Temperature-dependent photoluminescence lifetimes of electron—hole  _ o
8  pairs (excitons) in CdSe nanocrystals are governed by the energetic ordering and spacing & T
9 of slowly emitting, spin-forbidden “dark” exciton states and rapidly emitting “bright”  _ "
10 states. Here, infrared pulses that are resonant with hydrocarbon surface ligand vibrational 2 AR

e . . .. I} —F» @
11 transitions are shown to offer a route to manipulate the instantaneous emission rate of 3 < |Z ligand-to-
12 CdSe nanocrystals at cryogenic temperature. Transient heating of the inorganic ° NC heating
13 nanocrystal core is achieved via resonant excitation of ligand vibrations, followed by heat v
14 flow to the nanocrystal lattice. Heating of the nanocrystal core is demonstrated using pLe —
15 transient absorption spectroscopy, which shows a time-dependent red-shift of the Slow Fast

16 quantum dot electronic absorption resonances, consistent with heating. Transient

17 heating of the nanocrystal above the bath temperature increases the instantaneous radiative rate of the nanocrystals via a
18 combination of thermal occupation of bright states as well as phonon-assisted emission. The lifetime of this infrared-pumped,
19 fast-emitting sample condition is dictated by particle thermalization, which is multiple orders of magnitude shorter lived than
20 the dark exciton state. This work demonstrates the feasibility of using heat control pulses to manipulate electronic

21 recombination rates of excitons.

22 KEYWORDS: Nanocrystal, photoluminescence, heat transfer, infrared, exciton

23 Low-temperature photoluminescence (PL) of CdSe nano-
24 crystals (NCs) has been studied extensively both
25 theoretically and experimentally, because it offers direct insight
26 into the electronic structure and properties of these
27 materials.'~” The exciton fine structure of NCs can differ
28 substantially from that of bulk semiconductors, resulting in
29 size-, shape-, and crystal-polytype-dependent control over
30 radiative lifetime and emission polarization.”'°™"* In partic-
31 ular, the manifold of discretized excitonic “edge” states, which
32 are spaced in energy by a single meV to tens of meV
33 (depending on particle size, crystal structure, and shape),
34 yields temperature-dependent radiative rates owing to
35 thermally accessed occupation of states, which for sufficiently
36 low temperatures becomes dominated by the lowest-lying
37 exciton state. For quasi-spherical, wurtzite CdSe NCs—and,
38 indeed, most semiconductor NCs—the lowest state is a spin-
39 forbidden transition to the ground state and therefore termed a
40 “dark” exciton."®'*'®"” Whereas at room temperature, the
41 average radiative lifetime is ~20 ns as bright excitons populate
42 and radiate, this lifetime can dramatically increase to 1 ps at
43 temperatures of a a few Kelvin.® Dynamic modulation of the
44 occupation, energy, or radiative rate of excitonic states for a
4s given NC has thus far been achieved with strong magnetic
46 fields and by controlling the sample temperature.”””"'*"” The
47 method described here permits control of the instantaneous
48 radiative rate with a separate control pulse. In this work, by
49 probing zinc blende CdSe NCs, temporally controlled heat
50 excitations are shown to manipulate the radiative rate of CdSe
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—
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NCs at 5 K via transient heating of the NC lattice on an s1
ultrafast time scale. 52

In CdSe NCs, the exciton fine structure, which dictates low- s3
temperature PL, depends on the size, crystal structure, and s4
shape of NCs."*'%"#?° CdSe has eight excitonic states—O0", ss
0Y, +1% +1Y and +2, in which the number refers to the s6
angular momentum of the transition to the ground state and s7
superscripts L and U refer to lower and upper, respectively.'>' ss
In spherical and slightly prolate wurtzite systems, the lowest s9
excitonic states are the +2, which convey a so-called “dark” 6o
exciton because of the spin-forbidden transition to the ground 61
state. These +2 states are separated by 2—20 meV (depending 62
on size) from the lowest-energy bright states, +1%. Therefore, 63
at sufficiently low temperatures, excitons thermalize to the dark 64
state, and the PL lifetime increases substantially from ~20 ns at 6s
room temperature to approximately 1 ;,ts.l’8 Such measure- 66
ments display a fast component of emission at early time, 67
which has been argued occurs as the phonon bath generated 68
from intraband cooling (electron—phonon coupling) keeps the 69
instantaneous rate of emission high until phonons are 70
dissipated across the ligand—NC interface.””>'®*"** The 71
precise reason for the higher emission rates may relate either to 72
a greater occupation of the bright excitonic manifold or owing 73
to changes in the radiate rate of excitonic transitions (i.e., dark 74
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Figure 1. Time- and spectrally resolved PL of (a) 2.2, (b) 2.6, (c) 3.8, and (d) 6.0 nm zinc blende CdSe NCs collected at 5 K. (e) Time-resolved
PL at early times for the series. Lifetimes are estimated from a single exponential fit to the data. (f) Time-resolved PL at longer times for the series
relating exciton lifetimes. Lifetimes are estimated from a single exponential fit to the data S ns after the initial pulse. All data acquired with 400 nm

pump.
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Figure 2. (a) Static absorption spectrum of zinc blende CdSe NCs taken at 5 and 295 K. (b) Differential absorption spectrum comparing the
absorption of the given samples at 25 K with their absorption at S K. (c) Two-dimensional map of infrared pump, electronic probe (IPEP) data for
6.0 nm CdSe NCs pumped with 3460 nm light. (d) IPEP spectra for CdSe NCs at 1 ns delay time. (e) Estimated temperature rises in the NC
samples at SO ps delay from the IR pump and 1 ns delay from the IR pump. (f) IPEP kinetics for CdSe NCs at the first excitonic-feature IR-pump-
induced absorption (offset for different indicated particle sizes). The fast-rise feature was fitted from the first 150 ps of data. Gray dashed lines

indicate Aa = 0 for each of the scans.

75 excitons), upon vibrational assistance of electronic recombi-
76 nation in the presence of phonons.

77 For zinc blende CdSe NCs used in this work (see X-ray
78 diffraction in Figure S1), theoretical and experimental work is
79 less explored but suggests that excitonic states are more closely
g0 spaced than in hexagonal systems.'” Specifically for zinc blende
g1 CdTe, prolate NCs are expected to have ~3 meV dark/bright
82 splitting in 6 nm diameter particles and larger and ~5 meV

splitting in 3 nm particles.'” The closely spaced excitonic states g3
of zinc blende, which permit facile occupation of high-energy s4
states, offer an advantage compared to wurtzite systems, gs
because they are more responsive to the thermal control pulses g
employed as described below (vide infra). Figures 1a—d shows g7 11
a sub-nanosecond decay feature for each of the zinc blende s
samples used in this work consistent with initial occupation of g9
higher excitonic states of greater oscillator strength followed by 90
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91 a substantial slowing of photoemission (Figure le). These
92 rapid decay features are followed by a much slower decay
93 ranging from 7 to 25 ns in these samples, as shown in Figure
94 1f.

9s  As noted above, the rapid decay feature observed in time-
96 resolved PL of CdSe NCs at low temperatures reflects the
97 thermalization of excitons within the manifold of excited states
9¢ and thermal dissipation of phonon energy derived from
99 intraband relaxation.”’ Following an excitation above the
100 band gap, carrier cooling results from electron—phonon
101 scattering, heating the NC lattice above the environmental
102 temperature.”’ In addition to permitting some small change in
103 the occupation of bright excitonic states, acoustic phonons
104 generated as an eventual result of carrier cooling are
105 hypothesized to reduce symmetry of the crystal structure of
106 CdSe NCs, which transiently relaxes the spin-forbidden
107 transition of the lowest excitonic state.”*** That is, both
108 equilibrium and nonequilibrium thermal contributions may
109 transiently increase the oscillator strength of CdSe NCs. The
110 NC lattice itself cools via phonon—phonon coupling to the
111 surrounding environment (i.e., coupling to organic ligand
112 matrix and solvent, if applicable).”>™*” For wurtzite CdSe NCs,
113 phonon—phonon coupling to the environment occurs on a
114 tens to hundred picosecond time scale and depends chiefly on
115 particle size, although crystal faceting and ligand coverage can
116 change this time scale substantially in simulations.”**** Here,
117 the fast PL decay at early time (labeled 7) also increases
118 somewhat for the larger NCs in this study, although the
119 differences between the samples are much smaller than in
120 wurtzite crystals, possibly because of the energetically smaller
121 excitonic manifold'” or differential coupling to the environ-
122 ment.”® The slow PL decays (labeled 7y,,,) fitted in Figure If,
123 although much faster than 1 us decays of wurtzite CdSe NCs
124 at 5 K, are still approximately 2 orders of magnitude longer
125 than the fast-decay feature in all samples.

126 The process of phonon—phonon heat outflow is reversible.
127 Excitation of the hydrocarbon ligand C—H stretches at 3400—
128 3600 nm (Figure S3) offer a means to generate a thermal
120 gradient for heat flow into the NC.* Figure 2 demonstrates
130 this phenomenon for the samples used in this work. The
131 steady-state absorption at S and 295 K of the samples formed
132 and deposited as thin films on sapphire is shown in Figure 2a.
133 Increasing temperature of the samples results in red-shifts of
134 the semiconductor band gap and broadening of the absorption
135 resonances. (Photoluminescence energy as a function of
136 temperature is recorded in Figure S4.) Figure 2b shows the
137 difference spectrum of the static absorption (AA is used for
138 static measurements; Aq is used for transient absorption data)
139 for the four samples comparing the absorption at 25 K with the
140 absorption at 5 K. Each of these shows an increased absorption
141 to the red because of a heat-induced bathochromic shift of NC
142 absorption owing to lattice expansion.

143 Infrared pump, electronic probe (IPEP) spectroscopy
144 measurements of these samples employs a femtosecond
145 pump beam here (and except where noted) centered at 3460
146 nm (covering ligand absorptions) followed by a white light
147 visible probe of the semiconductor NC absorption. (See
148 Supporting Information.) As shown in Figure 2c, a Stark effect
149 at zero delay time’® is followed by a rise in the Aa signal,
150 which adopts a spectroscopic signature indicating a red-shift of
151 the NC absorption. The IPEP spectra of the CdSe NC samples
152 at 1 ns delay times are shown in Figure 2d, with an increase in
153 the absorption to the red consistent with the Varshni relation
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and static measurements of temperature-dependent absorption 154
of the same samples (Figure S4).”" The similarity of the IPEP 1ss
Aa spectra and the static AA spectra confirms that the IR 1s6
excitation induces NC heating. 157

The temperature rise induced by the IR pump, which varied 1s8
in absorbed fluence from 64 yJ/cm? for the 5.9 nm sample to 159
288 yJ/cm?® for the 2.3 nm sample, is estimated in Figure 2e at 160
delay times of 50 ps and 1 ns. This estimate, which ranges from 161
10 to 20 K at 1 ns delay time is obtained by collecting 162
temperature-dependent measurements of the static absorption 163
to provide a temperature calibration for the changes observed 164
transiently. Integrations of static AA spectra at known 165
temperature values are used to calibrate Aa spectra obtained 166
from IPEP experiments. (See Figure SS and discussion). The 167
increasing AT for smaller NCs chiefly reflects a greater 168
extinction of ligands relative to the inorganic core, because of 169
larger surface-to-volume ratios, but may also capture effects of 170
size-dependent heat capacity. At 5 K, such thermal excitations 171
raise the thermal energy (kT) of the NCs by a factor of 2—S 172
and therefore can enable a substantial population of the 173
excitonic states separated by <10 meV from the ground state, 174
as is predicted for the bright states of zinc blende CdSe NCs.'” 175

The dynamics of the IPEP spectra in Figure 2f display 176
biexponential rise dynamics, with 60—70% of the signal change 177
occurring within 150 ps. This fast component of the NC 178

heating was fitted with a function of the form A(1 — e_t/r“”) 179
to obtain characteristic heating times for the samples reported 1s0
in Figure le. These times (7.) vary over a small range from
36 to 44 ps, increasing slightly with the size of the NCs, 182
qualitatively consistent with the fast-decay feature observed in 183
the time-resolved PL data in Figure 1 and earlier work on 184
interfacial heat flow.>"”**° The differences in the 7, time 1ss
from IPEP measurements and 7, time from time-resolved PL 1s6
measurements most likely arise from the fact that the processes 187
are not identical reversals and possibly occur due to differences 1s8
of the temperature gradient of the blue excitation versus IR 189
excitation. Particularly noteworthy differences with IPEP 190
measurements include the fact that heat inflow occurs after 191
thermalization of high-energy vibrations into the manifold of 192
ligand vibrational states (intramolecular vibrational relaxation 193
or IVR),” and there are no contributions from carriers (or 194
excitons), because the semiconductor NCs have not been 195
excited. 196

Organic ligands serve effectively as antennae to capture 197
thermal excitations, which are transferred to the NC core in 198
the experimental design presented in Scheme 1. First, a blue 199
pump excitation (400 nm) is used to generate excitons in the 200
NC ensemble. Initially, the pump energy in excess of the band 201
gap heats the NC through electron—phonon coupling resulting 202
in the above-described burst of PL, followed, after subsequent 203
lattice cooling, by slow PL decays. After a variable delay, the 204
sample is excited with an IR pump resonant with the ligand 205
vibrations, which heats the inorganic NC core. Thus, heated, 206
the NCs emit a second burst of PL as the radiative rate 207
increases for a fraction of the NC population. The design of 208
the blue pump followed by an IR pump is in some ways 209
analogous to earlier transient absorption measurements from 210
Klimov et al. and Sionnest et al., although in those works, the 211
IR source was tuned to be resonant with intraband transitions 212
of CdSe NCs, rather than ligand vibration energies.%’34 213

Examples of this experiment for the same series of NCs in 214
Figure la—d are shown in Figure 3a—d. Here, the sample 215
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Scheme 1. Simplified Schematic of Heat-Controlled
Emission for NCs with Small Bright/Dark Splitting at Low
Temperature”
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An alternative model suggests that phonon-assisted and -unassisted
radiative rates diverge substantially. In both explanations, transient
temperature elevation effects change the radiative rate.

decay induced by 400 nm pump excitation is punctuated after
500 ps by a second burst in PL as described in Scheme 1,
arising because of an IR-pump beam. A comparison of the
integrated dynamics with and without secondary IR pumping
shown in Figure 3e, with a zoom-in in Figure 3f, shows that the
secondary PL burst is particularly prominent in the smaller NC
samples where the temperature rise is largest. The proportion-
ality of the response observed in both IPEP measurements and
in the IR-induced PL feature argues in favor of a common
origin. Measurements with IR pumping alone confirm that
multiphoton absorption does not contribute to the changes in

PL with the IR pump for these samples, which have visible 227
band gaps (Figure S6). The time-domain response of the IR- 228
pump-induced emission is more complicated than that of 229
interband pumping alone. The asymmetrical nature of the IR- 230
induced features confirms that these changes are not simply 231
due to a Stark effect.’> The rise of the secondary PL burst 232
occurs on a time scale consistent with that of IPEP 233
measurements and is convolved with depletion of excitons 234
that occupy the bright excitonic transition on a similar time 235
scale. Except in the case of the 5.9 nm sample, the PL data 236
without IR excitation are nearly flat, with the decay dominated 237
by the long dark-state lifetime. Therefore, by using IPEP 238
measurements to fix the rise time of IR-induced PL, time- 239
resolved data with IR excitation shown with open circles in 240
Figure 3f are fit with solid colored lines to the following 241
convolved function 242

I(t) = A(1 — e™/%=)(e™"/™ 4 B)

in which the input for 7, is fixed from fitting IPEP data in
Figure 2, and A and B are scalars. 7z represents the
instantaneous rate of photon emission from the sample after
IR excitation. Pointedly, the 7z times are consistently shorter
than the 7, dynamics fit for blue pumping alone. Because
both features are dictated by thermalization of carriers, this
suggests that the temperature rise induced by the IR beam is
somewhat smaller than the rise induced by the blue pump. The
initially generated phonon population of the blue pump must
first evolve to that of the smaller population of the IR pump,
after which they may be expected to evolve in the same
manner, leading to an elongated thermalization of the blue
pump with respect to the IR pump.

Although the burst in the PL signal should in principle be
seen in steady-state PL measurements with and without IR
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Figure 3. Time- and spectrally resolved PL of (a) 2.2, (b) 2.6, (c) 3.8, and (d) 6.0 nm zinc blende CdSe NCs collected at 5 K with initial 400 nm
pump followed by 3460 nm pump for 500 ps. (e) PL dynamics of CdSe NC samples with 400 nm pump followed by 3460 nm pump in colors and
gray lines representing data without IR pump. (f) PL dynamics with IR pump are shown in open circles, and data without IR pump is shown with a
gray line. Solid colored lines represent a convolved fit of an exponential rise (fixed by IPEP measurements in Figure 2) and an exponential decay
with time constant 7y, which are reported on the plot. (g) PL dynamics of 3.8 nm CdSe NCs excited at 400 nm followed by 3460 nm pump at
different delay times. (h) PL dynamics of 3.8 nm CdSe NCs excited at 400 nm followed by S00 ps of IR pumps of different wavelengths.
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pumping through a change in the PL spectrum, in practice, this
was not observed, because the total signal intensity arising
from the PL burst is a very small fraction of the total PL under
these conditions, and any effect in the time-integrated signal is
masked by variations in the pump laser intensity (Figure S6).
Changes in the absolute intensity of time-integrated PL are not
anticipated, as there is no reason to believe that the IR pump
substantially changes the quantum yield of recombination
pathways. However, changes in the absolute intensity within
the ~700 ps windows in Figure 3 do occur: for the 2.3, 2.6, and
3.8 nm samples, approximately 8—10% more photons are
emitted in the given time window compared to the case with
only interband excitation. It is important to note also that the
relative strength of PL from the 400 nm excitation compared
to that induced with an IR pulse is experimentally constrained
by the overlap of the small IR beam with the larger blue pump
beam, which limits the apparent modulation, as only a fraction
of the photoexcited sample is subsequently pumped with the
IR beam. (See Supporting Information for details.) This is also
the reason that despite reaching higher effective temperatures
with thermal excitation (at least in the smaller NCs) than with
single-photon absorption and carrier thermalization, that the
magnitude of PL modulation from the IR pump is smaller than
that of fast component of the PL induced by the blue pump.

Additional two-pump experiments in Figure 3g show that
the delay of the IR pump can be controlled precisely, here
tuning from 300 ps delay with respect to the 400 nm pump
pulse to 700 ps delay. Under all delay conditions, the
modulation of the response in the 3.8 nm CdSe NCs is
approximately the same, indicative of a similar effective NC
temperature. For ensembles, this implies that complex thermal
excitations can, in principle, be used to encode the time scale at
which photons are emitted; for single-photon emission
sources, it may considerably reduce the time between photon
emission events, speeding up the duty cycle without Auger
recombination (which occurs using multiple electronic pump
pulses) and with temporal control of approximately tens of
picoseconds, depending upon the excitonic manifold of the
sample.

Last, data in Figure 3h shows that the effect of thermal
excitation when the IR beam is tuned to different wavelengths
in the IR. Although the bandwidth of the femtosecond IR
pump is quite broad (>1 pm at 3460 nm, see Figure S8), the
absorbed power of the heat-induced secondary pulse is
maximized when the center wavelength of the pump is tuned
on resonance with the ligand C—H stretching vibrations.
Moving to shorter or longer wavelength diminishes the
intensity of the IR-induced changes. Further control experi-
ments employed a cuvette of diluted hexanes in carbon
tetrachloride as an infrared notch filter to selectively block the
fraction of the pump beam resonant with the oleic acid C—H
vibrations. When a hexanes filter is used, both IPEP and IR-
induced PL signals are reduced substantially, despite a
substantial fraction of (nonresonant) IR light still irradiating
the sample. (See Figure S8.) The resonant character of this
thermal excitation confirms that ligand vibrations act as
antennae that facilitate NC core heating. These experiments
also suggest that competing possibilities for the secondary
burst of PL, in which the IR pulse resonantly excites the
exciton from the dark (or other trapped) state, are unlikely, as
trap distributions are typically continuous.***” Additionally,
several works claim that fast carrier cooling of quantum dots,
which should in principle be quite slow,**7* is attributable to

electronic interactions with ligand vibrations.”**'~* We note
that in these experiments, there is no evidence of p-state
emission in these NC systems at higher energies. This is true
both for the initial electronic excitation and the subsequent
thermal excitation. This suggests that IR excitation neither
resonantly excites carriers within the electronic manifold®***
nor do ligand vibrations appear to couple to electronic states in
such a manner to increase occupations of, for example, p-states,
at least in the presented experiments. The observed changes
are most consistent with a strictly thermal origin and the effect
of temperature on the occupation of the exciton fine structure
manifold of states.

In conclusion, this work demonstrates that thermal
excitation of CdSe NCs, exploiting ligands as antennae, can
facilitate manipulation of the instantaneous radiative rate of an
ensemble. By introducing an IR excitation resonant with
organic ligand vibrational energies, NCs are heated transiently
above the bath temperature with a concomitant increase in the
radiative rate. The burst of PL following transient heating
exhibits a lifetime limited by NC thermalization (cooling) that
here is roughly 2 orders of magnitude faster than the emission
rate of the lowest energy excitonic state in these zinc blende
CdSe NCs. Furthermore, the modulation of PL can be tuned
arbitrarily in time with tens of picosecond resolution.
Exploiting this effect in other systems with larger dark/bright
splitting may provide opportunities to increase this difference
further or, in the case of systems with bright exciton ground
states,'”'® slow radiative rates. Although presented here for
ensembles, this phenomenon may prove particularly advanta-
geous where single-photon emission is desired in a low-
temperature emitter, which otherwise presents a low duty cycle
and poor temporal control over photon emission.
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