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ABSTRACT. In semiconductor nanocrystals, excited electrons relax through multiple radiative 

and nonradiative pathways. This complexity complicates characterization of their decay 

processes with standard time- and temperature-dependent photoluminescence studies. Here, 

we exploit a simple nanophotonic approach to augment such measurements and address open 

questions related to nanocrystal emission. We place nanocrystals at different distances from a 

gold reflector to affect radiative rates through variations in the local density of optical states. 

We apply this approach to spherical CdSe-based nanocrystals to probe the radiative efficiency 

and polarization properties of the lowest dark and bright excitons by analyzing temperature-

dependent emission dynamics. For CdSe-based nanoplatelets, we identify the charge-carrier 

trapping mechanism responsible for strongly delayed emission. Our method, when combined 

with careful modeling of the influence of the nanophotonic environment on the relaxation 

dynamics, offers a versatile strategy to disentangle the complex excited-state decay pathways 

present in fluorescent nanocrystals as well as other emitters. 

KEYWORDS. colloidal quantum dots, photonic density of states, Purcell effect, Drexhage 

experiment, delayed emission 



 2 

TOC GRAPHIC 



 3 

Semiconductor nanocrystals (NCs) offer unique optical properties for applications due to 

their dimensions. This has driven the production of high-quality particles of different 

materials1–3 with control over size,1 shape,4,5 stability,6,7 and fluorescence efficiency.7,8 To 

optimize performance, their photophysics has also been heavily investigated. In particular, 

time-resolved spectroscopy has been utilized.9–11 After excitation of a NC with a laser pulse, 

the photogenerated electron–hole pair (exciton) relaxes. This process can be monitored by 

measuring photoluminescence decay traces or transient absorption spectra. Indeed, such 

techniques have revealed the primary decay mechanisms in NCs, such as direct radiative and 

nonradiative recombination,12 Auger recombination,9,13 charge-carrier trapping,14–21 and 

energy transfer.22,23 However, because multiple energy levels are typically involved, the 

interpretation of experiments is often challenging. 

A common strategy to disentangle the complex excited-state dynamics of NCs has been to 

vary experimental parameters that modify the interplay between different relaxation processes. 

Examples include temperature to alter thermal populations,24–26 magnetic fields to mix 

electronic levels,24,27,28 and excitation power to affect carrier density (which influences Auger 

recombination).13 However, an important additional parameter has not yet been fully 

exploited—the local density of optical states (LDOS). In other words, the local electromagnetic 

environment can be varied. Photon-emission rates depend29 on LDOS,30–39 while nonradiative 

relaxation remains unaffected. Pioneered by Drexhage,30 modification of LDOS has 

successfully quantified the competition between radiative and nonradiative recombination (i.e., 

the quantum yield) in various emitters by measuring their excited-state decay at controlled 

distances from a reflector.35,36,38 Furthermore, insights into the interplay of radiative 

recombination and spin-flip transitions39 or energy transfer34,37 were gained. If LDOS changes 

were similarly applied to study the complex dynamics of NCs, this could potentially clarify 
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open questions. To follow this approach, detailed modeling and in-depth analyses of the effects 

of LDOS beyond previous studies would be required. 

Here, we pursue LDOS as a useful parameter to investigate NCs. We systematically 

change the photonic environment of two types of NCs and study the effect on their excited-

state dynamics. We develop a cryostat-compatible implementation of Drexhage’s method by 

depositing NCs on a thin, wedge-shaped layer of alumina (Al2O3), which covers a planar Au 

film. The ramp in alumina thickness places NCs at different distances from the Au reflector. 

Through a detailed analysis of the NC emission on such structures, we extract the influence of 

LDOS on the dynamics. Applied to spherical CdSe-based NCs (known as colloidal quantum 

dots, cQDs), we examine the dominant radiative and nonradiative recombination mechanisms 

at cryogenic temperatures, which are controlled by the two lowest exciton fine-structure 

states.40,41 For CdSe-based nanoplatelets (NPLs), we determine the mechanism of reversible 

charge-carrier trapping, which strongly affects the overall decay dynamics.19 Thus, our results 

provide insights into the excited-state processes of important classes of NCs. More generally, 

this approach can help investigate relaxation pathways in other emitters. 

Figure 1 introduces the structures we use to control LDOS. A planar Au-coated substrate 

was gradually exposed to Al2O3 flux by moving the substrate relative to a shadowing mask in 

a reactive sputterer (Figure 1a). This procedure yielded a layer of Al2O3 with a linearly varying 

thickness of 0–800 nm over 7 mm (Figure 1b; section S1 in the Supporting Information). 

CdSe/ZnS core/shell cQDs or CdSe/CdxZn1–xS core/shell NPLs were then deposited on this 

wedge by spin-coating from dilute dispersions, resulting in sparse films (Figure 1c and Figure 

S1 in the Supporting Information). On such a structure, the NCs experience an LDOS that 

depends on their position. Specifically, Figure 1d shows how the LDOS, 𝜌(ℎ), averaged over 

all optical polarizations, depends on the local wedge thickness ℎ. The radiative rate 𝑘!"# of an 

emitter, e.g., a NC, is given by 𝑘!"#(ℎ) = 𝑘!"#,%	𝜌!(ℎ), where 𝑘!"#,% is the radiative rate of the 
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emitter in vacuum, and 𝜌!(ℎ) = 𝜌(ℎ)/𝜌% is the LDOS relative to the LDOS in vacuum, 𝜌%. 

The surface density of NCs on our structures is ~0.5–1 emitters/μm2. Hence, below we probe 

~630–1260 NCs within our illumination spot (20 μm radius). All NCs within this spot 

experience nearly identical LDOS, as ℎ varies by only 5 nm (see Figure 1d). 

We first use such structures to investigate the relaxation of CdSe/ZnS core/shell cQDs 

(2.3-nm cores with 4-monolayer-thick shells) at cryogenic temperatures. Despite decades of 

investigation,24,42 the low-temperature photoluminescence (PL) of CdSe-based cQDs is still 

discussed, fueled most recently by a proposal for the recombination mechanism of the dark 

exciton.40,41 The PL of our CdSe/ZnS cQDs at 3.2 K (Figure 2a) presents a two-component 

decay, typical of such systems. This has been explained in terms of emission from two energy 

levels in thermal equilibrium: an upper bright state (B) and a lower dark state (D), separated 

by an energy splitting ΔE (Figure 2b).24–26 The fast component has been attributed to an initial 

B population that relaxes to D nonradiatively on a ns time scale, while the long component 

results from recombination of both B and D in thermal equilibrium. (In our measurements at 

cryogenic temperatures, the fast decay comes mainly from Al2O3 background fluorescence. 

This, however, does not affect the long component from the cQDs; see section S3 in the 

Supporting Information). When the thermal energy is much smaller than Δ𝐸, the slow decay is 

caused mostly by D, which recombines slowly.27,43 As the temperature 𝑇 is increased, the 

thermal population of fast-emitting B is enhanced, causing the long component to shorten and 

grow in relative amplitude (Figure 2a). Hence, the long component and its temperature 

dependence carry information about the decay processes from both dark and bright exciton 

states (section S5 in the Supporting Information). 

To probe the radiative content of the long component and its temperature evolution, we 

measured the decay for different ℎ over a range of temperatures (see Figures S3 and S4 in the 

Supporting Information). Figure 2c shows the fitted temperature- and LDOS-dependent 
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lifetimes. The long component becomes 6 times faster as we increase 𝑇 from 3.2 to 37 K, 

consistent with increasing the thermal occupation of B. At any 𝑇, the lifetime value shows an 

oscillation of ±25% around the mean as we increase ℎ. This indicates a strong LDOS 

dependency of the excited-state lifetime and thus a dominant role of radiative (versus 

nonradiative) recombination. Interestingly, we observe a slight difference between the lifetime 

oscillations as a function of h at 3.2 K, where emission is mainly from D, compared to 37 K, 

where it is mainly from B. The peaks of the oscillations are found at slightly smaller h at 3.2 K 

versus 37 K (Figure 2d). This subtle difference can potentially provide information about the 

emission of D, e.g., the polarization of D with the respect to B. 

In CdSe-based cQDs, B is known to emit as a two-dimensional electric dipole.27,44 The 

orange line in Figure 2d shows the calculated lifetime oscillation for an ensemble of randomly 

oriented two-dimensional dipoles (section S5 in the Supporting Information). Although the 

emission polarization of D is still debated, it could involve a two-dimensional dipole lying on 

a plane perpendicular to the c-axis of the cQD and/or a one-dimensional dipole parallel to the 

c-axis, depending on the process that mediates its activation.43 A pure one-dimensional dipole 

for D is not consistent with our experiments, as randomly oriented one-dimensional dipoles 

would show lifetime oscillations that peak at larger h than two-dimensional dipoles (compare 

dashed and orange lines in Figure 2d). Rather, the lifetime oscillations at slightly smaller h 

appear to be more consistent with a three-dimensional dipole (blue line in Figure 2d). 

We can rationalize these results by considering the proposal in refs 40 and 41 in which the 

recombination of D is mediated by phonons at very low temperatures and spins from dangling 

bonds at slightly higher temperatures,40,41 yielding one-dimensional- and two-dimensional-

dipole polarizations, respectively, each orthogonal to each other. Indeed, if we include the two 

recombination mechanisms in our model, we can produce an effective three-dimensional-

dipole polarization at intermediate temperatures (section S5 in the Supporting Information). 
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To extract quantitative information, we globally fit the lifetime values at all temperatures 

and distances to such a model, sketched in Figure 2b. The fitted curves are the solid lines in 

Figure 2c. The fit yields the radiative efficiencies in vacuum for B and D (𝜂&%  and 𝜂'% ), as well 

as Δ𝐸, the vacuum radiative rates, and other model parameters (see Table S1 in the Supporting 

Information). The extracted values for 𝜂&%  and 𝜂'%  are large (~100%), consistent with 

assumptions used in previous studies of CdSe-based cQDs.25,26 A large 𝜂'%  implies the absence 

of nonradiative recombination channels from the dark state. This distinguishes our cQDs from 

other NCs where emission from D was reported to be inefficient, including epitaxial QDs39 and 

perovskite NCs.28,45 

We now turn to CdSe-based NPLs. Because these NCs have a rectangular, quasi-2D shape 

with a precise, atomic-scale thickness, they exhibit narrow emission features that are useful for 

applications.46 However, temporary trapping of charge carriers has been shown to slow 

radiative recombination.19,47 Indeed, the PL decay curve of our NPLs has a characteristic 

power-law tail from 50 ns to 1 μs (Figure 3a). This tail is due to trapping of photogenerated 

charge carriers followed by detrapping and radiative recombination.19 The broadly distributed 

detrapping rates are evident from the long decay, but the trapping process is difficult to 

characterize with time-resolved PL experiments. Indeed, while pump–probe methods can be 

used to characterize all trapping events,48,49 PL-based methods struggle because the trapping 

time scales overlap with both prompt recombination and the fastest detrapping processes. 

Consequently, the same PL decay can be explained with two different trapping models:14,50 

cold-carrier trapping or hot-carrier trapping (Figure 3c). In cold trapping, the charge carriers 

cool to the lowest excited state before trapping, while in hot trapping, they trap from a higher 

excited state. To determine which model is correct, we examine the LDOS dependence of the 

delayed emission.14 We perform our measurements at room temperature, where delayed 

emission can potentially affect emission saturation in light-emitting NPL devices. The alumina 
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background fluorescence is negligible at the NPL emission wavelength (see section S3 in the 

Supporting Information). 

Figure 3a shows the PL decay of our NPLs (4-monolayer-thick CdSe cores with 2-nm-

thick CdxZn1−xS shells51) at two different h with high (blue) and low (red) LDOS. The two 

curves show different behavior over the first 50 ns, while afterwards the delayed emission 

shows the same power-law slope. To compare the distributed dynamics between different 

measurements, we describe the slope of the PL decay curve, which depends on the time t after 

photoexcitation, in terms of an “instantaneous lifetime,”19 𝜏()*+(𝑡)	 = 	– 𝐼(𝑡)	/	𝐼′(𝑡), where 𝐼(𝑡) 

is the PL decay curve and 𝐼′(𝑡) its time derivative. Comparison of 𝜏()*+(𝑡) for the 

measurements at high and low LDOS (Figure 3b) confirms that the early-time dynamics is 

affected by the photonic environment, while the delayed-emission dynamics is not. Figure 3d 

shows the instantaneous lifetime of our NPLs as a function of t for a range of h. At each time, 

the instantaneous lifetime values at different heights are normalized to their mean. Figure 3d is 

divided into two time regions, displaying qualitatively different LDOS sensitivity. The region 

t < 50 ns shows oscillations, which fade for t > 50 ns. Figure 3e,f shows vertical cuts through 

Figure 3d, highlighting the oscillations for times t = 20–30 ns and the LDOS-independence for 

t = 200–300 ns, respectively. 

These observations make intuitive sense. The early-time decay is (in part) due to radiative 

recombination, leading to LDOS dependence. Radiative recombination is presumably in 

competition with nonradiative recombination and, in the scenario of cold trapping, charge-

carrier trapping. At longer times, charge-carrier detrapping is presumably the rate-limiting step 

(i.e., the slowest step in the delayed-emission process). Detrapping is expected to be LDOS 

independent. This explanation holds both for the hot-trapping and cold-trapping models with 

distributed detrapping rates. (For cold trapping with a single detrapping rate, the LDOS 

dependence at long delay times would remain; see section S6 in the Supporting Information.) 
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Indeed, a global fit of the data (Figure 3d) produces a good match, independent of whether we 

assume cold or hot trapping (compare blue and red lines in Figure 3e,f). Thus, the 

instantaneous-lifetime analysis cannot provide enough information to discern the trapping 

mechanism. 

However, we can distinguish between hot and cold trapping if we consider the delayed-

emission intensity as a function of LDOS. Figure 3g presents our experimental data as a color 

map of 𝐼(𝑡, ℎ)/𝐼+,+(ℎ). 𝐼(𝑡, ℎ) is the PL decay curve at distance h and 𝐼+,+(ℎ)	 = 	 ∫ 	𝐼(𝑡, ℎ)	d𝑡-
%  

is its time-integrated intensity. With increasing 𝑡, we observe an inversion of the LDOS-

associated oscillations. Namely, for t = 5–10 ns (Figure 3h) the intensity ratio 𝐼(𝑡, ℎ)/𝐼+,+(ℎ) 

shows dips at h = 200, 425, and 650 nm, while at t = 200–300 ns (Figure 3i) it peaks at these 

values. This is a strong indication of cold trapping. At h = 200, 425, and 650 nm, where the 

LDOS is minimized, the initial excited electronic state exhibits a slower radiative decay. 

Consequently, the intensity of prompt emission (t < 50 ns) is reduced, and the probability of 

trapping, which in cold trapping is determined by the competition between trapping and 

emission, is enhanced. This leads to more delayed emission at later times (t > 50 ns). The 

situation is exactly the opposite at h = 90, 300, 525, and 750 nm, where the LDOS peaks. 

Emission at early times is enhanced, decreasing delayed emission. This opposite effect of 

LDOS on the early and delayed emission causes the inversion of the oscillations. 

Hot trapping will not produce such an inversion. In this case, trapping competes with hot-

carrier cooling rather than radiative recombination. Thus, trapping does not compete with an 

LDOS-dependent process (see section S6 in the Supporting Information). To quantify this 

explanation, we calculated the expected results for hot and cold trapping in Figure 3h,i, using 

only parameters obtained from fits to the instantaneous-lifetime data (Figure 3e,f). The cold-

trapping model (blue lines in Figure 3h,i) reproduces the experiment, while the hot-trapping 

model (red lines) does not. We conclude that trapping in our NPLs occurs from the lowest 
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excited state. Further, we extract a trapping rate of 1/121 ns−1, which competes with a vacuum 

radiative recombination rate of 1/74 ns−1 and a nonradiative recombination rate of 1/41 ns−1. 

In summary, we have exploited the nanophotonic environment to address open questions 

related to excited-state dynamics in CdSe-based NCs. By placing NCs on a simple alumina-

on-gold structure, their emission is affected by changes in LDOS. Using this effect, we 

determined that the two lowest-energy electronic states in CdSe/ZnS core/shell cQDs have high 

radiative efficiency. Our results also suggest that the lowest dark state emits as an effective 

three-dimensional isotropic dipole. Second, we obtained direct evidence for the charge-carrier-

trapping mechanism that causes delayed emission in CdSe/CdZnS core/shell NPLs. Charge 

carriers are trapped from the lowest excited state (cold trapping) and return to this state by 

detrapping over a wide range of time scales. In addition to revealing further insights into NC 

photophysics, we have demonstrated that LDOS provides another experimental parameter, like 

temperature or magnetic field, to clarify relaxation processes in complex emitters. 

EXPERIMENTAL METHODS 

A detailed description of the experimental methods is provided in the Supporting Information. 
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Figure 1. (a) Sketch of procedure for fabricating nanophotonic structures with controlled 

LDOS. A Au-coated Si substrate is gradually exposed to Al2O3 flux by rotating the sample 

relative to a shadow mask in a reactive sputterer. (b) Thickness profile of the Al2O3 ramp 

measured by profilometry. The dips at horizontal positions 0.5 and 5 mm are due to etch marks 

on the Si substrate. (c) Sketch of our structure: self-interference between direct and reflected 

emission at each position along the wedge affects the LDOS. (d) Calculated normalized LDOS, 

𝜌!, as a function of the wavelength-normalized distance ℎ from a mirror for an isotropic 

electric-dipole emitter radiating at 𝜆	 = 535 nm. 
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Figure 2. Temperature and LDOS dependency of the long decay component in the low-

temperature fine-structure dynamics of CdSe/ZnS core/shell cQDs. (a) PL decay at 3.2 K (blue) 

and 37 K (orange) recorded at the same distance (230 nm) from the reflector. (b) The model of 

exciton fine-structure dynamics considered: G, B, and D are the cQD ground state, bright 

exciton, and dark exciton, respectively. Radiative (nonradiative) transitions are depicted as 

solid (dashed) arrows. (c) Experimental dependence of the long lifetime component on 

temperature and distance from the mirror (solid dots). Data are shown for 3.2, 5.2, 7, 10, 12, 

17, 22, 27, 32, and 37 K. The solid lines represent the fitted LDOS–temperature model to the 

data. (d) Dependence of the long lifetime component on the distance from the reflector at 

temperatures of 3.2 (blue) and 37 K (orange), normalized to the average lifetime values 

between 300 and 450 nm. The dotted gray, solid orange, and solid blue lines are the normalized 

ensemble-weighted lifetimes for an ensemble of randomly oriented 1-, 2-, and 3-dimensional 

electric-dipole emitters, respectively.  
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Figure 3: Determining the delayed-emission mechanism in CdSe/CdxZn1–xS core/shell NPLs 

at room temperature. (a) PL decay trace at two distances ℎ from the mirror: 326 (blue) and 

448 nm (red). Solid lines are fits to the data. (b) Instantaneous lifetime, calculated from the 

curves fit to the PL decay in panel a. (c) Cold-trapping (CT) model: “hot” photogenerated 

carriers relax first to the lowest exciton state. Prompt radiative recombination with rate 𝑘.! and 

carrier trapping with rate 𝑘+!". then compete. Hot-trapping (HT) model: “hot” photogenerated 

carriers decay either to the lowest exciton state or directly into a trap state, yielding initial 

populations of 1 − 𝑓 and 𝑓 in the lowest exciton and trap states, respectively. In both models, 

detrapping occurs with a distribution of release rates 𝑘!/0. (d) Instantaneous lifetime normalized 

by its mean value at each photon arrival time. (e,f) Instantaneous lifetime as a function of h, 

averaged from 20 to 30 ns and 200 to 300 ns, respectively. Solid lines are fits to CT and HT 

models. (g) PL decay curves as a function of h. At each h, the PL decay is first background-
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subtracted and normalized to the total counts at that h. Next, the intensity at a particular t is 

further normalized to the mean intensity at that t. (h,i) Normalized intensity averaged from 5 

to 10 ns and from 200 to 300 ns, respectively. Solid lines are fits to the CT and HT models. In 

panels a, b, d, and g, the time axis is linear between 0–50 ns and logarithmic between 50–

1000 ns. 


