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ABSTRACT  
Charge-carrier traps play a central role in the 
excited-state dynamics of semiconductor 
nanocrystals, but their influence is often difficult to 
measure directly. In CdS and CdSe nanorods of 
nonuniform width, spatially-separated electrons 
and trapped holes display recombination dynamics 
that follow a power-law function in time that is 
consistent with trapped-hole diffusion-limited 
recombination. However, power-law relaxation can 
originate from mechanisms other than diffusion. 
We report transient absorption spectroscopy 
measurements on CdS and CdSe nanorods recorded 
at temperatures ranging from 160 to 294 K. We find that the exponent of the power law is 
temperature-independent, which rules out several models based on stochastic activated processes 
and provides insights into the mechanism of diffusion-limited recombination in these structures. 
The data point to weak electronic coupling between trap states and that surface-localized trapped 
holes couple strongly to phonons, leading to slow diffusion. Trap-to-trap hole hopping behaves 
classically near room temperature while quantum aspects of phonon-assisted tunneling become 
observable at low temperatures. 

 

MAIN TEXT 
Although colloidal semiconductor nanocrystals have been widely studied for three decades,1,2 the 
understanding of their excited-state dynamics continues to evolve. The presence of charge-carrier 
trap states on nanocrystal surfaces leads to rich and complex excited-state relaxation.3-13 Trap 
states play an essential role in processes such as electron–hole recombination and charge 
transfer,4,6,7,14-16 yet their dynamics are challenging to probe spectroscopically.17,18 Photogenerated 
holes in CdS and CdSe nanocrystals trap to the orbitals of undercoordinated S and Se atoms on the 
particle surface on a picosecond timescale.3,8,17-21 Thus, electrons in these structures recombine 
primarily with holes that are localized to the surface, rather than delocalized in the valence 
band.17,18  
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We recently presented evidence that trapped holes on the surfaces of CdS and CdSe 
nanocrystals are not stationary but instead undergo a diffusive random walk at room 
temperature.10-13,16 This evidence came from transient absorption (TA) spectroscopy 
measurements of recombination dynamics between spatially separated electrons and trapped holes 
in nonuniform CdS and CdSe nanorods (NRs). At long times, the TA signal associated with this 
recombination follows a robust and reproducible power law in time with an exponent of –1/2. We 
interpreted this behavior as the signature of diffusion-limited recombination in one dimension, 
where a trapped hole undergoes an unbiased random walk along the NR surface, with steps on the 
order of interatomic distances, until it reaches the electron and recombines.10 Subsequent 
theoretical work used detailed electronic structure calculations to characterize the surface traps in 
CdS and found that, near room temperature, the trapped holes hop nonadiabatically between 
localized sulfur orbitals on the surface.13  

There are, however, other mechanisms that can lead to power-law excited-state relaxation 
in nanocrystals. In particular, to model nonexponential relaxation dynamics in nanocrystals, 
researchers have often invoked stochastic rate theories, where there is a distribution of relaxation 
rates in the ensemble. Examples include electron trapping with a distribution in activation barrier 
heights22 and charge-carrier detrapping with a distribution in trap depths.23-25 An experimental 
method is needed to differentiate between these mechanisms and diffusion-limited recombination 
in nonuniform NRs.  

The key measurable difference between the trapped-hole diffusion model and the 
alternative models listed above lies in the temperature dependence of the power-law exponent. In 
the one-dimensional diffusion–annihilation model, the temperature dependence appears in the 
magnitude of the diffusion coefficient while the power-law exponent of –1/2 is uniquely 
determined by the geometry.26 In contrast, models that involve thermally-activated processes give 
rise to temperature-dependent power-law exponents.22,25 In this paper we present TA spectroscopy 
of solutions of CdS and CdSe NRs over a range of temperatures from 160 to 294 K. From these 
data, we extract the temperature dependence of the power-law exponent and provide an 
experimental method to definitively distinguish between diffusion-limited recombination and 
stochastic rate theories. In concert with the diffusion-limited recombination theory, these 
experiments inform on the mechanism of the diffusion process, providing measurements of both 
the electronic coupling between hole trap states and the trapped hole–phonon coupling. At high 
temperatures and weak electronic coupling, the reorganization energy alone quantifies the strength 
of the hole-phonon coupling.  

Prior evidence for trapped-hole diffusion comes from TA spectroscopy of nonuniform 
nanorods of CdS and CdSe at room temperature.10-12 Such NRs consist of narrow-diameter 
cylindrical “rods” and wide-diameter “bulbs” (Figure 1a,b and Figure S1).10,12,27,28 The rod and 
bulb morphological features constitute spatially and spectrally distinct electronic states wherein 
charge carriers in the rod have higher energy than in the bulb due to differences in radial quantum 
confinement (Figure 1c).10,12,28 As described previously in room-temperature TA studies,10-12 
trapped holes likely diffuse in nanostructures of uniform morphologies as well, but the spatial 
dynamics of trapped holes are revealed in these nonuniform NRs when holes rapidly trap on the 
rod surface and electrons dissociate from them and localize in the bulb so that recombination can 
only occur if the electron and trapped hole reach each other in some way.  
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Figure 1. Morphology and energy-level diagram for nonuniform nanorods. (a) Selected 
transmission electron microscope image of a nonuniform CdS nanorod. (b) Schematic diagram of 
a nonuniform nanorod, depicting the rod and bulb components. (c) Energy-level diagram as a 
function of position along the nanorod, according to (b). 

 
To carry out TA spectroscopy measurements at cryogenic temperatures, the NRs were 

functionalized with 3-mercaptopropanoic acid surface-capping ligands and suspended in a polar 
glass-forming mixture of 4:1 ethanol:methanol (v/v). Temperature was controlled using a cryostat 
purged with a nitrogen atmosphere, and experiments were limited to temperatures above the glass-
transition temperature of the solution. Figure 2a,b show the TA spectra of CdS and CdSe NRs after 
excitation of the rod at temperatures ranging from 160 to 294 K. As temperature decreases, the 
bleach peaks shift to higher energies and become narrower, as is observed in bulk and 
nanocrystalline semiconductors (Figure S2).29,30 The TA spectrum of nonuniform nanorods 
consists of distinct spectral features corresponding to the rod and the bulb states (Figure 2), the 
amplitudes of which predominantly reflect the population of electrons in each state.10,12,27,28,31 The 
dynamics of electrons in the rod and bulb states were isolated and analyzed as described previously 
for room-temperature experiments (see Methods section and Section IV of the Supporting 
Information (SI)).10,12 The data shown in Figure S3 indicate that sub-nanosecond spatial separation 
occurs at each temperature, leading to a charge-separated state where the electron is localized in 
the bulb and the hole is trapped on the surface of the rod (Figure 2c,d inset). 
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Figure 2. Temperature dependence of excited-state dynamics in CdS and CdSe nanorods. (a,b) 
Normalized TA spectra at different temperatures between 160 and 294 K of (a) CdS NRs averaged 
over 100–300 ns and (b) CdSe NRs averaged over 1–3 ns. CdS NRs were excited with 400 nm 
pulses and CdSe NRs were excited with 600 nm pulses. The parts of the bleach assigned to bulb 
and rod transitions are marked with arrows. (c,d) TA time traces of bulb bleach signal of (c) CdS 
NRs and (d) CdSe NRs normalized at 100 ps. Power-law tails were fit with an adjustable power-
law exponent (black dashed lines). Data are smoothed for presentation. The insets of (c,d) depict 
the charge-separated state being probed after excitation of the rod. 

 
To investigate the recombination dynamics of spatially separated electrons and trapped 

holes in CdS and CdSe NRs as a function of temperature, we monitor the decay of the TA bleach 
signal corresponding to the bulb electron population in the time window after charge separation at 
temperatures ranging from 160 to 294 K. Bulb decays for CdS NRs at five different temperatures 
are shown in Figure 2c, while the equivalent data for CdSe NRs at three different temperatures are 
shown in Figure 2d. At 294 K, both materials exhibit power-law decays at long times, consistent 
with previous observations.10,12 As the temperature is lowered, the bulb electron relaxation gets 
slower but the power-law decay persists at every temperature. This is in contrast to the 
recombination kinetics in uniform NRs, which exhibit exponential tails at all temperatures in the 
range 160 to 294 K (Figure S4) due to direct recombination of spatially overlapping electrons and 
trapped holes.10,12 

As we noted above, the temperature dependence of the exponent in a power-law decay can 
provide definitive insights into the mechanism of electron–hole recombination that leads to the 
power law. The tails of each decay in Figures 2c and 2d were fit to a power-law function of the 
form 𝑆(𝑡)	~	𝑡!" (see Methods). The fit results are plotted in Figure 3. For every temperature 
studied, the power-law exponent is within experimental error of –1/2 for both CdS and CdSe NRs. 
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Figure 3. The extracted exponent of the power-law decay, −𝛼, in nonuniform CdS and CdSe NRs 
is independent of temperature. 

 
The persistence of the power-law exponent of –1/2 over a broad range of temperatures in 

both CdS and CdSe NRs strongly supports the assignment of power-law recombination kinetics to 
diffusion-limited recombination between the bulb electron and a trapped hole. In this model, the 
trapped hole starts near the bulb and undergoes an unbiased random walk along the length of the 
rod until it encounters the stationary electron in the bulb and recombines with it.10 Diffusion purely 
around the circumference of the rod does not contribute to decay of the bulb electron, so 
recombination is a one-dimensional process.10 While temperature can change the diffusion 
coefficient, a power-law exponent of –1/2 is a universal feature of diffusion–annihilation in one 
dimension and is independent of temperature.26  

The temperature independence of the power-law exponent allows us to rule out models in 
which there is a distribution in rate constants for recombination in an ensemble of particles. Power-
law kinetics can arise in an ensemble of particles when their first-order rate constants reflect a 
thermally-activated process and there is an exponential distribution in the activation energies, 
𝑃(𝐸#) = 𝑒!$!/&/𝜖, where	𝐸# is the activation energy and 𝜖 represents the mean barrier height, 
which is independent of temperature. In this case, the decay of the ensemble excited-state 
population goes as 𝑆(𝑡)	~	𝑡!" at long times, where the power-law exponent 𝛼 = 𝑘'𝑇/𝜖 depends 
on temperature (𝑇) as well as the material properties of the sample that determine 𝜖, such as 
composition, size, and ligands.22,25 There are several plausible scenarios in which the observed 
power-law decay of the bulb electron population could be due to such activated mechanisms. 
Electrons could trap from the bulb state while the trapped hole remains stationary on the rod,10,32,33 
in which case the power-law decay of the electron population would reflect a distribution in 
electron trapping rates,34-36 which could originate from a distribution in trapping activation 
barriers.22 Additionally, recombination could occur by thermal excitation of the electron from the 
bulb back to the rod where it would overlap directly with the trapped hole. In this case, a 
distribution of rate constants would reflect a distribution in relative rod and bulb radii. Finally, 
recombination could be limited by detrapping of the hole: a stationary trapped hole could 
eventually return to the valence band with a distribution of hole detrapping times that originates 
from a distribution in trap depths,23-25  and from there it would rapidly transfer to the bulb where 
it would recombine with the electron.  

Each of these mechanisms can be ruled out by the lack of temperature independence of the 
experimentally measured power-law exponent of the bulb electron decay (Figure 3). If the power-
law tails observed in CdS and CdSe NRs in Figure 2 were due to an activated mechanism, 𝛼 would 
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be proportional to temperature and would have changed by nearly a factor of two over the 
temperature range studied. Moreover, even though the distributed activated models could give rise 
to a power-law decay, one would expect 𝛼 to be highly sensitive to sample preparation, because 
sample-to-sample variation is likely to cause significant changes in the value of 𝜖 in the 
distributions of, for example, the relative sizes of the rods and bulbs, electron trapping barriers or 
the hole trap depths. Not only is the power-law exponent temperature independent, it has proven 
to be robust and insensitive to many sample-dependent quantities. It has been measured in over 
twenty CdS NR samples to date, ZnSe/CdS and CdSe/CdS dot-in-rod heterostructures, and CdSe 
NRs.10-12 The same exponent appears also for both native phosphonic acid ligands and 
mercaptocarboxylate ligands.10 Thus, the temperature dependence data and the reproducibility of 
𝛼 favor a model in which the fundamental microscopic behavior is robust to sample variation and 
composition, depending only on a universal property of these systems, such as the dimensionality. 
Separately, we note that the notion of recombination via hole detrapping in our samples is 
inconsistent with the low photoluminescence quantum yields typically observed in CdS and CdSe 
nanocrystals,4,37,38 which imply that electrons predominantly recombine with trapped holes rather 
than valence-band holes.18 It is worth noting that the present work does not indicate that the above 
activated processes do not occur on some timescale, just that they do not dominate the mechanism 
behind the power-law decay of charge-separated electrons and trapped holes in CdS and CdSe 
NRs.  

We next examine the temperature dependence of the trapped-hole hopping rate to gain 
insights into the nature of the trapped-hole diffusion mechanism. For a trapped hole that begins at 
a distance 𝑧( from the bulb and diffuses with diffusion coefficient 𝐷, the onset of the 𝑡!)/* power-
law tail of the survival probability occurs on a timescale of approximately 𝜏 = 𝑧(*/4𝐷 (see Section 
VI of the SI).10,26 The diffusion coefficient, in turn, is related to the step length of the random walk, 
𝑎, and the hole-hopping rate, 𝜅, by 𝐷 = 𝑎*𝜅.13,26 For diffusion along the length of the nanorod, 𝑎 
is the lattice constant for the wurtzite c-axis and 𝜅 is the total hopping rate that is composed of 
chalcogenide-to-chalcogenide hole hopping steps that are both parallel with and diagonal to the 
wurtzite c-axis.13 The extent of lattice contraction over the measured temperature range is 
negligible (~0.1%),39 making 𝑎 approximately constant with respect to temperature. We also 
assume that the initial distribution of trapped-hole positions does not change substantially with 
temperature. In this case, the temperature dependence of the observable 𝜏 is inversely proportional 
to the temperature dependence of the hole-hopping rate: 𝜏!)(𝑇) = +,

-"#
= +.#

-"#
𝜅(𝑇). The data in 

Figure 2 allow us to extract the lower and upper bounds of 𝜏, which yield bounds on the hole-
hopping rates in CdS and CdSe nanorods. The procedure for extracting the bounds of 𝜏 is described 
in Section VI of the SI (Figure S5). Figure 4 shows the resulting range, displayed as an Arrhenius 
plot of 𝜏!). 
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Figure 4. Arrhenius plot of hole-hopping rate in (a) CdS and (b) CdSe NRs. Data is plotted as the 
natural log of 𝜏!) against 𝑇–), where 𝜏 is in units of nanoseconds. Data in the range 227–294 K is 
fitted with the expression for classical Marcus theory (black dashed line). 

 
At higher temperatures (227–294 K), the hole-hopping rate exhibits Arrhenius behavior 

(Figure 4). This result is consistent with previous theoretical calculations, which suggested that 
the trapped hole undergoes a series of incoherent, thermally-activated hops between trap sites on 
the nanocrystal surface.13 In this mechanism, the rate of hole transfer between degenerate trap 
states at high temperatures is given by classical Marcus theory, 𝜅 = *0

ℏ
|𝐽|* )

2+034$5
exp(−𝜆/

4𝑘'𝑇), where 𝜆 is the reorganization energy and |𝐽|* is the electronic coupling between the initial 
and final states.40 In this experiment we are only sensitive to trapped-hole motion along the length 
of the nanorod,10 so 𝜆 and |𝐽|* here are specifically associated with chalcogenide-to-chalcogenide 
hole hopping steps with a component along the wurtzite c-axis.13 The data for the upper and lower 
bounds of 𝜏!)(𝑇) in Figure 4 were fit to the expression for classical Marcus theory over the range 
of 227 to 294 K to find the upper and lower bounds of 𝜆 and |𝐽|*. The values of 𝜆 come directly 
from the slope of the Arrhenius plot, giving 1.2–1.9 eV and 1.0–1.4 eV for CdS and CdSe NRs, 
respectively. We obtain estimates for |𝐽|* from the intercept of Figure 4 using the wurtzite c-axis 
lattice constants of CdS and CdSe39 for 𝑎 and the previous estimates for 𝑧(, which are on the order 
of 1 nm for both CdS and CdSe NRs.10,12 This gives estimates for =|𝐽|* of 20–300 meV and 20–
100 meV for CdS and CdSe NRs, respectively. These values for |𝐽|* and 𝜆 in turn give estimates 
for 𝐷 at room temperature of 10–9–10–7 cm2 s–1 and 10–8–10–7 cm2 s–1 for CdS and CdSe NRs, 
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respectively, and estimates for 𝜅 at room temperature of 106–107 s–1 and 107–108 s–1 for CdS and 
CdSe NRs, respectively. Overall, these results are consistent with theoretical predictions for weak 
electronic coupling between hole trap sites on nearest and next-nearest neighboring surface sulfur 
atoms along the length of the CdS NR.13 The large values of 𝜆 found here are similar to calculations 
for diffusive carrier hopping in some polar semiconductors.41 The small 𝐽/𝜆 ratio indicates that the 
trapped holes form nonadiabatic small polarons that are highly localized on surface chalcogenide 
atoms and coupled strongly to phonons,13,42 which leads to slow diffusion compared to band-edge 
carrier diffusion for these materials in the bulk.  

At low temperatures, a fundamentally different regime of hole hopping emerges. In the 
range of 160 to 227 K, high-temperature classical Marcus theory breaks down and the hole-
hopping rate depends more weakly on temperature (Figure 4). This behavior, together with the 
large estimated values of 𝜆 at higher temperatures, suggests that phonon-assisted tunneling plays 
an important role in trapped-hole diffusion at low temperature, and that hole hopping would be 
better described in the semiclassical Marcus-Jortner formulation.43 These results are consistent 
with studies of trapping and detrapping in CdS and CdSe nanocrystals by low-temperature 
photoluminescence spectroscopy, which also suggest strong trapped carrier–phonon coupling.6 
However, quantitative modeling of trapped hole–phonon coupling using the present data is not 
trivial because the trapped hole may couple to a broad spectrum of bath modes made up of multiple 
lattice phonons and ligand vibrations.44 Theoretical calculations are needed to map out the lattice 
and ligand modes that couple to trapped-hole hopping on the surfaces of CdS and CdSe 
nanocrystals. Our findings highlight that high-temperature Marcus theory limit may not be 
sufficient to understand low-temperature excited-state processes in nanocrystals. 

In conclusion, this work addressed the fundamental understanding of excited-state 
dynamics of trapped photoexcited holes in CdS and CdSe nanocrystals. The data strongly support 
a model of trapped-hole diffusion, while several alternative mechanisms for power-law 
recombination dynamics that rely on thermally-activated decay pathways are ruled out. The 
temperature-dependent TA data provide quantitative insights about trapped-hole diffusion, 
showing that electronic coupling between neighboring trap states is weak while trapped holes 
couple strongly to phonons, making diffusion a slow process. Moreover, the data indicate that trap-
to-trap hole hopping behaves classically at room temperature but point to a semiclassical 
description at low temperatures. The notion that surface-trapped holes are mobile in these 
nanocrystals and are governed by a semiclassical picture may provide a novel framework for the 
design of systems that seek to utilize trapped charge carriers for optoelectronic applications. 

 
METHODS 
Complete synthetic and experimental details appear in the Supporting Information. From 
measurements of the TEM images (Figure S1), we estimate that the CdS NRs studied have average 
rod diameters of 4.8 ± 0.4 nm, bulb diameters of 5.8 ± 0.8 nm, and lengths of 32 ± 3 nm, while for 
the CdSe NRs the average rod diameters are 8.1 ± 0.8 nm, the bulbs are 9.6 ± 1.2 nm, and the 
lengths are 39 ± 4 nm. All TA experiments were performed on nanocrystals that were 
functionalized with 3-mercaptopropanoic acid (3-MPA) and suspended in a glass-forming solvent 
mixture of 4:1 ethanol:methanol (v/v) at an optical density of ~1 at the lowest-energy absorption 
peak (Figure S6). The concentration of CdS and CdSe NRs used for TA experiments was about 
100 nM. The sample was held in a 1 cm cryogenic cuvette equipped with a screw cap. Samples 
were prepared under Ar in a glovebox then immediately moved to the cryostat, which was 
promptly purged with nitrogen. The pump beam was passed through a depolarizer and the power 
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was controlled with neutral density filters. The pump beam had a beam waist of ~240 µm, pulse 
duration of ~150 fs, and pulse energy of 20 nJ/pulse for 400 nm excitation of the CdS NRs and 6 
nJ/pulse for 600 nm excitation of the CdSe NRs. The pump powers in all cases were chosen such 
that the TA decay trace shapes were independent of pump power at both 294 K and 160 K so that 
the signal originated primarily from nanocrystals excited by a single photon.45 

The rod and bulb decay traces were obtained by spectral averaging over the appropriate 
regions that isolate their signals,10,12 accounting for the spectral shift with changing temperature. 
For CdS nanorods, time traces of the rod signal at 294, 260, 227, 194 and 160 K were obtained by 
averaging signal over the spectral windows 435–437, 434–436, 434–436, 434–436 and 433–435 
nm, respectively, and the time traces of the bulb signal were obtained by averaging over 464–484, 
467–476, 470–490, 478–488 and 480–490 nm, respectively. For CdSe nanorods, time traces of the 
rod signal at 294, 227 and 160 K were obtained by averaging signal over the spectral windows 
628–629, 622–624 and 620–621 nm, respectively, and the time traces of the bulb signal were 
obtained by averaging signal over 665–675, 675–690 and 690–700 nm, respectively. To obtain the 
power-law exponents given in Figure 3, the power-law tails of the decay traces in Figure 2c,d were 
fit between the onset of the power law and the end of the experimental time window (400 µs). The 
onset of the power-law tails were determined by iteratively fitting the end of the decay to a power-
law function and checking the reduced chi-squared values, progressively moving the onset to 
earlier times in each iteration until the reduced chi-squared values increased by 5% above the 
minimum value found. TA traces were smoothed using a Savitzky-Golay filter because this 
method preserves higher order moments of the signal.46 Fitting was performed on raw data and the 
data was smoothed for presentation only. 
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I. Experimental 
Synthesis and purification of CdS nanorods (NRs) 
Nonuniform CdS NRs were synthesized following established synthetic methods.1 The CdS seeds 
were synthesized from a starting mixture containing 0.108 g cadmium oxide (CdO, 99.99% 
Aldrich), 0.604 g octadecylphosphonic acid (ODPA, 99%, PCI Synthesis), and 3.300 g 
trioctylphosphine oxide (TOPO, 99%, Aldrich). After heating to 320ºC, a stock solution of the 
sulfur precursor (0.172 g hexamethyldisilathiane ((TMS)2S, synthesis grade, Aldrich) in 3 g of 
tributylphosphine (TBP, 97%, Aldrich)) was quickly injected. Nanocrystal growth proceeded for 
3 min at 250ºC. The reaction was stopped by removing the heating mantle and injecting 10 mL of 
a 1:1 (v/v) mixture of anhydrous methanol (99.8%, Sigma-Aldrich) and anhydrous toluene (99.8%, 
Sigma-Aldrich). The CdS seeds were then dissolved in a minimal amount of anhydrous toluene, 
precipitated with methanol to wash away unreacted precursor, and the final product was dissolved 
in trioctylphosphine (TOP, 97%, Strem). The purified CdS seeds had their lowest-energy exciton 
peak at 399 nm. The NRs were synthesized from a starting solution of 0.086 g CdO, 3 g TOPO, 
0.292 g ODPA, and 0.084 g hexylphosphonic acid (HPA, 99%, PCI Synthesis). The solution was 
heated to 350ºC followed by injection of 1.5 g of TOP. When the temperature of the Cd-containing 
solution stabilized at 350°C, the solution containing both CdS seeds and sulfur precursor—0.120 
g of sulfur (S, 99.998%, Aldrich) in 1.5 g of TOP mixed with 8 × 10–8 mol CdS QD seeds—was 
quickly injected. Nanocrystal growth proceeded for 8 min, after which the solution was cooled and 
the particles were precipitated and purified with a 1:1:1 acetone/toluene/methanol mixture. After 
purification, the NRs were size-selected through a precipitation process by slowly increasing the 
polarity of a nanocrystal-toluene solution with isopropanol.  

 
Synthesis and purification of CdSe NRs 
The synthesis for nonuniform CdSe NRs was adapted from a previously reported procedure.2 The 
synthesis of the batch of CdSe NRs used in the experiments presented here was described in detail 
previously.3  

 
Ligand exchange 
The hydrophobic native surface-capping ligands of both the as-synthesized CdS and CdSe NRs 
were replaced with 3-mercaptoproponate (3-MPA) ligands following a previously reported 
procedure,4 and the resulting particles were redispersed in anhydrous methanol. 
 
UV-visible absorption spectroscopy 
The samples used for UV-visible absorption contained CdS NRs or CdSe NRs capped with 3-MPA 
ligands, dispersed in 4:1 ethanol:methanol (v/v), and were sealed under Ar in a 1 cm × 1 cm quartz 
cuvette. UV-visible absorption spectra were recorded using an Agilent 8453 spectrophotometer 
equipped with tungsten and deuterium lamps. 
 
Transmission electron microscopy 
Transmission electron micrograph (TEM) samples were prepared by drop-casting CdS and CdSe 
NRs with native ligands onto TEM grids (300 mesh copper grids with carbon film, Electron 
Microscopy Science). TEM images in Figure S1 were collected on a FEI Tecnai Spirit BioTwin 
operating at 120 kV. The dimensions of the NRs were determined by measuring more than 200 
particles in TEM using ImageJ software.5 High-resolution TEM images (Figure 1) were collected 
on a FEI Tecnai ST20 operating at 200 kV. 
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Transient absorption (TA) spectroscopy 
The complete experimental set-up used for TA experiments here has been described previously.6 
Briefly, femtosecond TA spectroscopy measurements in the 100 fs–to–3 ns time window were 
performed using a regeneratively amplified Ti:sapphire laser (Solstice, Spectra-Physics, 800 nm, 
100 fs, 1 kHz, 3.5 mJ/pulse), an optical parametric amplifier (TOPAS-C, Light Conversion), and 
a HELIOS spectrometer (Ultrafast Systems, LLC) with the white-light continuum being generated 
from the 800 nm Solstice output using a sapphire plate. Nanosecond TA spectroscopy (0.3 ns to 
400 µs) was performed using an EOS spectrometer (Ultrafast Systems, LLC) where the white-
light probe beam (400–900 nm, 0.3 ns, 2 kHz) was generated by a Nd:YAG laser focused into a 
photonic crystal fiber and the pump-probe delay was controlled by an electronic delay generator 
(CNT-90, Pendulum Instruments). The pump and probe beams were focused and overlapped on 
the sample, and the probe beam was split into probe and reference detection channels.  

Temperature dependence studies were carried out using a Janis STVP-100 continuous flow 
optical cryostat with quartz windows equipped with a home-built 1 cm cuvette holder. The samples 
were held in a 1 cm cryogenic cuvette from FireflySci (type 66FL) equipped with a screw cap. The 
cuvette was cooled under flowing nitrogen vapor and the temperature was controlled with a 
LakeShore 335 temperature controller connected to two thermocouple/heating element pairs, one 
at the head of the sample holder and the other in the vaporizer assembly located at the bottom of 
the cryostat.  

 
 

II. Transmission electron microscopy images 
 

 
Figure S1. Transmission electron microscopy images of (a) CdS and (b) CdSe NRs. In the samples 
of NRs studied here, many NRs are nonuniform in diameter. 
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III. Temperature dependence of the TA bleach peak of CdS and CdSe nanorods 
Figure S2 shows the centers and widths of the main bleach peak of CdS and CdSe NRs from Figure 
2 as a function of temperature. The peak shifting in Figure S2a was fit to a line, giving −𝜕𝐸$%&/𝜕𝑇 
values of (3.6 ± 0.2) ´ 10–4 eV/K and (2.4 ± 0.2) ´ 10–4 eV/K for CdS and CdSe NRs, respectively. 
These values are consistent with previous reports for bulk and nanocrystalline CdS and CdSe.7 The 
width of the main bleach feature in Figure S2b, measured as the full width at half maximum 
(FWHM), was fit to a previously described model:8 Γ(𝑇) = 	Γ./0 + 𝜎𝑇	 +	Γ345𝑒789:/;<= − 1?

7@, 
where 	Γ(𝑇)  is the temperature-dependent linewidth, Γ./0  is the temperature-independent 
inhomogeneous linewidth, 𝜎 is the exciton–acoustic phonon coupling coefficient, Γ34 is the band-
edge exciton–LO phonon coupling coefficient, 𝐸34 is the LO phonon energy, 𝑘B is the Boltzmann 
constant, and 𝑇 is the temperature. Fits were performed using known values of 𝜎 = 0.2 μeV/K and 
𝐸34 = 36.8 meV for CdS NRs,8-10 and 𝜎 = 8 μeV/K and 𝐸34 = 26.1 meV for CdSe NRs,8,11-13 giving 
Γ./0 = 28 ± 1 meV and Γ34 = 51 ± 2 meV for CdS NRs, and Γ./0 = 58 ± 4 and Γ34 = 65 ± 9 meV 
for CdSe NRs. These values of Γ./0 are consistent with the polydispersity of each sample and the 
values of Γ34 are consistent with previous reports for bulk and nanocrystalline CdS and CdSe.8 
This analysis shows that the changes in the peak centers and widths of the main TA bleach peak 
with temperature are quantitatively consistent with expected trends for CdS and CdSe 
nanocrystals. This spectral shifting with temperature was accounted for when spectral averaging 
was performed in order to isolate rod and bulb decay traces (see Methods).  
 

 
Figure S2. Characterization of the main TA bleach peak as a function of temperature for CdS and 
CdSe NRs, measured 100–300 ns and 1–3 ns after excitation, respectively. (a) Bleach peak shift, 
∆𝐸$%& , relative to 294 K. At 294 K, 𝐸$%&  is 2.7112 and 1.8848 eV for CdS and CdSe NRs, 
respectively. (b) Bleach peak width, ∆FWHM$%&, relative to 294 K. At 294 K, FWHM$%& is 43 
and 97 meV for CdS and CdSe NRs, respectively. 
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IV. Temperature dependence of charge separation in nonuniform CdS and CdSe nanorods 
Figure S3 demonstrates rod-to-bulb electron population transfer in nonuniform CdS and CdSe 
NRs. In all experiments presented here, the CdS and CdSe NRs were excited above the band gap, 
which primarily excite the rods rather than the bulbs because they comprise a larger volume 
fraction of the nanostructures.3,14-17 Driven by the lower confinement energy of the bulb state 
compared to the rod state in nonuniform NRs, photoexcited electrons that are initially generated 
in the rod morphological feature transfer to the bulb. As has been demonstrated before in room 
temperature TA studies,3,15,17,18 this process manifests as a partial decay of the rod signal (Figure 
S3a,b) and a corresponding rise of the bulb signal (Figure S3c,d). Here we find that, in CdS NRs, 
the TA time traces overlap within the noise at each temperature studied, indicating that the kinetics 
of rod-to-bulb electron localization do not depend strongly on temperature over the 160–294 K 
range. At all temperatures, rod-to-bulb electron localization constitutes ~25% of the decay and is 
complete after a few hundred picoseconds in CdS NRs. In CdSe NRs the extent of electron 
localization depends on the temperature, reaching 68%, 73% and 100% at 294, 227 and 160 K, 
respectively. Localization is complete after a few hundred picoseconds at each temperature. Hole 
trapping in CdS and CdSe nanocrystals is fast in comparison, occurring on a sub-picosecond 
timescale.3,19-28 These observations suggest that spatial separation between the electron localized 
in the bulb and the hole trapped on the rod occurs at each temperature studied. 

 

 
Figure S3. Rod-to-bulb electron localization in CdS and CdSe NRs for temperatures in the range 
of 160 to 294 K. Formation and partial decay of rod signal in (a) CdS NRs after 400 nm excitation 
and (b) CdSe NRs after 600 nm excitation, and corresponding rise of bulb signal in (c) CdS NRs 
and (d) CdSe NRs, collected at indicated temperatures. Time traces for isolated rod and bulb 
signals were obtained by averaging traces at the wavelengths reported in the Methods section of 
the manuscript. All traces are normalized to have maximum amplitudes of 1. The time axes are 
linear for the first 0.25 ps and logarithmic thereafter.  
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V. Temperature dependence of electron relaxation in uniform CdS nanorods 
The rod signal remaining after electron localization is complete is due to uniform NRs in the 
sample.3,17 The TA decay traces that correspond to electron dynamics in uniform CdS NRs after 
the timescale of rod-to-bulb electron localization at different temperatures are shown below. These 
decay traces are due to uniform NRs in solution. In contrast to the power-law recombination 
dynamics of spatially separated electrons and trapped holes in nonuniform NRs (Figure 2), 
spatially overlapping electrons and trapped holes in uniform NRs exhibit exponential asymptotic 
decay at all temperatures. The timescale of the exponential tail, which is likely due to 
recombination, increases as temperature decreases. Additionally, as the temperature is reduced, a 
broad, non-exponential, pre-asymptotic decay component emerges that precedes the exponential 
cutoff, similar to the pre-asymptotic decay of nonuniform NRs (Figure 2 and S5). The existence 
of this behavior in both uniform and nonuniform NRs suggests a common mechanism that is 
unrelated to trapped-hole diffusion, such as electron trapping with a distribution in trapping rates. 
Nonetheless, the asymptotic exponential tail in uniform NRs and the power-law tail in nonuniform 
NRs are easily distinguished from this pre-asymptotic decay component. 
 

 
Figure S4. TA time traces of rod signal in uniform CdS NRs over 160–294 K. Time traces for the 
isolated rod signals at each temperature were obtained by averaging traces at the wavelengths 
reported in the Methods section of the manuscript.  
 

We do not have data analogous to Figure S4 for CdSe NRs because the extent of electron 
localization is high (Figure S3b) and there are few uniform NRs in the sample. 
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VI. Upper and lower bounds for hole-hopping rate 
Here we describe how we obtained upper and lower bounds for the hole-hopping rate presented in 
the manuscript. The pre-asymptotic decay of the charge-separated state in Figure 2 depends on 
temperature. As the temperature decreases, the entrance into the power-law occurs at progressively 
longer times. For times after rod-to-bulb electron localization we assume a form for the bulb 
electron survival probability, 𝑆(𝑡), that comes from one-dimensional diffusion–annihilation where 
all trapped holes start at the same distance from the bulb, 𝑧K, and diffuse with diffusion coefficient 
𝐷. This is a reasonable approximation because for long times 𝑆(𝑡) will be insensitive to the shape 
of the distribution of the initial positions and depends only on the mean, 𝑧K.17 In this regime, 
 

 𝑆(𝑡) = erf5P𝜏/𝑡? ,	 (S1) 
 

where the 𝜏 = 𝑧KS/4𝐷.17,29 Expanding 𝑆(𝑡) asymptotically for long times yields the power law: 
𝑆(𝑡) ∝ 𝑡7@/S. Because the onset of the power-law tail occurs for all times 𝑡 > 𝜏 in eq S1, we take 
the upper bound for 𝜏 to be the time at which the power-law tail begins (Figure S5a), defined as 
the time at which relative difference between a fit to a 𝑡7@/S power-law tail and the data reached 
5%. Separately, we obtained the lower bound for 𝜏 by matching eq S1 to the initial decay as well 
as the power-law tail (Figure S5a). This gives the smallest possible value for 𝜏 because any smaller 
value would underestimate the amplitude of the signal at late times; 𝜏 cannot be any smaller 
because additional decay components would act to reduce the amplitude at late times even further. 
These definitions for the upper and lower bounds of 𝜏 are illustrated using CdS NRs at 260 K as 
an example in Figure S5a, and the fits to every CdS and CdSe NR trace are shown in Figures S5b,c. 
 

 
Figure S5. Obtaining upper and lower bounds of	𝜏  for CdS and CdSe NRs as a function of 
temperature. (a) Illustrative example of obtaining upper and lower bounds of	𝜏 for CdS NRs at 260 
K. The upper bound is the onset of the power-law tail while the lower bound is found by fitting 
the beginning and tail of the decay trace to eq S1. The shaded region represents the range of 
possible 𝜏  values. (b) Fits of eq S1 and the power-law tail for CdS NRs at the indicated 
temperatures. (c) Fits of eq S1 and the power-law tail for CdSe NRs at the indicated temperatures. 
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VII. Absorption spectra of CdS and CdSe nanorods 

 
Figure S6. Room-temperature UV-visible absorption spectra of CdS and CdSe NRs in 4:1 
ethanol:methanol (v/v). 
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