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Abstract.   

We have used time-correlated single photon counting to elucidate the radiative dynamics of 

InP/ZnSe/ZnS core/shell/shell quantum dots (QDs) that differ in the amount and distribution of excess 

indium.  Stoichiometric QDs having an In:P atom ratio very near unity exhibit simple luminescence 

kinetics.  The photoluminescence (PL) rises with the 40 ps instrument response function and exhibits a 

decay that is close to single exponential with a time constant that decreases from 32 to 28 ns with increasing 

shell thickness.  QDs having excess indium (In:P ratio of 1.15 to 1.63) show a significant component of a 

slower rise time assigned to transient population of indium-based hole traps in the ZnSe shell.  They also 

have a slower PL decay, attributed to an equilibrium between these traps, which are optically dark, and the 

emissive valence-band state.  This results in a radiative lifetime that increases from 32 to 48 ns with 

increasing shell thickness.  Different treatments of the InP cores prior to shell deposition result in different 

core/shell interfaces as indicated by resonance Raman spectroscopy, as well as differences in the amplitude 

and time scale of the slow PL rise and the PL decay time.  These are interpreted in terms of different radial 

distributions of the indium-based hole traps which can be related to differences in the interfacial lattice 

strain.  
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Introduction. 

The spectroscopy and carrier dynamics of InP-based quantum dots (QDs) are not as well understood as 

their CdSe-based counterparts.  The synthetic methods that produce CdSe nanocrystals have been very good 

for some time.  These methods have been extended to CdSe-based core/shell nanoparticles, and very high 

quality CdSe/CdS QDs are readily synthesized.  However, any cadmium-based material has toxicity 

concerns which are relevant to the practical use of these materials.  To address this problem, there have 

been efforts to develop InP-based QDs.  InP has a slightly smaller band gap than CdSe (1.35 versus 1.74 

eV), but the InP electron effective mass is smaller than that of CdSe (0.078 m0 versus 0.13 m0).  As a result, 

both CdSe- and InP-based QDs can be size tuned to produce photoluminescence (PL) throughout the green 

and red regions of the visible spectrum.  Despite the high level of size tunability, InP has several chemical 

characteristics that present difficulties for the practical use of InP-based QDs.  InP is more reactive toward 

air and water than is CdSe and can undergo rapid surface reactions with the surrounding environment.  This 

typically means that InP nanocrystals must be encapsulated in a larger band gap material for chemical 

protection.  Furthermore, InP is more covalent than CdSe, making the synthesis of monodisperse, high 

quality QDs quite problematic.  The synthetic problems have only very recently been solved, and the 

procedures needed to make high-quality InP/ZnSe QDs are now available.1-3  It is only with the ability to 

make monodisperse QDs having minimal nonradiative decay channels that the important dynamical 

questions about these materials can be addressed.  Because the syntheses are so new, the literature on the 

spectroscopy and photophysics of InP/ZnSe/ZnS QDs is minimal.   

To start to address this deficiency, we have recently performed spectroscopic and dynamical studies on 

pure and shell-doped InP/ZnSe/ZnS QDs.4-6  These studies show that excess indium remaining in solution 

from the core synthesis can be incorporated into the ZnSe shell as dopants and form localized hole trap 

states that are energetically slightly outside of the band gap.  Most carrier traps in semiconductor 

nanocrystals are associated with surface states that are energetically within the band gap and act as centers 

for radiationless decay.  These In-based hole traps have very different characteristics.  We emphasize that 

these are not surface traps and are only transiently populated as the holes relax to the valence band edge.  

The PL quantum yields are very high (typically greater than 90%) indicating that they do not act as electron-

hole recombination centers.    

The presence of these traps greatly complicates the spectroscopy and dynamics of the final 

core/shell/shell QDs.  Time resolved PL studies show that in nearly stoichiometric QDs, hole cooling is fast 

compared to the ~ 40 ps time-correlated photon-counting instrument response used in references 4 and 6.  

However, in QDs that luminesce at wavelengths greater than about 600 nm and have a significant amount 

of excess indium, some of the PL exhibits a slower risetime, varying from close to the instrument response 

to approximately 300 – 400 ps.  Through a combination of time-resolved PL and transient absorption (TA) 

measurements, we assigned the finite PL risetime to slow hole relaxation.  The rate of this trap-mediated 

hole cooling is determined by the extent to which the valence band wavefunction penetrates into the shell 

and therefore the time it takes holes to tunnel from the traps to the valence band edge.  As the core size 

increases, the hole wavefunction has less amplitude in the shell and as a result, the time constant of the 

slowest component increases.  The fraction of the PL that has a measurable risetime increases with the 

thickness of the ZnSe shell and requires that the particle has a significant amount (> 10%) of excess indium.  

We found that the presence of transiently trapped holes also affects the biexciton Auger dynamics.  In this 

case, absorption of two photons results in the formation of two types of biexcitons: those having both holes 

in the InP core (denoted as the XX state) and those having one hole trapped in the ZnSe shell (denoted as 

the XT state).  Only the XX state Auger times are measured in stoichiometric QDs, while nonstoichiometric 
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QDs show an additional long TA decay component, assigned to Auger recombination of the XT state.  The 

presence of indium impurities in the ZnSe shell is evident in the resonance Raman spectra of red-emitting 

QDs excited at 457.9 nm.5  Those that are nearly stoichiometric (In:P ratio = 1.0) show a sharp, strongly 

polarized peak near the bulk ZnSe phonon frequency (~250 cm-1) and a weak lower-frequency shoulder 

that is assigned to vibrations at the core-shell interface.  Structures having excess indium show a stronger 

low-frequency shoulder near 225 cm-1 which is assigned to the presence of indium atoms in the ZnSe shell 

and at the core-shell interface.   

The photoluminescence kinetics of a molecule or quantum dot can reveal much about the nature of the 

emitting states and the dynamics by which these states are populated.  In the simplest case, the luminescent 

species can be modeled as a two-level electronic system that undergoes only radiative relaxation.  More 

generally, the excited state decay rate will be given by the sum of radiative and nonradiative rates, 1/τ = 

1/τrad + 1/τnr.  In QDs, nonradiative decay is typically facilitated by defect sites that act as electron-hole 

recombination centers.  This type of recombination process shortens the PL lifetime and lowers the PL 

quantum yield (QY).  Very high quality QDs almost entirely lack these recombination centers and have 

only very slow nonradiative electron-hole recombination.  As such they have near-unity PL QYs and the 

PL decays closely reflect the radiative decay times.   

An electronic oscillator can interact with an electromagnetic field through photon absorption, 

stimulated emission and spontaneous emission.  The rates of these processes are closely related through the 

Einstein relations.7  For a nondegenerate two-level oscillator, the rate of spontaneous emission can be 

quantitatively calculated from the integrated extinction coefficient.  Specifically, the radiative rate is given 

by8 
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where υ ( ) is the frequency (wavenumber) of the radiation and nf and na are the refractive indices at the 

fluorescence and absorption wavelengths, respectively.  When the Stokes shift is small (na ≈ nf), equation 
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where Δλ is the full width at half maximum of the fluorescence peak, typically about 35 – 40 nm for high 

quality red-emitting QDs.  (Equation 2 takes λ to be in meters and ε to be in M-1cm-1.)  Semiconductor 

quantum dots have very high extinction coefficients, with mid-sized CdSe nanocrystals (3 – 6 nm in 

diameter) having extinction coefficients at the lowest exciton between 1.7 x 105 and 6.1 x 105 M-1cm-1.  This 

is about an order of magnitude larger than the extinction coefficients of the fully-allowed transitions in 

organic dyes.  From the large extinction coefficients and equations 1 and 2, one might expect that the 

radiative lifetimes of QDs would be extremely short, much shorter than the few nanosecond radiative 

lifetimes commonly seen for organic dyes.  However, QDs exhibit long room temperature radiative 

lifetimes, typically tens of nanoseconds, which are a factor of 3 – 10 longer than in organic dyes.  This 

apparent discrepancy comes about because the QD electronic structure is not well described as a two-level 

±momentum fine structure, as depicted in figure 1.   
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Figure 1.  Angular momentum fine structure energy levels of the lowest exciton in II-VI and III-V QDs.  

Optically allowed (forbidden) levels are indicated with solid (dotted) lines and are in equilibrium with the 

bright ± 1U state.  Also indicated are the hole trap states in equilibrium with the bright exciton state, which 

is specific to InP/ZnSe QD having indium dopants in the ZnSe shell.   

  

With this fine structure, optical transitions from the lowest energy state are forbidden; this is the so-called 

“dark exciton”.  Radiation occurs only through thermal population of the higher energy states that are 

partially optically allowed.9  The long radiative lifetime results from only a small fraction of the equilibrium 

population being in these states.  Most of the radiative lifetime studies have been performed on II-VI QDs, 

specifically, CdSe.  However, zincblende III-V semiconductors have the same basic band structure and 

these considerations are expected to also apply to InP-based QDs.   

In the present paper we examine the role of shell-localized, transiently populated trap states in the 

radiative dynamics.  The presence of hole traps that are within thermal energy of the valence band results 

in an equilibrium population of holes in these states.  Only the hole population remaining in the valence 

band can undergo radiative recombination, so this depletion of valence band hole population has the effect 

of increasing the apparent radiative lifetimes.  This is analogous to the well-known phenomenon of “delayed 

emission”, which is seen in organic molecules having singlet and triplet states that are close in energy.10  

Alternatively stated, the presence of shell-localized hole traps gives rise to dark states (in addition to the 

dark angular momentum states) that are in equilibrium with the bright state, which results in a further 

increase in the radiative lifetime.  The presence of shell-localized traps is indicated by the slow PL risetime 

and in this paper we examine the radiative lifetime of InP/ZnSe QDs as a function of the density of these 

traps.  A somewhat analogous delayed emission is also seen in alloyed Zn1-xMnxSe/ZnCdSe nanocrystals, 

where the excited state manganese ions act as the excited state reservoir.11  In other cases, shallow traps act 

as carrier reservoirs and much weaker delayed emission has also been seen and associated with the blinking 

dynamics.12-15 In these cases, the repopulation of the band edge state is slow compared to luminescence and  

unlike the present case, an equilibrium between the dark and bright states is not established within the 

radiative lifetime.   

  

Experimental. 

Some of the QDs used in the present study are the same as those used in previously reported studies.4-

6  Others were prepared using methods very similar to those reported in references 1-3, 16.  Specifically, the 

stoichiometric QDs used here and in the previous studies were synthesized with a purification step 

following the first monolayer of shell growth, as described by Li et al.3  In the case of the nonstoichiometric 
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QDs, the shell is deposited immediately after growth of the core.  There is no intermediate purification and 

this results in an excess of indium.16  An additional variation of the previous procedures was used in the 

synthesis of most of the QDs used in the present study.  In these cases, an excess of zinc carboxylate was 

added to the reaction mixture immediately following core growth, resulting in zinc ion adsorption and/or 

indium-to-zinc ion exchange on the core surface. We will refer to these as core-derivatized particles.  This 

core surface treatment is followed by a purification that removes most, but not all of the excess indium.  

Finally, a variable thickness ZnSe shell and a very thin ZnS shell are grown.  As we have previously shown, 

some of the excess indium is incorporated into the ZnSe shell, resulting in hole traps that are transiently 

populated following photoexcitation. 

The PL QYs were greater than 75% in all cases and greater than 90% in most cases.  The overall indium-

to-phosphorous ratios are of particular interest and have been determined through ICP elemental analysis, 

giving complete In:P:Zn:Se:S elemental ratios.  Particle dimensions (core size and shell thicknesses) are 

determined through a combination of the elemental analysis results and core size determinations from 

calculations based on known sizing curves.17  This gives core diameters and shell thicknesses that are 

consistent with both the absorption spectra and the elemental ratios.  The overall particle diameters 

calculated this way agree with sizes determined by TEM imaging, within the uncertainties of the TEM 

measurements.  The QD samples used in this study are designated by the synthesis method and ZnSe shell 

thickness (in nm).  Specifically, the stoichiometric particles are referred to S-x.xx, the nonstoichiometric 

particles as NS-x.xx and the core-derivatized particles as CD-x.xx.  The QDs used in this study are 

summarized in Table 1.   

The spectroscopic methods used here are the same as in previous papers.4-6 Briefly, time-resolved 

photoluminescence decays were measured using very low intensity pulses at 1 MHz from a cavity-dumped, 

frequency-doubled Coherent 900-F MIRA mode-locked Ti:sapphire laser operating at 423 nm.  Pulse 

intensities were approximately 0.5 nJ, focused to 5 mm2.  Increasing or decreasing the laser intensity by a 

factor of three had no effect on the observed PL kinetics.  The luminescence was imaged through a ¼ m 

monochromator with a 150 groove/mm grating onto a Micro Photon Devices 50μ PDM single photon 

avalanche detector (SPAD).  The time-correlated single photon-counting decays were accumulated using a 

Becker-Hickl SPC-130 EMN board.  Accurate measurement of the PL risetimes requires that the instrument 

response function (IRF) be accurately determined.  The temporal response of the system is limited by that 

of the SPAD and was determined by measuring the PL rise kinetics of CdSe/CdS/ZnS QDs.  All carrier 

relaxation processes are known to take place in less than a few picoseconds in this type of QD, so it is taken 

to have a fast risetime.  A slightly more refined fitting to the IRF was used in the present case, compared to 

our previous studies. We find that the IRF consists of a 42 ps full-width-half-maximum (fwhm) Gaussian 

and a biexponential tail.  Specifically, IRF(t) = exp(-t2/635) at t < 0 and IRF(t) = (1 - f)exp(-t2/635) + f 

[0.06exp(-t/3τexp) + 0.56exp(-t/τexp) + 0.16exp(-2.5t/τexp) + 0.32exp(-4.0t/τexp) ]  at t > 0, with  f = 0.245 and 

τexp = 157 ps.  Values of f and τexp are essentially constant over the narrow range of PL wavelengths of these 

samples.  This gives a slightly more accurate fit to the instrument-limited PL rise but does not significantly 

change any of the previously reported risetimes.   

The Raman instrumentation and general methods were as described in references 5 and 18.  The QDs 

were dissolved in cyclohexane at concentrations of 10-20 μM, giving an optical density at the lowest 

excitonic maximum of about 0.3-0.5/mm.  The samples were contained in 1 mm fused silica cuvettes and 

the Raman scattering was collected in a backscattering geometry. 
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Results and Discussion. 

Stoichiometric QDs  

The PL kinetics of the stoichiometric QDs are all very similar to each other and quite simple.  For 

example, the S-2.51 (denoted as Red 609 in reference 4) QDs show a very small amplitude finite PL risetime 

(about 2.4%), with the vast majority (97.6%) of the PL appearing within the instrument response.  This is 

because these QDs are very close to stoichiometric (overall In:P ratio of 0.99) and have very few indium 

traps in the ZnSe shell.  The short- and long-time PL kinetics of the S-2.51 QDs are shown in figure 2. 
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Figure 2.  A) The short-time PL kinetics are fit to a 97.6% instrument limited and 2.4%, 350 ps risetime.  

B) The long-time PL decay kinetics can be accurately fit to a biexponential decay having a dominant 

longer component (31.2 ns) and a small (17.4%) shorter-lived (13.0 ns) component (red curve).  A 

slightly less accurate fit is obtained with a single exponential 28.3 ns decay (blue curve, barely visible 

behind the red curve).  

 

Accurate determination of the radiative lifetime from the PL decay kinetics can be problematic.  In the 

idealized case where the QD has only radiative electron-hole recombination and all the PL is from the band 

edge state, determining the radiative lifetime from the PL kinetics is trivially easy; the PL follows a single 

exponential decay with a time constant that is the radiative lifetime and the PL QY is unity.  The presence 

of nonradiative decay processes reduces the PL QY and results in faster components in the PL decay, 

complicating the analysis of the PL decay kinetics.  A seemingly easy solution to this problem is to take the 

radiative decay time as the PL decay time constant at the longest times, where there is little contribution of 

the fast, nonradiative decay components.  This is not possible in the present case because of the possibility 

of delayed emission (discussed below) having significant inhomogeneity in the delay timescale.  Such an 

approach would yield the radiative lifetime of the QDs having the most delayed emission, rather than the 

desired ensemble average value.  The conclusion is that accurate determination of the radiative lifetime in 

the presence of delayed emission is possible only when the contributions of the short decay components are 

very small.  The extent of these components can be assessed by comparison of the single and biexponential 

fits to the PL decays.  The biexponential decay is given by 

 1 1 2 2( ) exp( / ) exp( / )I t A t A t = − + −   

with the average decay time given by  
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( ) ( )1 1 2 2 1 2A A A A  = + +         equation 3. 

 The first approximately 2.0 ns of the decay may be affected by the finite PL risetime and the small fraction 

of the particles that have relatively fast nonradiative decays, and for these reasons, are not included in the 

fit.  In the case of the S-2.51 QDs (figure 2), the single- and biexponential fits are close to superimposable, 

differing by no more than about 2% over the entire range of the PL decay.  The average values obtained 

from the single- and biexponential fittings are also very close to the same (28.3 and 28.1 ns, respectively), 

differing by less than 1%.  In this case, the radiative lifetime is taken to be the average lifetime, equation 3.  

All of the results presented in this study have similarly nearly single exponential PL decay kinetics.   

One can consider the possibility that the QDs form aggregates in solution and there is Förster resonant 

energy transfer (FRET) between QDs in these aggregates.  In this case, the exciton can hop from particle 

to particle until it finds one with fast nonradiative processes, and this would affect the measured average 

lifetime.  Energy transfer is favored when the donor QD has a larger bandgap than the acceptor.  Thus, 

when extensive FRET occurs, one would expect to observe an overall faster PL decay and for the blue edge 

of the PL spectrum to exhibit much shorter decays than the red edge.  We have examined the wavelength-

dependent PL kinetics for several of the QDs used in this study and find that the decay rate varies across 

the PL band with a υ3 dependence, as predicted by simple electromagnetic theory7 (see equation 1).  This 

observation eliminates the possibility of significant FRET contribution to the PL kinetics.  

In the case of the S-2.51 QDs, the weighted average of the biexponential decay components is 28.1 ns, 

and this is taken to be the radiative lifetime.  The radiative lifetimes of other QDs are determined in an 

exactly analogous way.  The stoichiometric QDs serve as a baseline for the dynamical behavior in the 

absence of shell-localized hole traps.  Their lifetimes are summarized in figure 3 and decrease slightly with 

increasing shell thickness.  Analogous behavior has been reported in CdSe/CdS core/shell nanocrystals.19  

Both CdSe/CdS and InP/ZnSe have quasi-type-II band offsets, with the conduction band electron being 

partially delocalized throughout the core and shell.  In a quasi-type-II nanocrystal, increasing the shell 

thickness changes three factors that enter into determining the radiative lifetime.  Increasing the overall size 

of the particle increases the number of oscillators (unit cells) in the exciton transition and thereby increases 

radiative rate.  This effect is partially countered by a decrease in the electron-hole overlap, decreasing 

radiative rate.  Another factor affecting the radiative rate is the decrease in fine structure splitting with 

increasing particle size.  This has the effect of increasing the population of the bright state and thereby 

decreasing the radiative lifetime.  The combined effect of these factors is a net increase in the radiative rate 

(decrease in the radiative lifetime) with increasing shell thickness.   
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Figure 3.  Radiative lifetimes of the stoichiometric (open squares), nonstoichiometric (stars) and core 

derivatized (high indium, closed circles and low indium, closed diamonds) QDs as a function of ZnSe 

shell volume.  Also shown are linear fits to the core derivatized QDs (solid red line) and the 

stoichiometric QD (dashed red line) lifetimes.  These lines intersect at a shell volume of 33 nm3.   

 

Some of the QDs used in this study have a thicker ZnS outer shell and we can also consider the effect of 

this shell on the radiative lifetime.  Using the same methods as in reference 17, the ZnS shell is calculated 

to increase the pressure on the core by 0.55 GPa.  This raises the conduction band energies of both InP and 

ZnSe by close to the same amount.  We calculate that this has a negligible effect on the spatial extent of the 

electron wavefunction and the electron-hole overlap.  It is therefore also expected to have a negligible effect 

on the radiative lifetime.   

 

Hole trapping in Core-Derivatized QDs.  

The short-time behavior of the PL kinetics for several of the core-derivatized QDs is shown in figure 4.   
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Figure 4.  Short time PL kinetics for the A) CD-2.72, B) CD-2.51, C) CD-2.34 and D) CD-1.41 QDs.  

Also shown are curves fit to the risetimes using the parameters in table 1 (red curves) and the fit curve 

residuals.  Curves fit with an instrument limited risetime (blue curves) are also shown for comparison 

along with the IRF residuals (instrument response fitted curve minus data, blue circles).   

 

Both the amplitudes and the time constants of the risetime are strongly dependent on the shell thickness.  

The PL risetimes observed in the thicker shell core-derivatized QDs have larger amplitudes and longer time 

constants than previously reported for the nonstoichiometric QDs.4  In the case of the thickest shells, there 

is clearly a distribution of time constants for the risetimes and the kinetics cannot be adequately fit to a 

single exponential.  In these cases, the kinetics are fit to a biexponential rise.  The most accurate fits to the 

data of the thinner shell core-derivatized QDs also use a biexponential risetime.  The longest components 

in the thick shell core-derivatized particles are greater than 1 ns, which is much longer than the 

approximately 350 ps used to fit the nonstoichiometric QD rise kinetics, see table 1.  The PL risetimes are 

assigned to hole tunneling from shell traps to the core valence band.  With this assignment, the PL kinetics 

indicate that there are more traps having slower hole tunneling times to the core in the particles having 

thicker shells.   
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Table 1. Characterization of Samples 

QD 

Name 

Core 

Diameter 

/ nm 

Shell 

Thickness 

/ nm 

In/P 

ratio 

Risetime / 

ps 

Percent 

Rise 

Radiative 

lifetime / 

ns 

S-1.0 3.0 1.0 0.97 - 0.0 32.1 

S-2.0 3.0 2.0 1.04 430 3.6 31.6 

S-2.51 3.05 2.51 0.99 360 2.4 28.1 

NS-1.65 2.9 1.65 1.16 480 6.0 32.3 

NS-1.68 2.9 1.68 1.54 355 8.2 33.5 

NS-2.25 2.9 2.25 1.63 375 12.4 33.4 

NS-2.01 3.04 2.01 1.52 330 8.4 32.0 

CD-1.52 2.76 1.52 1.14 590 3.5 38.9 

CD-1.79 2.76 1.79 1.17 660 3.8 37.8 

CD-2.34 2.76 2.34 1.17 700 12 38.2 

CD-2.54 2.76 2.55 1.13 60, 1040 12.0, 13.5 42.3 

CD-1.31 2.9 1.31 1.26 610 1.8 33.4 

CD-1.34 2.9 1.34 1.28 302 0.8 33.8 

CD-1.41 2.9 1.41 1.22 - 0.0 36.3 

CD-1.58 2.9 1.58 1.27 - 0.0 36.7 

CD-1.59 2.9 1.59 1.35 507 1.2 36.5 

CD-1.95 2.9 1.95 1.28 351 6.5 36.7 

CD-2.28 2.9 2.28 1.44 89, 844 14.4, 9.1 43.0 

CD-2.51 2.9 2.51 1.37 85, 1050 13.2, 9.8 43.2 

CD-2.72 2.9 2.72 1.31 162, 1750 13.6, 9.0 47.7 

 

 

The correlation between shell thickness and PL risetime amplitude can be made semiquantitative with 

a few simple assumptions.  We can assume that at the blue excitation wavelength used here (423 nm) the 

holes quickly become localized in either the core or the shell and this localization to some extent persists 

as hole cooling proceeds.  In this case, it follows that excitation into the ZnSe shell will result in a larger 

probability of hole trapping than excitation into the InP core.  If we further assume that the trap density in 

the ZnSe shell is uniform (independent of shell thickness or distance from the core), it follows that the total 

number of traps should scale with the total shell volume.  (Further discussion of this assumption follows, 

below.)  With these assumptions, it follows that the fractional magnitude of the slowly rising component of 

PL kinetics should be proportional to the fraction of nascent holes produced in the shell and therefore should 

scale linearly with the fraction of the QD absorbance due to the shell.  This fraction is given as fSA = 

αZnSeVS/(αZnSeVS+ αInPVC), where VS and VC are the shell and core volumes, respectively, and αZnSe and αInP 

are the respective 423 nm bulk material absorption coefficients.  Such a plot is shown in figure 5.  The 

figure shows that while an approximately linear relationship is obtained, the observed rise amplitude goes 

to zero at a finite, non-zero shell absorption fraction, about 0.57.  We suggest that the reason for this is an 

experimental consideration related to the 40 ps time resolution of the present measurements.  The observed 
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small amplitude PL risetimes in the particles having thin shells are due to hole tunneling from the inner part 

of the shell being too fast to be observed by the time-correlated single-photon counting apparatus.   
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Figure 5.  Plot of the fraction of slow PL risetime of the core-derivatized QDs as a function of the fraction 

of the 423 nm photon cross section due to the ZnSe shell.  Also shown is a linear fit to the data having an 

x-intercept of 0.57.   

 

Thus, traps in much of the inner part of the ZnSe shell may be involved in the hole dynamics, but because 

of the fast tunneling times, they do not contribute to the observed risetime in the PL kinetics.  Figure 5 

shows that there is no observable risetime when the fraction of the shell absorbance is less than about 57% 

at the 423 nm excitation wavelength.  The x-intercept of 0.57 in figure 5 corresponds to the shell thickness 

of the thinnest ZnSe shells of the core-derivatized series, about 1.3 nm.  We therefore conclude that long-

lived (greater than about 40 ps) hole trapping occurs only for traps that are in the region of the shell that is 

more than about 1.3 nm, or 4.5 ZnSe monolayers, away from the core.  Hole tunneling times increase 

rapidly with increasing distance between the trap and the core, which is why the very long tunneling times 

are seen only in the QDs having the thickest shells.  This result can be understood in terms of effective mass 

approximation calculations of the valence band hole wavefunction, as described in reference 4.  These 

calculations show that the wavefunction amplitude decays very close to exponentially in the shell.  The 

tunneling rate varies with the square of the overlap integral between the valence band and trap 

wavefunctions, the latter considered to be highly localized.  The 1/e distance for this decay is about 0.28 

nm, which turns out to be just about 1 ZnSe monolayer.  This indicates that the hole tunneling times should 

increase by a factor of e2 for each additional ZnSe monolayer separating the trap from the surface of the 

core.  Thus, if a trap were one monolayer closer to the core, it would have a tunneling time 7.39 times faster, 

or about 5.5 ps, which would be undetectable with the present time resolution.  Considering this analysis, 

we emphasize that there may be a significant fraction of the traps that are closer to the core, but whose 

tunneling times are sufficiently fast that they are not detected with the ~ 40 ps time resolution used here.  

We note that this simple model predicts very long tunneling times for traps that are close to the shell outer 
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interface, greater than several nanoseconds. This is not observed in the PL kinetics, in which the longest 

components are on the order of 1 ns.  This simple model ignores trap to trap tunneling which may be 

important at the slowest trap-to-core tunneling times.  Trap to trap mobility is well known and has been 

analyzed in terms of direct and superexchange mechanisms.20  

 

Radiative Lifetimes of Core-Derivatized QDs.  

The radiative lifetimes of the stoichiometric, nonstoichiometric and core-derivatized QDs have been 

measured, and the results collected in figure 3 and table 1.  The stoichiometric QDs give lifetimes of 28 – 

32 ns, considerably shorter than the nonstoichiometric and particularly the core-derivatized particles.  Over 

the limited range that is studied, we find that the radiative lifetimes of the nonstoichiometric QDs are close 

to being independent of shell thickness. The core-derivatized particles have radiative lifetimes that are 

longer than the stoichiometric and nonstoichiometric ones, and in this case, the lifetimes increase with 

increasing shell volume.  These lifetimes are independent of the excess indium concentration; figure 3 

shows no systematic difference between particles having overall In:P ratios of approximately 1.45 (high 

concentration In) and 1.15 (low concentration In).  We assign the increased lifetimes in the 

nonstoichiometric and core-derivatized particles to delayed emission.  In this model, some of the same 

indium-based hole traps that give rise to the slow risetime seen in the PL kinetics are thermally accessible 

from the relaxed valence band.  Population of these traps lowers the population in the bright state and 

thereby lowers the radiative rate.    

The present results can be compared to other measured PL lifetimes that have been reported for 

InP/ZnSe/ZnS QDs produced by different synthetic methods but having comparable sized cores and 

comparable shell thickness.  QDs having an In:P ratio of 1.11 and 3.3 nm cores with a 3.6 nm shell have 

been grown with no purification step in the initial stages of shell growth.16  These particles give a radiative 

lifetime of 34 ns.  Although having thicker shells, this radiative lifetime is very comparable to the values 

obtained for the nonstoichiometric QDs shown in figure 3.  Approximately stoichiometric particles having 

2.75 nm cores and 1.9 nm thick ZnSe shells are formed by initial deposition of ~1 monolayer of the ZnSe 

shell, followed by purification and subsequent deposition of further shell layers.  These particles have 

slightly shorter radiative lifetimes of approximately 31 – 32 ns,3 which is the same as the stoichiometric 

QDs in figure 3 having comparable shell thicknesses.    

The stoichiometric particles have little or no hole trapping, so their PL decays give the intrinsic radiative 

lifetime that is characteristic of the equilibrium between the bright and dark fine structure states.  The extent 

to which the hole trap states are populated and slow the radiative rate in the core-derivatized and 

nonstoichiometric particles can be quantified by the comparison with the stoichiometric particles.  This 

comparison is facilitated by comparing the lines fit to the nonstoichiometric and core derivatized lifetimes 

in figure 3.  The y-intercepts of these linear fits are very close to the same (about 32 ns), consistent with the 

lifetime differences being due to delayed emission associated with traps in the ZnSe shell.  The extent of 

delayed emission can be assessed by comparison of the lifetimes at any specified shell thickness.  An 

increase in the number of thermally accessible dark states, in this case the shell-localized hole trap states, 

will result in a smaller fraction of the population being in the bright state and thereby further increase the 

radiative lifetime.  The fraction of the hole population in these states is given by f = 1 – τ0/τ, where τ and τ0 

are the measured PL and intrinsic radiative lifetimes, that is, the lifetimes in the presence and absence of 

the traps.  The variation of τ0 with shell thickness is taken from the least squares fit of the stoichiometric 

lifetimes, see figure 3.  A plot of this fraction as a function of shell volume for the nonstoichiometric and 

core-derivatized QDs is shown in figure 6.   
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Figure 6.  Fraction of the thermally equilibrated hole population in trap states as a function of shell 

volume for the nonstoichiometric and core-derivatized QDs having high and low excess indium 

concentrations, as indicated.  A least-squares fit through the core derivatized data points is shown, having 

an x-intercept of 25 nm3.   

 

The trap fractions in figure 6 allow assessment of the fraction of the photogenerated hole population 

that initially relaxes directly to the valence band.  At equilibrium, the thickest shell QDs (specifically, CD-

2.28, CD-2.51, CD-2.54 and CD-2.72) have about 35% of the hole population in traps and 65% in the 

valence band.  These QDs show about 23 - 25% slow rise component, with the remainder of the PL 

appearing promptly, see figure 4 and table 1.  The product of the equilibrium fraction of the holes in the 

valence band and the fraction of the PL that appears immediately gives the overall fraction of the holes that 

initially are in the valence band.  We conclude that in the above QDs having the thickest shells, about 50% 

relax directly to the valence band edge, and the other 50% of the holes are initially trapped.  Hole tunneling 

then increases this to the final, equilibrium value.   The fraction of trapped holes, both initially and at 

equilibrium, is smaller for QDs having thinner ZnSe shells.   

Figure 6 shows that for the core-derivatized QDs, the equilibrium fraction of the holes in the traps 

increases linearly with the shell volume.  The x-intercept of this plot is a shell volume of 25 nm3, 

corresponding to a shell thickness of 0.60 nm, or about one unit cell.  This is similar to the 33 nm3 shell 

volume corresponding to the nonstoichiometric and core-derivatized QDs having the same lifetimes, shown 

in figure 3.  The shell thickness dependence of the trap fraction shown in figure 6 along with the difference 

in the lifetimes shown in figure 3 suggests that the indium dopants contributing to hole trapping are absent 

in the unit cell adjacent to the core-shell interface. The lack of traps within a unit cell of the core-shell 

interface is likely due to the finite extent to which the valence band wavefunction penetrates into the ZnSe 

shell.  The linearity of the plot in figure 6 also suggests that after the unit cell adjacent to the core-shell 

interface, the dopant concentration is close to uniform throughout the rest of the shell.  Figure 6 also shows 

that there is no systematic difference in the core-derivatized QDs between the low indium (In:P ratio of ≈ 

1.15, open circles) and the high indium (In:P ratio of 1.26 – 1.44, closed circles) data points.  Thus, for 
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these excess indium concentrations, the extent of trapping is essentially concentration independent, and we 

conclude that the amount of indium in the shell is saturated.   

Figure 3 shows that the PL decay times for the core-derivatized QDs are longer than for the 

nonstoichiometric ones having comparable shell thicknesses.  Furthermore, none of the nonstoichiometric 

QDs show the very long risetime components (> 500 ps) that are observed in the core-derivatized particles.  

These differences are present despite the two types of QDs having comparable dimensions and amounts of 

excess indium.  This suggests that there is a difference in the amount and distribution of indium dopants in 

the ZnSe shell, specifically, that the nonstoichiometric QDs have a lower concentration of indium dopants 

further from the core.  We suggest that the radial concentration gradient of indium in the ZnSe shell and the 

difference between the core-derivatized and nonstoichiometric QDs is due to core-shell interfacial lattice 

strain.  This can be qualitatively understood in terms of InP having a larger lattice parameter than ZnSe and 

lattice coherence at the core-shell interface.  The lattice parameter difference puts the InP core under 

isotropic compression and the ZnSe shell under radial compression and tangential tension.  Indium is a 

comparatively large ion and when doped into ZnSe, will be thermodynamically favored to go wherever the 

lattice is strained to be the largest.  The extent of strain in the shell decreases rapidly with increasing distance 

from the core-shell interface.  We note that in an elastic continuum model, net volumetric strain (radial + 2 

x tangential) is constant throughout the shell.  But because of the tangential strain, the most widely spaced 

shell atoms are at the core-shell interface.  This leads to the suggestion that the differences in radiative 

lifetimes between the nonstoichiometric and core-derivatized QDs can be understood in terms of lattice 

strain and whether it is zinc or selenium atoms that are at the interface with the InP core.  The nature of the 

interfacial atoms affects the interfacial vibrational modes, and this can be elucidated by resonance Raman 

spectroscopy.    

  

 Raman spectra.    

The low frequency region of the Raman spectra of InP/ZnSe/ZnS QDs is dominated by the longitudinal 

optical (LO) phonons of ZnSe at approximately 248 cm-1, and the optical phonons5 of InP at approximately 

354 and 322 cm-1.  The relative intensities of the ZnSe- and InP-associated peaks in the Raman spectra 

depend on the excitation wavelength and the relative volumes of the core and shell.  Excitation into the 

lowest exciton produces an electron-hole pair that is primarily localized in the InP core and therefore gives 

the largest resonance enhancement to the InP phonon modes.  Alternatively, excitation at much higher 

energies produces a largely ZnSe shell localized exciton and resonance enhancement of the ZnSe phonon 

modes.  The onset of ZnSe absorption is in the 450 – 460 nm region and excitation in this region is largely 

core localized, but significantly spills out into the shell.  The result is that excitation in this region is most 

diagnostic of the core-shell interfacial phonon modes.    

The ZnSe LO phonon region of the Raman spectra, excited at 457.9 nm, for several types of 

InP/ZnSe/ZnS QDs having roughly comparable ZnSe shell thicknesses is shown in figure 7.  The Raman 

spectra of the stoichiometric and nonstoichiometric QDs have been previously discussed in reference 5, and 

provide a good comparison to the core-derivatized particles.  Comparison of the Raman spectra is 

complicated by the fact that different samples have ZnS outer shells of different thickness, and these shells 

of a material with a smaller lattice constant cause compression of both the InP core and the ZnSe inner 

shell, shifting both types of peaks in the Raman spectra to higher frequencies.17  The optical phonon 

frequencies and Grüneisen parameters of ZnSe and InP are such that both frequencies should have nearly 

identical pressure shifts.  Therefore, we correct the spectra for the differences in ZnS shell thickness by 
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shifting each of the frequency axes by the amount needed to align the 352.5 cm-1 InP peaks (-1.2 to +1.7 

cm-1 relative to S2.0).  This pressure correction has been applied to the spectra displayed in figure 7.  
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Figure 7.  Raman spectra of the ZnSe and InP LO phonon regions excited at 457.9 nm of S-2.51, S-2.0, 

CD-2.55 and NS-2.25 QDs as indicated.  The frequency axes have been corrected for the compression 

caused by the ZnS shell as described in the text.   

 

The spectra of the S-2.0 and the S-2.51 QDs are close to identical and are quite simple, see figure 7.  The 

stoichiometric particles are well purified after core growth, resulting in a very sharp and clean InP-ZnSe 

interface.  The ZnSe LO phonon peak is relatively narrow, having a fwhm of 12.0 cm-1.  It also exhibits a 

low frequency shoulder that is assigned to core-shell interfacial modes.  The 457.9 nm excitation used to 

obtain the spectra in figure 7 excites the interfacial modes, giving the lower frequency shoulder (210 to 235 

cm-1) significant intensity.   

In a previous paper,5 we examined the spectra of nonstoichiometric core/shell QDs, in some cases 

having a large excess of indium.  We found much more intensity in the low frequency shoulder and assigned 

the increased intensity to a combination of indium trap states and indium at the core-shell interface.  

Consistent with this, the spectrum of the NS-2.25 particles shows a larger shoulder in this region than the 

nonstoichiometric particles, indicating the presence of more interfacial indium.  The lower frequency is 

consistent with In-Se vibrations, and we infer that in the nonstoichiometric QDs there is a thin indium 

selenide layer at this interface.  In this model, it is the InP-ZnSe lattice mismatch that causes much of the 

excess indium to be located at or near the core-shell interface.   
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Synthesis of core-derivatized QDs includes treating the InP cores with zinc carboxylates prior to 

purification and shell growth.  We suggest that this results in the core surface being Zn-terminated and/or 

having a very thin zinc phosphide surface layer, which is absent in the case of the stoichiometric and 

nonstoichiometric QDs.  As a result of the change in interfacial bonding, the spectrum obtained for the CD-

2.55 QDs shows similarities and differences compared to the S-2.51 and NS-2.25 spectra.  The CD-2.55 

spectrum shows the same reduced intensity in the 210 to 235 cm-1 region as does the S-2.51, indicating the 

lack of indium at the core-shell interface.  Instead, it is likely that the core-shell interface has zinc-

phosphorous bonding formed by ion exchange upon core derivatization.  The core-derivatized spectrum 

shows additional intensity on the higher-frequency edge of this peak, causing the peak maximum to shift 

about 1 cm-1 to higher frequency and broaden from 12.0 to 14.5 cm-1 (fwhm).  We tentatively assign this 

high frequency feature to interfacial modes associated with interfacial zinc-phosphorous bonding.   

The difference in interfacial bonding affects the lattice strain in the shell.  The presence of relatively 

long In-Se bonds increases the strain on the proximal ZnSe lattice.  Expansion of the ZnSe lattice will make 

doping with the relatively large indium ions more favorable and will therefore increase the indium 

concentration close to the core-shell interface.  In contrast to an interface having In-Se bonds, an 

intermediate layer having P-Zn bonds can result in relatively close packed zinc ions partially mitigating the 

lattice strain on the ZnSe side of the InP-ZnSe interface.  We speculate that this diminishes the tendency 

for the excess indium atoms to go to the core-shell interface.  As such, the core-derivatized QDs have larger 

indium concentrations further out in the ZnSe shell.  This change in the radial distribution of the excess 

indiums is responsible for the differences in the PL risetimes and lifetimes discussed above.   

 

Conclusions.   

We have examined the radiative dynamics of three different types of InP/ZnSe/ZnS QDs 

(stoichiometric, nonstoichiometric and core-derivatized) and found that they exhibit very different PL 

risetime kinetics and radiative rates.  Stoichiometric QDs, ones having an In:P ratio very near unity, exhibit 

simple kinetics.  The PL appears rapidly following photoexcitation and decays with a time characteristic of 

population in a thermal distribution of bright and dark angular momentum fine structure levels.  Core-

derivatized QDs have a significant amount of excess indium (In:P ratio of 1.15 to 1.4) and show much 

slower PL decays and a significant slow PL risetime, with components longer than 1 ns.  The slow risetime 

is assigned to transient population of indium-based hole traps in the ZnSe shell.  The same traps have a 

significant equilibrium population that results in a reduced population in the bright exciton states and hence 

the longer PL decay time, that is, these QDs display delayed emission.  The nonstoichiometric QDs have 

comparable or larger amounts of excess indium but display smaller risetime components and less delayed 

emission than the core-derivatized.  The differences between the nonstoichiometric and core-derivatized 

radiative dynamics can be understood in terms of density and location of the excess indium.  The spatial 

distribution of the indium-based traps is driven by lattice strain at the core-shell interface.  This occurs 

because the indiums are comparatively large and will be favored at locations where lattice strain has 

expanded the ZnSe lattice.  Resonance Raman spectroscopy indicates that the nonstoichiometric and core-

derivatized QDs have very different core-shell interfaces.  The core-shell interface of the nonstoichiometric 

QDs is dominated by In-Se bonding while in the case of the core-derivatized QDs, much of the In-Se 

bonding is replaced by Zn-P bonding.  We suggest that the Zn-P bonding partially mitigates the InP-ZnSe 

lattice strain and thereby facilitates the dopant indiums dispersing through the ZnSe shell.   
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Supporting Information.  PL risetimes and decays kinetics, calculation of pressure-induced Raman shifts, 

static absorption spectra.  The Supporting Information is available free of charge on the ACS Publications 

website.  
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