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Abstract

The size-dependent optoelectronic properties of semiconductor nanocrystals quantum dots (QDs) 

are hugely beneficial for color tunability but induce an inherent relative PL brightness mismatch in 

QDs emitting different colors, as larger emitters absorb more incident photons than smaller 

particles. Here, we examine the effect of core composition, shell composition, and shell thickness 

on optical properties including high energy absorption, quantum yield (QY), and the relative 

brightness of InP/ZnS and InP/ZnSe core/shell and InP/ZnSe/ZnS core/shell/shell QDs at different 

excitation wavelengths. Our analysis reveals that the presence of an intermediate ZnSe shell 

changes the wavelength of enhanced absorption onset and leads to highly excitation wavelength 

dependent QYs. Switching from commercial CdSe/ZnS to InP/ZnS reduces the brightness-

mismatch between green and red emitters from 33- to 5-fold. Incorporating a 4-monolayer thick 

optically absorbing ZnSe shell into the QD heterostructure and heating the QDs in a solution of 

zinc oleate and trioctylphosphine produces InP/ZnSe/ZnS QDs that are ~10-fold brighter than their 

InP/ZnS counterparts. In contrast to CdSe/CdS/ZnS core/shell/shell QDs, which only 

photoluminesce at red wavelengths with thicker CdS shells due to their Quasi-Type II 

bandstructure, Type I InP/ZnSe/ZnS QDs are uniquely suited to creating a rainbow of visible-

emitting, brightness matched emitters. By tailoring the thickness of the intermediate ZnSe shell, 

heavy metal-free, brightness-matched green and red emitters are produced. This study highlights 

the ability to overcome the inherent brightness mismatch seen in QDs through concerted materials 

design of heterostructured core/shell InP-based QDs.
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Based on their fundamental structure, red-emitting semiconductor quantum dots (QDs) are larger 

and brighter than green-emitting particles of the same composition. An intermediate ZnSe shell of 

varying thickness enhances the absorption of InP/ZnSe/ZnS core/shell/shell QDs to produce the 

first rainbow of brightness-matched, cadmium-free QDs spanning the visible wavelength range.

Keywords

semiconductor quantum dots; absorption enhancement; relative brightness; heterostructure; indium 
phosphide

1. Introduction

Colloidal semiconductor quantum dots (QDs) have garnered extensive research interest as 

their quantum confinement-based optical properties are compelling for applications ranging 

from biosensing and imaging to light emitting diodes (LEDs) and displays.1–5 High 

absorption cross sections, tunable absorption and emission energies, and narrow emission 

linewidths, as well as high photo and thermal stability are among advantages of QDs 

compared to organic dyes.6,7 While CdSe-based QDs are the most thoroughly studied and 

optimized, recent developments in the synthesis of near unity quantum yield (QY) InP-based 

QDs provides an optically competitive alternative,8–10 with the added benefit of using 

materials that avoid the cytotoxic effects of CdSe.11 However, the brightness mismatch of 

QDs of different emission colors remains a problem, inhibiting multiplexed applications as 

the intensity from large, red-emitting QDs often overshadows their small blue/green-

emitting counterparts.12,13 On the other hand, utilizing brightness-equalized QDs can enable 

the simultaneous quantification of multiple mRNA transcripts at the single molecule level in 

individual cells using fluorescence in situ hybridization (FISH), which is the main technique 

used for the visualization and quantification of mRNA in cells.14 Tunable QD brightness 
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could also be important for instrument-free, low-cost QD sensors with visual readouts 

designed for diagnostics.15,16

The quantum confinement-based spectral tuning of QDs results in an inherent mismatch in 

the relative brightness (Brel) of the emitters due to differences in their molar extinction 

coefficient, ε, which scales with the QD volume (i.e., proportional to radius cubed, r3).17 At 

each excitation wavelength (λex), Brel is defined as the product of QY (Φ) and the 

corresponding molar extinction coefficient, ε:13,18

Brel λex = ε λex Φ λex (1)

Thus, if QDs emitting in a wide spectral range have comparable QY values, differences in 

extinction coefficients alone can result in significant brightness mismatch. Red-emitting 

CdSe-based QDs have been shown to emit 48-fold brighter than their green counterparts.13

The narrow bandgap of InP (1.35 eV, 919 nm) compared to that of CdSe (1.74 eV, 712 nm), 

in conjunction with differences in their exciton Bohr radius (10 nm and 5.4 nm for InP and 

CdSe, respectively), makes it more optically sensitive to changes in the nanocrystal size, 

providing an intrinsic advantage to solving the brightness mismatch problem. For instance, 

tuning the lowest energy exciton transition (1S peak) of CdSe core nanocrystals between 

495–570 nm, results in a 275% increase in QD volume accompanied by a 3.7-fold change in 

ε at 400 nm, a standard wavelength for QD excitation (Figure 1A). For InP QDs, however, 

tuning the 1S peak over a wider spectral range (480–590 nm) results in a smaller change in 

volume (143%) and 2.5-fold change in ε at 400 nm (Figure 1B, Table S1). This difference in 

how QD cores of the two materials respond to an increase in size becomes much more 

pronounced for QD cores with 1S peaks in the 600–700 nm range, as CdSe QDs require 

larger and larger increases in volume to facilitate optical red-shifting as the particle radius 

approaches the Bohr radius and the 1S peak approaches the bandgap energy.15

As-synthesized InP core nanocrystals, however, are non-emissive (QY < 1%) and highly 

sensitive to oxidation and humidity, requiring stringent air-free synthesis conditions and 

necessitating protection with a shell of a second semiconductor material, creating core/shell 

heterostructures.19–21 CdSe core nanocrystals, though not as susceptible to oxidation, also 

require a passivating shell to ensure their long-term stability.22 ZnS has been a widely used 

shell material for the passivation of core QDs of various semiconductor materials.23–29 

Given the wide bandgap of ZnS, InP/ZnS and CdSe/ZnS are type-I heterostructures, with 

exciton confinement in the core.6 While ZnS deposition results in significant enhancement 

of photoluminescence (PL) intensity and QY, it only absorbs light at wavelengths shorter 

than its bulk bandgap of 350 nm, therefore contributing nominally to the QD molar 

extinction coefficient at 400 nm. Thus, the brightness mismatch between green and red 

emitters remains a problem for ZnS-shelled heterostructures. In fact, many core/shell CdSe 

samples have a CdS intermediate shell between the CdSe core and ZnS outer shell. With a 

bulk bandgap of 498 nm, the CdS layers contribute to absorption at 400 nm, making the 

difference in absorption cross-section between the green- and red-emitters even more 

pronounced than is seen for CdSe cores.30–34 Thicker CdS shells cannot be used to 

effectively enhance the absorption of smaller, green-emitting CdSe QDs, because the Quasi-
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Type II nature of the CdSe/CdS band alignment reduces the bandgap of the core/shell 

structure relative to the CdSe core, resulting in red-shifting of the emission peak.44–46

Similar to CdSe compositions, an intermediate shell between the InP core and ZnS shell can 

improve the heterostructure properties, largely by bridging the substantial lattice mismatch 

(7.7%) between InP and ZnS, which can result in strain at the core/shell interface and cause 

inhomogeneities in shell growth.35,36 ZnSe has a smaller lattice mismatch with InP (3.4%) 

and is thus often used as an intermediate shell to create InP/ZnSe/ZnS core/shell/shell 

heterostructures.37,38 ZnSe also exhibits a somewhat redder bulk bandgap of 460 nm, 

meaning that its absorption contributes to the particle molar extinction coefficient at 400 nm, 

while still maintaining a Type I band alignment in an InP-based core/shell QD.41

Here, we report the optical properties of 3 sets of InP-based QD samples (InP/ZnS, InP/

ZnSe, and InP/ZnSe/ZnS), which allows a systematic investigation into the effects of shell 

composition, shell thickness, and excitation energy on the QY, ε, and Brel of the synthesized 

heterostructures. These studies led to the design of absorption-enhanced visible emitters 

using InP core nanocrystals of different sizes. We use the variable thickness deposition of 

intermediate ZnSe shells to tune the absorption cross-section of InP-based core/shell/shell 

heterostructures to generate brightness-enhanced green emitters and reduce the brightness 

mismatch of these cadmium-free QDs across the visible wavelength range. A head-to-head 

comparison of these heterostructures with traditional CdSe/ZnS and InP/ZnS QDs with 

green to red emission highlights the significance of brightness enhancement and 

equalization.

2. Results and Discussion

A series of InP-based core/shell and core/shell/shell heterostructures were synthesized to 

study the effect of shell thickness and composition on the optical properties of QDs. InP core 

nanocrystals were synthesized according to a previously reported procedure, using a 

dehalosilylation reaction.40,41 An empirical fit equation was used to calculate the diameter 

of the InP core based on the 1S exciton peak position at 533 nm, corresponding to an 

average diameter of 2.3 nm.42 As-synthesized InP core nanocrystals are non-emissive and 

highly susceptible to exposure to oxygen and humidity. To render them emissive, HF etching 

or passivation using a second semiconductor material are often performed.43 In this study, 1 

to 10 iterations of ZnS or ZnSe deposition using a modified successive ion layer adsorption 

and reaction (SILAR) method produced core/shell heterostructures with a variety of shell 

thicknesses. SILAR consists of the addition of cationic and anionic precursors with each 

precursor addition step followed by a high temperature anneal to ensure the removal of 

defects from the nanocrystal.44–46 The amount of precursor added is calculated based on the 

lattice constant of the shell material and is sufficient for the addition of a single shell 

monolayer (ML). After 1, 4, 7, and 10 rounds of ZnS or ZnSe shell deposition using zinc 

oleate and trioctyl phosphine sulfide (TOP:S) or trioctyl phosphine selenide (TOP:Se) as the 

precursors, respectively, significant volumes were sampled from the InP/ZnS and InP/ZnSe 

reaction solutions. Although ZnSe shells offer a significantly reduced lattice mismatch, 

selenium itself is prone to photo-oxidation, making the final heterostructures prone to 

degradation over time.47–49 To ensure the long-term stability of these samples, a fraction of 
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the sample taken from the InP/ZnSe flask was transferred into a clean flask placed under 

argon for the addition of a second protective ZnS shell using zinc oleate and sulfur dissolved 

in octadecene to create a core/shell/shell heterostructure. To minimize etching of the InP 

cores prior to shelling, the first additions of the cationic and anionic precursors were 

performed at the lower temperature of 150 °C, while precursor addition for all subsequent 

SILAR iterations was performed at 240 °C.

The 12 synthesized samples (four ZnS shell thicknesses plus four ZnSe shell thicknesses 

with and without a protective ZnS cap) were imaged using transmission electron microscopy 

(TEM) (Figure 2). The TEM images demonstrate successful deposition of 3.3 and 4.1 MLs 

of ZnS and ZnSe shells, respectively, on 2.3 nm diameter InP core nanocrystals after 10 

SILAR iterations. The lower efficiency of ZnS shell deposition may be attributed to the large 

lattice mismatch between the core and shell materials that can give rise to the formation of 

strain at the core/shell interface as well as to the lower reactivity of TOP:S in comparison to 

TOP:Se.39 As can be observed from the TEM images presented here as well as in other 

studies,21 the core/shell heterostructures do not have a perfectly spherical morphology. The 

irregularities in the core/shell heterostructure’s morphology are attributed to the formation of 

an asymmetric oxide layer on the core InP surface, which can form upon exposure of InP to 

elevated temperatures in the presence of carboxylate precursors. Shell growth on this uneven 

and amorphous oxide layer may be contributing to the irregular morphology of the QDs.21,50

To study the effect of shell deposition on the optical properties of the heterostructures, we 

collected PL spectra of the twelve samples following excitation at 400 nm. In these type-I 

heterostructures, the electron and hole are both confined to the narrow bandgap InP core.41 

Thus, the emission color is heavily dictated by the core size, which determines the degree of 

exciton confinement. The addition of a thin layer of either a ZnS or ZnSe semiconductor 

shell on the non-emissive InP core was sufficient to produce emissive heterostructures 

(Figure 3A). As the same InP cores were used for all heterostructures, despite variations in 

shell thickness and composition, all samples have PL peaks between 565 and 599 nm with 

the full width at half maximum (FWHM) of the PL peaks decreasing slightly with increased 

shell thickness (Table 1). After the first iteration of ZnS shell deposition, the PL spectra were 

dominated by broad trap emission (data not shown), indicating ineffective passivation of the 

InP core. After one SILAR iteration for InP/ZnSe and four iterations for InP/ZnS, the 

presence of a substantial red tail indicates incomplete shell deposition and the presence of 

unpassivated surface trap states.51 The calculated shell thicknesses based on TEM sizing 

confirms this, as the average deposited shell thickness after 1 iteration of ZnS and ZnSe 

shelling is only 0.2 and 0.7 MLs, respectively (Figure 2, Table 1). This red tail in the PL 

spectra is minimized with further shell deposition, and complete passivation of the core 

nanocrystal is achieved. ZnS capping of the InP/ZnSe samples resulted in a nominal change 

in the PL peak position and was accompanied by little to no change in the FWHM of the PL 

peak.

While the emission profiles of the samples are similar, the same cannot be said for their 

molar extinction coefficients (ε) (Figure 3B, Figure S1). ε values were estimated by taking 

absorption measurements of dilutions of cleaned QD solutions and scaling the absorbance 

spectra to the calculated molar extinction coefficient value of InP at the 1S peak, where InP 
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is the only component contributing to absorption. QDs exhibit broadband absorption at 

wavelengths shorter than their bandgap, and their absorption is highly dependent on the 

number of constituent atoms and bonds.13 This makes the absorbance of QDs highly 

dependent on shell thickness, as observed in Figure 3B. For InP/ZnS and InP/ZnSe, an 

increase in ε is primarily observed at wavelengths shorter than 350 and 460 nm, the bulk 

bandgaps of ZnS and ZnSe, respectively. The deposition of a protective ZnS cap on the InP/

ZnSe nanoparticles through three additional SILAR iterations resulted in further increase of 

ε. The contribution of ZnSe to absorbance, even at the thinnest shelled samples (InP/1ZnS 

vs. InP/1ZnSe), resulted in a 40% enhancement of ε at 400 nm. The addition of 4 MLs of 

ZnSe and an almost 2 ML thick ZnS shell results in a 7-fold enhancement in ε (InP/1ZnS vs. 

InP/10ZnSe/3ZnS) in otherwise spectrally identical QDs without compromising the 

emission color or color purity. Given that the brightness of a fluorophore is defined by the 

product of ε and QY (Equation 1) at a given excitation wavelength (λex), an increase in the 

molar extinction coefficient directly translates into a proportional increase in brightness, if 

QY is maintained.34

In addition to the dependence of molar extinction coefficient on shell composition and 

thickness, we studied the response of photoluminescence excitation (PLE) spectra to the 

same variables by monitoring the PL intensity as a function of excitation wavelength (λex).
52 In an ideal fluorophore, where excited states emit with equal efficiency, PLE and 

absorbance spectra should closely resemble one another.53 Thus, the collected PLE spectra 

were plotted alongside spectra of the absorption factor, which is one minus transmission (1-

T), to elucidate the translation of absorbed light to emitted photons (Figure 4, Figure S2). 

The absorption factor, also known as absorptance, was calculated from absorbance spectra 

(A) obtained from the same samples used for the PLE measurements:54

1 − T λex = 1 − 10−A λex (2)

The lowest energy electron transition (1S exciton peak) was chosen as a point of reference 

and normalized to 1 in each individual PLE and absorption factor spectra. For InP/ZnS 

samples with 1.1 and 2.0 ML thick ZnS shells, the (1-T) and PLE spectra overlap across a 

wide spectral range (~350–700 nm). An increase in the absorption factor of InP/ZnS with 

increasing shell thickness is evident at λ<350 nm, while the same trend is not observed in 

the PLE spectra. With increasing shell thickness (3.3 ML ZnS), the deviation between (1-T) 

and PLE becomes pronounced at wavelengths smaller than the bulk bandgap of ZnS.

In InP/ZnSe and InP/ZnSe/ZnS samples, the increase in (1-T) with increasing shell thickness 

is more pronounced, particularly for λ < 460 nm, the bulk bandgap of ZnSe (Figure 4). For 

InP/ZnSe, the divergence between (1-T) and PLE at high energy wavelength ranges grows 

consistently with increasing shell thickness, with the largest deviation seen for the 4.1 ML 

sample. These observations of gaps between absorption factor and PLE at thicker shells for 

both InP/ZnS and InP/ZnSe are likely due to the introduction of defects into the crystal 

structure of the nanoparticle; with increasing shell thicknesses, the formation of defects 

within the nanoparticle contributing to the non-radiative recombination of electrons and 

holes becomes more probable.55 In addition, at higher excitation energies more energy may 
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be lost to surface trap states which are another site for non-radiative recombination.56 While 

the (1-T) and PLE spectra of InP/ZnSe/ZnS closely follow the same trends as InP/ZnSe, the 

improved passivation offered by the second protective ZnS shell reduces the gap between (1-

T) and PLE.

This difference in light absorbed (1-T) and light converted into photons emitted (PLE) is 

further examined by comparing the excitation wavelength-dependent absolute QYs of the 

various samples. Measuring the absolute QYs with a six-inch integrating sphere (Quanta-ϕ, 

Horiba Jobin Yvon) at 350, 400, 450, and 500 nm allows us to distinguish between the 

efficiency of converting absorbed light into emitted light when it is absorbed exclusively by 

the InP (500 nm) versus absorption of ZnSe and InP (400 and 450 nm) or absorption by all 

three compositions (350 nm). Since ZnSe oxidation can negatively affect the measured QYs, 

InP/ZnSe and InP/ZnSe/ZnS samples cleaned through precipitation and resuspension (PR) 

were heated with a mixture of zinc oleate and trioctylphosphine.47–49 This resulted in the 

notable enhancement of their QY in comparison to those of samples prepared through PR 

alone (Table S2). Performing the same procedure on InP/ZnS QDs did not notably change 

QYs (Table S2), further demonstrating the role of selenium oxidation on the samples’ optical 

properties. We observe a clear dependence of QY on λex, with QYs at longer excitation 

wavelengths greater than or equal to the QYs measured for shorter wavelengths (Figure 5). 

This is consistent with previous reports on λex dependence of QYs in the literature, which 

mainly attribute the lower QYs at higher excitation energies with an increased likelihood of 

the electrons and holes accessing non-emissive trap states above the QD bandgap.53,57

The band structure of type-I QDs minimizes the role of surface-mediated relaxation 

pathways and of charge transfer to the organic ligands by providing a potential barrier 

between the electrons and holes photogenerated in the core of the QD and the particle 

surface, especially at low excitation energies. For InP/ZnS, once the InP core is sufficiently 

passivated (ZnS shell thickness of at least 2 ML), the QYs are mildly λex dependent, but not 

shell thickness dependent.

Other contributing factors have been linked to λex dependence of QYs. For instance, QD 

aggregation is known to reduce the PL QY since the proximity of QDs in aggregates favors 

QD-QD energy transfer from small to large QDs, even in samples composed of a narrow 

size distribution. However, QD-QD energy transfer was avoided by using well-dispersed, 

dilute samples (absorbance at λex < 0.11), which also minimized inner filter effects and 

collisional quenching. Scattering caused by the formation of nanoparticles from excess 

precursors in the reaction solution could also result in the reduction of QY with decreasing 

λex, but no evidence of scattering is observed in the absorbance spectra of these samples 

(Figure 3).53,57,58

For all synthesized samples, the measured QYs at each of the four excitation wavelengths 

were combined with the corresponding extinction coefficients (Figure 3 and Figure 5) to 

obtain λex-dependent brightness values (Figure 5). Within each shell composition, the 

contribution of extinction coefficient to Brel at higher excitation energies outweighs the 

higher QYs at lower excitation energies. Across all samples, the brightest values are 

obtained at the higher excitation energies, contrary to what is expected based on QY values 
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alone. This λex dependence is especially stark in the case of the thickest shelled InP/

ZnSe/ZnS sample (4.1/1.8 ML), where Brel is approximately 9-fold higher at λex = 350 nm 

than at λex = 500 nm, in spite of a QY of 20% vs. 47%, respectively. Combining the 

enhanced absorptivity from ZnSe and the passivating effect of ZnS improves Brel at least 

300% at both 350 and 400 nm excitation wavelengths (InP/7ZnS vs. InP/7ZnSe/3ZnS and 

InP/10ZnS vs. InP/10ZnSe/3ZnS).

These brightness enhancement principles were applied to emitters of different colors to 

obtain a rainbow of brightness-matched, cadmium-free, visible emitters. In these type-I 

heterostructures, emission colors are dictated by their core size. Hence, small, medium, 

large, and extra-large InP core nanocrystals were synthesized with 1S exciton peaks at 447, 

497, 565, and 648 nm, respectively. 1, 4, or 7 SILAR iterations for the deposition of ZnSe, 

followed by 3 iterations of ZnS deposition resulted in core/shell/shell heterostructures with 

emission colors between 550 and 700 nm, producing green (QD550), yellow (QD570), 

orange (QD620), and red (QD700) emitters (Table S3, Figure S4). Molar extinction 

coefficients of these heterostructures were calculated by measuring the absorbance of 

dilutions of QDs in hexanes, using empirical fit equations for InP core size and molar 

extinction coefficient to determine the ε1S,6 and using this value to scale the entire 

absorbance spectrum to ε. By combining ɛ values with measured QY values at the 400 nm 

excitation wavelength, the Brel of each sample was calculated (Table S4).

To perform a head-to-head comparison of brightness to more widely used and/or 

commercially available QD heterostructures, Brel values were calculated for the InP/

ZnSe/ZnS core/shell/shell heterostructures as well as CdSe/ZnS and InP/ZnS QDs with 

comparable emission colors (Figure 6 and Table S4). In data obtained from commercially 

available CdSe/ZnS QDs (NNCrystal US Corporation), a 33-fold mismatch in Brel was 

observed between green (QD530) and red (QD665) emitters. This mismatch is a result of 

significant changes in ε across emitters of different colors, which is an inherent result of 

spectral tuning using the quantum confinement effect. Across a similar wavelength range 

(522–666 nm), InP/ZnS QDs exhibited a 5-fold Brel mismatch. (Note: The commercially 

sourced InP/ZnS emitting at 666 nm had a 18% QY, which was lower than the 30–40% QYs 

from our lab-made green- and orange-emitting InP/ZnS. Had this sample had a QY of 40%, 

the brightness mismatch would have been 10-fold, which is still substantially lower than the 

33- fold brightness mismatch amongst the commercially sourced CdSe/ZnS samples.) The 

reduced mismatch in InP/ZnS is a result of the narrow bandgap of InP compared with CdSe, 

which results in the higher optical sensitivity of InP QDs to changes in size. The brightness 

disparity in CdSe is compounded by the use of thin CdS bridge shell layers that contribute to 

the excitonic absorption, and comprise a larger volume when wrapped around larger, redder 

CdSe cores. With our InP/ZnSe/ZnS QDs, we tune the thickness of the intermediate ZnSe 

shell contributing to the enhancement of ε at our preferred excitation wavelength (400 nm) 

to selectively enhance the brightness of the higher energy emitters. By depositing a thick 

ZnSe shell through 7 SILAR iterations on the smallest InP core with the lowest ε value 

(QD550) and depositing a thin shell (1 SILAR iteration) on the largest InP core (QD700), 

we successfully synthesized brightness-equalized green and red emitters. The same ε tuning 

approach was used to synthesize yellow and orange emitters as well. If QYs are consistent 

across samples, brightness can be tuned by tuning molar extinction coefficients alone. In 
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Figure S5, we present the molar extinction coefficients for the different color emitting InP/

ZnSe/ZnS QDs with varying ZnSe shell thicknesses. Assuming identical QYs, QDs with 

similar molar extinction coefficients (denoted by a black box) will inherently be brightness 

equalized. The ease of estimating the molar extinction coefficient of InP/ZnSe/ZnS 

heterostructures from the absorbance spectrum facilitates the selection of absorbance-

matched samples.

Across the visible wavelength range, we have successfully reduced the 33- and 5-fold 

brightness mismatch for CdSe/ZnS and InP/ZnS QDs to produce a series of nominally 

equivalent emitters across the visible wavelength range. This is depicted in Figure 7, where 

solutions of concentration-matched InP/ZnSe/ZnS QDs demonstrate a reduced mismatch in 

absorbance at 400 nm as well as PL intensity. While for CdSe/ZnS QDs, the emission from 

green QDs is buried in the shoulders of their redder emitting counterparts, brightness 

matching of InP/ZnSe/ZnS QDs results in similar PL intensities for green, yellow, orange, 

and red InP/ZnSe/ZnS QDs. Thus, the use of an intermediate ZnSe shell is a valuable tool to 

generate brightness-equalized Type-I heterostructures without compromising emission 

colors and linewidths. This is in contrast to CdSe/CdS/ZnS QDs, where the Quasi-Type II 

band structure only results in the generation of red emitting QDs.

3. Conclusions

While the size-dependent tunability of QD photoluminescence is a key feature of this unique 

optoelectronic material, this fundamental photophysical property also enshrines a brightness 

mismatch amongst different colors of QDs of the same composition. By examining both 

CdSe- and InP-based core QDs, we demonstrate that this brightness mismatch can be 

reduced for visible wavelength emitters by switching core compositions from CdSe to InP. 

InP exhibits a larger color shift in response to a relatively smaller change in size, resulting in 

a less substantial change in molar extinction coefficient between green and red emitting 

QDs. This change in core composition improves the brightness mismatch but cannot be used 

to create perfectly matched emitters. To fully match brightnesses without compromising 

quantum yields, we use absorbing shell layers of ZnSe can be used to enhance the molar 

extinction coefficient of smaller, bluer InP emitters. Our detailed photophysical study of InP 

heterostructure absorptance vs. PLE demonstrates that the combination of ZnSe and ZnS 

shelling most effectively mitigates wavelength-dependent differences in light absorption and 

PLE. Finally, we describe a series of InP/ZnSe/ZnS particles comprising a range of InP core 

sizes and ZnSe shell thicknesses exhibiting brightness-matched emission. This rainbow of 

QDs represents the first report of brightness-matched cadmium-free QDs.

Recent advances in InP synthesis enabling the production of QDs with quantum yields and 

emission bandwidths approaching the high-quality emission achieved with established CdSe 

chemistry could be combined with this absorption enhancement strategy to produce 

cadmium-free, visible emitters with exceptional brightness. Utilizing mixtures of QD 

compositions and concerted engineering of the core/shell heterostructure, the 

photoluminescence brightness mismatch that is otherwise inherent for semiconductor QDs 

can be overcome.
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4. Materials and Methods

Materials:

Oleylamine (OAm, technical grade, 70%), 1-octadecene (ODE, 90%), sulfur (S, 99.999%), 

and hexanes (99%) were purchased from Fisher Scientific. Tris(trimethylsilyl) phosphine 

((TMS)3P, 98%) was purchased from Strem Chemical, Inc. Chloroform was purchased from 

J.T.Baker. Indium (III) acetate (In(Ac)3, 99.99%), oleic acid (OA, 90%), n-trioctylphosphine 

(TOP, 97%), selenium pellets (Se, 99.99%), zinc acetate (Zn(Ac)2, 99.0%), indium (III) 

acetylacetonate (In(Acac)3, 99.99%), trioctylphosphine oxide (TOPO, 99%), myristic acid 

(HMy, 99%), ethanol (99.8%), dioctylamine (97%), and InP/ZnS QDs (λem=670 nm) in 

toluene were purchased from Sigma-Aldrich. ODE was heated to 120 °C under vacuum for 

several hours with multiple argon backfill and evacuation cycles to ensure complete removal 

of air and water and stored in an argon glovebox prior to use. CdSe/ZnS QDs were 

purchased from NNCrystal US Corporation. All other chemicals were used directly without 

further purification. Quartz cuvettes were purchased from Starna Cells Inc. All air-sensitive 

materials were stored and handled in an argon glovebox.

Precursors:

The metal and chalcogenide precursors were prepared with minor modifications to 

previously reported protocols.41 A 0.2 M stock solution of indium oleate (In:OA=1:3.3) was 

prepared by mixing indium (III) acetate (3.2 mmol, 0.93 g) and oleic acid (10.61 mmol, 3.35 

mL) and heating the reaction flask to 120 °C under vacuum for two hours with multiple 

argon backfill and evacuation cycles to ensure the complete removal of acetic acid. After a 

clear and colorless solution was obtained, degassed ODE (12.58 mL) was added to the 

solution. Once the temperature of the solution reached 120 °C, it was cooled to 90 °C and 

vacuumed for another hour. The precursor was stored under argon and heated to 60 °C when 

in use.

A 0.2 M stock solution of zinc oleate (Zn:OA=1:4) was prepared by mixing zinc acetate (20 

mmol, 4.39 g) with oleic acid (88.88 mmol, 28.05 mL) and degassing under vacuum at room 

temperature until no vigorous bubbling was observed. The temperature was raised to 120 °C 

and maintained for 2 hours, until the solution was clear, and no bubbling was observed. 

Multiple argon backfills and evacuation cycles were performed to ensure complete removal 

of acetic acid. At this point, degassed ODE (71.95 mL) was added to the solution and 

vacuumed for another hour. The precursor solution is solid at room temperature and was 

stored under argon and heated to at 95 °C when in use. A 0.2 M stock solution of zinc oleate 

(Zn:OA=1:4) was prepared in the same manner for the post synthetic treatment of the 

samples, where the Zn(OA)2 mixture was diluted using TOP instead of ODE. This precursor 

solution was stored at room temperature under argon flow.

0.2 M stock solutions of sulfur in both TOP and ODE were used as sulfur precursors. For the 

preparation of a 0.2 M stock solution of sulfur in ODE, elemental sulfur (3.11 mmol, 0.1 g) 

and ODE (15.59 mL) were mixed and heated to 80 °C under vacuum for 1 hour. The flask 

was backfilled with argon and heated at 80 °C overnight to ensure complete dissolution of 

sulfur in ODE and stored at the same temperature for future use. 0.2 M stock solutions of 
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sulfur in TOP and selenium in TOP were prepared in glass vials on a hot plate in an argon 

filled glovebox by heating at 80 °C with stirring overnight.

Synthesis of CdSe Core Nanocrystals (First Exciton Absorption Peaks Between 495–570 
nm):

CdSe core nanocrystals were synthesized based on a previously reported method.44 TOPO 

(1 g), ODE (8 mL), and Cd(OA)2 (0.38 mmol) were loaded into a 100 mL round bottom 

flask and vacuumed at room temperature for 30 minutes. The temperature was then raised to 

80 °C and heated for an additional 30 minutes. The flask was backfilled with argon and the 

temperature was raised to 300 °C. TOP:Se (4 mmol), OAm (3 mL), and ODE (1 mL) were 

mixed in an argon glovebox and loaded into a syringe. This solution was swiftly injected 

into the flask. Samples were taken at different time points to generate a size series of CdSe 

core nanocrystals with first exciton peaks between 495–570 nm. The reaction was stopped 

by cooling the flask to room temperature.

Synthesis of InP Core Nanocrystals (First Exciton Absorption Peaks Between 480–590 
nm):

InP core nanocrystals were synthesized by modifying a previously reported method.8 

In(Acac)3 (0.174 g), HMy (0.193 g), and ODE (7 mL) were loaded into a 100 mL round 

bottom flask in an argon glovebox. The flask was taken out of the glovebox and connected 

to a Schlenk line. The solution was stirred at room temperature for 10 minutes and heated at 

160 °C for 20 minutes. A solution containing medium sized InP cores with a first exciton 

peak at 497 nm (200 nmoles) was loaded into a syringe and swiftly added to the flask. After 

20 minutes, 0.1 M (TMS)3P (7 mL) was slowly added to the reaction flask using a stepper 

motor syringe pump at a rate of 1 mL/hour. Samples were taken at different time points to 

make a size series of InP core nanocrystals with first exciton peaks between 480–590 nm. 

The reaction was stopped by cooling it to room temperature.

Synthesis of InP Core Nanocrystals (First Exciton Absorption Peaks Between 441–648 
nm):

InP core nanocrystals of four different sizes –small, medium, large, and extra-large (S, M, L, 

and XL, respectively) were synthesized based on a previously reported hot injection method.
41 For the synthesis of the small, medium, and large cores, 0.2 M In(OA)3 (2 mL), OAm (1.5 

mL), and ODE (4 mL) were loaded into a 100 mL round bottom flask and heated under 

vacuum to 120 °C with multiple argon backfills, while syringes of 0.1 M and 1 M (TMS)3P 

in ODE were prepared in the glovebox. An initial amount of 1 M (TMS)3P (0.2 mL) was 

rapidly injected into each flask of indium oleate at 191 °C with the thermocouples set to 178 

°C for the growth phase of the reaction. Starting at 45 seconds of the first injection, 0.1 M 

(TMS)3P (2 mL) was added to the flask via dropwise injection. Small cores were reliably 

produced by quenching this reaction after 3.5 minutes by removing the heating mantle and 

swiftly adding degassed, room temperature ODE (12 mL). To generate medium and large 

cores, more indium and phosphorus was repeatedly added to the InP cores to provide 

precursors for growth in separate aliquots. For medium cores, 0.2 M In(OA)3 (4 mL) and 0.1 

M (TMS)3P (4 mL) were added over the span of 12 minutes. For large cores, 0.2 M In(OA)3 

(12 mL) and 0.1 M (TMS)3P (12 mL) were added over 23.5 minutes. After 13.5 and 32 

Toufanian et al. Page 11

Chem Mater. Author manuscript; available in PMC 2022 March 23.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



minutes of total reaction time for medium and large cores, respectively, the reaction was 

quenched by removing the heating mantle and adding degassed, room temperature ODE (12 

and 24 mL for medium and large cores, respectively).

For the synthesis of extra-large InP cores, 0.2 M In(OA)3 (2 mL), dioctylamine (0.5 mL), 

and ODE (4 mL) were loaded into a 100 mL round bottom flask and heated under vacuum to 

120 °C with multiple argon backfills. 1 M (TMS)3P (0.2 mL) was rapidly injected into the 

flask of indium oleate at 191 °C with the thermocouples set to 178 °C for the growth phase 

of the reaction. Starting at 45 seconds of the first injection, 0.1 M (TMS)3P (2 mL) was 

added to the flask via dropwise injection. The flask was heated at 178 °C for 14 hours and 

the reaction was stopped by cooling it down to room temperature.

These reactions yielded InP core nanocrystals with 1S exciton peaks at 441 (S), 497 (M), 

533 and 565 (L), and 648 (XL) nm. InP cores with a 533 nm 1S peak were used to generate 

InP/ZnS, InP/ZnSe, and InP/ZnSe/ZnS samples to study the effect of shell composition and 

thickness on ε, QY, and Brel. The remaining four core sizes were used for the synthesis of 

brightness equalized InP/ZnSe/ZnS core/shell/shell heterostructures. To remove any 

precipitates from the reaction products, the solutions containing InP core nanocrystals were 

transferred into a clean centrifuge tube and centrifuged for 15 minutes at ~2600 rcf in an 

argon glovebox. The supernatant was saved for future use. The samples were stored in an 

argon glovebox at 4 °C.

Synthesis of Core/Shell Nanocrystals:

Two distinct shell compositions comprising ZnSe and ZnS were deposited on InP core 

nanocrystals using a modified successive ion layer adsorption and reaction (SILAR) 

technique, adapted for colloidal synthesis.46 In this approach, aliquots of cationic and 

anionic precursors were added to the core solution between long anneals at growth 

temperatures (150–240 °C). The required amounts of anion and cation precursors were 

calculated based on the number of surface atoms needed to add a monolayer to a certain size 

of a core/shell nanocrystal. For each reaction, OAm (1 mL) and enough ODE to make up a 

total reaction volume of 10 mL were mixed in a 100 mL round bottom flask on a Schlenk 

line. The flask was vacuumed at room temperature for 30 minutes before the solution 

temperature was raised to 120 °C under vacuum for 30 minutes with multiple vacuum/argon 

cycles. The flask was backfilled with argon and the temperature was raised to 150 °C for the 

deposition of the first shell monolayer. To protect the InP cores from Ostwald ripening 

caused by prolonged exposure to heat, the cores were injected at 150 °C. Shell deposition 

was started immediately after the temperature stabilized.

For all shell compositions, the cation and anion precursors for the first shell deposition was 

injected at 150 °C; the first anion injection proceeded 10 min after the cation injection. 

Immediately after the anion injection, the temperature was raised to 240 °C and the solution 

was annealed for 1 hour. All subsequent shell precursors were injected dropwise at 240 °C, 

followed by annealing for 2.5 hours after the cation injection, and 1 hour after the anion 

injection. To monitor the progress of the reaction, aliquots of the reaction solutions were 

taken at regular intervals. Once the desired shell thickness was reached, the InP/ZnSe 

samples were capped with a second ZnS protective shell with 3 iterations of SILAR using 
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0.2 M Zn(OA)2 and 0.2 M S8/ODE or 0.2 M TOP:S at 240 °C. The reactions were 

terminated by cooling the solution to room temperature.

QD Sample Preparation:

Solutions of raw QD solutions were diluted in hexanes or chloroform at a 1:5 ratio and 

centrifuged at ~2,500 rcf for 3 minutes. The supernatant was transferred to a clean 

microcentrifuge tube and a 1:5 ratio of ethanol was added to the tube and centrifuged at 

~22,000 rcf for 7 minutes. The clear supernatant was decanted and the QD pellet was 

resuspended in hexanes or chloroform.

QD samples used for QY measurements were incubated at 85 °C for 2 hours in a water bath 

with a 1:1 v/v ratio of QD:TOP prior to centrifugation. After the sample was centrifuged at 

~22,000 rcf for 4 minutes, the supernatant was transferred into a new tube, and a 1:5 ratio of 

ethanol was added to the tube. The solution was then centrifuged at ~22,000 rcf for 7 

minutes. The clear supernatant was discarded and the QD pellet was suspended to its 

original volume in 0.2 M Zn(OA)2 in TOP and incubated at 85 °C for 2 hours.

Determination of Molar Extinction Coefficients and QD Concentrations:

In order to determine the concentration of QD solutions, knowledge of their molar extinction 

coefficient at different excitation wavelengths, ε(λex), was required. To this end, absorbance 

measurements were taken of purified QD solutions. The location of the 1S peak and 

absorbance intensity at that wavelength was determined. Using published empirical fit 

equations for both CdSe and InP,6 the molar extinction coefficient of the QD at the 1S peak, 

where the InP or CdSe core is the only component of the QD contributing to absorbance, 

was determined. For the preparation of Figure 3, which depicts QD molar extinction 

coefficients as a function of wavelength, the absorbance spectra obtained from each QD 

sample was scaled to its corresponding molar extinction coefficient at the 1S peak. The 

Beer-Lambert Law was used to determine the concentration of QDs in solution using the 

sample-specific, calculated molar extinction coefficient and an absorbance measurement of 

the solution. Concentration-matched solutions of QD heterostructures were prepared by 

performing further dilutions of QDs in controlled amounts of hexane.

QD Characterization:

Absorption measurements of samples purified by precipitation and resuspension were 

performed using a NanoDrop™ 2000c (Thermo Scientific) spectrophotometer and converted 

to absorptance, or absorption factor, using Equation 2.

Photoluminescence and photoluminescence excitation spectroscopy were performed using a 

Horiba Jobin Yvon NanoLog spectrofluorometer outfitted with a 450 W Xenon arc lamp, 

double excitation and emission monochromators, and silicon CCD detector. QD samples 

were precipitated with ethanol and suspended in chloroform in quartz cuvettes. The 

collected spectra were corrected for lamp power and detector sensitivity using the supplied 

correction files. Absolute quantum yield values were obtained using the spectrofluorometer 

described above with a Quanta-phi six-inch integrating sphere. Cuvettes were loaded with 

hexanes in order to generate a blank reference following excitation at 350, 400, 450, and 500 
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nm. QD samples were diluted directly into the blanked cuvettes and measured under 

identical conditions. All measurements were performed using 5 averaged scans. The 

absorbance of each sample at the excitation wavelength was below 0.11. The absolute 

quantum yield (i.e., the number of photons emitted divided by the photons absorbed) was 

determined using the Horiba software.

Transmission electron microscopy (TEM) images were acquired using the JEOL ARM 200F 

STEM and the JEOL 2100 LaB6 high-resolution microscopes operating at 200 kV. Each 

sample was precipitated using ethanol and resuspended in hexanes and drop-cast on a copper 

TEM grid, which was washed successively by hexane, ethanol, and DI water. The grid was 

then gently heated to evaporate any residual water. TEM images were sized manually using 

ImageJ by determining the area enclosed within an outline drawn around the particle and 

backcalculating the diameter assuming a spherical nanocrystal. TEM images in Figure 1 

have been size-matched for presentation, and the reported average diameters, standard 

deviations, and percent errors are based on the sizing of 104–153 QDs.

Images of samples with concentration-matched solutions within each composition (11.6 nM 

for CdSe/ZnS, 46.5 nM for InP/ZnS and InP/ZnSe/ZnS samples) were taken using a Canon 

EOS R mirrorless digital camera. To depict NIR emission from QD700, the image was also 

taken of the same samples using a Canon PowerShot A630 with the infrared-cut filter 

removed. All images were taken with the addition of a 450 nm long pass filter to eliminate 

UV light from the excitation source.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. 
Molar extinction coefficient spectra and schematic representation of (A) CdSe core 

nanocrystals and (B) InP core nanocrystals. Purple dashed lines denote absorbance 

mismatch of different QDs at the excitation wavelength (400 nm). Grey dashed lines denote 

the position of the 1S peak for the smallest and largest CdSe and InP core nanocrystals. 

Particle sizes in schematics are diameters in nm, determined using published equations to 

convert 1S peak position to particle size.6

Toufanian et al. Page 19

Chem Mater. Author manuscript; available in PMC 2022 March 23.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 2. 
Representative TEM images of core/shell and core/shell/shell QDs after 1, 4, 7, and 10 

SILAR iterations. The numbers in each image represent the number of shell monolayers 

deposited on each core nanocrystal, calculated based on the lattice constant of the shell 

material (ZnS=0.541 Å, ZnSe=0.567 Å)6, followed by the average QD diameter and the 

standard deviations obtained through sizing 104–167 nanoparticles. The scale bar indicates 

10 nm.
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Figure 3. 
(A) PL spectra of InP/ZnS, InP/ZnSe, and InP/ZnSe/ZnS heterostructures after 1, 4, 7, and 

10 SILAR iterations following excitation at 400 nm (light to dark traces, respectively). The 

spectrum from the 1× SILAR InP/ZnS sample is excluded as incomplete shelling yielded 

only trap emission. (B) Molar extinction coefficients of InP/ZnS, InP/ZnSe, and InP/

ZnSe/ZnS heterostructures. The dashed gray lines locate the bulk bandgap (Ebg) of the shell 

materials (Ebg(ZnS) = 350 nm; Ebg(ZnSe) = 460 nm).
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Figure 4. 
Comparison of the absorption factor (1-T) spectra (solid lines) and PLE spectra (dashed 

lines) for InP/ZnS, InP/ZnSe, and InP/ZnSe/ZnS QDs indicates a difference between light 

absorbed and subsequently converted into emission across different shell compositions and 

thicknesses. All spectra were normalized to the 1S exciton peak.
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Figure 5. 
QY, molar extinction coefficient (ε), and relative brightness (Brel) of samples at excitation 

wavelengths between 350 and 500 nm.
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Figure 6. 
QY, molar extinction coefficient, and relative brightness of CdSe/ZnS, InP/ZnS, and InP/

ZnSe/ZnS emitting throughout the visible wavelength range. Open markers denote data from 

commercial sources and solid markers denote data from synthesized samples.59,60
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Figure 7. 
Concentration-matched absorbance, concentration-matched PL spectra following excitation 

at 400 nm, images of samples following UV excitation (taken with and without an IR filter 

for InP/ZnSe/ZnS), and schematic representation of CdSe/ZnS, InP/ZnS, and InP/ZnSe/ZnS 

samples.
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Table 1.

Summary of QD sizing information and optical properties

Sample Diameter (nm)
a

Shell Thickness (MLs)
b λem (FWHM) (nm)

c
ε400

(106 L·mol−1·cm
−1)

fold enhancement of ε400 

compared to InP/1ZnS
d

InP 2.3 - - - -

InP/1ZnS 2.4 ± 0.3 (14%) 0.2 ZnS 565 (-) 0.39 1.0

InP/4ZnS 2.9 ± 0.5 (17%) 1.1 ZnS 569 (64) 0.45 1.2

InP/7ZnS 3.4 ± 0.4 (11%) 2.0 ZnS 575 (54) 0.49 1.3

InP/10ZnS 4.1 ± 0.6 (14%) 3.3 ZnS 582 (57) 0.57 1.5

InP/1ZnSe 2.7 ± 0.4 (16%) 0.7 ZnSe 587 (51) 0.54 1.4

InP/1ZnSe/3ZnS 2.8 ± 0.3 (11%) + 0.2 ZnS 585 (52) 0.62 1.6

InP/4ZnSe 3.4 ± 0.4 (13%) 1.9 ZnSe 581 (58) 0.72 1.9

InP/4ZnSe/3ZnS 3.9 ± 0.5 (12%) + 0.9 ZnS 593 (55) 1.01 2.6

InP/7ZnSe 4.2 ± 0.7 (16%) 3.4 ZnSe 597 (54) 1.20 3.1

InP/7ZnSe/3ZnS 5.0 ± 0.7 (13%) + 1.5 ZnS 595 (55) 1.51 3.9

InP/10ZnSe 4.6 ± 0.7 (15%) 4.1 ZnSe 599 (54) 2.04 5.3

InP/10ZnSe/3ZnS 5.6 ± 1.0 (17%) + 1.8 ZnS 596 (51) 2.64 6.8

a
Diameter of InP core nanocrystals was determined using an empirical fit equation.42 Average diameter of core/shell and core/shell/shell 

heterostructures is determined with TEM image analysis. Average ± standard deviation (percent deviation) of 104–153 measurements.

b
Shell thickness determined from TEM-based diameters reported in atomic MLs using ML thicknesses of 0.27 and 0.28 nm for zinc blende ZnS 

and ZnSe, respectively.

c
PL peak position of samples following excitation at 400 nm.

d
Fold enhancement of ε400 calculated by dividing the value of ε400 for each individual sample with that of InP/1ZnS.
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