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6 ABSTRACT: Photoluminescent color conversion by quantum
7 dots (QDs) makes possible the formation of spectrum-on-
8 demand light sources by combining blue LEDs with the light
9 generated by a specific blend of QDs. Such applications,
10 however, require a near-unity photoluminescence quantum
11 efficiency since self-absorption magnifies disproportionally the
12 impact of photon losses on the overall conversion efficiency.
13 Here, we present a synthesis protocol for forming InP-based
14 QDs with +90% quantum efficiency across the full visible
15 spectrum from blue/cyan to red. The central features of our
16 approach are as follows: (1) the formation of InP core QDs
17 through one-batch-one-size reactions based on aminophosphine as the phosphorus precursor, (2) the introduction of a core/
18 shell/shell InP/Zn(Se,S)/ZnS structure, and (3) the use of specific interfacial treatments, most notably the saturation of the
19 ZnSe surface with zinc acetate prior to ZnS shell growth. Moreover, we adapted the composition of the Zn(Se,S) inner shell to
20 attain the intended emission color while minimizing line broadening induced by the InP/ZnS lattice mismatch. The protocol
21 is established by analysis of the QD composition and structure using multiple techniques, including solid-state nuclear
22 magnetic resonance spectroscopy and Raman spectroscopy, and verified for reproducibility by having different researchers
23 execute the same protocol. The availability of full-spectrum, +90% QDs will strongly facilitate research into light−matter
24 interaction in general and luminescent color conversion in particular through InP-based QDs.
25 KEYWORDS: optical materials, nanocrystals, core/shell, color conversion, monochromatic, restriction of hazardous substances

26Colloidal quantum dots (QDs) are outstanding
27 luminescent materials. Their combining a spectrally
28 narrow and tunable emission line with a suitability for
29 solution-based processing spurred research into photolumines-
30 cent color conversion and electroluminescence for display,
31 lighting and energy applications.1−3 In particular, QDs based
32 on CdSe, whose emission can cover the full color spectrum,
33 were used to demonstrate display backlights with a bespoke
34 red−green−blue emission spectrum,4 high-color rendering
35 white LEDs,5 and luminescent solar concentrators6 through
36 the conversion of short-wavelength blue-to-UV light into
37 saturated red and/or green light. In addition, full-spectrum
38 CdSe QDs led to electroluminescent QD-LEDs emitting red,
39 green, and blue light, by which full color displays were
40 fabricated.7 During the last 5 years, research on such
41 technology demonstrators shifted to InP-based QDs, which
42 are free of restricted elements such as cadmium or lead, and
43 recent studies confirmed the potential of these QDs for optical
44 downconversion and electroluminescence.8,9

45A key characteristic of the photoluminescence of QDs is the
46fraction of absorbed photons that is re-emitted by a QD, i.e.,
47the photoluminescence quantum yield (PLQY). Defined as an
48intrinsic, single-event absorption/emission property, PLQY
49provides an obvious upper limit to the external optical
50efficiency of luminescent color conversion by QDs. Even so,
51external device efficiencies can be significantly lower than the
52PLQY would suggest. Self-absorption of luminescent light by a
53QD ensemble can, for example, disproportionately magnify
54optical loss caused by a limited PLQY. Hence the widespread
55effort to develop colloidal QDs with a +90% PLQY, a figure at
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56 which the impact of successive reabsorption steps on the
57 external quantum efficiency diminishes markedly (Supporting
58 Information section S1).
59 Following the insight that the epitaxial overgrowth of an
60 emissive core QD with a wide band gap semiconductor shell
61 can considerably increase the PLQY,10 near-unity PLQY was
62 attained with CdSe/CdS structures emitting at around 600

t1 63 nm.11 As outlined in Table 1, similar results were recently
64 obtained by the successive growth of ZnSe and ZnS shells
65 around InP core QDs. For example, using InP QDs
66 synthesized using tritrimethylsilylphosphine ((TMS)3P)), a
67 95% PLQY was obtained for green-emitting InP/ZnSe/ZnS
68 QDs,12 an intermediate HF etch of the InP surface led to 100%
69 efficient, red-emitting InP/ZnSe/ZnS structures,8 and similar
70 results were obtained by implementing a purification step prior
71 to shell growth.13 Furthermore, equally efficient green emission
72 was obtained with InP core QDs formed using amino-
73 phosphines, either by means of a Zn(Se,S) shell growth,14 or
74 through the formation of an intermediate GaP layer,15 while
75 the best reported PLQYs of red-emitting InP-based QDs fall in
76 the range of 80−86%.16,17 In addition, near-unity PLQYs were
77 recently reported for green and red emitting InP-based QDs
78 synthesized from sodium phosphaethynolate.18 Still, while
79 showing the feasibility to attain +90% PLQY, few studies
80 present a common strategy implemented within a single
81 synthesis protocol to obtain such results across the full color
82 spectrum from cyan/blue to red, neither in the case of CdSe-
83 nor InP-based QDs.
84 Here, we report on a synthesis method for InP-based QDs
85 that yields +90% PLQY across the full emission spectrum
86 through straightforward rational adaptations of a common
87 synthesis protocol executed within a one-pot reaction mixture.
88 Focusing first on red-emitting InP-based QDs, we show that a
89 succession of interfacial treatments and separate ZnSe and ZnS
90 shell growth results in +90% PLQY emissive InP/ZnSe/ZnS
91 QDs. Here, the intermediate ZnSe shell is essential to avoid
92 broadening of the emission line by strain-induced sample
93 heterogeneity. When reducing the InP core QD dimensions, a
94 gradual admixing of sulfur to form an alloyed Zn(Se,S)

95intermediate shell helps to confine the electron−hole pair
96within the InP core and keep strain-induced line broadening to
97a minimum. Through this approach, we can seamlessly shift
98the emission line from red to cyan/blue while preserving +90%
99PLQY and keeping the line width below 50 nm. Having
100available such full-spectrum InP-based quantum dots with
101+90% PLQY will strongly promote the development of QD-
102based light sources with predesigned emission spectra
103optimized for high color rendering, display applications, or
104human centric lighting.

105RESULTS AND DISCUSSION

106Red-Emitting InP/ZnSe/ZnS Quantum Dots with
107Near-Unity Quantum Yield. We formed InP core QDs by
108reacting InCl3 and diethylaminophosphine ((DEA)3P) in
109oleylamine in the presence of ZnCl2 using an established
110protocol,19 and grew ZnSe shells by the subsequent addition of
111zinc oleate and trioctylphosphine selenium to the reaction
112mixture. Full details on this procedure are given in the
113“Methods” section and Supporting Information section S2. In
114the first instance, we used this approach to synthesize InP/
115ZnSe QDs emitting at 610 nm after ZnSe shell growth and
116evaluate the impact of different interfacial treatments in
117between the InP core formation and the ZnSe shell growth. In
118view of recent studies reporting a dependence between the InP
119core composition and the InP/ZnSe band-alignment or
120emission efficiency,20,21 and between phosphate (PO4

3−) at
121the core/shell interface and an enhanced PLQY,22,23 we either
122injected (1) tetra-butylammonium hexafluorophosphate (TBA
123HFP), (2) water, or (3) a mixture of both in order to achieve
124better control over the composition of the core/shell interface.
125As outlined in Supporting Information section S3, these
126different treatments give rise to a considerable increase of
127oxidized phosphorus, ranging from 19% to 50 and 75%, as
128compared to the 6% of oxidized phosphorus found in a
129reference synthesis without interfacial treatment, while the
130addition of TBA HFP gives rise to some fluorination of the InP
131QD surface, mostly as partially fluorinated phosphorus.

Table 1. Overview of InP-Based QDs with High PLQY Reported in the Literature and in This Studya

QDs precursors: core shell one-pot PL peak (nm) fwhm (nm) QY (%) ref

InP/ZnSe/ZnS
InMy3, (TMS)3P no 535/618 35/42 90/93 13
Zn(COOR)2, ODE-Se/S

InP/ZnSe/ZnS
InLA3, (TMS)3P, HF no

630 35 98 8
ZnOA2, TOP-Se/S 528 36 95 12

Ga-InP/ZnSe/ZnS
InI3, ZnCl2, (DMA)3P no 525 37 97 15
GaI3, ZnSt2, TOP-Se/S

InP/ZnSe/ZnS
InBr3, ZnCl2, (DMA)3P no 621 44 86 17
Zn(Pa)2, TOP-Se/S

InP/ZnSeS/ZnS
InCl3, ZnCl2, (DMA)3P yes 614 63 80 16
ZnSt2, TOP-Se/S

InP/ZnSeS/ZnS
InI3, ZnBr2, (DMA)3P yes 510 45 95 14
ZnSt2, TOP-Se/S

InP/ZnSe/ZnS
InCl3, ZnCl2, NaOCP yes 533/620 36/52 97/95 18
ZnSt2, TOP-Se/S

InP/Zn(Se,S)/ZnS
InX3, ZnX2, (DEA)3P yes 480−630 45 >90 This work
ZnOA2, ZnAc2, TOP-Se/S

aThe different columns give an outline of the QDs synthesized, the precursors used for core and shell synthesis, the use of a one-pot approach, and
the emission characteristics including (PL peak) central wavelength, (fwhm) full width at half maximum of the emission line and PLQY. La, My, Pa,
and St indicate laurate, myristate, palmitate, and stearate, respectively, while (DMA)3P and (DEA)3P refer to tris-dimethylaminophosphine and tris-
diethylaminophosphine.
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f1 132 As shown in Figure 1a, the comparison of different
133 interfacial treatments was carried out using initial InP core
134 QDs with highly similar characteristics, a point highlighting the
135 reproducibility of InP QD formation via the aminophosphine
136 route.19,24 While we found that treatments 2 and 3, which
137 involve water, better preserve the original band-edge feature in
138 the absorbance spectrum, we observed little difference between
139 the different treatments or the reference synthesis after shell
140 growth. All emission spectra were centered around 610 nm,
141 and the full-width at half-maximum (fwhm) of the emission
142 line varied only slightly between treatment 1 (46.5 nm) and
143 treatment 2 (49.5 nm; see Figure 1b). In addition, trans-
144 mission electron microscopy (TEM) micrographs showed no
145 significant alterations in size nor shape for the resulting InP/
146 ZnSe QDs, see Figure 1c and Supporting Information section
147 S3. Moreover, the addition of a ZnSe shell led to a similar
148 increase of the PLQY of the band-edge emission, reaching 60−
149 70% for all samples. Hence, opposite from the idea that
150 suppression of surface oxidation is critical to obtain high-
151 quality InP-based QDs,8 we confirm previous findings that the
152 photoluminescence efficiency of InP/ZnSe QDs can benefit
153 from interfacial oxidation.22 Still, an intriguing observation is
154 the similarity between the different interfacial treatments and
155 the reference, which only yielded 6% of oxidized phosphorus.
156 Since surface oxidation of InP QDs by carboxylic acids is a

157known phenomenon,25 we conjecture that the use of a zinc
158carboxylate, as opposed to zinc chloride,22 to grow ZnSe shells
159suffices to create the interfacial oxide that is needed to
160passivate interfacial trap states. Our main conclusion of this
161analysis was that merely increasing or precisely controlling the
162amount of interfacial oxide appears, by itself, insufficient to
163attain the highest PLQY.
164Recent studies highlighted that the shelling of InP/ZnSe
165QDs by addition of a ZnS layer can result in red and green
166InP/ZnSe/ZnS QDs with a near-unity PLQY,8,12,15 starting
167from InP core QDs formed using tris(trimethylsilyl)phosphine
168and etched using HF prior to shell growth. We therefore
169extended our study to the formation of such a ZnS shell to
170further passivate aminophosphine-based InP/ZnSe QDs in a
171one-pot approach. Here, we continued first with InP/ZnSe
172core/shell QDs emitting at 610 nm formed using interfacial
173treatment 3, although we will show later that the possibility of
174attaining +90% PLQY is independent of the specific interfacial
175treatment implemented. In addition, we included an
176intermediate reaction step after the formation of InP/ZnSe
177but before ZnS shell growth that involved the addition of 5
178equiv of zinc acetate, relative to the initial amount of InCl3, to
179the reaction mixture. While long-chain zinc carboxylates are
180widely used to form ZnSe or ZnS shells around InP
181QDs,8,12,15,16,26−29 few studies describe the use of zinc acetate

Figure 1. (a) Absorbance spectra of InP core QDs before and after an interfacial treatment involving (1) tetrabutyl ammonium
hexafluorophosphate, (2) water, (3) both, or (REF) no treatment. The absorption band-edge feature is better defined after treatment
consisting of water. Spectra have are offset for clarity. (b) Optical properties of InP/ZnSe QDs only differ slightly upon varying the
interfacial treatment of InP core QDs. (c) TEM and HRTEM image of InP/ZnSe QDs produced with the double treatment.
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182 in QD synthesis..30,31 Still, we noted a pronounced brilliance in
183 the reaction mixture after zinc acetate addition, which
184 indicated a significant increase of the photoluminescence
185 efficiency; see Supporting Information section S4. Possibly, the
186 small zinc acetate molecule can more easily bind to
187 undercoordinated selenium at the ZnSe outer surface, thereby
188 eliminating nonradiative recombination centers more effec-
189 tively than long-chain zinc carboxylates.
190 Following this intermediate zinc acetate addition, we
191 injected trioctylphosphine sulfur (TOP-S) to form ZnS with
192 unreacted zinc oleate and acetate already present in the

f2 193 reaction mixture. As indicated in Figure 2a, TOP-S addition
194 induces a small blueshift of the band-edge absorption feature
195 and additional absorbance at wavelengths shorter than ∼350
196 nm, two changes indicative for a successful ZnS shell growth.
197 We confirmed this conclusion by TEM imaging, which gave
198 evidence of an average QD diameter of 10.8 nm, which is 1.4
199 nm larger than the initial InP/ZnSe core/shell QDs. Moreover,
200 elemental analysis by energy-dispersive X-ray spectroscopy

201revealed that the resulting QDs contained sulfur in proportion
202to the amount of TOP-S added, see Figure 2b,c. Most
203interestingly, however, is the photoluminescence of the
204resulting InP/ZnSe/ZnS QDs. As shown in Figure 2d, we
205obtained a band-edge emission that is centered at 607 nm with
206a fwhm of 45.5 nm and PLQY of 95% as measured using an
207integrating sphere and excitation wavelength at 405 nm for the
208best sample. Moreover, repetitive execution of the same
209protocol by three different researchers led to batches with an
210average PLQY of 93%; see Supporting Information section S5.
211As can be seen in Table 1, such a PLQY is the highest reported
212for red-emitting, InP-based QDs formed using amino-
213phosphine as the phosphorus precursor.
214Optimized InP/ZnSe/ZnS Quantum Dots through
215 f3Strain Analysis. As outlined in Figure 3, the scheme we
216developed to form InP/ZnSe/ZnS core/shell QDs involves a
217sequence of crystal growth and interfacial treatment steps
218within a single, one-pot reaction mixture. Such a sequence
219leaves ample room for optimization, for example, by adjusting

Figure 2. (a) Absorbance spectra at different stages of a synthesis of red-emitting InP/ZnSe/ZnS QDs. (b) TEM and HRTEM images of InP/
ZnSe/ZnS QDs show a regular QD shape. The scale bar represents 10 and 25 nm, respectively, for the HRTEM and TEM images. (c)
Energy-dispersive X-ray spectroscopy as elemental analysis tool demonstrates a linear correlation between the injected and incorporated
sulfur in the InP/ZnSe/ZnS QDs. (d) Absorbance and emission spectra of InP/ZnSe/ZnS QDs. Spectra have been normalized relative to the
maximum of the band-edge absorbance or emission.

Figure 3. Synthesis scheme for InP/ZnSe/ZnS QDs using indium and zinc halides, tris(diethylamino)phosphine, zinc carboxylates, and tri-n-
octylphosine selenide and sulfide in oleylamine and 1-octadecene.
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220 the amount of ZnSe and ZnS formed to maximize the PLQY
221 and minimize the emission line width. While such an
222 optimization could be approached through a design of
223 experiments, we sought to relate for this study the strain
224 within the InP/ZnSe core/shell QD structure to the amounts
225 of ZnSe and ZnS used in the synthesis protocol. This approach
226 was inspired by several reports indicating that optimal
227 photoluminescence is obtained when strain in a core/shell
228 structure is minimized32−35 and the idea that a smaller lattice
229 parameter mismatch with a substrate makes for more
230 homogeneous shell growth. We therefore analyzed strain
231 through Raman spectroscopy on two series of samples. A first
232 (series 1) involves a single InP/ZnSe core/shell structure,
233 overgrown by varying amounts of ZnS. In a second (series 2),
234 we used aliquots of a single InP/ZnSe/ZnS structure
235 synthesized at different stages of ZnSe and ZnS shell growth.
236 Finally, also using an InP core, InP/ZnS, InP/ZnSe, and InP/
237 Zn(Se,S)50:50 core/shell QDs, made using the same InP core
238 QDs as all other QDs analyzed, were included as benchmark
239 materials. A full overview of the analysis on the benchmark
240 QDs and the series 1 and 2 QDs is given in the Supporting
241 Information sections S6−S8, respectively.

242 f4Figure 4a represent absorbance and photoluminescence
243spectra for series 1 samples, together with benchmark data
244recorded on InP/ZnS and InP/ZnSe core/shell QDs. Here,
245InP/ZnSe/ZnS QD samples are characterized by the
246equivalence of TOP-S used in the synthesis, relative to TOP-
247Se. As indicated in Figure 2c, the final sulfur/selenium ratio in
248the QDs is proportional to the TOP-S equivalence. Focusing
249on the photoluminescence, one sees that for the ZnSe shell
250thickness used for this experiment, overgrowth with ZnS
251results in a considerable increase of the PLQY, together with a
252small blueshift and a minor broadening of the band-edge
253emission. As outlined in Supporting Information section S7,
254the 44 nm wide emission band centered around 614.5 nm for
255InP/ZnSe widens to 49 nm and shifts to 604 nm when 2 equiv
256of TOP-S are used. This limited impact of ZnS overgrowth
257contrasts starkly with the considerable line broadening to 70
258nm and the blueshift by almost 40 nm observed when ZnS is
259grown directly on similar InP core QDs.
260Selected Raman spectra as recorded on series 1 InP/ZnSe/
261ZnS QDs, InP core, and InP/ZnS and InP/ZnSe core/shell
262QDs are depicted in Figure 4b. In agreement with previous
263studies,34−36 the InP/ZnSe Raman spectrum exhibits two
264optical phonon bands at around 225−250 cm−1 and 335−360

Figure 4. (a) Overview of absorption and emission spectra of series 1 samples, including (bottom-to-top) InP/ZnSe and InP/ZnSe/ZnS
made using 0.7 and 1.3 equiv of TOP-S and InP/ZnS. All spectra have been normalized with respect to the absorbance or emission
maximum at the band-edge transition as indicated. (b) Overview of Raman spectra of a series 1 sample, together with the InP core, the InP/
ZnSe, and the InP/ZnS core/shell reference materials. The vertical lines indicate the reference wavenumber for the InP and ZnSe LO
phonons used to calculated strain from the shift of the respective phonon lines. (c) Strain in the InP core (filled markers) and the ZnSe shell
(open markers) for different series 1 samples, and the InP core and InP/ZnS core/shell reference samples. (d) X-ray diffraction patterns of
series 1 samples as indicated. The vertical lines indicate the diffraction angles expected for zinc blende ZnSe and ZnS as indicated.
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265 cm−1. The band between 225 and 250 cm−1 can be attributed
266 to the longitudinal optical phonon of ZnSe and an interface-
267 related shoulder.36 The band around 335−360 cm−1 can be
268 assigned to transversal (TO) and longitudinal (LO) optical
269 phonons of InP. Also here, one sees that ZnS shell growth
270 around the InP/ZnSe core/shell QDs mostly preserves the
271 Raman features of the InP core and the ZnSe shell (albeit with
272 minor shifts reflecting strain), while direct ZnS shelling of InP
273 core QDs results in a considerable broadening of the InP LO
274 phonon line. For a quantitative analysis, we described the
275 Raman spectra as a sum of Lorentzian fit functions (examples

276 are included in Figure 4b) and used the resulting shifts ω
ω

Δ of

277 the InP and ZnSe LO phonon as compared to the InP and

278 ZnSe reference, to estimate relative lattice constant changes a
a

Δ

279 according to refs 34 and 35:

a
a

1 3 1
i
k
jjj

y
{
zzz

ω
ω

Δ = + Δ −
γ−

280 (1)

281 Here, V
ln
ln

γ = − ω∂
∂ with V being the unit cell volume, is the

282 Grüneisen parameter, which we took as 1.24 and 0.85 for InP
283 and ZnSe, respectively.37−40 Following this analysis, Figure 4c
284 indicates that ZnSe shelling results in a combination of
285 compressive strain in the InP core and tensile strain in the
286 ZnSe shell. In line with previous work,34 the relatively small
287 3.4% lattice parameter mismatch between InP and ZnSe limits
288 strain to ca. −0.75% in the InP core and ∼1% in the ZnSe
289 shell. Further ZnS overgrowth slightly reduces the tensile strain
290 in the ZnSe shell, as expected given the smaller lattice
291 parameter of ZnS.
292 On the basis of the decomposition of the Raman spectrum,
293 we estimated that direct growth of ZnS around InP core QDs
294 results in a 1% compressive strain on the InP core. Being
295 slightly larger than the strain brought about by ZnSe
296 overgrowth, this result agrees with the larger lattice mismatch
297 between InP and ZnS. However, this number probably
298 underestimates the impact of direct growth of ZnS on the
299 structure of the resulting InP/ZnS QDs. The widening of the
300 band-edge emission and the pronounced broadening of the
301 InP phonon line both point toward a considerable structural
302 disorder, either within single QDs or between different QDs.
303 This point is confirmed by the X-ray diffraction patterns of
304 selected series 1 InP/ZnSe/ZnS samples shown in Figure 4d.
305 While ZnS shell growth around InP/ZnSe core/shell QDs only
306 leads to a slight shift of the diffraction features to larger angles
307 and a minor peak broadening, direct growth of a ZnS shell on
308 InP core QDs strongly broadens the diffraction features
309 centered at the expected angles for ZnS. We thus conclude that
310 the intermediate ZnSe shell is essential to mitigate the strong
311 impact of the lattice mismatch between InP and ZnS on the
312 QD structure and attain the narrowest emission lines.
313 Given this central role of the ZnSe intermediate shell, we
314 continued this study by monitoring the evolution of the optical
315 characteristics and the strain in core and shell as a function of
316 the ZnSe shell thickness (series 2), for which we doubled the
317 amount of TOP-Se as compared to the reference synthesis
318 discussed in the previous section and used 0.4 equiv of TOP-S.

f5 319 Figure 5 summarizes the analysis of these series 2 reaction
320 aliquots. A full overview is given in Supporting Information
321 section S8. As can be seen, the formation of a ZnSe shell
322 induces a redshift of the band-edge absorption from 550 nm to,
323 eventually, 580 nm for the thickest ZnSe shells. This evolution

324is well-known from literature and is typically assigned to
325charge-carrier delocalization in the ZnSe shell. In addition, the
326progressive overgrowth of ZnSe induces a continuous
327reduction of the emission line width, which reaches 44.5 nm
328for the thickest ZnSe shells. However, the initial increase of the
329PLQY upon ZnSe shell growth, from 68 to 87% in this
330experiment, is reversed when shell growth continues; an
331evolution that may reflect the increasing difficulty to fully
332passivate larger ZnSe surfaces during synthesis or after
333purification. Interestingly, while ZnSe shell growth immedi-
334ately results in compressive strain in the InP core, it appears
335that the ZnSe shell first experiences increasing tensile strain
336that is, however, completely relieved for the thickest ZnSe
337shells. In line with previous results of strain analysis for InP/
338ZnSe QDs,41 this observation possibly indicates that ZnSe is
339initially deposited as partial shell islands that only merge into a
340complete, coherent ZnSe shell in the later stages of the
341reaction. This limiting situation concurs with the most narrow
342emission line, which could thus reflect the elimination of
343heterogeneity due to variations of the spectral redshift or core/
344shell strain across the QD ensemble related to slight differences
345in shell thickness. Finally, the addition of ZnS preceded by the
346zinc acetate interfacial treatment brings the PLQY to 90%,
347without further straining the InP core or the ZnSe shell. These

Figure 5. Variation of (red) central wavelength of the band-edge
emission in (open markers) absorbance and (filled markers)
photoluminescence spectra, (green filled markers) PLQY and
(open markers) emission line width, and (blue) strain in (open
markers) ZnSe and (filled markers) InP throughout a full synthesis
sequence involving two ZnSe and one ZnS growth stage separated
by interfacial treatments as indicated. Prior to purification of the
final product, 1-dodecanthiol (DDT), was added to the reaction
mixture.
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348 observations agree with the occurrence of a minimal (3 nm)

349 spectral blueshift and a minor (2−3 nm) broadening of the
350 emission line.

351 Since the strain in the ZnSe shell in InP/ZnSe core/shell
352 QDs is largely eliminated for thicker shells, we hypothesized

353that the best moment to add the ZnS outer shell occurs after a

354reaction time of 45−60 min for the precursor concentration

355and temperature profile used in the reference reaction. Thinner

356shells come with a more extended ZnSe lattice, which may
357compromise the formation of homogeneous ZnS shells. We

Figure 6. (a) Position of the band gap of the InP core QDs used to form red-, amber-, green-, and cyan-emitting core/shell QDs, relative to
the bulk band gap of Zn(Se,S)x,100−x, where x indicates the fraction of selenium. (b) Variation of the lattice parameter of Zn(Se,S)x,100−x as a
function of the selenium fraction. (c) Raman spectrum of InP/Zn(Se,S)50,50 core/shell QDs, synthesized using InP core QDs with a band-
edge transition at 530 nm. The position of the relevant phonon lines of InP/ZnSe core/shell QDs with a similar InP core is indicated.

Figure 7. (a) Absorbance spectrum of InP/Zn(Se,S)25,75/ZnS core/shell/shell QDs. Inset: zoom of the absorbance spectrum of (dark green)
InP core QDs, (medium green) InP/Zn(Se,S)25,75 core/shell QDs, and (light green) InP/Zn(Se,S)25,75/ZnS core/shell/shell QDs. The
maximum of the band-edge absorbance is indicated in all cases. (b) Absorbance and emission spectra of InP/Zn(Se,S)25,75 core/shell and
InP/Zn(Se,S)25,75/ZnS core/shell/shell QDs. The maximum emission wavelength, the line width, and the PLQY have been specified for each
sample. (c, d) TEM and (inset) HRTEM micrographs of InP/Zn(Se,S)25,75 core/shell and InP/Zn(Se,S)25,75/ZnS core/shell/shell QDs,
showing a regular QD shape with respective average diameters of 4.4 ± 0.1 and 6.8 ± 0.1 nm with standard deviations of 0.7 and 1.1 nm. (e)
X-ray diffraction patterns of InP/Zn(Se,S)25,75 core/shell and InP/Zn(Se,S)25,75/ZnS core/shell/shell QDs. Vertical lines indicated the
diffraction angles expected for ZnSe and ZnS as a reference. (f) Result of a +10 g synthesis of green-emitting InP/Zn(Se,S)25,75/ZnS core/
shell/shell QDs, including (top) absorbance and photoluminescence spectra and (bottom) an image of the reaction flask.
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358 indeed observed more irregular ZnS shells in TEM micro-
359 graphs of series 1 samples made using greater equivalent values
360 of TOP-S; see the Supporting Information section S7. Thicker
361 ZnSe shells, in contrast, extend the total reaction time while
362 only attaining a marginal further narrowing of the emission
363 line. Furthermore, in view of the reference reactions, the ZnS
364 shell is best grown using 0.7 equiv of TOP-S, an amount that
365 results in a shell thickness that yields a high PLQY while
366 avoiding further line broadening. It was the synthesis protocol
367 set up based on these considerations that was tested by three
368 different collaborators and invariably yielded red-emitting InP/
369 ZnSe/ZnS core/shell QDs with line widths between 45.5 and
370 47.5 nm and a PLQY of 90−95%; see Supporting Information
371 section S5.
372 Full-Spectrum InP-Based QDs with Near-Unity Quan-
373 tum Yield. As a next step, we investigated the extension of the
374 proposed protocol to smaller InP cores so as to obtain amber-,
375 green-, and cyan-emitting QDs. In this respect, the
376 considerable redshift of the band-edge transition of the InP
377 core QD forced us to adapt the ZnSe-ZnS shelling sequence
378 applied to form red-emitting InP/ZnSe/ZnS QDs. As shown in

f6 379 Figure 6a, to end up with an emission line at around 520 nm,
380 we needed InP core QDs with a band-edge transition in the
381 range of 420−440 nm. Such wavelengths, however, correspond
382 to an energy gap that is larger than the band gap of ZnSe. To
383 enforce charge carrier confinement for such small InP core
384 QDs, we therefore replaced the intermediate ZnSe shell by an
385 alloyed Zn(Se,S)x,100−x shell, where x indicates the fraction of
386 selenium. Since admixing sulfur will unavoidably increase the
387 lattice mismatch with the InP core, we again evaluated the
388 impact of an alloyed Zn(Se,S)x,100−x shell on the QD structure
389 with Raman spectroscopy through the shift and the broadening
390 of the InP phonon lines. Using a similar InP core QD as
391 before, Figure 6b,c indicates that InP/Zn(Se,S)50,50 core/shell
392 QDs feature a further blueshift of the InP phonon band and a
393 redshift of the ZnSe band as compared to InP/ZnSe, a
394 variation in line with the expected reduction of the ZnSe lattice
395 parameter upon sulfur admixing and the ensuing increase of
396 the lattice mismatch with the InP core. Even so, the
397 broadening of the InP phonon band is far less pronounced

398than found for plain ZnS shells; this result suggests that a
399switch to InP/Zn(Se,S)x,100−x/ZnS core/shell QDs may better
400preserve the line width of the band-edge photoluminescence
401than a plain ZnS shell.
402To form green-emitting InP-based QDs, we therefore first
403replaced InCl3 and ZnCl2 in the InP core synthesis by InBr3
404and ZnBr2, in line with previous literature,19 and used 7 equiv
405instead of 4 equiv of aminophosphine to form InP core QDs
406 f7with a band-edge feature at around 430 nm; see Figure 7a.
407Next, these QDs were shelled by a Zn(Se,S)25,75 alloy, grown
408by reacting zinc oleate with TOP-Se and TOP-S at 300 °C,
409added in a 1:3 ratio. As shown in Figure 7a, this shelling shifts
410the band-edge absorbance maximum to 490 nm and enhances
411the absorbance at wavelengths shorter than 380 nm. In this
412case, we applied interfacial treatment 1 prior to the shell
413growth. The resulting InP/Zn(Se,S)25,75 exhibit a 45 nm wide
414band-edge photoluminescence band centered at 522.5 nm with
415a PLQY of 63%; see Figure 7b. Further completing the
416structure with a ZnS outer shell causes a slight blueshift in the
417emission line to 517.5 nm while preserving the line width and
418raising the PLQY to 100%. TEM imagesand X-ray diffraction
419patterns shown in Figure 7c−e and Supporting Information
420section S9 confirm that the synthesis proceeds as described.
421The diffraction features of the InP/Zn(Se,S)25,75 core/shell
422QDs are shifted to slightly larger angles as compared to InP/
423ZnSe (see Figure 4d), and the resulting QDs, with an average
424diameter of 4.4 ± 0.1 nm with a standard deviation of 0.7 nm,
425are significantly larger than the initial InP core QDs. The final
426ZnS shell growth further shifts the diffraction pattern and
427results in somewhat larger overall QDs with sizes of 6.8 ± 0.1
428nm and a standard deviation of 1.1 nm.
429Upon extending the initial protocol for red-emitting InP-
430based QDs to form green-emitting InP-based QDs with near-
431unity PLQY, we observed that small details in the synthesis
432protocol impact the end result. Here, an interesting element is
433that the different reactivity of TOP-Se and TOP-S results in a
434changing shell composition with reaction time. As shown in
435Supporting Information section S9, a ZnSe-rich inner shell is
436grown in the initial stage of the shell growth reaction, while a
437gradual enrichment with ZnS follows in the later stage of the

Figure 8. (a) Absorbance spectrum of InP/Zn(Se,S)10,90/ZnS core/shell/shell QDs with a maximum band-edge absorbance at 444 nm. Inset.
Zoom on the band-edge absorbance of (dark cyan) the initial InP core QDs and (cyan) the eventual InP/Zn(Se,S)10,90/ZnS core/shell/shell
QDs. (b) Absorbance and emission spectra of InP/Zn(Se,S)10,90/ZnS core/shell/shell QDs. The maximum emission wavelength, the line
width, and the PLQY have been specified. (c) X-ray diffraction patterns of InP/Zn(Se,S)10,90/ZnS and InP/ZnS/ZnS core/shell/shell QDs
nearly coincide with that of ZnS. Vertical lines indicate the diffraction angles expected for ZnS as a reference.
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438 reaction. Such composition gradients can explain our finding
439 that the heating rate after the start of the InP/Zn(Se,S)25,75
440 shell affects the eventual line width of the photoluminescence;
441 see Supporting Information section S9. As this impact of the
442 heating rate on the line width was absent for red-emitting InP/
443 ZnSe/ZnS QDs, we hypothesize that slower heating rates
444 promote the initial growth of a selenium rich inner layer more
445 than faster heating rates do. Such a ZnSe-rich inner shell can
446 help mitigate strain induced by the core/shell lattice mismatch.
447 This assumption agrees with recent literature, where near-unity
448 green-emitting InP/Zn(Se,S)/ZnS and InP/ZnSe/ZnS QDs
449 with line widths of 45 and 37 nm where reported,
450 respectively,12,14,15 even if the latter result was obtained by
451 intermediate size fractionation of the InP core QDs.
452 Furthermore, although 4 equiv of aminophosphine lead to
453 QDs featuring a more pronounced band-edge absorbance, we
454 found that a higher equivalent of aminophosphine led to a
455 more narrow emission line and a higher PLQY after ZnS shell
456 growth; see Supporting Information section S9. Finally, we
457 tested the robustness of the established protocol by scaling up
458 the reaction to form 10 g of green-emitting InP-based QDs. As
459 shown in Figure 7f, the characteristics of the resulting QDs are
460 nearly identical to those obtained at smaller scale.
461 In principle, the adaptations to the initial synthesis protocol
462 we introduced for forming green-emitting InP-based QDs can
463 be extended further to synthesize cyan-emitting InP-based
464 QDs with a similar, near-unity PLQY. To explore that
465 possibility, we replaced InBr3 and ZnBr2 with the correspond-
466 ing iodides to form even smaller InP core QDs,19 and we used
467 a Zn(Se,S)10,90 alloy as a shell to limit the spectral redshift by
468 further promoting charge-carrier confinement in the InP core

f8 469 (see Figure 6a). As shown in Figure 8a, this approach results in
470 core InP QDs with a maximum band-edge absorbance at 377
471 nm that shifts to 444 nm upon the sequential growth of a
472 Zn(Se,S)10,90 and a ZnS shell. Moreover, the final InP/
473 Zn(Se,S)10,90/ZnS core/shell/shell QDs feature a 46 nm wide
474 emission line that has maximum intensity at 483 nm, i.e., at the
475 edge of the cyan and blue spectral regions. In this case, we
476 obtained a PLQY of 82%, a figure that we could enhance to
477 +90% by using a plain ZnS shell, albeit at the expense of a line
478 width increase to 55.5 nm; see Figure 8b. In line with the
479 growth of a sulfur rich Zn(Se,S)10,90 shell, the diffraction
480 pattern of these cyan/blue emitting QDs nearly coincides with

481that of ZnS, see Figure 8c. So far, only few studies have
482reported the formation of cyan/blue InP-based QDs,28,29,42,43

483with highest PLQYs reported so far of 70% at a peak emission
484wavelength of 490 nm and a line width of 48 nm.28

485Similarly, we explored adaptations to the initial red QD
486synthesis protocol to synthesize amber-emitting InP-based
487QDs. For that purpose, we replaced ZnCl2 by ZnBr2 to form
488slightly smaller InP core QDs,19 and we tried either an
489intermediate shell formed from plain ZnSe or a Zn(Se,S)75,25
490alloy to analyze the balance between charge-carrier confine-
491ment in the InP core (see Figure 7a), and additional line
492broadening brought by an increased lattice mismatch. As
493 f9shown in Figure 9a,b, this approach results in core InP QDs
494with a maximum band-edge absorbance at 488 nm, that shifts
495to 530 nm upon the sequential growth of a plain ZnSe and a
496ZnS shell. Moreover, the resulting InP/ZnSe/ZnS core/shell/
497shell QDs feature a 48 nm wide emission line that has
498maximum intensity at 562 nm. In this case, we obtained a
499PLQY of 82%, a figure that we could enhance to 87% by using
500a Zn(Se,S)75,25 innershell, albeit at the expense of a line width
501increase to 53 nm (Figure 9b).
502While the use of a Zn(Se,S)75,25 alloyed shell reduces, as
503expected, the spectral redshift of the band-edge absorbance
504and emission of amber-emitting QDs, the increased line width
505reflects the delicate balance between promoting charge carrier
506confinement and inducing line broadening by changing the
507inner shell composition and increasing core/shell lattice
508mismatch. This point is further highlighted by the summary
509of the characteristics of the different InP-based QDs presented
510 t2in Figures 2 and 7−9 and in Table 2. Moving from red- to

Figure 9. (a) Absorbance spectrum of InP/ZnSe/ZnS core/shell/shell QDs. Inset: zoom of the absorbance spectrum of (light green) InP
core QDs, (amber) InP/ZnSe/ZnS core/shell/shell QDs. The maximum of the band-edge absorbance is indicated in all cases. (b)
Absorbance and emission spectra of InP/ZnSe/ZnS and InP/Zn(Se,S)75,25/ZnS core/shell/shell QDs as indicated. The maximum emission
wavelength, the line width and the PLQY have been specified for each sample.

Table 2. Overview of Synthetic and Optical Characteristics
of the Different InP-Based QDs Presented in This Work
Organized According to Emission Color

color shell composition PL peak (nm) fwhm (nm) PLQY

red ZnSe 607 45.5 95%
amber 1 ZnSe 562 48 82%
amber 2 Zn(Se,S)75,25 552 53 87%
green Zn(Se,S)25,75 517.5 45 100%
cyan 1 Zn(Se,S)10,90 483 46 82%
cyan 2 ZnS 491 55.5 92%
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511 cyan-emitting QDs, one sees that for a given emission
512 wavelength, an increased sulfur content in the inner shell
513 raises the PLQY at the expense of the emission line width.
514 However, a larger lattice mismatch has less impact on the
515 emission line width of smaller InP core QDs, a finding
516 probably reflecting the larger tolerance of smaller core QDs for
517 core/shell lattice mismatch.44,45 The resulting possibility to
518 gradually increase the sulfur content of inner shell with
519 decreasing InP core size is what enables InP-based QDs with
520 narrow emission lines and a near unity PLQY to be formed
521 across the full visible spectrum.

522 CONCLUSION
523 We developed a highly reproducible approach to synthesize
524 colloidal InP/Zn(Se,S)x,100−x/ZnS core/shell/shell QDs. Ra-
525 tional adaptations of a common synthesis protocol to change
526 the core size and adjust the intermediate shell composition
527 enable a full tuning across the visible spectrum from cyan/blue
528 to red. Moreover, the passivation of the intermediate
529 Zn(Se,S)x,100−x shell by a ZnS outer shell results in a near-
530 unity photoluminescence efficiency across this entire spectral
531 window, and careful control of the strain induced by the shell
532 growth keeps the emission line width close to 45 nm,
533 regardless of the emission wavelength. The possibility to
534 form such high-quality QDs with variable emission wave-
535 lengths will strongly promote research into the optoelectronic
536 properties of InP-based QDs. Moreover, in view of
537 luminescent color conversion, the combination of spectral
538 tunability and near-unity PLQY enables efficiency losses and
539 heating due to self-absorption to be suppressed in applications
540 ranging from solar concentrators to high color-rendering white
541 LEDs and micro-LED displays. Even so, further improvements
542 to the proposed synthesis method are needed, in particular to
543 make the emission more narrow and symmetrical and shift the
544 central emission line deeper in the blue part of the visible
545 spectrum to enable, for example, full conversion of near-UV
546 light in visible spectra-on-demand.

547 METHODS
548 Quantum Dot Synthesis. Collodial InP/ZnSe/ZnS were
549 synthesized through adaptations of a previously published method,19

550 which will be detailed here for the case of red-emitting QDs. An
551 exhaustive description of the precursor preparation and all synthesis
552 protocols can be found in Supporting Information section S2. To start
553 the synthesis, 100 mg (0.45 mmol) of indium(III) chloride as indium
554 raw material and 300 mg (2.20 mmol) of zinc(II) chloride as zinc raw
555 material were mixed in 3 mL (9.10 mmol) of anhydrous oleylamine.
556 The mixture was stirred and degassed at 120 °C for an hour and then
557 heated to 180 °C under inert atmosphere. Upon reaching 180 °C,
558 0.50 mL (1.83 mmol) of tris(diethylamino)phosphine, transaminated
559 with 2 mL (6.07 mmol) of anhydrous oleylamine, was quickly injected
560 in the reaction mixture described above and the InP nanocrystal
561 synthesis proceeded. After 30 min, the dispersion was cooled to 120
562 °C, and 120 mg (0.31 mmol) of tetrabutylammonium hexafluor-
563 ophosphate, 0.3 mL (16.65 mmol) of water, and 2 g (3.18 mmol) of
564 zinc(II) oleate mixed in 2 mL (6.07 mmol) of oleylamine and 4 mL
565 (12.50 mmol) of 1-octadecene were added as a surface treatment
566 prior to ZnSe shell growth. Subsequently, the mixture was stirred and
567 degassed for an hour. Afterward, 1.6 mL of a stoichiometric TOP-Se
568 (2.24 M) solution was injected, and the temperature was raised to 330
569 °C. At this temperature, the shell growth went on for 28−60 min.
570 Subsequent to the ZnSe shell growth, the reaction mixture was cooled
571 down to 120 °C, after which 400 mg (2.21 mmol) of zinc(II)acetate
572 was added and the mixture was stirred and degassed for 1 h.
573 Consecutively, 1 mL of a stoichiometric TOP-S (2.24 M) solution

574was injected, and the temperature was raised to 300 °C. After 1 h of
575ZnS shell growth, the temperature had been set to 240 °C and 1 mL
576(4.18 mmol) of dodecanethiol was injected. Ten minutes later, the
577reaction was stopped by cooling down the mixture to room
578temperature. InP/ZnSe/ZnS QDs were then precipitated once
579using acetone, redispersed in toluene, and stored in a N2-filled
580glovebox.
581Material Characterization. UV−vis spectra were recorded on a
582PerkinElmer Lambda 365 UV−vis spectrophotometer. XRD analysis
583was conducted on a Thermo Scientific ARL X’Tra diffractometer,
584operated at 40 kV/30 mA using Cu Kα radiation (λ = 1.5406 Å) and
585a Peltier cooled Si(Li) solid-state dectector. Energy-dispersive X-ray
586spectroscopy (EDS) was carried out with a JEOL EX 24065 JGP.
587Transmission electron microscopy (TEM) images were recorded on a
588JEOL JEM-2200FS transmission electron microscope at 200 kV with
589the QDs deposited on copper grids coated with ultrathin carbon film.
590PL spectra were taken on a Edinburgh Instruments FLSP920
591spectrophotometer. The absolute PLQY was measured using an
592integrating sphere. For Raman spectroscopy, the QD solutions were
593drop-cast on gold foil. As an excitation source, a solid-state laser
594(Cobolt) with 437 nm wavelength was chosen; the laser spot was
595focused to approximately 1 μm in diameter on the sample and laser
596power was held around 0.1 mW for all measurements to prevent
597damage or heating of the samples. Raman spectra were recorded
598under ambient conditions in backscattering geometry using a Horiba
599T64000 spectrometer equipped with a 1800 gr/mm grating and a
600nitrogen-cooled CCD for spectrum acquisition. For each sample,
601multiple spectra were acquired from several sample spots. There were
602no significant differences in the spectra and no degradation visible
603within one set of measurements of the same sample. Each set of
604spectra was calibrated using neon lines.
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