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Abstract

Environment-benign indium phosphide (InP) quantum dots (QDs) show great promise as visible emitters for next-
generation display applications, where bright and narrow emissivity of QDs should be required toward high-
efficiency, high-color reproducibility. The photoluminescence (PL) performance of InP QDs has been consistently,
markedly improved, particularly owing to the exquisite synthetic control over core size homogeneity and core/shell
heterostructural variation. To date, synthesis of most high-quality InP QDs has been implemented by using zinc
(Zn) carboxylate as a shell precursor that unavoidably entails the formation of surface oxide on InP core. Herein,
we demonstrate synthesis of superbly bright, color-pure green InP/ZnSe/ZnS QDs by exploring an innovative
hybrid Zn shelling approach, where Zn halide (ZnX,, X = Cl, Br, I) and Zn oleate are co-used as shell precursors. In
the hybrid Zn shelling process, the type of ZnX, is found to affect the growth outcomes of ZnSe inner shell and
consequent optical properties of the resulting heterostructured InP QDs. Enabled by not only the near-complete
removal of the oxide layer on InP core surface through the hybrid Zn shelling process but the controlled growth rate
of ZnSe inner shell, green InP/ZnSe/ZnS QDs achieve a record quantum yield (QY) up to unity along with a highly
sharp linewidth of 32 nm upon growth of an optimal ZnSe shell thickness. This work affords an effective means to
synthesize high-quality heterostructured InP QDs with superb emissive properties.
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INTRODUCTION

Today, colloidal quantum dots (QDs) are scientifically and industrially important nanomaterials
particularly as visible emitters for post-organic light-emitting diode next-generation displays" . Besides,
high compatibility of QDs with solution processing and for inorganic-organic hybridization makes them
prospective candidates for flexible/stretchable display devices™*. To meet the high standards of state-of-the-
art display devices that require high efficiency and color gamut, bright and narrow emissivity of QDs must
be achieved. Pb-containing perovskite- and CdSe-based QDs with excellent photoluminescence (PL)
quantum yield (QY) (> 90%) and sharp linewidth [full-width-at-half-maximum (FWHM)] (< 20-30 nm) are
considered ideal light emitters'>”"", but their use is strictly limited to the commercial display panels due to
the environmental regulations on toxic heavy metal elements">"". In this regard, visible-emissive indium
phosphide (InP)-based QDs with an environmental benignity have emerged as the most promising

[14-18

alternative"*. A primary factor that limits the optical properties of InP QDs is the incomplete surface
passivation, by which unpassivated surface dangling bonds serve as the trap sites for photoexcited carriers,
detrimental to the radiative recombination. In heterovalent core/shell structure of InP QDs, ZnS has been
initially chosen as a shell due to its wide band gap which enables the effective confinement of charge carriers
within the InP core domain"**”. However, PL performance of the resulting InP/ZnS QDs was often
unsatisfactory mostly thanks to the considerable interfacial strain developed by a sizable InP-ZnS lattice
mismatch. Placement of better lattice-matched shells, such as GaP*", ZnSe"***, and ZnSeS”*’, between
InP and ZnS led to significant enhancements of PL figures-of-merit (i.e., QY and FWHM). The state-of-the-
art heterostructured InP QDs for green and red colors displayed PL QYs of 2 95% and FWHMs of ca.

35 nm"*?

|. Meanwhile, single-particle measurements of InP QDs revealed the linewidth values comparable
to those of CdSe QDs (< 30 nm)"™**”), suggesting there is still large room for further synthetic improvement

toward sharper, brighter emissivity of InP QDs.

In a typical synthesis of InP QDs, the carboxylic acid used to generate indium carboxylate produces water
through a ketonization reaction at high temperatures. This water, in turn, induces the unwanted formation
of a surface oxidation product on as-synthesized InP core"***, which can hamper not only full passivation of
core surface but uniform growth of epitaxial shell. For an effort to etch out such surface oxide species,
hydrofluoric acid (HF) was directly introduced” or indirectly in-situ generated via the reaction between
ZnF, and carboxylic acid® in synthesis of “red-emissive” InP/ZnSe/ZnS QDs, resulting in PL QY's of 90%-
100% and FWHMs of 35-36 nm. Although the HF treatment is a useful means for the effective removal of
the surface oxide layer on InP core, its highly corrosive, toxic character may become a stumbling block for
eco-friendly, sustainable mass production in the future. Thus, an alternative safe synthetic method should
be unearthed. Moreover, judging from no noteworthy report on the efficacy of HF treatment on “green-
emissive” InP QDs, it is highly likely that HF treatment works well only to a relatively large-sized (i.e., red-
emissive) core, even though its cause appears still ambiguous.

In this contribution, a new and innovative means toward synthesis of green InP/ZnSe/ZnS QDs with a unity
PL QY together with a sharp emissivity is developed. The key to synthetic success involves adding zinc
oleate [Zn(OA),] to the existing zinc halide (ZnX,)-based shell growth process. We first explore the effects
of different shell precursors of Zn(OA), and ZnX, (X = Cl, Br, I) on growth outcomes and optical properties
of the resulting heterostructured InP QDs. InP/ZnSe/ZnS QDs shelled with oxygen-free Zn precursors of
ZnX, exhibit not only higher PL QYs (75%-89%, depending on the type of ZnX,) but more homogeneous
particle morphologies compared to those shelled with a common Zn precursor of Zn(OA),. The subsequent
hybrid shelling approach, where co-use of Zn(OA), and ZnX, synergically leads to the effective removal of
surface oxide species on InP core, further enables synthesis of green InP QDs having PL QYs of up to 100%
along with a narrow FWHM of 32 nm upon adopting an appropriate halide precursor of ZnBr, and
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reaching an optimal ZnSe inner shell thickness.

EXPERIMENTAL

Synthesis of InP core QDs

Synthesis of green-emissive InP cores was conducted by mixing 0.15 mmol of indium (In) acetate,
0.125 mmol of Zn acetate, 0.5 mmol of palmitic acid, and 5 mL of 1-octadecene (ODE) in a 50 mL flask,
followed by degassing at 120 °C for 60 min. Next, 0.1 mmol of tris(trimethylsilyl)phosphine [(TMS),P]
diluted with 1 mL of trioctylphosphine (TOP) was injected into the mixture under flowing nitrogen. The
mixture was then heated to 240 °C, and the growth of InP cores proceeded at that temperature for 10 min.
The reaction was completed by cooling the InP core growth solution to room temperature and the resulting
InP cores were precipitated by adding excess ethanol and redispersed in 1 mL of toluene.

Double shelling of InP core with ZnSe/ZnS based on Zn oleate or Zn halides

For Zn oleate [Zn(OA),]-based shelling, 5.0 mmol of Zn acetate, 3 mL of ODE, and 10 mmol of oleic acid
(OA), and 1 mL of InP core dispersion (in toluene) were loaded in a 50 mL flask. After the toluene was fully
removed through evacuation at 120 °C for 30 min, the mixture was heated to 160 °C. For ZnSe inner
shelling, Se-TOP solution [1.0 mmol of selenium (Se) dissolved in 1 mL of TOP] was rapidly introduced,
followed by the reaction at 300 °C for 60 min. For a sequential growth of Zn§S outer shell, S-TOP solution
(0.5 mmol of S dissolved in 0.5 mL of TOP) was injected, followed by the reaction at 300 °C for 60 min. The
whole growth reaction was finalized by adding 0.75 mL of 1-octanethiol (OTT) and reacting at 230 °C for
60 min. After cooling to room temperature, as-synthesized QDs were collected with the addition of excess
ethanol, repeatedly purified with a combined solvent of hexane/ethanol using centrifugation, and finally
redispersed in hexane. In the case of Zn halides-based shelling, 5.0 mmol of Zn halide (ZnCl,, ZnBr,, or
Znl,), 3 mL of ODE, and 3 mL of oleylamine (OLA), and 1 mL of InP core dispersion were loaded in a flask
and the following procedures were exactly the same as above.

Double shelling of InP core with ZnSe/ZnS based on Zn halide-derived hybrid approach

First, 5.0 mmol of Zn halide (ZnCl, ZnBr,, or Znl,), 3 mL of ODE, 3 mL of OLA, and 1 mL of InP core
dispersion were loaded in a flask, followed by the same procedures as above prior to ZnSe inner shelling.
For ZnSe inner shelling, Se-TOP solution (1.0 mmol of Se dissolved in 1 mL of TOP) and Zn stock solution
(2.8 mmol of Zn acetate dissolved in 0.88 mL of OA and 8 mL of ODE) were rapidly injected together,
followed by the reaction at 300 °C for 60 min. Then, ZnS outer shelling was conducted by injecting S-TOP
solution (0.5 mmol of S dissolved in 0.5 mL of TOP) and the Zn stock solution (0.7 mmol of Zn acetate
dissolved in 0.44 mL of OA and 2 mL of ODE) and reacting at 300 °C for 60 min. The subsequent
procedures were the same as above. The overall synthetic procedures are illustrated in Scheme 1.

Characterization

Absorption and PL spectra of InP QDs dispersed in hexane were measured by using ultraviolet (UV)-visible
spectroscopy (Shimadzu, UV-2450) and a 500 W Xe lamp-equipped spectrophotometer (PSI Co. Ltd., Darsa
Pro-5200), respectively. PL QY of QDs was assessed in an integrating hemisphere with an absolute PL QY
measurement system (Otsuka, QE-2000). PL decay profile of QDs in hexane dispersion was recorded using
the time-correlated single-photon counting method on a spectrophotometer (Edinburgh Instruments, FS5)
equipped with a picosecond pulsed laser diode (EPL-375). High-resolution transmission electron
microscopy (TEM) images of QDs were obtained with a JEM-2100F (JEOL Ltd). X-ray photoelectron
spectroscopic (XPS) (Thermo Scientific Inc., K-Alpha) analysis on QDs was performed to identify their
surface chemical composition. Powder X-ray diffraction (XRD) with Cu Ka radiation (Rigaku, Ultima IV)
was used to additionally provide information on size variation of a series of heterostructured InP QDs. *'P
solid-state nuclear magnetic resonance (NMR) experiments were recorded on a spectrometer (Bruker,
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Scheme 1. Synthetic procedures from InP core to InP/ZnSe/ZnS core/shell/shell QDs. InP: Indium phosphide; QDs: quantum dots.

AVANCE II' 400 MHz NMR system). The samples were packed into 3.2 mm zirconia rotors. The rotors
were spun 10 kHz at room temperature. *'P solid-state NMR was performed with a recycle delay of 100 s. *'P
chemical shifts were referenced to an external 85% H,PO, sample. Raman spectral analysis was conducted
utilizing a Raman imaging microscope (Thermo Scientific Inc., DXR2xi). The samples were prepared by
drop-casting the QDs solution on a silicon substrate and drying in ambient condition. All samples were
excited at a wavelength of 455 nm employing a laser diode. The resultant scattering signals were captured
via an electron-multiplying charge-coupled device (CCD).

RESULTS AND DISCUSSION

The present green-emissive InP cores were synthesized by heating up a mixture of (TMS),P, In acetate, Zn
acetate, palmitic acid, and ODE to 240 °C, where the formed Zn carboxylate plays a role in regulating the
reactivity of indium precursor with (TMS),P via Zn-P coupling toward narrow size distribution® . The
resulting InP cores displayed a well-defined absorption feature with the first excitonic peak at 440 nm along
with a high valley depth (VD) of 0.4 [Supplementary Figure 1A]. The VD value, defined as the ratio of
absorption between the first maximum and the minimum inflection point, is a convenient measure for
assessing the size distribution particularly for binary QDs, as their band gap (E,) variation is derived
exclusively from the degree of size distribution with the compositional deviation excluded. Nemoto et al.
reported an even higher VD of 0.51 from green-emissive InP cores™*”, indicating there is still room for
synthetic optimization of our InP cores toward higher size homogeneity. The size of InP core required to
secure green emissions of ca. 525-535 nm in PL peak wavelength typically ranges in 2-2.5 nm
(corresponding to the first excitonic absorption peaks at ca. 430-460 nm), although the ultimate PL
wavelength nontrivially varies with details of core/shell heterostructure including shell chemical
composition and thickness. As seen in a TEM image of InP cores [Supplementary Figure 1B], the precise
size determination of green-emissive InP core is highly challenging from direct microscopic measurement
due to its extremely tiny size. Such size uncertainty is often tackled with the correlation between E, versus
diameter (d) (i.e., sizing curve) such as E, = 1.401 + 3.493/d""” for InP cores', by which the size of the
present InP cores was estimated to be 2.0 nm.

InP cores were placed in a two-step shelling process, which rules out the gradual incorporation of unreacted
species (yielding the non-radiative recombination channels) into the subsequent heteroepitaxial shell”.
Distinct from the existing shelling protocol, where Zn(OA), is exclusively used for ZnSe inner and Zn$
outer shell growth, we uniquely adopted Zn halide precursors of ZnX, (X = Cl, Br, I). For convenience’s
sake, we denoted InP QDs shelled with different types of Zn precursors as InP-ZnX, and InP-Zn(OA)..
Figure 1A presents the Zn precursor-dependent variations of PL QYs and peak wavelengths of green InP/
ZnSe/ZnS QDs. InP-ZnX,/ZnSe/ZnS QDs exhibited overall higher PL QYs (specifically, 75%-89%,
depending on the type of Zn halide) compared to InP-Zn(OA),/ZnSe/ZnS ones (71%), while use of ZnBr,
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Figure 1. (A) Variations of PL QY and peak wavelength; (B) absorption spectra; and (C-F) TEM images of green InP/ZnSe/ZnS QDs
synthesized with different Zn precursor types of ZnX, (X = Cl, Br, ) and Zn(OA), for growth of ZnSe inner and ZnS outer shell. The
double shell thicknesses of ZnSe/ZnS for individual QDs are also depicted in (C-F). The scale bars in (C-F) are all 20 nm. PL:
Photoluminescence; QY: quantum yield; TEM: transmission electron microscopy; InP: indium phosphide; QDs: quantum dots.

yielded the peak value of 89%. As compared in their absorption spectra normalized at the 1S peak
[Figure 1B], absorbance of InP-ZnX,/ZnSe/ZnS QDs in blue-to-near UV region increased in the order of
Znl, < ZnBr, < ZnCl,, while that of InP-Zn(OA),/ZnSe/ZnS QDs was slightly lower relative to InP-ZnBr,/
ZnSe/ZnS ones. Such a disparity in absorption is directly correlated with the thickness (or volume) of the
ZnSe shell®*), indicative of the formation of the thickest and thinnest ZnSe shell for InP-ZnCl,/ZnSe/ZnS
and InP-Znl,/ZnSe/ZnS QDs, respectively. Being in line with the above absorption trend, the average sizes
of a series of InP-ZnX,/ZnSe/ZnS QDs systematically decreased from 10.2 [Figure 1C], 6.7 [Figure 1D] to
5.3 nm [Figure 1E] for X = Cl, Br, I, respectively, while that of InP-Zn(OA),/ZnSe/ZnS ones was 6.0 nm
[Figure 1F] (refer to Supplementary Figure 2 for the respective size distribution histograms). Note that InP-
ZnX,/ZnSe/ZnS QDs overall possessed more uniform, spherical particle morphologies compared to InP-
Zn(OA),/ZnSe/ZnS counterparts. Use of Zn carboxylate [e.g., Zn(OA),] as a shell precursor is well-known
to entail the generation of surface InPO, during shell growth (as will be discussed later in more detail),
which, in turn, renders the homogeneous growth of subsequent ZnSe shell difficult. In the case of InP/ZnSe
QD heterostructure, the thickness of ZnSe shell influences the band gap (consequently, PL) primarily owing
to the delocalization of electron wavefunction across the shell (which is more predominant in green-
emissive core due to a relatively small conduction band offset compared to red-emissive counterpart),
leading to the reduction in quantum confinement effects and consequently band gap from a thicker ZnSe
shell (refer to Supplementary Figure 3A magnified from Figure 1B). On that account, as presented in
normalized PL spectra of the above series of InP/ZnSe/ZnS QDs [Supplementary Figure 3B], PL peak
wavelength was well proportional to ZnSe shell thickness (e.g., the longest and shortest wavelengths of 538
and 530 nm from ZnCl,- and Znl,-based InP/ZnSe/ZnS QDs, respectively). Aligning with the above results,
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Figure 2. P 2p XPS spectra of (A) pristine InP and InP-Zn(OA), cores; (B) a series of InP-ZnX, cores; and (C) a series of InP-ZnX,-
Zn(OA), cores; (D) *'P NMR spectra of InP-Zn(OA), and a series of InP-ZnX,-Zn(OA), cores; Photographs of a set of (E) InP-ZnX, and
(F) InP-ZnX,-Zn(OA), cores under UV irradiation. XPS: X-ray photoelectron spectroscopic; InP: indium phosphide; NMR: nuclear
magnetic resonance; UV: ultraviolet.

the time-resolved PL decay profiles of the same set of InP/ZnSe/ZnS QDs showed a slower decay behavior
with a thicker ZnSe shell [Supplementary Figure 3C]. We will further discuss different ZnSe shell
thicknesses produced as a function of equimolar ZnX, later.

Surface of highly oxyphilic InP is susceptible to the oxidation. Under the synthetic environment of InP QDs
in the presence of carboxylic acids, the surface oxide species (e.g., InPO,) becomes easily formed by water
released via the ketonization reaction (R,COOH + R,COOH — R,COR, + CO, + H,0O) during both core
growth and subsequent shelling stage at elevated temperatures”***!. Formation of such surface oxide is well
verified in the pristine InP and Zn(OA),-reacted InP core [InP-Zn(OA),] samples by an XPS analysis
[Figure 2A]. The P 2p spectrum clearly shows the presence of two chemical environments for P atoms,
consisting of the strong peak at 127.6-129.8 eV for InP and the weak peak at 131.7-134.1 eV for InPO,. The
latter peak was intensified upon an additional reaction of InP core with Zn(OA),, indicative of further
promotion of InPO, formation. Meanwhile, ZnX,-reacted InP cores (InP-ZnX,) did not exhibit a notable
change in XPS P spectrum regardless of halide type [Figure 2B] compared to pristine InP core due to the
oxygen-free Zn halide sources, while the surface oxide formed during core growth still remained. For an
effort to remove the remnant surface InPO,, we introduced a hybrid Zn process, where the growth of ZnSe
shell proceeds under co-use of ZnX, and Zn(OA),. Here, we denote InP core reacted with ZnX, and
Zn(OA), as InP-ZnX,-Zn(OA),. We hypothesized that OA present in Zn(OA), stock solution can
participate in the reaction with co-existing ZnX,, yielding a byproduct of hydrogen halide (HX, X = Cl, Br,
). As evident from XPS spectra of a series of InP-ZnX,-Zn(OA), [Figure 2C], the signal of InPO, was
greatly suppressed, indicative of its effective removal, relative to the prior samples of InP-ZnX,. These
outcomes are in line with the earlier efforts to eliminate the surface oxide on “red-emissive” InP core via
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direct HF® or ZnF,-assisted indirect HF treatment”. A solid-state magic angle spinning (MAS) *P NMR is
a useful tool for examining the oxidation of InP QDs as it provides the distinction between InP and InPO,
(x = 2-4) along with the quantitative fraction of oxidized phosphorus“*”. As shown in *P NMR spectra
[Figure 2D], the single peak at -200 ppm corresponds to unoxidized InP, while those between 60-0 ppm are
relevant to phosphate moieties. Combined analytic results of XPS and NMR point to the effective removal
of surface oxide species via adoption of a hybrid Zn process, under which HX is produced by the reaction of
ZnX, + RCOOH — (RCOO),Zn + 2HX and the released HX takes part in the in-situ etching of surface
oxide. Typical PL QY of as-synthesized InP core is highly poor (i.e., less than 1%) due to the lack of
passivation of surface defects"****. A set of InP-ZnX, samples exhibited low PL QYs of 1%-5%
[Figure 2E], while another set of InP-ZnX,-Zn(OA), ones possessed overall higher values of 4%-17%
[Figure 2F], depending on the type of Zn halide. An increasing tendency in PL QY is commonly observable
in the order of Cl > Br > I from both sets of samples. ZnX, as Z-type ligand can be involved with the
passivation of undercoordinated surface P (hole trap state)***). Simultaneously, X ions released from ZnX,
can also serve as X-type ligands for the passivation of undercoordinated surface In (electron trap state)*.

The above PL QY tendency as a function of halide can be understood from the consensus that the smaller
size of either ZnX, or X is more advantageous in surface passivation from a perspective of steric
hindrance"”*". Besides, higher PL QYs of InP-ZnX,-Zn(OA), compared to InP-ZnX, samples (with the type
of ZnX, identical) are ascribable to better ligand passivation enabled by the surface oxide removal, further
validating the above analytical outcomes. Presence of surface halide species sitting on InP-ZnX,-Zn(OA),
samples can be verified by XPS analysis [Supplementary Figure 4].

Leveraging the above hybrid Zn process, subsequent ZnSe shelling was implemented for InP-ZnX,-Zn(OA),
by co-injecting the equimolar Se stock solution. Figure 3A-C presents TEM images of a set of InP/ZnSe
QDs with use of ZnCl,, ZnBr,, and Znl,, corresponding to the average sizes of 8.0, 5.6, and 5.1 nm,
respectively. This size trend is in line with that from the previous InP-ZnX,/ZnSe/ZnS QDs [Figure 1C-E],
manifesting that the thickness of ZnSe shell is sensitively dependent on the type of ZnX, despite use of the
identical molar quantity of ZnX,. In the case of synthesis of aminophosphine-derived InP cores, where InX,
as a cationic precursor is used in the presence of amines such as OLA, the size of the resulting cores tends to
increase in the order of Cl > Br > I*?, which is analogous to the present ZnX,-dependent variation of ZnSe
shell thickness. Based on the assumption of surface reaction-limited condition, ZnSe shell growth would be
expected to be facilitated under the enhanced solute solubility and the increased rate constant of surface
reaction””. For ZnX,, OLA, categorized as a hard base, may be able to produce the complexes by more
strongly coordinating with ZnCl, compared to Znl,, indicative of a higher solute solubility of the former
versus the latter. Meanwhile, given the adsorption of halide on InP core surface (as evidenced from
Supplementary Figure 4), the least bulky surface halide of Cl ions will render ZnSe shell growth easier,
raising the rate of surface reaction. Disparity in ZnSe shell thickness as a function of ZnX, is well reflected in
absorption spectra normalized at the 1S peak [Figure 3D], where a greater absorbance in blue-to-near UV
region was observed in the sequence of Cl > Br > I. Accordingly, PL systematically shifted with a thicker
ZnSe shell from 531 (for Znl,) to 539 nm (for ZnCl,) [Figure 3E], being related to the ZnSe shell thickness-
dependent delocalization of electron wavefunction aforementioned. Even without ZnS outer shelling, PL
QYs of a series of InP/ZnSe QDs were relatively high. In InP-ZnX,-Zn(OA),/ZnSe QDs ZnBr, yielded the
highest PL QY of 93%, while ZnCl, and Znl, gave comparable values of 83%-85% [Figure 3F]. As argued
above, use of ZnCl, leads to the fastest ZnSe shell growth, which stochastically renders controlled
heteroepitaxial shell growth unlikely, thus leaving some imperfect sites at hetero-interface and/or shell
interior. As an opposite case, the introduction of Znl, induces the slowest shell growth reaction entailing the
formation of the thinnest ZnSe shell, which can often encounter the high probability of incomplete shell
coverage on core surface. Besides, HI is known as an unstable chemical as it spontaneously oxidizes to
molecular iodine (I,) during the reaction®**, implying that in removing the surface oxide, it may not serve
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Figure 3. (A-C) TEM images and size distribution histograms (insets); (D) absorption spectra normalized at the 1S peak; (E) normalized
PL spectra; and (F) variations of FWHM and PL QY of a series of InP-ZnX,-Zn(OA),/ZnSe QDs. TEM: Transmission electron
microscopy; PL: photoluminescence; FWHM: full-width-at-half-maximum; QY: quantum yield; InP: indium phosphide; QDs: quantum
dots.

as a perfect reagent (vs. HCl and HBr), leaving unetched InPO, residue. This scenario may be supported by
a marginal XPS signal trace of InPO, from InP-Znl,-Zn(OA), unlike other two samples [Figure 2C]. In this
context, ZnBr, is regarded as an optimal halide as it allows for not only the relevant ZnSe growth rate but
the near-complete removal of surface oxide, synergically rendering the heteroepitaxial shell growth perfect.
Meanwhile, InP-ZnX,-Zn(OA),/ZnSe QDs with ZnCl, and ZnBr, exhibited nearly the same PL FWHM of
32 nm, while a markedly broad value of 37 nm resulted from InP-ZnI,-Zn(OA),/ZnSe ones [Figure 3F].

Given the identical InP core, the major determinants of PL linewidth of InP/ZnSe QDs are the average
thickness and thickness uniformity of ZnSe shell. As noticed from size distributions [Figure 3A-C], InP-
ZnClL-Zn(OA),/ZnSe QDs possessed a relatively wide size distribution, i.e., lack of shell thickness
uniformity over individual QDs (resulting from an uncontrollably fast shell growth rate), when compared to
other two samples. Nevertheless, a sharp linewidth of InP-ZnCL-Zn(OA),/ZnSe QDs benefits from a
sufficiently thick ZnSe, which, in turn, can mitigate the exciton-phonon coupling strength via the increasing
delocalization of charge carriers*. A broad linewidth of InP-Znl,-Zn(OA),/ZnSe QDs is likely ascribable to
the combined consequence of comparatively thin shell thickness and imperfect heteroepitaxial shell growth
(aforementioned), both of which have unfavorable effects on the reduction of exciton-phonon coupling
strength. Subsequent growth of the ZnS outer shell, for which the equimolar Zn(OA), and S-TOP were
identically used, on a series of InP-ZnX,-Zn(OA),/ZnSe heterostructures above further boosted PL QY to
89%-100%, depending on the type of ZnX,, while emission linewidths stayed the same [Figure 4]. Also refer
to Supplementary Figure 5 for the reproducible results of unity PL QYs from the representative three InP-
ZnBr,-Zn(OA),/ZnSe/ZnS QD samples. Such superb emissive figures-of-merit possessing a narrow FWHM
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Figure 4. Absorption, PL spectra, UV-irradiated fluorescent images (insets) and TEM images (scale bar: 20 nm) of a series of InP-ZnX,-
Zn(OA),/ZnSe/ZnS QDs, where ZnX, is (A) ZnCl,, (B) ZnBr,,and (C) Znl,.PL: Photoluminescence; UV: ultraviolet; TEM: transmission
electron microscopy; InP: indium phosphide; QDs: quantum dots.

(32 nm) and a unity PL QY of InP-ZnBr,-Zn(OA),/ZnSe/ZnS QDs are definitely record values among
green-emissive InP ones to date. The average sizes of InP-ZnX,-Zn(OA),/ZnSe/ZnS QDs were 9.2, 6.4, and
5.7 nm for ZnCl,, ZnBr,, and Znl,, respectively (refer to Supplementary Figure 6 for the respective size
distribution histograms and Supplementary Figure 7 for the corresponding XRD patterns, where the
heteroepitaxial coherent reflection peaks became gradually broader from ZnCl,, ZnBr, to Znl,), and thus,
the average ZnS shell thicknesses were estimated to be 0.6, 0.4, and 0.3 nm, respectively. The thickness trend
in ZnS shell also aligns with that in ZnSe shell [Figure 3A-C], implying that the growth kinetics of ZnS shell
depends on the type of halides remaining after ZnSe shelling in a similar manner to that of ZnSe shell.

Lastly, based on the best-performing InP-ZnBr,-Zn(OA),/ZnSe/ZnS QDs, the thickness of ZnSe inner shell
was further modulated simply by proportionally varying the respective amounts of Se-TOP (specifically, 0.5,
1.0, and 1.5 mmol) and Zn(OA), (specifically, 1.4, 2.8, and 4.2 mmol) injected for ZnSe shelling and the
resulting inner shell is denoted as thin-, medium-, and thick-ZnSe for convenience’s sake. Also note that the
above InP-ZnBr,-Zn(OA),/ZnSe/ZnS QDs in Figure 4B correspond to medium-ZnSe having a ZnSe shell
thickness (t,,;,) of 1.8 nm. With increasing thickness of ZnSe inner shell, the sizes increased from 3.9 to
6.4 nm for InP/ZnSe [Supplementary Figure 8] (corresponding to the ¢, of 1.0 to 2.2 nm, respectively) and
from 4.5 to 7.0 nm for InP/ZnSe/ZnS QDs [Figure 5A and B]. Systematically augmented absorbance of InP/
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Figure 5. TEM images (scale bar: 20 nm) of InP-ZnBr,-Zn(OA),/ZnSe/ZnS QDs having (A) thin- and (B) thick-ZnSe; (C) Absorption
spectra; (D) time-resolved PL decay profiles; (E) variations of FWHM and PL QY of InP-ZnBr,-Zn(OA),/ZnSe/ZnS QDs as a function of
ZnSe shell thickness; (F) ZnSe shell thickness-dependent change of heterostructural strain of InP core and ZnSe shell of InP-ZnBr,-
Zn(OA),/ZnSe QDs. TEM: Transmission electron microscopy; InP: indium phosphide; QDs: quantum dots; PL: photoluminescence;
FWHM: full-width-at-half-maximum; QY: quantum yield.

ZnSe/ZnS QDs in blue-to-near UV region from thin-ZnSe to thick-ZnSe [Supplementary Figure 9] is
attributable to the increasing volume of ZnSe shell (as stated earlier). Spectral redshift in 1S excitonic
absorption peak from 501 to 510 nm [Figure 5C] and gradually lengthened decaying behavior from 43 to
58 ns in average lifetime (t,,,) [Figure 5D] also result from an increasing delocalization of electron
wavefunction with a thicker ZnSe shell. While InP/ZnSe/ZnS QDs possessed a peak PL QY (99%-100%)
from medium-ZnSe, those consisting of thin- and thick-ZnSe yielded lower values (94%-96%). Meanwhile,
PL linewidth (34 nm) of thin-ZnSe-based QDs was somewhat broader compared to that (32 nm) of
medium- and thick-ZnSe-based ones [Figure 5E], being associated with the ZnSe inner shell thickness-
dependent exciton-phonon coupling strength aforementioned. The above trend in PL QY indicates that the
critical ZnSe inner shell thickness lies in the proximity of 1.8 nm (i.e., medium-ZnSe), above which the
heterostructural strain becomes nontrivial, likely generating the incoherent lattice defects from the strain
relaxation™. To examine ZnSe inner shell thickness-dependent strain behavior, Raman spectroscopic
analysis was performed on InP-ZnBr,-Zn(OA),/ZnSe QDs. Given the lattice mismatch (3.4%) between InP
(5.86 A) and ZnSe (5.66 A), InP core and ZnSe shell are placed under a compressive and tensile strain,
respectively. The degree of deformation can be evaluated by the frequency change of the longitudinal optical
(LO) phonon of InP core caused by the overgrowth of ZnSe inner shell. In the heterostructure, the LO
mode of compressively strained InP core (having a reduced interatomic spacing) shifts to a higher
frequency, while ZnSe under a tensile strain (rendering the interatomic spacing expanded) exhibits the shift
of LO frequency in the opposite direction. Supplementary Figure 10 depicts Raman spectral evolution of


https://oaepublishstorage.blob.core.windows.net/articlepdfpreview202407/ss4019-SupplementaryMaterials.pdf
https://oaepublishstorage.blob.core.windows.net/articlepdfpreview202407/ss4019-SupplementaryMaterials.pdf

Jo et al. Soft Sci 2024;4:27 | https://dx.doi.org/10.20517/ss.2024.19 Page 11 of 14

InP core and a series of InP/ZnSe QDs with varying ZnSe shell thicknesses. Figure 5F summarizes the strain
results of InP core and InP/ZnSe QDs obtained by Raman spectroscopic analysis
[Supplementary Materials]. For InP/thin-ZnSe, ZnSe shell undergoes a high degree of tensile strain,
suggesting that it may form in the manner of somewhat partially island-shaped growth"”. Upon growth to
medium-ZnSe, the tensile strain becomes substantially relieved, indicating the formation of the coherent
ZnSe shell with complete coverage. In the case of InP/thick-ZnSe, the strain is further reduced, albeit
slightly, due to the continuing growth of ZnSe shell in the thermodynamically stable direction. Meanwhile,
the compressive strain of InP core consistently increases with a thicker growth of ZnSe shell. Judging from
the above strain analysis, the excessive compressive strain imposed on InP core by the growth of a thick-
ZnSe shell (exceeding a critical thickness) likely gives rise to the generation of interfacial defect and/or
misfit dislocation, thus entailing a decline of PL QY.

CONCLUSIONS

In green-emissive heterostructured InP QDs, the effects of the type of Zn precursor for shelling on shell
growth outcomes and consequent optical properties were investigated. When Zn halides were used for
shelling, the resulting InP/ZnSe/ZnS QDs overall possessed not only more uniform, spherical particle
morphologies but higher PL QYs compared to those shelled with the conventional Zn precursor of
Zn(OA),, benefiting from oxygen-free halide precursors that can suppress the formation of surface oxide
during shell growth. For an effort to remove the remnant surface oxide generated during core growth, a
hybrid Zn shelling process, where Zn halide and Zn(OA), were co-used as shell sources, was newly devised.
Our hypothesis that the surface oxide species can be effectively in-situ etched by a byproduct of hydrogen
halide released via the reaction of Zn(OA), with co-existing ZnX,, was supported by the combined analytic
results of XPS and NMR. The growth rate and consequent thickness of ZnSe inner shell were sensitively
dependent on the type of ZnX, in the hybrid Zn shelling process, showing the increasing thickness in the
order of ZnCl, > ZnBr, > Znl, (which was also rationalized with respect to the solute solubility and rate
constant of surface reaction). Among ZnX, used, ZnBr, was found to be an ideal halide as it enabled not
only the relevant ZnSe growth rate but the near-complete removal of the surface oxide. Upon ZnS outer
shelling on ZnBr,-based InP/ZnSe QDs with an optimal ZnSe shell thickness, the resulting green QDs
produced a record PL QY of unity together with a sharp linewidth of 32 nm.
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