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Keywords:

InP quantum dots (QDs) with low toxicity are considered to be the most promising materials. However, the

InP oxidation problem of In and P has become to the major factor affecting the optical properties of InP QDs. In this

Quantum dots
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Photoluminescence
Recombination

work, the effect of luminescence properties of InP/GaP/ZnS QDs with halogen acid treatment have been studied.
The results show that HF and HCI are beneficial to improve the optical properties of QDs, HBr especially HI are
not conductive to promote the photoluminescence quantum yield (PL QY) of QDs. HF and HCI can etch the

oxidative layer effectively, the F~ and Cl™ can also passivate the surface indium dangling bonds in the form of
atomic ligands. The proposed model of charge carrier recombination show that the PL QY improved significantly
after HA treatment attributed to the recombination of electron-hole pairs through radiative pathways mainly
from the conduction band and valence band. The InP QDs with HF treatment has the best luminescence prop-
erties with high PL QY of 96%, offering great potential for advanced optoelectronic devices.

1. Introduction

Quantum dots (QDs) which have the characteristics of adjustable
luminescence wavelength, high photoluminescence, wide color gamut
and solution processability are highly competitive candidates for new
display materials [1-3]. At present, Cadmium QDs and perovskite QDs
with excellent optical property are limited in practical application
because of their toxic elements (cadmium and lead) [4-8]. Therefore,
environmentally friendly QDs materials mainly including group II-VI
(such as ZnSe and ZnS) [9-11] and III-V (such as InP and InAs)
[12-14] materials have been studied. Compared with II-VI QDs, III-V
QDs have many incomparable advantages such as large Bohr radius
and stronger quantum effect. InP QDs which have the characteristics of
low toxicity and emission spectrum tunability ranging from visible to
near-infrared region are considered to be the most promising materials
[15-17].

During the synthesis of InP QDs, In and P are easy to oxidize to form
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oxidation defects such as POy, InyO3 or InP,Oy [18-201, which are
suspected to the major reason of the poor optical properties of InP QDs.
Therefore, the oxidation defects must be removed to improve the optical
properties of InP QDs. To improve the optical properties of InP QDs,
scientists have taken many methods such as shell coating, cation doping,
surface passivation, acid treatment [21-26]. Among them, acid treat-
ment is a predominant strategy to etch oxidation. Many researchers have
made a series of progress in treating InP QDs with HF. In 1996, Micic
et al. introduced HF to remove the defect states on the surface, and a
photoluminescence quantum yield (PL QY) of InP QDs of 30% had been
obtained at a room temperature [27]. Kim et al. demonstrated that very
significant luminescence enhancements occur at lower HF exposure, due
to the fluoride ions passivated the surface indium dangling bonds in the
form of atomic ligands [28]. Jang et al. added HF to etch out the
oxidative InP core surface during the growth of the initial ZnSe shell,
and finally prepared a uniform InP core and a highly symmetrical
core/shell QDs with a quantum yield of approximately 100% [13]. In
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addition to HF, the treatment of InP nanowires with HBr and HCI has
been studied. Berg et al. researched the influence of HBr in situ etching
on the growth of InP nanowires, and pointed that using of HBr can
removed the defect-related luminescence due to parasitic radial growth
[29]. Thuy et al. reported InP nanowires in situ etching with HCI at a
high growth temperature, and the impurity-contaminated sidewall can
be etched away [30]. In addition to the above halogen acids, researchers
rarely use HI to treat InP QDs, but the role of iodide in InP QDs synthesis
has been studied. Sun et al. chose Znl, and Inl3 as precursors to obtain
InP/ZnS QDs with a shorter emission wavelength, and pointed that io-
dide with weak binding energy could result a fast reaction rate and small
particle size QDs [25]. In summary, HF can effectively remove the
oxidative layer of InP QDs, HBr and HCI can be used to treat InP
nanowires, HI has not been studied in the treatment of InP. In other
words, halogen acids can be used to treat InP QDs, but the effect of
halogen acids has not been systematically studied.

In this work, we have systematically studied the effect of lumines-
cence properties of InP/GaP/ZnS QDs with halogen acid treatment. The
InP/GaP/ZnS QDs with HF, HCl, HBr and HI have been synthesized
respectively by halogen acid in-situ injection method, which can prevent
the reoxidation of InP core due to exposure to air. The effects of different
halogen acid on the treatment of InP QDs have been analyzed by UV, PL,
TEM, XRD, XPS measurement. The results show the HF and HCI are
beneficial to improve the optical properties of QDs, HBr especially HI are
not conductive to promote the PL QY of QDs. HF and HCI can etch the
oxidative layer effectively, the F~ and Cl~ can also passivate the surface
indium dangling bonds in the form of atomic ligands. The effect of HA
treatment on the electron-hole pairs recombination dynamics of InP-
HA/GaP/ZnS has been investigated using transient PL spectra and a
model of various charge carrier recombination process has been pro-
posed. After HA treatment, the PL QY improved significantly which can
be attributed to the recombination of electron-hole pairs through radi-
ative pathways mainly from the CB and VB. The InP QDs with HF
treatment has the best luminescence properties with high PL QY of 96%,
offering great potential for advanced optoelectronic devices.

2. Experimental section
2.1. Materials

Indium acetate (In(Ac)s, 99.99% metals basis) was purchased from
Sigma Aldrich. Tris (trimethylsily)phosphine ((TMS)sP, 10 wt % in
hexane, 98%) was purchased from Stream Chemicals. Zinc acetate (Zn
(Ac)s, 99.99% metals basis), lauric acid (LA, >99%), 1-octadecene
(ODE, >90%), 1-octanethiol (OT, >98%), Gallium -chloride
(GaCl3,99.999% metals basis), hydrofluoric acid (HF, 40 wt%), hydro-
chloric acid (HCl, 36.0-38.0 wt%), hydrobromic acid (HBr, 48 wt%),
hydroiodic acid (HI, 55.0-58.0 wt%) were purchased from Aladdin
Chemistry Co., Ltd. N-hexane, anhydrous alcohol and acetone were
purchased from Guangzhou Chemical Reagent Co., Ltd. All chemical
reagents were used without further processing and purification.

2.2. Preparation of precursors

Stock solution for P precursor: 1.3 mmol (TMS)3P was mixed with 5
mL of ODE in a 12 mL glass bottle in a nitrogen-filled glove box.

Stock solution of Ga precursor: 0.68 mmol GaCls were added in 8 mL
ODE from a nitrogen-filled glove box, and the solution was treated with
ultrasonication under 40 °C heating.

Stock solution of LA: 2.16 mmol LA were added in 8 mL ODE, and the
solution was treated with ultrasonication.

Stock solution of halogen acid (HA): 0.50 mL (11.20 mmol) hydro-
fluoric acid, 0.95 mL (11.20 mmol) hydrochloric acid, 1.27 mL (11.20
mmol) hydrobromic acid, and 0.50 mL (11.20 mmol) hydroiodic acid
were added in 5 mL acetone respectively to form the corresponding
halogen acid solutions.
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2.3. Synthesis of InP core

In(Ac)3 (17.52 mg, 0.06 mmol), Zn(Ac), (45.87 mg, 0.25 mmol), and
LA (108.67 mg, 0.54 mmol) were mixed to 4 mL of ODE in a 25 mL three-
neck flask. The mixture was degassed under vacuum at 120 °C for 30
min and purged with nitrogen, repeated this process three times. The
resulting solution was added 0.5 mL P precursor, and then the mixture
was heated to 250 °C. The solution was maintained at 250 °C for 5 min,
and an aliquot was taken from the sample.

2.4. Synthesis of InP/GaP/ZnS QDs

0.2 mL Ga precursor was added in the above InP core solution at
250 °C for 10 min. Then 0.3 mmol OT was quickly injected to the
mixture and maintained for 10 min at 250 °C. At the end of the reaction,
the resulting solution was cooled down. The obtained InP/GaP/ZnS QDs
were dissolved in n-hexane and precipitated by the addition of excess
acetone, and centrifuged at 8000 rpm for 5 min, the supernatant was
decanted, and then the precipitate was re-dispersed in n-hexane. The
purification process was repeated three times. The purified InP/GaP/
ZnS QDs dissolved in n-hexane for further characterization.

2.5. Synthesis of InP/GaP/ZnS QDs with halogen acid treatment

After the mixture was heated to 250 °C in the above InP core process,
0.8 mL LA stock solution was added in the mixture. After 5 min at
250 °C, 0.2 mL hydrofluoric acid stock solution was injected in the
mixture and was mixed for 5 min to obtain InP-HF core. Then 0.3 mmol
OT was quickly injected to the mixture and maintained for 10 min at
250 °C. Finally, the resulting solution was cooled down to end the re-
action. InP/GaP/ZnS QDs with hydrofluoric acid treatment (called
InP-HF/GaP/ZnS QDs) were obtained after the purification process.

Using hydrochloric acid, hydrobromic acid, and hydroiodic acid
stock solution instead of hydrofluoric acid stock solution, the InP core
etched with halogen acid called InP-HA core (referred to InP-HF core,
InP-HCI core, InP-HBr core, InP-HI core). InP/GaP/ZnS QDs with cor-
responding halogen acid treatment called InP-HA/GaP/ZnS QDs
(referred to InP-HCl/GaP/ZnS QDs, InP-HBr/GaP/ZnS QDs, InP-HI/
GaP/ZnS QDs) were obtained respectively.

2.6. Characterization

Optical absorption spectra were recorded on a PerkinElmer Lambda
750 spectrophotometer. The PL spectra and absolute PL QY of QDs
dispersed in hexane were recorded at 365 nm excitation using the
FLS980 fluorescence spectrometer equipped with an integrating sphere
from Edinburgh Instruments Ltd. Transient PL spectra were measured at
room temperature using the FLS980 fluorescence spectrometer equip-
ped with a time-correlated single-photon counting (TCSPC) spectroflu-
orometer from Edinburgh Instruments Ltd, and the QDs were excited by
a 405 nm ps laser diode with a 2 MHz repetition rate. X-ray diffraction
(XRD) measurements were performed on a Smartlab X-ray diffractom-
eter from Rigaku Corporation operated at 40 KeV and 40 mA with Cu Ka
radiation (A = 1.5406 A). High-resolution transmission electron micro-
scope (HRTEM) images were taken on a JEM-2100F TEM from JEOL.
The size distributions of QDs were estimated with the software of
Nanomeasure.

3. Results and discussion

The schematic of synthesis process of InP-HA/GaP/ZnS QDs is shown
in Scheme 1. InP core was synthesized by a heating up method using
Indium acetate and (TMS)3P as precursors, and lauric acid as surface
ligand. InP-HA core was obtained by injecting the halogen acid directly,
which can avert the risk of oxidation of InP core due to exposure to air.
In order to avoid precipitation of QDs and ensure that there are enough
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Scheme 1. The synthesis process of InP-HA/GaP/ZnS QDs.

ligands in the reaction system, the lauric acid was added before halogen
acid treatment. Then Gallium chloride was added to from a GaP shell to
reduce the lattice mismatch between InP-HA core and ZnS shell. Finally,
the ZnS shell was obtained by added 1-octanethiol quickly, and the InP-
HA/GaP/ZnS QDs were obtained.

In order to investigate the spectral properties of InP-HA/GaP/ZnS

QDs, InP core, InP-HA core, InP-HA/GaP, InP-HA/GaP/ZnS were
sampled and detected in the synthesis process. The absorption and PL
spectra of the InP, InP/GaP, InP/GaP/ZnS without and with halogen
acid etched are depicted in Figs. 1 and 2. It should be noted that ab-
sorption and PL peaks of InP-HI core and InP-HI/GaP cannot be
measured after purification, so the corresponding samples without
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Fig. 1. (a)The absorption spectra of InP, InP/GaP and InP/GaP/ZnS. The absorption spectra of InP, InP-HA, InP-HA/GaP, InP-HA/GaP/ZnS with (b) HF, (c) HCI, (d)

HBr, and (e) HI etched. (* represents the unpurified sample).
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Fig. 2. (a) The PL spectra of InP, InP/GaP and InP/GaP/ZnS (inset: Photograph of InP, InP/GaP and InP/GaP/ZnS taken under 365 nm illumination). The PL spectra
of InP, InP-HA, InP-HA/GaP, InP-HA/GaP/ZnS with (b) HF, (c) HCl, (d) HBr, and (e) HI etched (inset: Photographs of InP, InP-HA, InP-HA/GaP and InP-HA/GaP/ZnS
taken under 365 nm illumination. * represents the unpurified sample). (f) PLQY of InP/GaP/ZnS and InP-HA/GaP/ZnS with different halogen acid.

purification have been measured, while all the other samples have been
purified. Figs. 1(a) and Figure 2(a) show the absorption of the QDs
without halogen acid etched, typical shoulder peaks can be observed
together with absorption tails extended to longer wavelength. The ab-
sorption and PL peaks were almost the same location at about 457 nm
and 514 nm after coating the GaP shell, and shifted red to 484 nm and
536 nm after coating the ZnS shell. From Fig. 1(b-d) and Fig. 2(b-d), the
absorption peaks of QDs with halogen acid etched all shifted red along
with HF, HCl and HBr treatment and shells coating. For InP/GaP/ZnS
treated with HF, a shape absorption and PL peaks of InP core located at
about 448 nm and 512 nm, the peaks shifted to about 465 nm and 540
nm after HF treated correspondingly. The red shift indicate that the InP
core continue to grow while HF etching, which can be confirmed by TEM
images. The sizes of InP-HF cores are larger than that of InP cores as
shown in Fig. S1. After coating with GaP and ZnS shells, the absorption
and PL peaks shifted to about 494 nm and 567 nm, which is associated
with the delocalization of the carrier wave functions from the core only
region to the outer shell region [31]. For InP/GaP/ZnS treated with HCl
and HBr, the absorption and PL peaks have the same trend as
InP/GaP/ZnS treated with HF. From Figs. 1(e) and 2(e), the samples of
InP-HI and InP-HI/GaP without purification have been tested, because
the absorption and PL spectra could not be tested after purification. The
shape absorption and PL peaks of InP core located at about 442 nm and
512 nm, the peaks shifted to about 486 nm and 557 nm after HI treated
correspondingly. The absorption peak is enhanced, but the emission
peak is weakened, that is because lot of defects existed in the InP-HI
core, which can be confirmed from the transient PL spectra showed in
Fig. 6(e). Different from the red shift of InP/GaP/ZnS QDs with HF, HCI
and HBr treatment, the absorption and PL peaks of InP-HI/GaP/ZnS
shifted blue to about 462 nm and 534 nm after coating with GaP and ZnS

shells, which was related to the lack of purification of InP-HI and
InP-HI/GaP.

The PL spectra and PL QY of the InP, InP/GaP, InP/GaP/ZnS without
and with halogen acid etched are depicted in Fig. 2. The full width half
maximum (FWHM) value of InP/GaP/ZnS was about 63 nm. However,
the FWHM values of InP-HA/GaP/ZnS became 76 nm, 91 nm, 70 nm and
64 nm after HF, HCI, HBr, HI treatment. That is to say, the FWHM value
became wider after halogen acid treatment. Take QDs treated with HF
for example, the FWHM values of InP core, InP-HF, InP-HF/GaP and
InP-HF/GaP/ZnS were 64 nm, 80 nm, 76 nm and 76 nm, respectively.
That was because the size distribution of InP core became broader,
which could be reflected by TEM results. From Fig. S1, the size distri-
bution of InP core became uneven after HF etching, therefore the size
distribution of QDs is relatively wide after shell coating, which caused a
large FWHM value. The size uniformity of QDs can be improved by
accurately controlling temperature, stirring speed and halogen acid in-
jection speed.

In order to survey the size distribution of QDs, TEM tests of InP/GaP/
ZnS QDs before and after HA treatment have been carried out, as shown
in Fig. 3. The average size InP/GaP/ZnS QDs is 4.8 &+ 1.59 nm with the
relative standard deviation of 33%. After treated with HF, HCIl, HBr, HI,
the average size distributions of InP-HA/GaP/ZnS QDs became 3.75 +
1.30 nm, 4.88 + 1.67 nm, 4.19 &+ 1.57 nm, 3.56 + 1.27 nm with the
relative standard deviation of 34%, 34%, 37%, 35%, respectively. The
uniformity of quantum dots after HA treatment is slightly worse than
that without etching. Inset images at the top right of TEM images in
Fig. 3 are the correspond high-resolution transmission electron micro-
scopy (HR-TEM) images, which showed that InP/GaP/ZnS QDs before
and after HA treatment all possessed great crystallinity due to the
obvious lattice fringe on the QDs surface.
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Fig. 3. TEM images (above) and correspond size distribution histograms (below) of InP/GaP/ZnS, InP-HF/GaP/ZnS, InP-HCl/GaP/ZnS, InP-HBr/GaP/ZnS, InP-HI/
GaP/ZnS. (Insets at the top right of TEM images are the correspond HR-TEM images).

The inset pictures of Fig. 2(a—e) showed the photographs of InP, InP-
HA, InP-HA/GaP and InP-HA/GaP/ZnS taken under 365 nm illumina-
tion. QDs became brighter along with the halogen acid treatment and
shell coating expect the QDs treated with HI. During the synthesis pro-
cess of QDs, the solution brightened significantly after addition of HF,
HCI and HBr, while the solution became turbid after addition of HI. The
PL QY of InP core increased from 13% to 67%, from 8% to 53%, from
15% to 27% after HF, HCl, HBr treatment respectively, while the PL QY
of InP core decreased from 23% to 5% after HI treatment. Halogen acids
used in the experiments all contain water. A small amount of water can
improve the optical performance of QDs [32,33]. During the synthesis
process of QDs with HI treatment, liquid droplets continuously return to
the flask, resulting in the partial quenching of QDs. The water evapo-
rated rapidly when HF, HCI and HBr were injected, and the backflow of
liquid droplets was not obvious. The PL QY of InP/GaP/ZnS treated with
HF, HCl, HBr and HI were 96%, 81%, 72% and 51%, while the PL QY of
InP/GaP/ZnS without halogen acid treatment was 73%. That is to say,

HF and HCI are beneficial to improve the optical properties of QDs, HBr
especially HI are not conductive to promote the PL QY of QDs. It is
widely known that F~ and Cl~ are hard bases, Br~ is the junction base
and 1™ is the soft base, In>" is hard acid. According to the hard-soft
acid-base (HSAB) theory, In®* can form a strongest bond with F~ and
Cl™, followed by Br~, the coordination effect of In®t and I” is the
weakest. The HF and HCI can etch the oxidative layer, the F~ and Cl ™ can
also passivate the surface indium dangling bonds in the form of atomic
ligands.

In order to verify the effect of halogen acid, a series of tests and
characterizations were carried out. Fig. 4(a) shows the XRD patterns of
InP, InP-HA, InP-HA/GaP/ZnS QDs. The InP/GaP/ZnS QDs with and
without HA treatment exhibit the similar XRD results. The reflection
peak from the XRD pattern of InP core are not obvious and the FWHM of
(111) plane is wide. The (220) plane of zinc blende structure of InP core
start to appear after HA treatment. The InP-HA/GaP/ZnS QDs all have
great crystallinity, all peaks that are indexed to the (111), (220), and



Y. Zhu et al.

Journal of Luminescence 256 (2023) 119651

[

~
=
N

InP-HA/GaP/ZnS
(220) 311)

Intensity

——InP bulk
ZnS bulk

| ||

40 50 60

20/

(b

InP-HA/GaP/ZnS

| 14
1465 991,

InP-TTA \
i v 1353
v 2853 1602

2924

Transmitance

InP

3500 3000 2500 2000 1500 1000
@ Wavenumber/cm™

. InP ---ln3d-lnl’()‘L
= WP-HE s mp o
« Ol e

InP-HI

Intensity

448 444

452
Binding Energy/eV h

440)

- = In3d-1aPO,

%
Binding Energy/eV

---Zn3s
- - -P2p-InPO_

InP
InP-HF

InP-HCI - - - P2p.-InP
InP-HI

—— Fitting

£
£
Intensity

InPO,_

InP
San

136 132 128

Binding Energy/eV

140

128

Fig. 4. (a) XRD patterns of InP, InP-HA, InP-HA/GaP/ZnS. Black and red lines indicate the peak positions of standard references of bulk zinc blende InP and ZnS,
respectively (b) FTIR spectra of InP, InP-HA, InP-HA/GaP/ZnS QDs, (c) In 3d and (d) P 2p XPS spectra of InP and InP-HA.

(311) planes of zinc blende structure shift towards to ZnS peaks after
coating the GaP and ZnS shells.

The FTIR spectra of InP, InP-HA, InP-HA/GaP/ZnS QDs presented in
Fig. 4(b). The band at 3000-2840 cm™! and 1470-1430 cm™! are
assigned to stretching vibration and bending of C-H group from Lauric
acid, respectively [34]. The band 1550-1610 cm ™! and 1450-1400 cm ™!
are assigned to the antisymmetric stretching vibration and symmetric
stretching vibration of -COO™ from Lauric acid. The broad absorption of
940-1120 cm ™! is characteristic of the phosphate group [35]. However,
the vibration of In-P and halogen bond were not found in the FTIR.

To further verify the effect of halogen acid, XPS characterization was
also carried out. Fig. 4(c—d) present the In3d and P2p XPS spectra of InP
and InP-HA. The In3d of InP contains two wide peaks located at
443-447 eV and 451-455 eV, and each peak can be fitted into two
components which can be associated to InPOy and InP [36]. After HF
and HCI treatment, the Ingq spectrum exhibits two narrow peaks which
located at 444-447 eV (3ds/2) and 452-454 eV (3ds3/3), which can be
assigned to the InP. This indicated that the oxidative layer can be etched
through HF and HCI. The XPS spectra of InP-HBr is placed separately in
the middle of Fig. 4(c) and (d) because of the weak signal. Two peaks can
be seen in the Ingq spectra, which can be assigned to the InPOy and InP
through the decomposition of the peak. The In3d XPS spectra of InP-HI
is very similar to that of InP, which indicate that HI has little effect to
etch the oxidative layer of InP core. Fig. 4(d) shows the P2p XPS spectra
of InP and InP-HA, the peak recorded at 139-141 eV is related to Zn3s
because of introduction Zn precursor in the process of QDs synthesis
[24]. For P2p XPS spectra of InP, the peak located at 132-136 eV is
referred to InPOy [20,37], which is an indicative of phosphorus in an
oxidized environment. The small peak recorded at 129-132 eV is related
to InP, which is not obvious. This indicated that the InP core has been
mostly oxidized. After HF and HCl treatment, the peak of binding energy
in the range of 127-130 eV which is characteristic of the P> for InP
become obvious, that is because the oxidative layer can be partially
etched through HF and HCl. After HA treatment, the peak of InPOy
decreased and the peak of InP increased relatively which indicated that
the oxidative layer has been partially etched. The two peaks referred to
InP and InPOy can also be seen in P2p spectra of InP-HBr. The P2p XPS

spectra of InP-HI is very similar to that of InP, which also indicate that
HI has little effect to etch the oxidative layer of InP core. Consequently,
HF and HCI can etch the oxidative layer effectively, the effect of HBr is
limited and HI is the weakest. The results are compounded with the
previous HSAB theory.

From Fig. 5, the XPS survey spectrum of InP/GaP/ZnS QDs with and
without halogen acid had the same result, which showed the presence of
Zn2p, O1s, In3d and S2p with characteristic peaks at 1023, 532, 445 and
162 eV, respectively. The XPS test was carried out by coating QDs on
glass substrate whose main component is SiOj, so Si2p and O1s peaks
were existed because of the thin coated film. The effect of the halogen
acid can be reflected from the survey spectrum and high-resolution XPS
of InP core and InP-HA core. From Fig. 5(b-e), the black lines showed
the measured results of InP-HA cores, the red and blue lines were the
corresponding fitting results. The F1s, Cl2p, Br3d and 13d were pre-
sented at high-resolution XPS pattern of InP-HF, InP-HBr, InP-HCl and
InP-HI core, respectively. F1s with a characteristic peak located at about
686 eV [28]. The high-resolution XPS pattern of Cl2p, Br3d and 13d can
fitted with two peaks. The signal of Br3d is weakest because of the
thinnest film with strongest silicon peak in the survey spectrum, but the
Br3d with characteristic peaks at about 68.1 and 68.7 eV could still be
observed at high-resolution XPS pattern. Therefore, halogen can be
adsorbed on the surface of InP core as surface ligand [38].

To obtain deep insight into HA effect to the PL emission mechanism
of InP QDs, the time resolved photoluminescence has been applied to
investigate its dynamic decay process. Fig. 6(a—e) show the transient PL
spectra of InP QDs with and without HA treatment. The PL decay curves
can be fitted using a triple-exponential function [39,40]:

10=Y B expl—1/1)]

Where the parameters 7; are the decay time constants. B; represent the
amplitudes of each component. The percentage of each photo-
luminescence component can be calculated by follows [41]:

Bi%:B;T,' / (BITI JrBsz +B3’[3) (l: 1,2,3)
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The fitted results were summarized in Table 1. According to the re-
sults for transient PL spectra of InP/GaP/ZnS treated with HA, a model
has been proposed to explain the charge carrier recombination processes
as shown in Fig. 6(f). There are three major pathways for the charge
carrier to recombine. The shorter lifetimes 7; could be assigned to the
defects of surface (DS) related recombination. The longer lifetimes 7,
could be referred to the radiative recombination of charge carriers
through conduction band (CB) to valence band (VB). 73 could be
assigned to recombination from intrinsic donor states (DD) to intrinsic
acceptor states (DA) formed by the deep defect states such as vacancies,

interstitials and antistites. In order to further explain the recombination
pathways, schematic diagrams of recombination pathways observed in
InP-HA/GaP/ZnS QDs has been shown in Fig. 6(f). Due to the intrinsic
weak bonding nature and steric hindrance of organic ligands, the QDs
have inherent multiple dangling bonds (DBs) on the surface atoms, such
as Inpg and Ppg [42]. In and P are easy to oxidize to form oxidation
defects, oxygen can occupy the indium and phosphorus sites to form Oy,
and Op antistites [43]. Based on the irregularity of local crystal structure
in semiconductor lattice, there are some defects, such as indium and
phosphorus vacancies (Vi, and Vp), interstitials (In; and P;) and antisites
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Table 1
Summary parameters in term of transient PL spectra for InP-based QDs in the epitaxial processes.
Sample B 71 (ns) By 75 (ns) Bs 73 (ns) PLQY (%)
(B1%) (B2%) (B3%)

InP/GaP/ZnS InP 0.18 (2.55%) 8.26 0.31 (22.58%) 42.53 0.49 (74.87%) 89.2 21
InP/GaP 0.15 (1.53%) 5.46 0.33 (21.13%) 34.29 0.51 (77.34%) 81.2 29
InP/GaP/ZnS 0.05 (0.82%) 7.71 0.53 (33.52%) 29.59 0.42 (65.66%) 73.15 73

InP-HF/GaP/ZnS InP 0.16 (0.75%) 2.04 0.36 (15.65%) 18.86 0.48 (83.60%) 75.55 13
InP-HF 0.08 (0.25%) 2.00 0.28 (14.40%) 32.87 0.63 (85.35%) 86.57 67
InP-HF/GaP 0.12 (2.19%) 9.33 0.46 (41.37%) 45.96 0.34 (56.44%) 84.82 65
InP-HF/GaP/ZnS 0.10 (2.00%) 10.12 0.87 (90.76%) 52.72 0.02 (7.23%) 182.75 96

InP-HCl/GaP/ZnS InP 0.29 (3.41%) 5.89 0.42 (34.27%) 40.83 0.31 (62.32%) 100.6 8
InP-HCl 0.15 (0.95%) 3.3 0.37 (23.45%) 32.96 0.47 (75.60%) 83.63 53
InP-HCl/GaP 0.15 (2.49%) 8.9 0.3 (18.77%) 33.49 0.52 (78.74%) 81.05 68
InP-HCl/GaP/ZnS 0.16 (2.18%) 5.92 0.66 (64.38%) 42.39 0.16 (33.44%) 90.81 81

InP-HBr/GaP/ZnS InP 0.3 (5.32%) 8.16 0.44 (43.94%) 45.98 0.23 (50.74%) 101.59 15
InP-HBr 0.16 (1.84%) 4.66 0.34 (18.73%) 22.37 0.48 (79.43%) 67.21 27
InP-HBr/GaP 0.18 (2.07%) 4.23 0.41 (26.13%) 23.43 0.38 (71.80%) 69.46 23
InP-HBr/GaP/ZnS 0.2 (4.11%) 8.36 0.56 (55.44%) 40.29 0.18 (40.45%) 91.44 72

InP-HI/GaP/ZnS InP 0.19 (1.30%) 3.98 0.35 (20.55%) 34.02 0.47 (78.15%) 96.37 23
InP-HI 0.41 (5.89%) 1.42 0.44 (34.28%) 7.7 0.16 (59.83%) 36.95 5
InP-HI/GaP 0.53 (9.97%) 1.87 0.37 (35.59%) 9.56 0.13 (54.44%) 41.62 4
InP-HI/GaP/ZnS 0.34 (15.99%) 20.98 0.61 (75.20%) 55 0.02 (8.81%) 196.58 51

(Inp and Py,) [44]. In addition, due to the Zn precursor was added at the
beginning of the synthesis of InP core, the zinc can occupy the indium
site to from Zny, antistite [45]. It should be pointed out that a number of
different charge states could be exsited, take indium vacancies for
example, there may be exsit V3, Vih, V9, Vi, V&, and Vi [46].

For InP/GaP/ZnS without HA treatment, the B1% and B3%
decreased, while B;% and PL QY increased after coating with GaP and
ZnS shells, which indicate that the some defects especailly surface de-
fects like Ppp and Inpg have been partly passivated upon shells growth.
However, the B3% value is 65.66% which is still very large, that is
because the deep defects such as Py, Inp, P;, Zny, have still existed. For
InP-HF/GaP/ZnS, the B, %, B3% value decreased, while B% and PL QY
increased after HF treatment and shell coating, which indicated that the
surface oxidative defect states such as O, and Op have been reduced by
HF etching, and also the dangling bonds such as Ppp and Inpp have been
passivated by F~ in the form of atomic ligands. Moreover, the radiative
recombination of charge carriers through conduction band to valence
band increased. The large B,% value which is 90.76% indicated that the
InP-HF/GaP/ZnS almost belong to single channel radiative recombi-
nation, which made the PL QY up to 96%. The transient PL of InP/GaP/
ZnS treated with HCl and HBr is similar to that of QDs treated with HF.
For InP-HI/GaP/ZnS, the B1% value of InP core increased after HI
treatment, which indicated that a lot of surface defects still existed in InP
core. The PL QY of InP-HI is only 5%, that is because the oxidative
defects on the surface of the InP core has not been removed by HI and the
adding of HI has brought other defects. The B,% value increased to some
extent after coating with ZnS shell, the final PL QY of InP-HI/GaP/ZnS is
51%.

In summary, for InP core without HA treatment, there are lot of
surface defects and deep defects caused by surficial oxidative layer and
irregular crystal structure, which resulted in the low PL QY of InP cores.
After treated with HF, HCI and HBr, the contribution of 7; decreased,
while the recombination of the recombination of electron-hole pairs on
the CB and VB increased, which made the PL QY improvement. That is
because the oxidative defects on the InP core has been partly removed by
HF, HCl and HBr treatment and the dangling bonds has also been
passivated by F~, C1™ and Br~, which can reduce the amount of surface
defects on the InP core. The defects have been passived further after
coating with GaP and ZnS shells, and the contribution of 7, increased.
Hence, the InP-HA/GaP/ZnS QDs exhibit the remarkable PL QY, espe-
cially the PL QY of InP-HF/GaP/ZnS QDs can reach to 96%.

4. Conclusion

In the present work, the InP/GaP/ZnS QDs with HF, HCI, HBr and HI
have been synthesized respectively by halogen acid in-situ injection
method, and the effect of luminescence properties of InP/GaP/ZnS QDs
with halogen acid treatment have been studied. The results show that HF
and HCI are beneficial to improve the optical properties of QDs, HBr
especially HI are not conductive to promote the PL QY of QDs, which are
compounded with the HSAB theory. The InP QDs with HF treatment has
the best luminescence properties with high PL QY of 96%. The XPS re-
sults showed that HF and HCI can etch the oxidative layer effectively,
the F~ and Cl™ can also passivate the surface indium dangling bonds in
the form of atomic ligands. The effect of HA treatment on the electron-
hole pairs recombination dynamics of InP-HA/GaP/ZnS has been
investigated using transient PL spectra. The possible defects existed in
the InP QDs has been summarized and a model of various charge carrier
recombination process has been proposed. After HA treatment, the PL
QY improved significantly which can be attributed to the recombination
of electron-hole pairs through radiative pathways mainly from the CB
and VB. The InP/GaP/ZnS QDs treated with HF and HCl has good optical
properties, which can offer great potential for advanced optoelectronic
devices.
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