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InP/ZnSeyS1.x/ZnS quantum dots (QDs) are promising candidates for next-generation electroluminescent devices.
However, their photoluminescence (PL) irreversibly quenches over time under ambient conditions, limiting
open-air manufacturing techniques such as inkjet printing. While most degradation studies have focused on QD
dispersions rather than the QD films, critical for colour conversion, electroluminescent, and sensor devices,
remain less understood. In this work, we investigated the PL quenching of InP/ZnSe,S;.x/ZnS QD films by
varying the film thickness, humidity level, and temperature. We find that higher relative humidity slows PL
quenching, likely due to photoinduced fluorescence enhancement. Increasing QD film thickness from 19 nm to
100 nm extended the PL degradation half-life (t1,2) by 5.6 times. Heating above 100 °C, under vacuum (0.1
mbar), accelerates degradation due to stripping of ligands and trap state formation from strain and atomic
mobility. In-situ near-ambient X-ray photoelectron spectroscopy reveals oxidation products such as In20s, InPOx,
Zn0, SeO:, and SO, . Applying a 47-nm-thick polymethyl methacrylate barrier increases tq,2 by 12-fold,
significantly enhancing air stability. These findings provide insights into degradation mechanisms and strate-

gies for improving the durability of QD films in practical applications.

1. Introduction

Quantum dots (QDs) are emerging as key materials in advanced
optoelectronic devices, for example, photodetectors [1], solar cells [2],
and QD-based light-emitting diodes (QLEDs) [3]. Among them, InP QDs
are an alternative to Cd-based QDs, with high photoluminescence (PL)
quantum yield (PLQY), narrow emission linewidth, and reduced toxicity
[4,5]. However, QDs are susceptible to degradation due to diverse mo-
lecular interactions with oxygen and water under light. Exposure to
oxygen and moisture, especially under illumination, can lead to physical
and/or chemical adsorption on the QD surface, triggering photo-
activation [6], photooxidation [7], and photocorrosion [8]. These pro-
cesses degrade optical performance by introducing trap states and non-
radiative recombination pathways. In particular, In and P are easily
oxidized to form InyO3 and InPOy, which degrade the QD PL properties
quickly under ambient atmosphere, significantly diminishing PL effi-
ciency under ambient conditions [9,10].

While the degradation of CdSe QDs that combines oxygen, water
vapor, and illumination has been extensively studied [11,12], the effects
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of oxygen and/or moisture on the PL quenching and chemical state
changes in InP QD films, particularly without UV illumination, remain
poorly understood. Recent work by Baek et al. investigated structural
defect formation, such as ZnO, in InP/ZnSe/ZnS QD dispersion during
UV-facilitated oxidation using high-resolution transmission electron
microscopy (TEM) [13]. Furthermore, InP-based QLEDs assembled by
open-air manufacturing technology (e.g., inkjet printing) exhibit infe-
rior electrical performance than those fabricated in the ambient atmo-
sphere [3]. A deeper understanding of degradation processes in InP QD
films is therefore essential to address these performance limitations and
enable scalable, ambient-condition fabrication.

The large lattice strain between InP and ZnS (7.6%) causes anoma-
lous interfacial reconstruction and surface defects, limiting its ability to
passivate trap states at the interface between the core and the shell [14].
Introducing an alloyed ZnSeyS;.x middle shell can further reduce the
misfit strain to below 3.4% and promote the PLQY to beyond 90%
[15,16]. Despite these improvements, the PL of core-shell InP/Zn
ZnSe4S1.x/ZnS QDs can still be quenched in ambient conditions, with the
shell passivation only delaying this process [17]. Apart from ZnS shell
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Fig. 1. The evolution of PL emission spectra, corresponding PL peak maxima and FWHM, and normalized PLQY of 19-nm-thick QD films under different RH over
time at 22 °C. RH of (a-c) 35% and (d-f) 55%. The black dashed lines in (c) and (f) are fitting curves of the exponential degradation function.

Table 1
The degradation half-life of QD films under different experimental conditions.
RH Temperature top L Ti/2 I
%) (O (nm) (nm) h)
Ambient 55 22 101 +4 N.A. 17.2 0.4
atmosphere 55 22 48 +2 N.A. 5.9 0.2
55 22 19+1 N.A. 2.6 0.3
55 22 19+1 47 + 6 33.5 0.2
55 22 19+1 20+1 15.0 0.2
35 22 19+1 N.A. 2.5 0.2
Vacuum 6 22 19+1 N.A. N.A. N.
(0.1 mbar) A.
6 50 19+1 N.A. 2.7 0.5
6 100 19+1 N.A. 2.2 0.4

coating, researchers have proposed other strategies to mitigate QD film
degradation, such as ligand engineering [18] and surface encapsulation
[19]. Encapsulating the QD layer with a thin polymer layer can improve
air/thermal stability by isolating QDs from the environment [20,21].
For example, polymethylmethacrylate (PMMA) is an excellent organic
optical material, offering minimal chromatic dispersion, good environ-
mental inertness, and high transparency across the visible spectrum
[22]. Dai et al. spin-coated a thin PMMA layer between the QD layer and
electron transport layer to balance the charge injection in QLEDs, thus
dramatically boosting the external quantum efficiency to 20.5% [23].
Additionally, QD-PMMA nanocomposites have been used in active
planar waveguides [24] and the alleviation of the coffee ring effect in
inkjet printing of QLEDs [25].

In this study, the degradation of InP/ ZnSe,S;.x/ZnS QD films by
oxygen, water, and heat was characterized using fluorescence spec-
troscopy and in-situ near-ambient X-ray photoelectron spectroscopy
(NAP-XPS). We studied the PL quenching of InP/ZnSe,S; x/ZnS QD films
in the dark over time by tuning the film thickness (19 nm, 48 nm, and
100 nm), relative humidity (RH: 6%, 35%, and 55%), and temperature
(22 °C, 50 °C, and 100 °C). Chemical variations were detected by NAP-
XPS under oxygen or/and moisture exposure at room temperature (RT)

and 100 °C. To improve the air stability of QD films, a thin encapsulation
layer of spin-coated PMMA, with thicknesses of 20 nm and 47 nm, was
employed to protect QD films from oxygen and moisture.

2. Experimental
2.1. Materials

Indium chloride (InCls, 99.99%), magnesium chloride hexahydrate
(MgCly-6H20), magnesium nitrate hexahydrate (Mg(NO3),-6H20), and
zinc chloride (ZnCly, 98 + %) were purchased from Thermo Fisher
Scientific. Selenium powder (Se, 99.9%) was purchased from Alfa Aesar.
Isopropyl alcohol (IPA), acetone, and oleic acid (OA, 97%) were pur-
chased from VWR Chemicals. Zinc stearate (Zn(St)s), squalane (SQL),
zinc acetate (Zn(acet)s), trioctylphosphine (TOP, >97%), octanethiol
(OT, >98.5%), oleylamine (OAm, 70%), tris-(dimethylamino)phosphine
((DMA)3P, 97%), sulfur powder (S, 99.98%), hexane, and octane were
purchased from Sigma-Aldrich. PMMA (M,, = 100 k) was purchased
from Polysciences.

2.2. Synthesis of multi-shelled red InP/ZnSe,S1.x/ZnS QDs

0.45 mmol InCl3 and 2.2 mmol ZnCl, were dissolved in 6 mL OAm
and degassed at 120 °C for 1 h. 0.35 mL (DMA)sP was then quickly
injected into the solution at 180 °C under an N5 atmosphere and reacted
for 10 min to form the InP core. Next, 1.0 mL Se-TOP solution (0.12 mol/
L), 4.0 mL Zn(St),-SQL solution (4.74 mol/L), the mixture of 0.5 mL Se-
TOP (0.12 mol/L) and 1.0 mL S-TOP solution (2.0 mol/L), 4.0 mL Zn
(St)2-SQL solution, the mixture of 0.17 mL Se-TOP (0.12 mol/L) and 2.0
mL S-TOP solution (2.0 mol/L), were injected into the core solution in
turn and reacted at 200 °C, 220 °C, 240 °C, 260 °C, and 280 °C,
respectively, for 30 min. 4.0 mL Zn(St)2-SQL solution was injected and
reacted at 300 °C for 1 h. Subsequently, 5.0 mL OT was injected and
reacted at 190 °C for 60 min. 3.0 mL Zn(acet)»-OA solution (1.0 mol/L)
was then injected into the flask at 190 °C for 2 h and cooled to RT after
the reaction. The as-synthesized InP/ZnSe,S;.x/ZnS QD dispersion was
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Fig. 2. The evolution of PL emission spectra, corresponding PL peak maxima and FWHM, and normalized PLQY of QD films with different thicknesses under the RH
of 55% over time at 22 °C. tgp of (a—c) 48 nm and (d—f) 101 nm. The black dashed lines in (c) and (f) are fitting curves of the exponential degradation function.

diluted by hexane and centrifuged at 15,000 RCF for 10 min under an
ambient atmosphere. IPA with three times the volume of hexane was
then added to the supernatant, and the pellets were collected after
centrifugation at 15,000 RCF for 10 min. The cleaning steps were
repeated at least three times, and the purified QDs were dispersed in
octane.

2.3. Spin coating of QD films and PMMA films with various thicknesses

The stock QD dispersion was diluted to 15, 30, and 60 mg/mL by
octane and then spin-coated with different spin speeds for 50 s on silicon
wafers. PMMA was dissolved in acetone with concentrations of 0.05,
0.5, and 2 mg/mL and spin-coated with various spin speeds for 40 s on
silicon wafers. The thicknesses of QD films and PMMA films (L) spin-
coated by different spin speeds were summarized in Table S1 and
Table S4, respectively. For PMMA-encapsulated QD films, the PMMA
solution with concentrations of 0.05 and 0.5 mg/mL was spin-coated at
4000 RPM on the 19-nm-thick QD films in the glove box, respectively.

2.4. Characterization

The steady-state fluorescence and PLQY of QD films were measured
using a fluorimeter with an integrated sphere (FLS980, Edinburgh In-
strument), and the excitation wavelength set to 400 nm. The time-
resolved PL measurements were performed using the FLS980 spec-
trometer equipped with a pulsed diode laser source (EPL-470) and
detected using time-correlated single-photon counting (TCSPC). The
time-resolved PL data were fitted by a biexponential function. The
absorbance was measured by a UV-Vis spectrometer (Cary5000 UV-Vis,
Agilent) from 350 to 700 nm. Before NAP-XPS measurements, 19-nm-
thick QD films were spin-coated in the glove box and then transferred
to the NAP-XPS in an inert atmosphere to ensure in-situ experiments
started from t = 0. The NAP-XPS was performed in a SPECS NAP-XPS
system consisting of a UHV (~5 x 107° mbar) analysis chamber,
NAP cell, and e-beam heating capability. At the start and end of ex-
periments, monochromated Al Ka X-rays (14.5 kV, 120 W) were focused

to a spot of 1 mm in diameter in the UHV chamber. NAP-XPS experi-
ments were performed by placing QD films inside a NAP cell with a 300-
pm aperture, which allowed pressures within the cell to reach 3 mbar of
oxygen, 3 mbar of moisture (RH: ~10%), or 6 mbar of both oxygen and
moisture (3 mbar of each). Scanning was focused to a 0.3 mm spot (14.5
kV, 25 W) and performed cyclically to allow the identification of any
changes in the QD films at RT and 100 °C, respectively, for about 8 h.
XPS data were analyzed using the CasaXPS software, and the binding
energy scale was calibrated from hydrocarbon ligands using the C-C/C-H
peak at 284.8 eV. All photoelectron binding energies are quoted to a
precision of +0.05 eV. Regions and components were fitted to each peak
with the appropriate relative sensitivity factors taken from the Scofield
library file within CasaXPS. Baseline fitting of photoelectron peaks was
performed using a Shirley-type baseline. The peak positions and areas
were optimized by a weighted least-squares fitting method using 70%
Gaussian and 30% Lorentzian line shapes. The thicknesses of spin-coated
QD films and PMMA films on the silicon wafer were characterized by the
ellipsometer (M-2000, J A Woollam) using a wavelength range of 250 to
1000 nm. The angles of light incidence were operated between 50° and
75° relative to the surface normal in steps of 5°. Ellipsometric data were
analyzed on the CompleteEase software and fitted by the Cauchy model
initially in the transparent region (>600 nm) with acceptable mean
square error (MSE <10). Then converted to the B-spline model to expand
the fitting range down to 250 nm. Finally, the model was converted to
the Gen-Osc model and fitted by Tauc-Lorentz oscillators. The relative
humidity of 35% and 55% was controlled by saturated salt solutions of
MgCly-6H20 and Mg(NOs3)2-6H»0, respectively, with a weight ratio of
80% [26]. The morphology of QD and PMMA films with different
thicknesses was characterized using tapping mode atomic force micro-
scope (Fastscan, Bruker). The RH and temperature were monitored
using a digital temperature humidity meter with +5% accuracy of RH
and + 1 °C accuracy of temperature.
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Fig. 3. The evolution of PL emission spectra, corresponding PL peak maxima and FWHM, and normalized PLQY of 19-nm-thick QD films under vacuum (0.1 mbar)

over time at different temperatures. (a—c) 22 °C, (d-f) 50 °C, and (g-i) 100 °C. T
degradation function.

3. Results and discussion
3.1. The effect of relative humidity on the PL quenching

The synthesis protocol for the QDs is detailed in the Methods. The
synthesized InP/ZnSe;S;.x/ZnS QD dispersion showed a PL peak maxima
at 615 nm, with a full width at half-maximum (FWHM) of 58 nm
(Fig. S1). The measured PLQY of 81% =+ 2% indicated that the passiv-
ation of the core with the shell was successful and resulted in high-
quality QDs of similar quality to other reports [10,27]. The QD films
were smooth after spin coating on the glass coverslip, without pinholes
(Fig. S2 and Table S1). The emission spectra of QD films red-shifted by
10 nm to approximately 625 nm compared to the dispersion, as shown in
Fig. 1(a). This red-shifting is commonly observed in close-packed QD
films and is often attributed to inter-QD energy transfer processes,
including Forster resonance energy transfer (FRET) [28,29]. In close-
packed QD solids exciton migration from smaller to larger QDs has
been widely discussed as a possible consequence of inter-QD coupling.
The emission peak shift is accompanied by a significant reduction in the
absolute PLQY of 19-nm-thick QD films to 18 + 2% under 35% RH
(Fig. S1b), indicating the introduction of non-radiative decay pathways
in the film. Consistent with this, the average lifetime of 19-nm-thick QD
film (50.9 ns) is significantly shorter than that of QD dispersion (72.0

he black dashed lines in (c), (f), and (i) are fitting curves of the exponential

ns), as shown in Fig. Slc. Rate analysis reveals a strong increase in the
non-radiative decay rate together with a reduction in the radiative rate
in the film, suggesting that exciton migration and/or trap-assisted
quenching dominate exciton relaxation in the close-packed films. The
PLQY of the QD film is comparable to the reported values in the liter-
ature [30,31], but is inferior to that of state-of-the-art InP QD films
(58%) [32]. After 48 h of storage in the dark, the QD films became
almost non-emissive. The PL peak maxima position remained nearly
unchanged, but the FWHM greatly increased by 39 nm (Fig. 1(b)).
Reduced emission and broader emission peaks are consistent with the
formation of shallow hole traps which are attributed to incomplete
surface passivation and structural disorder induced by lattice defects
[33]. Triplet oxygen can directly chemisorb onto under-coordinated In
or P sites, leading to the formation of interfacial oxides and ligand
desorption or oxidation [10]. The oxidized regions introduce structural
defects within the QD lattice or at the core/shell interface, excitons
(electron-hole pairs) generated in the QD can become trapped in these
newly formed surface defects instead of recombining radiatively, thus
reducing the PL intensity. The PL degradation half-life (7, = k In2,
Fig. 1(c) and Table 1) was calculated to be 2.5 h and was fitted by an
exponential degradation function,

I(t) = Ioe k + I, o))
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where Iy, t, k, and I, are the initial PLQY, time, degradation rate, and a
constant, respectively.

Under a higher RH of 55%, QD films exhibited a slower degradation
rate and smaller change of FWHM (Fig. 1(d)-1(f)). The initial absolute
PLQY increased by about 4%, and t;,2 was slightly promoted to 2.6 h,
which can be attributed to the photoinduced fluorescence enhancement
effect (PFEE) [11,34]. In this process, adsorbed water molecules

passivate surface trap states, allowing free electrons to repopulate from
the trap states to the conduction band of the QDs, which results in an
increased band-edge radiative recombination [11]. The PFEE is highly
dependent on the humidity level, which is predominant with high hu-
midity levels and enhances the PL in a short time (< 15 min). The
absorbance of 19-nm-thick QD films was almost the same under the RH
of both 35% and 55% after 48 h (Fig. S3).
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Table 2
Atomic percentages of Zn, S, Se, In, and P for InP/ZnSe,S;.x/ZnS QD films before
and after various exposure conditions.

InP/ZnSe\S,.x/ZnS QD Zn / at. S/ at. Se / at. In / at. P/ at.
films % % % % %
UHV before O exposure 25.9 40.5 3.3 7.7 225
UHV after O, exposure 32.1 33.5 3.1 8.6 22.7
UHV before H,0 exposure  27.1 40.2 3.1 7.5 22.0
UHV after H,O exposure 30.4 36.1 3.2 7.9 225
UHV before Oz + Hz0 27.9 399 31 7.5 216
exposure
UHV after O; + Hz0 33.8 332 30 8.3 217
exposure

3.2. The effect of QD film's thickness on the PL quenching

Increasing the QD film's thickness (top) to 48 nm and 101 nm led to
red-shifted and broader PL emissions, indicating more pronounced inter-
QD energy transfer, e.g., FRET (Fig. 2 (a) and 2(d)). The spin-coated QD
films with different thicknesses using various dispersion concentrations
and spin speeds are summarized in Table S1. The PL peak maxima were
almost the same after 10 days (Fig. 2(b) and 2(e)), and the 77 2 extended
to 5.9 hand 17.2 h, respectively (Table 1). The PLQY of 48-nm-thick QD
films (13.9%) was half that of 100-nm-thick QD films (26.8%) after 240
h (Fig. 2(c) and 2(f)). Notably, the PLQY of 100-nm-thick QD films
declined more slowly between 10 and 24 h, which is likely because
thicker samples contained more QDs that did not deteriorate at the
bottom, maintaining their PL property for a longer period.

3.3. The effect of temperature on the PL quenching

When the 19-nm-thick QD films were stored in the vacuum oven (0.1
mbar, 6% RH) at 22 °C, the emission linewidth did not change signifi-
cantly, and the PLQY preserved 87% of its initial value after 24 h (Fig. 3
(a)-3(c)). The drop in PLQY was primarily due to air exposure during
measuring and a small amount of air remaining in the vacuum oven.
Each measurement took approximately 5 min per sample, with three
samples tested under each condition. Notably, the PLQY remained stable
within 3 h due to the short exposure time, and the PL could be tempo-
rarily recovered by vacuum degassing the physisorbed water molecules
as the films were put back to the vacuum oven after each measurement
[35]. As the vacuum oven temperature was elevated to 50 °C and 100 °C,
the PL quenching accelerated, resulting in broader emissions and
reducing the PLQY by half and three-fifths, respectively (Fig. 3(d)-3(i)).
The 71,2 of QD films at 22 °C under 55% RH was comparable to that of
QD films at 50 °C under vacuum. Heat-facilitated PL quenching can be
attributed to the following aspects: Firstly, the difference in the thermal
expansion of the core and shell, and increased atomic mobility [36]. This
increased the diffusion of defects, and residual oxygen and water are
more easily penetrate into the QD core. Secondly, charge carriers
convert excess energy into lattice vibrations (phonons) through
electron-phonon coupling [37]. The phonon population increases, and
multi-phonon emission becomes an efficient relaxation channel, further
converting charge carrier energy into heat. Finally, the ligand can be
stripped away, leaving behind unpassivated regions on the QD surface
[38].

3.4. The effect of oxygen and water exposure on the chemical state
changes

To identify the chemical changes in QD films exposed to oxygen and,
or, moisture in the dark, XPS survey scans under UHV (Fig. S4) and high-
resolution NAP-XPS spectra were recorded for the C 1 s, S 2p, Se 3p, Zn
2p, Zn LMM, Se 3d, P 2p, Zn 3 s, In 3d, and O 1 s electronic states. These
measurements were taken from spin-coated 19-nm-thick QD films
before exposure, exposure to 3 mbar oxygen and/or 3 mbar moisture at
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RT and 100 °C, and after exposure under UHV. Fig. 4 illustrates the
effect of oxygen exposure. Before oxygen exposure, the main peak

positioned at 284.8 eV corresponds to C—C/C—H bonds, while the tail

extending to higher binding energies (BE) is associated with the C—S§
bond of the QD ligand (octanethiol) [39]. After oxygen exposure at RT,
additional peaks generated at higher BE values of 287.8 and 288.8 eV

were related to C=0 and RCOOH groups, respectively (Fig. 4(a)),

indicating oxidation of organic contaminants (e.g., alcohols, ethers,
ketones, aldehydes) [40,41]. The peak at 286.3 eV likely represents a

combination of C—S and C—O bonds due to their proximity. The S 2p
spectrum initially exhibited a doublet due to the spin-orbit splitting,
2ps3/2 and 2p; o, at 161.9 and 163.1 eV, respectively, which can be

assigned to the ZnSe,S;.x/ZnS shell and the QD ligand (Fig. 4(b) inset)
[42,43]. An additional doublet appeared with peaks at 168.4 and 169.6

eV after oxygen exposure, which is associated with the formation of SO,
owing to oxidation of the QD ligand and/or the shell [44]. The oxidation
area increased by 4.4 times after elevating the NAP cell temperature to

100 °C. SO, counted for 6.9 atomic percentage (At.%) of the total S 2p
(33.5 at.%, Table 2) after oxygen exposure under UHV. The at.% of
elemental core level peaks was calculated by the previously reported Eq.
[42].

The peaks at 166.0 and 160.0 eV were attributed to Se 3p; /2 and Se
3ps,2, respectively (Fig. 4(b)) [42,45]. Se accounted for 3.7 at.% of the
sum of S 2p and Se 3p, so the middle shell can be expressed as
ZnSeg 04S0.96- Since XPS is highly surface sensitive and Se is covered by
an organic ligand layer, the inner shell is likely to be underestimated.
The decrease in S at.% after oxygen exposure was likely caused by the
stripping of ligands (Table 2). Isolated Zn 2ps,» and Zn 2p; /5 peaks are
present at 1022.1 and 1045.1 eV, respectively, with a spin-orbit splitting
of 23 eV (Fig. 4(c)) [42,46]. The presence of a small doublet at 1030.3
and 1053.3 eV recorded in the NAP cell was caused by photoelectrons
inelastically scattering from oxygen molecules on their way to the de-
tector (Fig. 4(c) inset) [47]. The Zn 2p peak maxima remained the same
after oxygen exposure, but the peak area increased by 20.7%, indicating
the generation of ZnO [48]. This is consistent with the increasing area
ratio (+7.1%) of the highest BE peak of the Zn LMM spectrum at 499.8
eV, which overlaps the peak of ZnS and ZnO (Fig. 4(d) and Table S2)
[42,49]. This result is in good agreement with recently reported results
from TEM-based chemical analysis [13].

The Se 3d3,2 and Se 3ds/» peaks at 55.3 and 54.3 eV, respectively,
with an overlapping spin-orbit separation of 1.0 eV, are comparable to
the reported results (Fig. 4(e)) [42,50]. A small peak emerged at
58.8-59.8 eV when exposed to oxygen at 100 °C, corresponding to SeO,
[50,51], because of increased atomic mobility and longer exposure time.
The P 2p spectrum reveals two distinct chemical environments for
phosphorus atoms (Fig. 4(f)). The spectrum was fitted using two
resolved doublets, with a spin-orbit splitting of 0.9 eV between 2p3 2 and
2p1/2. The first dominant doublet that appears at 128.4-129.3 eV is
characteristic of InP [52]. The second, more intense doublet is located at
higher BE, 133.3-134.2 eV, corresponding to phosphorus in an oxidized
environment, likely InPO, (x = 3 and/or 4), as supported by the liter-
ature [10,52]. The presence of InPOy before oxygen exposure suggests
that it was formed during the synthesis or cleaning steps [5,53]. The
ratio of oxidized phosphorus atoms (InPOy) to the total phosphorus
atoms increased by 6.0% after oxygen exposure. The Zn 3 s spectrum
showed no significant change after oxygen exposure. The In 3ds,; and In
3ds/y peaks, initially at 452.2 and 444.7 eV, respectively, shifted to
higher BE (40.3 eV) after oxygen exposure, indicating the oxidation of
In atoms (Iny03, Fig. 4(g)) [50,54]. InOOH and In(OH)3 can be excluded
as possible oxidation products because the indium source used in this
work was indium chloride rather than indium acetate [52,53]. Quanti-
tative data suggest a phosphorus-rich surface, with an In/P ratio close to
0.34 (Table 2), consistent with previous reports [15,55]. The high Zn/In
ratio of 3.4 (in as-deposited QD films) supports that the InP core was
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Fig. 5. NAP-XPS spectra of (a) C1s, (b) S 2p & Se 3p, (c) Zn 2p, (d) Zn LMM, (e) Se 3d, (f) P 2p & Zn 3 s, (g) In 3d, and (h) O 1 s of 19-nm-thick QD films under
different moisture exposure conditions. i — UHV before moisture exposure, ii — 3 mbar moisture exposure at RT, iii — 3 mbar moisture exposure at 100 °C, iv - UHV
after moisture exposure. The black, purple, and cyan dotted lines represent the background, envelop, and raw data, respectively. (For interpretation of the references
to colour in this figure legend, the reader is referred to the web version of this article.)

covered by the shell with an estimated thickness of about 3.1 nm [56],
which is greater than our previously reported TEM result (a core size of
1.8 nm and the total shell thickness of 2.3 nm) [3]. This results from
XPS's surface sensitivity, which is much more sensitive to the top layer,
leading to a low In at.%. The O 1 s peak shifted to higher BE (40.2 eV)
and the O at.% increased by 12.8% (Fig. 4(h) and Table S3), which is in
line with the generation of oxides discussed above.

Subsequently, the degradation of QD films under 3 mbar moisture

exposure (RH: ~10%) was studied separately, revealing that water had a
minimal impact on the chemical state's change (Fig. 5). The peaks of
C—=0 and COOH were weak, with no observable peaks of SO, even at
100 °C (Fig. 5(a) and 5(b)). The peak area of Zn 2p remains the same
(Fig. 5(c)), and the area ratio of the highest BE peak in the Zn LMM
spectrum just slightly increased after water exposure (Fig. 5(d) and
Table S2), and Se oxidation was not detected (Fig. 5(e)). The ratio of
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degradation function.

oxidized phosphorus atoms was almost the same after water exposure
(Fig. 5(f) and Table 2), and the shift of the In doublet was insignificant
(Fig. 5(g)). The slight increase of oxygen at.% further implies negligible
oxidation under moisture exposure (Table S3). The small peak at 535.0
eV in Fig. 5(h) is assigned to gas-phase water above QD films [57]. We
found that the combined effects of both oxygen and water exposures (6
mbar) on chemical variations were similar to those of oxygen exposure
alone, according to the changes in peak area and position (Fig. S5). The
slightly weaker oxidation observed under both oxygen and moisture
exposures could be due to the thin capsulation layer of water on QDs,
which might alleviate the reaction with oxygen (Table S2 and Table S3).

3.5. The effect of PMMA encapsulation on the PL quenching

To enhance the air stability of QD films, a thin PMMA film with
different thicknesses was spin-coated on 19-nm-thick QD films as a
protection barrier (Fig. S2 and Table S4). The PL was quenched
extremely slowly under 55% RH at 22 °C, sustaining about 50% of the PL
with L of 20 £+ 1 nm and 47 + 6 nm after 24 h and 48 h, respectively
(Fig. 6(a) and 6(d)). FWHM moderately increased to 74 nm and 69 nm,
respectively, smaller than that of QD films without PMMA after 48 h (79
nm), and PL peaks remained stable after 10 days (Fig. 6(b) and 6(e)).
Weak emissions were still detectable after 5 days (Fig. 6(c) and 6(f)),
with the 7,5 increased by 5 and 12 times (Table 1), respectively. The
enhanced air stability of QD films with PMMA layers can be explained by
Fick's second law of diffusion [58], the diffusion flux through a thin layer
of PMMA can be expressed as.

ac_ _dC
T Dﬁ (2)
where D, C, x, and T represent the diffusion coefficient, the air con-
centration in PMMA, diffusion length, and diffusion time, respectively. D
is dependent on the ambient temperature and PMMA's molecular
weight, but independent of L [59]. The water vapor and oxygen diffu-
sion coefficients in PMMA are approximately 2.9 x 1071 m?/s and 2.0 x

10712 mz/s, respectively at RT [60].
Therefore, the total mass of air (My) diffused through the PMMA
layer at time (T > L2/D) can be simplified to [61]:

My . 8 DET
m, T TP T

M, is the equilibrium mass at T — c. The PL quenching efficiency (1o
(T) = 1- Normalized PLQY (7)) is defined as:

3

1o(T) = kMr = g {1 7Aexp< - %) } (@)

where k is a proportionality constant (depends on QD reactivity and
density), 1q ., is the maximum quenching efficiency (when all QDs are
quenched), A = 8/Jt2, diffusion characteristic time 7 = 4 L?/(Dr?). The
fickian model (eq. (4)) closely matches the experimental data (Fig. S6).
nq of the QD films encapsulated with 20 nm and 47 nm PMMA barriers
increases with exposure time in 55% RH. At all time points, the 47 nm
PMMA sample exhibits smaller PL quenching efficiency, confirming that
a thicker polymer barrier more effectively retards penetrant transport to
the QD surface and improves PL stability. The close agreement between

experimental data and diffusion-model fits validates that PL quenching
in these samples is diffusion-limited.

4. Conclusions

The PL quenching and chemical state changes in InP/ZnSexS;.x/ZnS
QD films were studied. NAP-XPS results indicated that chemical state
changes were primarily caused by oxidation rather than water exposure,
forming oxides that include InyOs, InPOy, SeO, ZnO, and SO, . How-
ever, oxygen, water, or heat can introduce permanent trap states,
leading to PL quenching. The PL degraded more slowly under higher RH
due to the PFEE, which passivated surface trap states and temporarily
enhanced the PL. Thicker QD films showed better durability and greater
71,2 because they contained more QDs, and QDs on the top layer
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protected the bottom layer from degradation. Thermal energy stripped
surface ligands and increased atomic mobility, expanding the structural
deformation between the shell and core and introducing permanent trap
states that quenched the PL. Encapsulating with a PMMA barrier layer
proved to be an effective strategy to improve the air stability of QD films
by reducing the diffusion flux of oxygen and moisture. This study pro-
vides insight into the effect of oxygen and/or water on InP/ZnSeS; x/
ZnS QD films, paving the way to develop more air-stable QD films for
InP-based optoelectronic devices like QLEDs.
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