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Fluorescence nanothermometry based on quantum dots is a current research hotspot for novel non-
contact temperature monitoring, and is of vital significance for the modulation and design of the
sensing properties of sensors. Herein, a design strategy to modulate the temperature-sensing
characteristics of quantum dots based on the thickness of a shell is proposed. In this study, CdSe/ZnS
quantum dot/POSS-based temperature probe films with varying fluorescence characteristics were
developed, and the influence of the ZnS shell on temperature sensing was examined by varying the
thickness of the ZnS shell. The temperature dependency, linearity, range of applications, and reversibility
of quantum dot thin film probes were all considerably regulated by the ZnS shell, according to research
on quantum dot/POSS-based films coated with various shell thicknesses. The CdSe/ZnS temperature
probe with 4 monolayers (MLs) stood out among the rest due to its strong thermal stability (at least
5 cycles), large usable temperature range (20-80 °C), and excellent temperature sensitivity (R* > 0.994).
The results demonstrated that the temperature sensing performance of quantum dots was the conse-
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quence of the combined effect of multiple temperature response properties induced by the thickness of
the shell, and the shell control of quantum dots to optimize the temperature sensing performance was
an essential approach for the design of temperature probes. This work demonstrates the great potential
of the shell in tuning the temperature sensing performance of quantum dots and provides a viable
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Introduction

With the development of integrated and high-speed devices in
the mechanical, optoelectronic, biological, and medical fields,
traditional methodologies for temperature monitoring have
fallen short of the demand, and the exploration of non-invasive
in situ thermal sensing has attracted much attention.'™ For
example, in the monitoring of biological organ signals or high-
speed rotating devices (e.g., bearings), traditional contact detection
technologies are bottlenecked by their size limitations and wired
signaling methods. Furthermore, the spatial resolution of tradi-
tional non-contact sensing methods renders them challenging to
employ for temperature monitoring when the typical dimensions
of functional structures reach the nanoscale. As a result, numerous
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approach for the design of quantum dot temperature probes.

novel testing methods have been developed to handle a variety of
circumstances. Among them, sensing materials based on fiber-
optic chemical sensing are gradually favored by researchers due to
their microscopic size, high sensitivity, and rich and adjustable
physicochemical properties, and have demonstrated significant
application potential in multiple monitoring fields such as tem-
perature, humidity, pH value, and gas. For instance, the lumines-
cence properties of certain examples of lanthanide metals were
utilized to investigate their possible application in temperature-
dependent luminescence sensors for temperature sensing.®’
In addition, materials such as fluorescent dyes have also demon-
strated potential for temperature measurement, with Andrew W.
Wood et al.® using rhodamine B to measure temperature changes
induced by radiofrequency radiation in biological samples. Among
the methods, temperature detection methods based on material
fluorescence changes are suitable for non-contact in situ monitor-
ing of localized tiny sites in target devices, thus becoming a
favorite in the field of temperature monitoring.

As a new class of semiconductor nanomaterials, quantum
dots have been favored as sensor materials due to their high
fluorescence quantum yield, favorable photostability, and high
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fluorescence intensity.”™'> In recent years, the potential of
semiconductor quantum dots for temperature-detection appli-
cations has been gradually confirmed. Previous studies have
demonstrated that the spectral properties of quantum dots vary
with temperature, thus enabling the possibility of thermal
testing of quantum dots. For instance, in line with recent
reports,” '® quantum dot materials, such as chalcogenides,
cadmium tellurides, selenides, and so forth, are growing
increasingly prevalent as temperature sensing materials. By
modifying their surfaces, these materials can be developed into
temperature sensors with a wide range of potential uses."”™*°
However, there are still some limitations in the quantum dot-
based thermal measurement technique. There are still certain
issues with quantum dots in practical applications. These issues
include low thermal stability, undesired errors in fluorescence
intensity caused by laser fluctuations, and inadequate sensitivity,
all of which have brought about some trouble in the acquisition of
temperature information.**>* To overcome these drawbacks,
further applications of quantum dots have been rendered feasible
with the development of a series of sensors based on surface
optimization and other fluorescence features (peak intensity ratio,
peak wavelength, full width at half maximum, etc.)**>® Never-
theless, most of the previously reported studies have concentrated
on the material selection and appropriate management of syn-
thesis conditions, but relatively little investigation has been carried
out into the variables affecting the temperature characteristics of
quantum dots.

The study of quantum dot-based temperature sensor devices
benefits greatly from the understanding of their temperature-
dependent photoluminescence properties. However, the imple-
mentation of quantum dots is constrained by issues of
suboptimal response sensitivity, poor thermal stability, and a
narrow temperature response range.>”*° Thus, constructing a
sensing material with great sensitivity and stability is still
problematic. A particular significance of the design of quantum
dot-based sensing materials is figuring out how to adjust the
temperature characteristics of quantum dots.

In this work, CdSe/ZnS quantum dots were used to design
temperature sensors with high thermal stability and high
sensitivity based on peak wavelength. We found that the con-
trollable thermal properties of quantum dots can be achieved
by controlling different thicknesses. Through attempting to
synthesize core-shell quantum dots with different amounts of
reactive feedstock, the thickness of the shell layer with different
dimensions caused the quantum dots to exhibit distinctly
differing temperature-sensitive properties, and thus we intro-
duced ZnS shell layers with different gradients (1, 4, and 7 MLs)
in the synthesis process. By varying the ZnS shell’s thickness,
we were able to synthesize CdSe/ZnS quantum dots with various
fluorescence properties. Based on these quantum dots, we
fabricated temperature probe films that exhibited both high
sensitivity and stability at high temperatures. Then, the role of
the shell in affecting the temperature sensing of quantum dots
was further investigated by testing the temperature response
characteristics of the films. The experimental results demon-
strated that the quantum dot thin-film probes exhibited
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significant temperature dependence according to the peak
wavelength of the fluorescence spectra, in which the shell
played an obvious role in regulating the sensitivity, temperature
dependence, and applicable temperature range of the quantum
dots. Among them, the CdSe/ZnS temperature probe of 4 MLs
exhibited comprehensively optimal temperature response prop-
erties, including good temperature sensitivity (R> > 0.99732),
a high-temperature applicability range (20-80 °C) and excellent
thermal stability (at least 5 cycles). This indicates that the key to
optimizing a temperature probe is determining the shell thick-
ness that will maximize the quantum dots’ ability to sense
temperature. The above work demonstrates the great potential
of shells for modulating the temperature-sensing properties of
quantum dots and provides a feasible approach for designing
efficient optical sensing probes.

Experimental section/methods
Chemicals

All starting materials were obtained from commercial sources
and were ready to use without further purification. Selenium
powder (99.5%, powder) and sulfur (99.5%, powder) were
obtained from Sigma. 1-Octadecene (ODE, 90%), cadmium
oxide (99.99%), zinc acetate dihydrate (99.99%, powder),
N,N,N' N’ ,N"-pentamethyldiethylene triamine (PMDETA, 97%)
and azobisisobutyronitrile (AIBN, CgH;,N,, F, = 164.21) were
provided by Aladdin. Tri-n-octylphosphine (TOP, 97%), oleic
acid (OA, 90%), and other organic solvents were purchased
from Rhawn. The supplier of MAPOSS (99.9%, C35H;,014Sig,
Fy = 943.64) powder was Hybrid Plastics (USA). In anhydrous
ethanol, GMA (97%, C;H;403, F, = 142.15) and AIBN were
recrystallized. Before being used, dibutyl ketone was distilled
under low pressure after being agitated over CaH, for 12 hours
at room temperature. Toluene, methanol, and ethyl acetate
were used exactly as supplied.

Synthesis of the CdSe core

The synthesis process was performed according to the standard
procedure in the literature.*" Usually, 0.1 mmol of Se powder
was prepared with 4.9 ml of ODE and 0.1 ml of TOP at 220 °C to
form a solution of the Se precursor. 1 mmol of CdO was
dissolved in 4 ml of ODE and 1 ml of oleic acid at 150 °C to
form a Cd precursor. Then, 1 ml of the Cd precursor was taken
and quickly injected into the Se precursor solution at 220 °C
with rapid stirring, and the green-emitting CdSe core quantum
dots were obtained by withdrawing the heat source after a
certain period and cooling to room temperature.

Synthesis of core/shell CdSe/ZnS QDs with distinct shell
thicknesses

CdSe/ZnS core-shell QDs were prepared using the tri-n-octyl-
phosphine assisted successive ionic layer adsorption and
reaction (TOP-SILAR) method.*” That is, with TOP solution
injected as the activator, specific amounts of Zn precursor
and S precursor solutions were added alternately into the
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Scheme 1 Schematic diagram of the preparation of core/shell CdSe/ZnS QDs. (a) Preparation process of CdSe/ZnS quantum dots. (b) CdSe/ZnS

quantum dots with different shell thicknesses.

reaction vials via a syringe to achieve the cyclic growth of ZnS
shell monolayers. CdSe/ZnS products with varying shell thick-
nesses were eventually developed using this methodology.
Using the empirical mathematical functions as a reference,
the molar concentration of the core CdSe NCs and the amount
of precursors with the required number of layers to grow on the
surface of the core NCs were determined®® (ESIt). In this way,
CdSe/ZnS quantum dots with ZnS shell thicknesses of 1, 4, and
7 monolayers (MLs) were prepared (Scheme 1).

Fabrication of QD-POSS-based films

POSS-based glycidyl methacrylate copolymers used for the
formulation of thin film probes were synthesized according to
the procedure outlined in the literature.** Generally, anhydrous
dibutyl ketone was used to dissolve a specific amount of AIBN,
MAPOSS, and GMA. The solution was then rotary evaporated,
flocculated with excess methanol added, and vacuum dried to
produce P(GMA-MAPOSS) white powder. After dissolving the
P(GMA-MAPOSS) powder (10 wt%) and CdSe/ZnS powder (6
wt%) in toluene and stirring, PMDETA (1 wt%) was added
dropwise as a catalytic curing agent, and the mixture was
stirred for 30 minutes. The resultant solution was evenly spread
across the substrate’s surface, and as it evaporated, a homo-
genous film was fabricated.

Results and discussion
Morphology and luminescence characterization

In this study, we synthesized CdSe/ZnS core-shell quantum
dots with shell numbers of 1 ML, 4 MLs, and 7 MLs based on
CdSe core quantum dots with green emission. The UV-vis
absorbance and photoluminescence spectra with excitation at
405 nm of the CdSe core and CdSe/ZnS core-shell quantum
dots with different ZnS monolayers are demonstrated in Fig. 1a

1500 | Phys. Chem. Chem. Phys., 2024, 26, 11498-11505

and b, respectively. It was discovered that the quantum dots
showed a notable redshift upon the encapsulation of the CdSe
core NCs by the ZnS shell, and a minor blue shift upon the
increase in the shell thickness. This was attributed to the
widening of the bandgap of the core-shell quantum dots due
to the larger bandgap of the ZnS shell compared to the CdSe
core, which further led to the blue shift of the PL peak when the
thickness of the ZnS shell of the quantum dots is increased to a
certain extent.>* 7 As can be verified from Fig. 1a, the quantum
dot core’s absorption intensity gradually diminished as the
coating of the quantum dot shell increases. This results in
the absorption peak of the quantum dot’s first exciton gradu-
ally flattening. Besides, the trend of the position change of the
absorption peak is in line with that of the PL peak, which is red-
shifted and then bluish-shifted.

Fig. 2 displays typical TEM images of CdSe/ZnS QDs with
varying shell thicknesses. As shown in the figure, the quantum
dots were all more uniformly distributed and exhibited irregu-
lar particle shapes (Fig. 2a-d). The high-resolution transmis-
sion electron microscopy (TEM) images of the quantum dots
are displayed in the right half of Fig. 2. These images allowed
for the unambiguous observation of the lattice stripes of the
quantum dots, demonstrating the great crystallinity of the
produced quantum dot crystals. After encapsulating the ZnS
shell, the average particle size of the CdSe/ZnS quantum dots
was significantly larger (3.26 nm for 1 ML, 3.99 nm for 4 MLs,
and 4.93 nm for 7 MLs) as compared to the core size (2.91 nm),
which was roughly consistent with the number of added ZnS
monolayers (Fig. S1, ESIt). This also proved that the CdSe core
successfully encapsulated the ZnS shell.

Characterization of CdSe/ZnS QD/POSS-based films

We have demonstrated the adhesive strength and hydrophobic
properties of POSS-based thin film coatings as functional sensor
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Fig. 1 (a) UV absorption spectra and (b) photoluminescence spectra of
CdSe/ZnS quantum dots with different shell thicknesses.

Fig. 2 TEM images of the CdSe/ZnS quantum dots with varying shell
thicknesses. (a) and (a;) TEM images of the CdSe core quantum dots. (b)
and (b;) TEM image of CdSe/ZnS quantum dots with the ZnS shell
thickness of 1 ML. (c) and (c;) TEM image of CdSe/ZnS quantum dots with
the ZnS shell thickness of 4 MLs. (d) and (d;) TEM image of CdSe/ZnS
quantum dots with the ZnS shell thickness of 7 MLs.

materials in our previous work."” The CdSe/ZnS QD films formed
on the glass substrate are shown in Fig. 3a. When the QD films
were exposed to normal daylight, the scale of the straightedge
covered by the manufactured films could be observed. This
indicated that the film had a high transparency level, which
expanded the range of applications for it as a transparent tem-
perature sensor. In addition, the fluorescence properties of the
quantum dot/POSS-based films were examined (Fig. 3b). It was
observed that the PL intensity of the QD films increased signifi-
cantly with the growth of the ZnS shell under UV laser irradiation,
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Fig. 3 (a) CdSe/ZnS QD films formed on glass substrates. (b) Photolumi-
nescence images of quantum dot/POSS-based films. (c) The UV-vis
absorbance spectra, (d) photoluminescence spectra, (e) X-ray diffracto-
gram, and (f) X-ray photoelectron spectra of CdSe cores and CdSe/ZnS
core—shell QD/POSS-based films with varying ZnS monolayers.

which was especially obvious for the QD films with shell thick-
nesses of 4 MLs and 7 MLs. Furthermore, greater luminescence
intensity as a sensing material facilitated the possibility of captur-
ing the fluorescence information from the sensor, which was of
inescapable importance for optical sensing. The UV-vis absorbance
and photoluminescence spectra of the CdSe core and CdSe/ZnS
core-shell QD/POSS-based films with varying ZnS monolayers,
respectively, are demonstrated in Fig. 3c and d. These spectra
essentially agreed with those of the quantum dot solutions,
indicating a favorable stability of the QD films. The X-ray diffracto-
gram and X-ray photoelectron spectra of the QD films are illu-
strated in Fig. 3e and f, respectively, which demonstrated the
successful encapsulation and synthesis of quantum dots within
POSS-based films through the analysis of elemental and lattice
information in the figures.

Temperature sensing performance

The temperature response properties of four quantum dot/POSS-
based films were tested utilizing the constructed temperature test
platform. A PT100 sensor was adopted for the rapid and accurate
temperature regulation of the platform. In this manner, we
obtained the PL spectra of the QD film probes at different
temperatures. Fig. 4a demonstrates the fluorescence spectra
(excited at 405 nm) of the quantum dot/POSS-based film (4 ML
shell thickness) during the heating process, and it could be

Phys. Chem. Chem. Phys., 2024, 26, 11498-11505 | 11501


https://doi.org/10.1039/d4cp00099d

Published on 18 2024. Downloaded on 18/10/25 13:08:44.

PCCP

recognized that the fluorescence intensity of the temperature
probe exhibited a decreasing trend with the elevation of tempera-
ture. However, the decreasing trend of the fluorescence intensity
of the probe did not exhibit a well-defined linearity, suggest-
ing that fluorescence intensity is not a favored temperature
indication. Fig. 4b shows the mapping plot of Fig. 4a, and it
was observed that the peak position of the spectra was red-shifted
with increasing temperature with an approximately linear trend,
which implied an excellent correlation between the temperature
parameter and the peak wavelength of the fluorescence spectra of
the probes. The redshift of the peak wavelength of the semicon-
ductor PL reflected the contraction of the energy band gap with
increasing temperature due to the lattice deformation potential
and exciton-phonon coupling.

The spectral information obtained from the tests was col-
lected to analyze the thermal response characteristics of QD
films with varying ZnS shell thicknesses. Fig. 4c—f illustrate the
temperature dependence of the peak wavelength during the
heating process for each of the four probes, which can be fitted
with a linear function over a certain range. As depicted, various
QD film probes exhibited differing temperature dependencies,
which was reflected in the dispersion of the data points as
well as the tolerance performance of the probes. To evaluate the
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Fig. 4 Temperature response characteristics of CdSe/ZnS films with
varying shell thicknesses. (a) PL spectral variation of the heating process
of the CdSe/ZnS (4 ML) film temperature probe. (b) The mapping plot of
Figure a. (c) Temperature dependence of the CdSe core film temperature
probe. (d) Temperature dependence of the CdSe/ZnS (1 ML) film tem-
perature probe. (e) Temperature dependence of the CdSe/ZnS (4 ML)
film temperature probe. (f) Temperature dependence of the CdSe/ZnS
(7 ML) film temperature probe.
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temperature dependence of the probes at an improved degree,
goodness of fit (square of the Pearson correlation coefficient)
was introduced to express the linearity of the curves, with its
value being closer to 1 the better. The values of the four probes
were 0.99062, 0.99529, 0.99465, and 0.94, respectively. The ZnS
shell thickness of 1 ML and 4 MLs in the QD films proved
a favorable temperature correlation above that of the core
quantum dots. However, as the ZnS shell grew bigger, the
wavelength-temperature correlation rapidly decreased. It can
be concluded that the encapsulation of ZnS shells exerted a
modulating effect on the temperature-dependent properties of
the quantum dots. ZnS shells optimized the temperature-
dependent curves of the quantum dots to a certain degree,
but further thickening of the ZnS shells results in a more
significant decrease in thermal sensitivity. Furthermore, the
figure unambiguously demonstrated the applicable temperature
response range for each QD film probe. The ZnS shell encapsula-
tion caused the temperature tolerance range of the probes to
display a notable growth trend between core CdSe and 7 ML-CdSe/
ZnS of roughly 30 °C. This implied that the ZnS shell exerted a
positive feedback impact on the quantum dots’ temperature
measurement range. Among them, the CdSe/ZnS QD film probe
revealed a high linearity and tolerance range when the Zns shell
thickness was 4 monolayers. The temperature-varying character-
istics of the peak wavelength of the PL spectrum in the figure are
determined by the temperature-varying characteristics of the
forbidden bandwidth of the quantum dots, which is mainly
dominated by the quantum size effect and exciton-phonon
coupling when the temperature is increased. Since the forbidden
bandwidth temperature coefficient of the semiconductor material
is negative, the forbidden bandwidth temperature coefficient of
the quantum size effect is negative, and the forbidden bandwidth
temperature coefficient of the phonon coupling is positive,
the forbidden bandwidth temperature coefficient of the quantum
dot is negative for the CdSe/ZnS quantum dots with small-size
characteristics used in the present experiments, ie., the peak
wavelengths of PL spectra of the core-shell quantum dots increase
with the increase of the temperature in the temperature range.*®

Fig. 5 illustrates the cycling characteristics of the peak
fluorescence wavelength of the thin-film probe with respect to
temperature to investigate the temperature reversibility index
of the film. The film probes were subjected to heating and
cooling cycles at temperatures ranging from 20 to 80 °C to
observe the trend of the peak fluorescence wavelength of the
films. As illustrated in Fig. 5, the ZnS shell was crucial
in controlling the film throughout the thermal cycling test,
and as the thickness of the shell increases, so did the reversi-
bility of the QD film’s thermal sensing. When the shell thick-
ness reached 7 MLs, the reversibility demonstrated a certain
decrease, which may be attributed to the misfit defects near the
core/shell interface due to the thick shells exceeding the critical
thickness.*® The probe with a shell thickness of 4 MLs, in
particular, was noteworthy for its excellent optical properties;
that is, the temperature switching operation could be reproduced
continuously for at least 5 cycles without significant changes,
demonstrating the probe’s reversibility and dependability as an

This journal is © the Owner Societies 2024
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Fig. 5 Temperature-dependent reversibility of a thin-film temperature
detector for CdSe/ZnS with a shell thickness of (@) O ML, (b) 1 ML, (c) 4 MLs,
and (d) 7 MLs.

optical thermometer probe. Furthermore, we discussed the tem-
perature reversibility of the luminescent material, where there is a
continuous redshift of the PL peaks as the temperature increases,
where the shift of the bandgap is described by the Varshni
equation,’®*! and this shift phenomenon is reversible within a
certain number of heating-cooling cycles. As the number of cycles
increases, the reversibility of the film decreases, which means that
some irreversible quenching occurs in the high temperature
range. Irreversible quenching may result from the formation of
permanent surface trap states, which may be related to structural
changes. Structural changes at high temperatures may be due to
lattice mismatches, which may generate interfacial strains and
favor dislocations of atoms. Finally, the reversible quenching of
quantum dots in the previous cycles may be the result of carrier
thermal activation escaping to existing (surface) trap states and/or
thermal activated creation of trap states which relax upon
cooling.*? In addition, taking all the temperature response proper-
ties into account, the quantum dot thin film probe with a ZnS
shell thickness of four monolayers appeared to be the preferred
choice for the core-shell quantum dot-type temperature probes
with relatively high fluorescence intensities, excellent linearity, a
wide temperature applicability range, and the highest reversibility.

Conceivably, this CdSe/ZnS quantum dot probe has promis-
ing applications in mechanical, electrical, aerospace, and other
areas of life (e.g., non-contact temperature testing on the
rotating components of bearings). In summary, the shell thick-
ness of the core-shell quantum dots had a modulating effect on
multiple temperature sensing-related features of the quantum
dots, and the temperature-dependent behavior of the QD film
was the result of the combined effect of these sensing proper-
ties (Fig. 6). The spectrum of the quantum dot sensing probe
redshifts with increasing temperature, which made tempera-
ture monitoring possible. In particular, the ZnS shell thickness
functioned as a positive feedback on the fluorescence intensity
and the relevant temperature range and a negative feedback on
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the quantum dot probe’s linearity. The thickness of the shell
will enhance the reversibility and reliability of the probe, but an
overly thick shell will also reduce the reversibility and reliability
of the probe. The thickening of the ZnS shell layer reduces the
defects on the surface of the nuclear quantum dots and
enhances the thermal stability and fluorescence intensity of
the quantum dots. However, it is also worth noting that the
excessively thick shell layer also leads to a decrease in the
temperature reversibility of the quantum dots, which may be
attributed to the decrease in the magnitude of the redshift
of the quantum dots with the temperature as well as the
formation of a large number of interfacial traps at the interface
between the CdSe nucleus and the ZnS shell layer with the
increase of the thickness of the shell layer.*> Thus, a complex
trade-off was involved in controlling the ZnS shell thickness to
achieve a relatively ideal temperature response performance.
Besides, it is clear that stability and sensitivity are of great
importance for the further advancement and development of
CdSe/ZnS quantum dot temperature probes. However, the
research and development of quantum dot-based thermometer
materials has only just begun and enhancing the detection
sensitivity of quantum dots as well as their tolerance and
cycling characteristics at high temperatures has become an
important technological challenge. The development of quan-
tum dots combined with neural network (NN) or deep learning
techniques for temperature measurements or the introduction
of nanomaterials with matched energy levels could be high-
potential solutions.

Conclusions

In this work, CdSe/ZnS quantum dot/POSS-based films with
different shell thicknesses were fabricated successfully to inves-
tigate the effect of the ZnS shell on the temperature-sensing
properties of quantum dots. The results demonstrated that the
thickness of the ZnS shell has a significant modulating effect
on the temperature performance of the quantum dot probe,
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which acts as a negative feedback on the linearity, a positive
feedback on the fluorescence intensity and the applicable
temperature range, and shows an increasing effect and then a
decreasing effect on the reversibility and reliability of the
probe. Thus, engineering of the shell is the linchpin in the
development of CdSe/ZnS temperature probes with high per-
formance. Among the four monolayers of quantum dot probes
designed, we found that the QD film with a shell thickness
of four monolayers (4 MLs) simultaneously possessed a high
level of fluorescence intensity, monitorable temperature
range, linearity, and test reversibility, demonstrating excellent
potential for application in a high-performance temperature
sensing platform. This work provides a well-established guide-
line for the design of quantum dot optical temperature probes
based on the modulation of the shell.
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