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Abstract

We report a ratiometric temperature imaging method based on Mn luminescence from Mn-doped
CdS/znS nanocrystals (NCs) with controlled doping location, which is designed to exhibit strong
temperature dependence of the spectral lineshape while being insensitive to the surrounding
chemical environment. Ratiometric thermometry on Mn luminescence spectrum was performed by
using Mn-doped CdS/ZnS core/shell NCs that have a large local lattice strain on Mn site, which
results in the enhanced temperature dependence of the bandwidth and peak position. Mn
luminescence spectral lineshape is highly robust with respect to the change in the polarity, phase
and pH of the surrounding medium and aggregation of the NCs, showing great potential in
temperature imaging under chemically heterogeneous environment. The temperature sensitivity
(Alg/lg = 0.5%/K at 293 K, Ig = intensity ratio at two different wavelengths) is highly linear in a
wide range of temperatures from cryogenic to above-ambient temperatures. We demonstrate the
surface temperature imaging of a cyro-cooling device showing the temperature variation of >200
K by imaging the luminescence of the NC film formed by simple spin coating, taking advantage of
the environment-insensitive luminescence.

Keywords
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1. Introduction

Recent progress in luminescence thermometry using temperature-dependent luminescence
of various molecular and nanocrystalline materials made it possible to measure the
temperature optically with high accuracy (<0.1 °C) and spatial resolution (<10 pm).1~12 The
luminescence thermometry has been applied to the temperature sensing of various platforms
such as micro/nanofluidics, integrated devices and intracellular environment.13-18
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Temperature dependence of the intensity, spectral position, bandwidth, polarization and
lifetime of the luminescence are among the frequently utilized temperature sensing
mechanisms in luminescence thermometry.3- Therefore, the insensitivity of these
characteristics of luminescence to the other variables besides the temperature is very
important for the accurate and reliable temperature sensing.16: 19. 20 However, the
luminescence of many materials utilized for temperature sensing is often affected by the
variation of the surrounding chemical environment at a given temperature. For instance,
luminescence intensity and peak position of many thermo-sensitive dye molecules vary
significantly as the polarity or pH of the surrounding medium changes.1 21 The lifetime of
the luminescence can also be influenced by the surrounding medium interfering with the
temperature measurement.2 22 In the case of quantum dots, the variation of the surface
functionalization and interparticle distance can change the exciton luminescence intensity
and spectrum,23-25

One strategy that was shown to be effective in reducing the environmental sensitivity of the
luminescence thermometry is to coat the temperature-sensing material with “shell' material
that forms a barrier between the sensor and the surrounding medium. For instance, a thick
polymer layer formed on the thermosensitive fluorescent dye-imbedded nanoparticles
effectively reduced the sensitivity of the luminescence lifetime to the variation of pH and
ionic strength, enabling more reliable temperature sensing.2® In the case of the thermometry
based on the luminescence intensity, ratiometric measurement of the multiple emitters has
become more common recently, where the temperature-dependent ratio of the two different
luminescence intensities is measured instead of the absolute intensity. The dual emitting
materials used for such purpose include lanthanide-codoped nanoparticles or metal-organic
framework (two dopant emissions) and Mn-doped quantum dot (exciton and dopant
emissions).”11 Since the intensity ratio fluctuates much less than the absolute intensity, the
ratiometric thermometry is generally more accurate than non-ratiometric methods for the
optical temperature imaging.

While the ratiometry allows more robust intensity-based luminescence thermometry, the
environmental sensitivity still remains as a challenging issue due to the potentially unequal
effect of the surrounding environment on the intensities of the different emitters. For
instance, the luminescence intensities of exciton and dopant in nanocrystals are affected
differently by the charge carrier-accepting molecules (e.g., thiols) or the dissolved oxygen
present in the surrounding medium depending on the spatial proximity of the emitter and the
molecules affecting the luminescence.27: 28

Here, the ratiometric surface-temperature imaging of a cryo-cooling device in a wide
temperature range (77— 260 K) is demonstrated by using Mn luminescence from Mn-doped
CdS/znS core/shell nanocrystals with controlled host structure and doping location, which is
highly insensitive to the surrounding chemical environment and exhibits near-linear
temperature response in a broad range of temperatures (100 — 380 K). The diminished
sensitivity of the method reported here to the environmental variation is ascribed to the use
of “single' luminescence from MnZ* ions doped far below the surface of the nanocrystals
(~2.1 nm) with controlled doping radius, whose spectral lineshape is highly insensitive to
the environment outside of the nanocrystals. For the same reason, high quantum yield of
luminescence can be maintained even under the conditions that are known to significantly
diminish the exciton luminescence. The broad bandwidth (~90 nm at 293 K) and robust Mn
luminescence spectrum enable the ratiometric thermometry even with a single luminescing
species, i.e., Mn2* ions. The temperature sensitivity (Alg/lg = ~0.5%/K at 293 K, I =
intensity ratio) in a wide range of temperatures was obtained by controlling the local lattice
strain at the dopant site, which significantly enhances the bandwidth broadening and peak
shift with temperature increase.2: 30 Since only a single emitting species is used, the issue
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of potentially different effect of the surrounding environment on different emitters is
avoided. Here, we performed the ratiometric surface temperature imaging of a glass
substrate partially exposed to the liquid nitrogen to demonstrate the capability of the reliable
thermometer in a wide range of temperatures. Despite the inhomogeneity of the nanocrystal
coating formed on the substrate via spin coating, the surface temperature ranging from 77 to
260 K could be reliably imaged on a CCD camera thanks to the environmental insensitivity
of Mn luminescence and large dynamic range of temperature sensing. The ratiometric
temperature imaging with Mn-doped CdS/ZnS nanocrystals demonstrated in this study will
be particularly useful for the optical surface-temperature imaging of the chemically
heterogeneous system with a large distribution of temperatures.

2. Experimental

2.1 Synthesis of Mn-doped CdZ/zZnS core/shell nanocrystals (NCs) with controlled radial
doping location

Mn-doped CdS/ZnS core/shell NCs with controlled radial doping location and doping
concentration were synthesized employing SILAR (Successive lonic Layer Adsorption and
Reaction) method previously reported.31-32 The key control in the synthesis of Mn-doped
CdS/ZnS core/shell NCs used in this study is the radial doping location of Mn2* ions within
the core/shell host NCs with lattice mismatch, which determines both the temperature
sensitivity of Mn luminescence and its insensitivity to the surrounding chemical
environment as discussed in detail in Results and Discussions. CdS core (3.6 nm) was
prepared by injecting 1-octadecene (ODE) solution of sulfur to the mixture of cadmium
oxide, ODE, and oleic acid at 250 °C. ZnS shell was coated using SILAR method by
introducing the precursors of anion and cation alternately. ODE solution of sulfur and
toluene solution of zinc stearate were used as the precursor of S and Zn respectively. The
radial Mn doping location was controlled by introducing Mn precursor at different steps
during the layer-by-layer coating of ZnS shell. Oleylamine solution of Mn acetate or Mn
diethyldithiocarbamate was used as the precursor of Mn. The details of the synthesis are
provided in the Supporting Information.

2.2 Measurement of the temperature-dependent Mn luminescence spectra

Mn-doped CdS/ZnS NCs mixed with poly(methyl methacrylate) were spin-coated on the
sapphire substrate. The temperature was controlled in an open-cycle cryostat (ST-100, Janis)
using liquid nitrogen as the cryogen. The NCs on sapphire substrate were excited by a 403
nm cwdiode laser at a low power (< 1 mW at 5 mm beam diameter). The luminescence
spectra were measured with a fiber optic-coupled CCD spectrometer (QE65 Pro, Ocean
Optics). A 450 nm long pass filter was used to block the scattered excitation light. The
transmittance spectra of the two bandpass filters used for imaging (600 and 650 nm, 10 nm
bandwidth) were used to obtain the temperature calibration curve from the measured Mn
luminescence spectra.

2.3 Cryo-cooling device fabrication

Fig. 1(a) illustrates the construction of the cryo-cooling device that provides a temperature
gradient from 77-260 K over ~12 mm distance. Thin film of Mn-doped NCs was formed on
a glass substrate from the solution of the NCs dispersed in chloroform via spin-coating. On
top of the NCs-coated glass substrate, 15 wm-thick poly(dimethylsiloxane) (PDMS) layer
was spin-coated and cured. The black PDMS substrate having a channel for the liquid
nitrogen (3x3x10 mm3, wxhx|) was replicated from a polymer master mold fabricated using
a 3D printer (ULTRA, envision TEC). Before applying the uncured black PDMS to the
master mold, two silicon tubes were connected at the inlet and outlet port of the liquid
nitrogen channel. The black PDMS was cured in an oven at 80 °C for 1 hour and
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permanently bonded to the NCs-coated glass substrate. The device was placed in the
enclosure made of black acetal resin blocks. The front of the enclosure has a glass window
for the illumination and imaging purpose. The enclosure has the inlet and outlet port for the
dry nitrogen gas used for flushing the interior of the enclosure.

2.4 Surface temperature imaging of the cyro-cooling device

The surface temperature profile of the cryo-cooling devices was measured with the setup
shown in the Fig. 1(b). Liquid nitrogen flowing through the channel cooled the region of the
glass substrate in contact with liquid nitrogen to 77 K. The dry nitrogen flow through the
enclosure prevents frosting on the surface of the glass substrate and maintains the
temperature gradient between 77 K and ambient temperature on the glass substrate. The
cryo-cooling device was illuminated with a 365 nm UV LED and a collimating lens. 475 nm
short-pass filter (F1) was placed after the LED to remove the red tail of the spectrum. A
dichroic mirror (DMLP505R, Thorlabs) was used to reflect the excitation light from the
LED and collect the luminescence from the device. A combination of an achromatic doublet
lens (L2, focal length = 200 mm) and a microscope tube lens (L3, focal length = 200 mm)
was used to image the surface of the device on the CCD camera (Princeton Instrument, PI-
LCX) at 1X magnification. Temperature image was generated by taking the ratio of the two
intensity images at 600 and 650 nm and using the calibration curve shown in Fig. 2(b). Each
intensity image at 600 and 650 nm was separately recorded with 20 sec integration time by
placing a bandpass filter (F3) in front of the CCD. With this setup, each pixel of CCD
images 20x20 um? area.

2.5 Finite element method (FEM) simulation

2. Results

To simulate the temperature profile at the interface of glass and PDMS of the cryo-cooling
device, FEM models were implemented using Comsol Multiphysics™. Thermal
conductivity parameters of 0.18 W mK~1 and 1.38 W mK~1 were selected for PDMS and
glass, respectively. The temperature of the liquid nitrogen channel inside the PDMS block
was set as 77 K. Outside boundary of the glass substrate had the heat flux with the heat
transfer coefficient of 40 W m~2K =1, A forced convection was assumed to account for the
dry nitrogen gas flow over the device.

and Discussions

Fig. 2(a) shows the luminescence spectra of Mn-doped CdS/ZnS core/shell nanocrystals
(NCs) used in this study in the temperature range of 77 to 380 K. The Mn2* ions are doped
at the interface between the CdS core (3.6 nm in diameter) and the ZnS shell (2.1 nm in
thickness) at the average doping concentration of ~45/particle determined from the
elemental analysis. The two dashed curves in Fig. 2(a) are the transmittance spectra of the
bandpass filters centred at 600 and 650 nm used for the ratiometric temperature imaging in
this study. These two wavelengths are chosen since the ratio of the intensities exhibit a large
usable linear dynamic and the simple bandpass filter can readily separate them spectrally.
Fig. 2(b) shows the ratio of the intensities (Ir = lggo/lg50) Measured with the two band-pass
filters in the temperature range of 77-380 K normalized to the intensity ratio (Ig) at 293 K,
which serves as the temperature calibration curve. Near the ambient temperature, |R varies
at the rate of 0.5%/K.

The structure of the NCs used in this study was specifically controlled to enhance the
temperature dependence of the bandwidth and peak position. Our recent study indicated that
the local lattice strain at Mn2* sites softens the vibrational mode coupled to Mn
luminescence and increases local thermal expansion, which results in a significant
enhancement of the bandwidth broadening and peak shift with the temperature increase.30
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The local lattice strain arises from the lattice mismatch between the core and shell, which
increases as it gets closer to the core/shell interface. In the NCs used in this study, the local
lattice strain on Mn2* ions was maximized by doping at CdS/ZnS interface employing
SILAR (Successive lonic Layer Adsorption And Reaction) method to maximize the
temperature dependence of Mn luminescence. For comparison, significantly weaker
temperature dependence of Mn luminescence spectra from Mn-doped NCs, where Mn2*
ions are doped at low-strain region in the ZnS shell, is shown in Fig. 2(c). Since the
diffusion of Mn2* ions within the host NC is negligible below <400 K, the structurally
optimized temperature dependence of Mn luminescence spectrum is maintained robustly
within the temperature range of our study. Above ~500K, however, the diffusion of Mn2*
ions begins to become non-negligible and limits the applicability at the higher
temperatures.34 35

In general, the ratiometric luminescence thermometry using the luminescence intensities of
two emitting states is based on the Boltzmann population determined by eAEKT where AE
is the energy difference between the two emitting species. In this work, while we rely on a
single emitting species (i.e., Mn2* ions), the situation is similar to having a multiple number
of emitting states separated by the energy of the coupled vibrational mode, whose
populations also follow the Boltzmann statistics. Because of the broadening of each vibronic
transition that results in the smooth spectral lineshape, luminescence from higher-lying state
appears as the broadening of the spectral lineshape.39 In this sense, the temperature
measurement based on Mn luminescence operates on the same principle as the typical
ratiometric method based on multiple emitting species. The linear increase of Mn
luminescence bandwidth above ~70 K follows the functional form of coth(hw/24T) and the
linear local thermal expansion, where w is the frequency of the vibrational mode coupled to
Mn emission,29: 30

The potential influence of the surrounding environment on the luminescence is the common
issue for the luminescence thermometry and poses a challenge in temperature sensing under
the chemically heterogeneous environment such as in the biological cell.16-18. 20, 26, 36, 37
For the fluorescence of the molecular species and the exciton fluorescence of quantum dots,
both the intensity and the shape of the luminescence spectra can vary with the polarity of the
surrounding medium or concentration of the fluorophore due to solvatochromism or
interparticle electronic coupling.2L: 25 38,39 |n the case of semiconductor quantum dot, the
surfactant molecules can also influence the luminescence intensity via charge carrier transfer
between the surfactant and the quantum dot to a varying degree depending on the structure
of the quantum dot.%0 Therefore, the potential differences in the effect of the surrounding
environment on the luminescence of the different emitting species can complicate even the
ratiometric temperature sensing. A common strategy that has been used to address such
issue is adding a thick shell (e.g., polymer) that surrounds the sensor material and prohibits
the access of the molecules in the surrounding medium. In Mn-doped core/shell NCs used in
this work, the inorganic shell (ZnS) combined with the local nature of the delectrons of Mn
makes Mn luminescence highly insensitive to the surrounding medium even without thick
polymer shell.

Fig. 3(a)—(c) exemplify the robustness of Mn luminescence spectrum with respect to the
large variation of several environmental variables, such as the solvent polarity, surface-
passivating molecules, concentration of the NCs and pH of aqueous medium. All the NCs
used in the above comparison have ~2.1 nm of ZnS shell above Mn?* ions and passivated
with organic surfactants with aliphatic tail group containing 11-18 carbons. Fig. 3(a)
compares the Mn luminescence spectra of the NCs at 293 K dispersed in chloroform and
water that have very different polarity (e = 4.8 vs. 80.4 for chloroform and water at 293 K
respectively). The two NCs also have different surface-passivating surfactant to give the
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solubility in each solvent, i.e., oleic acid and 11-mercaptoundecanoic acid (MUA) for
chloroform and water respectively. The bottom panel shows the difference between the two
normalized spectra (Al) in two different solvents. Even with such extreme difference in the
solvent polarity and the surface passivating functional group, the two spectra are very close
with less than 1% difference introduced to the value of Al (< 2 K shift in temperature). The
difference of the spectra between the two different solvents with relatively small difference
in polarities (e.g., hexane and toluene) is within the noise level of detection by the
spectrometer.

Fig. 3(b) compares Mn luminescence spectra of the oleic acid-passivated NCs in different
phases of the surrounding medium: liquid (chloroform), solid substrate in vacuum (sapphire)
and polymer film on solid substrate (PMMA/sapphire). The sample on the sapphire was
prepared by drop-casting the concentrated chloroform solution of NCs and forms an
aggregate of the NCs. The sample in the polymer medium was prepared by spin coating the
dilute NC solution in PMMA-chloroform mixture. The difference of the spectra (blue: s;-53,
red: $1-$4) shown in the bottom panel indicates less than 1% variation in Al is introduced by
the change of phase of the surrounding medium and aggregation. The spectra from the
aggregated NCs and dispersed NCs in PMMA polymer were nearly identical within the
noise of the spectrometer. Fig. 3(c) shows the pH-dependent Mn luminescence spectrum of
MUA-passivated NCs. Even with the onset of partial aggregation of the NCs at pH 5, the
luminescence spectra remains highly robust with less than 0.5% change in Al. Compared to
the materials with thick (tens of nm) polymer shell that has been used to protect the
temperature sensing nanoparticles, inorganic core/shell structure can provide comparable
protection at much smaller sizes. For Mn-doped CdS/ZnS NCs studied here, thickening of
ZnS shell or adding the polymer shell is expected to further improve the insensitivity of the
luminescence spectrum to the surrounding environment.

Having established the robustness of the temperature-dependent Mn luminescence spectral
lineshape with respect to the variation of the surrounding environment, we performed
imaging of the surface temperature of a cryo-cooling device experiencing a large thermal
gradient. Fig. 4(a) shows the structure of the device, where the liquid nitrogen flows in the
channel formed under the glass substrate by the black poly(dimethylsiloxane) (PDMS)
polymer. Such device that provides local cryo-cooling has been used in low-temperature
applications, e.g., cryo magnetic resonance imaging.#! However, the spatially-resolved
temperature profile at the interface of two materials in such device could not be measured
readily. To measure the temperature distribution at the interface of the glass substrate and
PDMS in this study, Mn-doped NCs were spin-coated on the side of the glass substrate
facing the PDMS polymer.

Fig. 4(b) and 4(c) shows the color contour plot of the raw intensity profile at 650 nm (lgsq)
and the temperature profile obtained from Ig respectively. The color contour plot of the raw
intensity profile at 600 nm (lggg) is presented in Fig. S2(a) in the Supporting Information.
For this measurement, the steady flow of liquid nitrogen in the channel and constant flush of
dry nitrogen gas at 293 K above the surface of the glass substrate were maintained as
described in detail in the Experimental section. The ratiometric temperature imaging was
performed using a CCD camera by taking the ratio of the two intensity images recorded at
600 and 650 nm. The intensity image at each wavelength was taken using the bandpass filter
placed in front of the CCD with the exposure time of 20 sec. A UV LED that illuminates the
area of ~5 cm? was used as the excitation source.

Despite the inhomogeneous NC coating and the uneven lighting condition by the LED,
giving rise to a large spatial fluctuation in the absolute luminescence intensity, the measured
temperature profile shows a very smooth variation. In Fig. 4(d), a line profile of the
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temperature at a chosen location is shown. The temperature gradient from 77 to 260 K
developed over the distance of 12 mm is clearly observed. The superimposed dashed line is
the result of finite element method (FEM) calculation performed with a commercially
available FEM software (Comsol Multiphysics™, COMSOL Inc.) described in the
Experimental section.#! In this simulation, the effect of dry nitrogen flushing over the device
was accounted for by adjusting the value of the heat transfer coefficient (/) at the glass/
nitrogen interface. Using the value of /7= 40 that corresponds to the thermal conductivity of
the glass under the highly convective environment, a good agreement between the calculated
and measured temperature profile is obtained. The average noise in the temperature image
shown in Fig. 4(c) is £1 K, which is mainly due to the limitation of the imaging with a CCD
camera, where different area is sensed by different pixels. However, the signal to noise ratio
can be improved by averaging the multiple number of images from the CCD or employing
scanning imaging technique combined with more sensitive detectors.

In order to test the stability and resolution of the temperature sensing based on Mn
luminescence spectral lineshape, we measured the luminescence spectrum of a solution
sample as a function of time with a CCD spectrometer instead of imaging with a CCD
camera. Fig. 5 shows the temperature of the solution sample in a cuvette measured with the
integration time of 10 msec at 10 sec interval. During the first 25 min, the temperature of the
cuvette was kept constant. Subsequently, the temperature of the cuvette was increased by
flowing warm nitrogen gas to the exterior of the cuvette. Heating of the cuvette was stopped
after 5 min and the cuvette was allowed to return to the initial ambient temperature. The
temperature change was detected with less than £0.05 K of noise demonstrating the
robustness and sensitivity of the temperature sensing method.

The key advantages of the temperature imaging method described here are the highly
insensitive spectral lineshape of Mn luminescence with respect to the variation of the
surrounding chemical environment and the wide linear dynamic range of temperature
sensing. The temperature of chemically heterogeneous surface can be reliably imaged via
spin coating or spraying of the NCs. High quantum yield of Mn-doped NCs used in this
study (>35%), which is maintained even with particle aggregation and thiol passivation, is
another advantage over other quantum dot-based temperature sensors. A broad measurable
temperature range (AT £300 K) extending from cryogenic to above-ambient temperature
with a linear correlation between the temperature and the measured signal will be
particularly suitable for the temperature imaging a large thermal gradient, such as the device
with local heating or cooling. On the other hand, for the application requiring the higher
temperature sensitivity in a narrower temperature range, such as in the living biological
cells, the present method provides the relatively lower sensitivity in physiological
temperature range (295-320K) compared to some of the reported results.2 However, the
sensitivity of the temperature measurement demonstrated in Fig. 5 may be sufficient for the
biological temperature imaging with high temperature resolution as well as the other
extreme requiring larger temperature coverage.

3. Conclusion

We report the ratiometric temperature imaging based on temperature-dependent Mn
luminescence spectrum from Mn-doped CdS/ZnS NCs that is highly insensitive to the
surrounding environment and exhibiting near-linear temperature response in a broad range
of temperatures (100-380 K). The Mn luminescence from the NCs used in this study was
made highly insensitive to the variation of the surrounding environment, such as the surface
passivation, polarity and pH of medium, by confining MnZ* ions below the shell in core/
shell structure of the NC. The temperature sensitivity of the spectrum was enhanced by
utilizing the local lattice strain created by the core/shell lattice mismatch that results in the
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stronger bandwidth broadening and peak shift with the temperature increase. Taking
advantage of the weak environmental sensitivity of Mn luminescence spectrum and large
temperature sensing range, we demonstrate the ratiometric temperature imaging of a cryo-
cooling device. The surface temperature profile of the device ranging from 77 to 260 K was
readily imaged with a CCD camera from the luminescence of the NCs spin-coated on the

Su

rface of the substrate. The method shown here will be particularly useful for the

temperature imaging of the surfaces exhibiting a wide range of temperature variation and
exposed to the chemically inhomogeneous environment.
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Schematics of the cryo-cooling device, the enclosure and the temperature measurement

CCD detector.
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setup. (a) The cryo-cooling device is in the enclosure in which dry nitrogen is constantly
flushed. (b) The optical setup consists of filters (F), achromatic doublet lenses (L), and a
dichroic mirror (M). The device was illuminated with a 365 nm LED and imaged with a
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Fig. 2.

(a) Normalized Mn luminescence spectra of Mn-doped (at the interface between the CdS
core and ZnS shell) NCs with high local lattice strain at Mn?* sites used for thermometry in
this study. (b) Intensity ratio of lggp/lgsg at different temperatures (blue dots: experimental
data, green line: interpolation curve). (¢) Normalized Mn luminescence spectra of typical
Mn-doped (in the ZnS shell) NCs with weak local lattice strain at Mn2* ion sites. Insets in
(@) and (c) pictorially represent the structures of Mn-doped core/shell NCs with different
radial doping locations.
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Fig. 3.

Comparison of the normalized luminescence spectra of Mn-doped CdS/ZnS NCs under
different medium environment. (a) Solvent dependence; chloroform (s;) and water (s), (b)
Medium phase dependence; on sapphire under vacuum (53, PMMA/sapphire (s,),
chloroform (s;) is shown for comparison. (¢) pH dependence: pH5 (s5), pH7 () and pH9
(7). The bottom panels are the intensity difference of the normalized spectra. () sS4, (b)

S-Sz (blue), s~s4(red), () sg-55(blue), sg-s7(red).
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(a) Schematics of the cryo-cooling device. The imaging area is indicated by the dashed
rectangle. (b) Color contour plot of the intensity 25 image (lg5p) from the device with liquid
nitrogen flow in the channel. (c) Color contour plot of the temperature converted from the
intensity ratio image. (d) Temperature line profile (solid) and the simulation result (dashed)

at the location indicated in (c).
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Fig. 5.

The time-profile of the temperature of hexane solution of the NCs in a cuvette under the
constant and varying temperature conditions. The temperature trace is converted from the
luminescence intensity ratio shown in Fig. 2(b).
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