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Optical refrigeration on cadmium
selenide/cadmium sulfide quantum
dots
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Critical progress in perfecting semiconducting quantum dots’ photoluminescence quantum yield has
been made in the past few years. The production of quantum dots with nearly unitary quantum yield
has significantly expanded their possible applications, as it is the case of optical refrigeration. We
report for the first time optical refrigeration achieved in cadmium selenide/cadmium sulfide (core/shell)
structure nanocrystals. Experiments were carried out in colloidal quantum dots suspension, where the
excitonic non-radiative decay paths of the quantum dots are effectively suppressed by applying sub-
band excitation, eliminating the possible states for energy down-conversion. The cooling effect comes
from the significant energy up-conversion observed in the photoluminescence spectra of the samples
under sub-band excitation. These results highlight the possibility of realizing temperature control

on semiconducting quantum dots through optical approaches, which could provide power cooling
mechanism for nano devices and cryogenic systems.
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Optical refrigeration (OR) comprises a set of techniques used to cool down matter by removing its thermal
energy through light-matter interactions. A well known application of OR is the laser cooling of an atom or ion
gas, where their translational kinetic energy (the major source of their thermal energy) is reduced by Doppler
cooling!~®. In the case of solids, where the thermal energy is mainly stored in the form of lattice vibration modes,
OR can be realized by utilizing energy up-conversion photoluminescence (UCPL) processes, which was first
proposed by Peter Pringsheim in 1929°. OR in solids is highly desirable, as it is an essential part of an all-solid-
state cryocooler’. Such device has the advantages of being cryogen and vibration free, leading to intensive
research in its experimental realization. The success of OR in solids, however, was mainly accomplished in
materials with high optical clarity and purity such as the rare-earth-ion-doped glasses'*!* and the lead halide
perovskites'¥~16. The main reason for OR limitations in solids is primarily associated with the photon escape
efficiency (7¢). In OR in solids, thermal energy of the solid is removed by the photons emitted during the UCPL
processes. Due to the relatively large size of solids and their typical high refractive index, the emitted photons are
much less likely to leave the system due to reabsorption within the material that, when paired with a small but
not-zero background absorption, combine to generate heating, negating OR.

Encouragingly, in 2012, Xiong’s group showed that semiconducting nano-materials are potential candidates
for OR, where a 40 K cooling in cadmium sulfide (CdS) nanoribbons was observed!’. As the typical size of
nanomaterials is much smaller than the wavelength of the photons inducing electronic transitions in them,
reabsorption and internal reflections become negligible. Simultaneously, nano-semiconducting materials have
much larger photon absorption cross section areas comparing to defect centers (rare-earth-ion-doped glasses),
leading to a potentially much higher achievable cooling power. Semiconducting QDs attract great interest due
to their well known quantum size effect, leading to a tunable and molecular-like absorption spectrum'$. Among
them, cadmium selenide (CdSe) QDs are popular because their tunable band-gap covers the entire visible
spectrum. This allows numerous applications such as QD lasers, solar energy production enhancement and QDs
based LED TVs!®-2L. Realizing OR in CdSe QDs can potentially provide self-cooling mechanism in these optical
devices, and possibly, passive cooling by the sun light using suitable filters and sample engineering. Here, we
report for the first time of the observation of OR on CdSe/CdS (core/shell) structure QDs
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Results and discuss
The cooling efficiency, 7. is defined as the cooling power, P over the light input power, P;, that interacts with
the system. According to the work of Sheik-Bahea and Epstein??,

Pc = / 57]ekrd€ - Pin- (1)
0

In Eq. (1), ne describes the probability that an emitted photon leaves the system, k; is the radiative decay rate of
excitons in the system, and ¢ is the energy. Both 7. and k. are functions of ¢, excitation energy e, temperature
T and Pi,. With proper design of the system, 7. might be considered constant throughout the whole emission
spectrum. Using that the mean emission energy €er, is defined as

e e
o Fr
and introducing the total radiative decay rate K, = f Ooo krde, Eq. (1) can be rewritten as,
P = Eemne Ky — Pin. (2)
Py is defined as the total energy absorbed by the system,
Py = (a+ ap)gex. (€)
In Eq. (3), a and ap, denote the absorption rates of the cooling substance (QDs in our case) and the background

respectively, and are functions of €ex and T. In steady state, e K + Kn: = a, where Ky, denotes the non-
radiative decay rate of excitons. Thus, 7. is obtained by dividing Eq. (2) over Eq. (3),

_ 1 geln _ 1
Mle = Tex (14 ab/a) €ex ’
where nex = ne;(’jif;{m is defined as the external quantum efficiency. Thus, in a QDs system with quantum yield

7 approaching unity (Kn: — 0), nex >~ 1 — 1. Therefore,

1 Eem
Ne = 77( -1 (4)
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In order to achieve net cooling, 7. must be positive. Because 7 has a maximum value of 1, having 2= > 1 is

€ex

critical for realizing OR (since the temperature change in our experiment was < 1 K, these variables, except
€em, are treated as temperature independent). In CdSe QDs systems this condition can be satisfied by carefully
exciting them with specific energy determined by their PL properties. Shown in Fig. 1a are a typical absorption
spectrum (red curve) together with a high energy excitation (gex is much larger than the absorption edge of the
QDs) PL (HPL) spectrum (blue curve) of the QDs samples to reveal possible radiative decay paths. A red-shift
of the HPL spectrum from the absorption edge was observed, which is a well documented property of QDs,
related to the phonon-assisted processes and surface associated emission?*. As shown in Fig. 1b, a possible way
to create the UCPL in such system is through the transitions between the QDs’ valence band and the shallow
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Fig. 1. (a) Typical absorption spectrum (red curve) and HPL spectrum (blue curve) of QDs samples with its
core size of ~ 3.3 nm and a shell thickness of about 1.4 nm. Gray area denotes the range of excitation energies
that could possibly generate net energy up-conversion in PL spectra. (b) Schematic of PL processes with sub-
band absorption, where ey is less than the e, of the HPL spectrum.
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Fig. 2. PL spectra of a sample with core radius ~ 3.3 nm with 4 monolayers (ML) of CdS shell, at sub-band
excitation: (a) Typical UCPL spectrum with £ex = 1.946 eV. (b) 7)c(€ex) from Eq. (4) with a1, /a = 300 ppm
and n = 0.998.

Excitation energy (eV) | £cm (eV) | Mean up-conversion energy (meV) | Normalized PL intensity (a. u.)
1.957 1.979 23 1

1.946 1.974 28 0.408

1.941 1.972 31 0.291

1.938 1.971 33 0.212

1.929 1.965 36 0.0875

1.919 1.963 44 0.0318

Table 1. PL spectral information of the sample at different sub-band excitation energies. The first absorption
maximum and the HPL emission maximum of the sample are 2.059 ev and 2.024 eV respectively.

electron surface states (ESST) (in our particular samples, hole traps and deep electron traps were very unlikely
to exist)?4?7.

The energy up-conversion is achieved during the thermalization processes of the exciton inside the surface
states?’.

Another mechanism which could possibly generate UCPL in QDs is multi-photon absorption, this mechanism
must be excluded from our experiment, because of its net heating effect. Our methods was to limit the excitation
power, such that under experimental conditions, the exciton density was much smaller than 1. Data are shown
in Fig. 2a, where the laser signal was suppressed significantly by using an off-axis collecting system developed
in our previous work?’. According to the data, when €cx is much lower than the QDs’ HPL peak energy, UCPL
was dominant. As listed in Table 1, the mean up-conversion energy (MUE) (A€em = em — €ex) increased
almost linearly as the excitation energy was reduced, which value increased from 23 to 36 meV as ecx decreased
from 1.957 to 1.929 eV. Because the size of QDs (~ 6 nm) is close to the excitonic Bohr-radius of CdSe, both
longitudinal optical phonons (LOPs) of CdSe (~ 26 meV?*?°) and CdS (~ 37 meV*'’) might be involved in the
UCPL processes. Therefore, one possible explanation of this observation could be that the dominant processes
at sub-band excitation are single-LOP-annihilation coupled PL processes. As the excitation energy is further
decreased from the absorption edge, the contribution from LOPs of CdS shell becomes more and more significant.
When €y is much lower than the absorption edge (~ 140 meV lower for the sample showed in Table 1), a much

rapid increase in the MUE was observed, indicating the existence of multi-phonon absorption. Although such

. Eem i i ieldi .
observation suggests a larger == value, a diminishes rapidly, yielding a much smaller, or even negative value

for 7, precluding OR. One unexplained observation is that the maximum observable energy up-conversion in
PL spectra was found to be ~ 210 meV for all tested sub-excitation energies. 7c (€ex ) was calculated with Eq. (4)
(ab = 300 ppm, €ex = 1.946 eV and n = 0.998 were used to calculate the result shown in Fig. 2b), while the
mean emission energy was estimated with the model developed by our group earlier?’), indicating the possibility
of having a positive 7. value at sub-band excitation and the existence of the local maximum of 7.

The cooling effect due to UCPL was determined by measuring the temperature change in the sample. It was
measured with an optical thermometer (shown in Fig. 3a), whose design is very similar to the pump-probe
thermometry technique!”. The optical thermometer is based on the temperature dependent energy band-gap
of semiconductors. In the case of CdSe QDs, the energy band-gap monotonically decreases as the temperature
increases in the range of 80-300 K with typical declining rate of 350-440 peV /K, leading to a similar change
in the HPL emission energy>’. Because at room temperature the HPL spectra of CdSe/CdS QDs is quite broad
(typical FWHM of our sample is 85 meV) compared to the band gap change over 1 K, instead of determining
the energy of the PL maximum, we used the calculated écmm as the measured quantity. To further increase
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Fig. 3. Optical thermometry setup and the time sequence of pump and probe: (a) CAD model of the sample
holder inside the cryostat(the 3D model was generated with software AutoCAD 2018, www.autodesk.com).
(b) Experimental setup of the pump and probe lasers. (c) Pump and probe lasers on and off time sequence
controlled by the chopper. 7. denotes the duration of the pump laser, 7, denotes the duration for the probe
laser and 7 denotes the data acquisition time of the system for each exposure.
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Fig. 4. Calibration results of the optical thermometer: (a) Typcial Eem of the QDs samples within a
temperature range of 296 ~ 300 K, (b) Heating effect from probe laser with 10 uW power, 7. = 10s/30's
(top/bottom panels) and 7, = 0.3 s (pump laser was blocked during this time).

the precision, each temperature measurement contained five consecutive exposures (75 = 3 s between two
consecutive exposures due to the data acquisition time limited by the computer system), such that, one complete
temperature measurement takes 13.7 s. Hence, the temperature was determined by the mean value of the five
measurements and the standard error of the mean was used for the measurement uncertainty. As shown in
Fig. 3b, the probe laser and the pump laser were introduced through the same light path by using a beam splitter.
The exposure sequence is shown in Fig. 3c. Experimental details are described in the “Methods” section.

The calibration of our system was carried out by using an argon laser with its major emission peak at 2.41 eV
as the HPL excitation source (defined as the probe laser). As shown in Fig. 4a, when the temperature in the
cryostat was increased from 296 to 300 K, £y HPL decreased monotonically at an average declining rate of
360 peV /K. However, HPL processes always create heating effects due to phonon emission. On the other hand,
the resolution of this technique is highly determined by the HPL intensity, since the noise induced by cosmic
radiation and dark current of the detector of the spectrometer are fixed. The higher the HPL intensity, the
better the resolution of the optical thermometer would be. To balance the trade off between heating effects and
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resolution of the thermometer, evaluation of the HPLs heating effect was carried out, where the power of the
argon laser was set to be ~ 10 pW with an exposure length 7, = 0.3 s.

According to the data shown in Fig. 4b, without applying the pump laser, a limited heating effect was observed
when 7. = 10 s, and becomes less distinguishable by extending 7. to 30 s with a typical accuracy of 45 peV
(equivalent to 0.11 K). Therefore, the probing configuration 7. = 30 s was applied in the OR experiment.

A diode laser with an excitation energy of 1.941 eV and power of 1.5 mW was used as the pump laser in the
OR experiment. The sample’s £, is monitored and its value associated to a temperature following Fig. 4a.

The main results are shown in Fig. 5a, obtained on a sample with a core size of 3.3 nm covered by a shell made
of 4 ML of CdS. During the experiment, the pump laser was blocked until the fourth optical thermometry was
done (pointed by the green arrow in Fig. 5a). The pump laser was unblocked right after that and an increase of
the HPLs £ was observed, started to saturate, and stabilized after an increase of (~ 140 + 32) peV. After the
20th temperature measurement the pump laser was blocked (pointed by the red arrow in Fig. 5a), HPLs €em
began to decrease gradually back to the original value (~ 2.015 peV at 296.1 K). According to the calibration
results shown in Fig. 4a, a temperature difference of —0.37 &+ 0.08 K was established by OR, showing a net
cooling effect of the system. A comparison measurement obtained by heating up the cryostat is shown in Fig. 5b,
where the temperature of the cryostat was increased by 0.5 K (the cryostat’s temperature stabilized within 30 s),
and the mean emission energy changed following a similar trend, well fitted by an exponential curve with the
same time constant (180 s) used for the OR results. A possible alternative explanation to the observed cooling
effect would be the laser modified the QDs during illumination, such as detaching the ligands from the QDs. It
could lead to similar observation. However, since such processes are typically irreversible, the authors concluded
that it is very unlikely that the observed mean emission energy change was due to photon chemical reaction
caused by the laser excitation.

The net cooling effect can be calculated, and in steady state, P. needs to equal the net heat flow Py (T") from
the environment. The equilibrium temperature T is reached when P. = Py, (1}). P. is optimized with unity QY
and neglecting background absorption. Within such assumptions, the maximum cooling power Pe max is given

by

Pc,max = aPex (5em - 1) . (5)

Eex

Pex denotes the excitation power, which was set to be 1.5 mW. The absorption rate a ~ 0.34 was obtained
from the absorbance data of the sample, leading to a maximum cooling power of 8.1 uW. On the other hand,
possible heating sources include thermal conduction from remnant air in the vacuum chamber, heat conduction
though the support, heat transfer due to thermal radiation and background absorption by the glass capillary
with the solvent. At a working pressure of less than 7.4 x 10~% mbar, heat flow due to gas conduction is
negligible (~ 107® W at AT = 10 K). The background absorption from the glass capillary and the solvent
are also negligible. The system was designed to isolate the sample from the environment as much as possible,
therefore, the structures were built in such a way that all the parts just seated on each other (no grease was
applied to contact points), leading to a poor thermal conductivity with unclear temperature gradient. It also
leads to difficulties in calculating the heat transfer through thermal radiation. Since the temperature difference
created by the OR was small, it is reasonable to assume P, o< AT, and

drT

CPE

=-P+Po=-FP+H(To-T), (6)
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Fig. 5. OR experimental result: (a) Direct measurement of the sample’s Eem during the OR experiment. The
green arrow indicates when the pump laser was unbocked after the fourth temperature mesurement. The red
curve indicates when it was subsequently blocked. The cooling curve (blue) and the recovery curve (red) are
calculated with the same 7 = 180 s.(b) Change in the e of the sample corresponding to an increase in the
cryostat’s temperature after the 7th temperature measurement. The red curve is the fitting result of exponential
decay with 7, = 180 s.
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with C}, the effective heat capacitance of the sample, H is the proportionality between P, and AT, and T denotes
the environment temperature. Therefore, the temperature of the system should follow a single exponential decay
curve,

T—TO:—(eé; _1), %

with the same characteristic time, 7, = % for both heating and cooling processes. Since Eq. (6) should be valid

independently of the source for P a test of the model was carried out by monitoring the Eem of our sample after
heating up the substrate over a time much shorter than the time between temperature measurements, as shown in
Fig. 5b. The data is well described by a single exponential curve with 7, = 180 s, which is the same value used in
our OR experiments (the curves in Fig. 5a, are single exponential functions with characteristic time 7 = 73,). The
sample contains approximately 20 pg QDs which were suspended in 2.36 pL (about 2.5 mg) solvent. Hence, Cj,
of the sample is dominanted by the solvent (volume percent, octadecene ~ 46%, dodecane ~ 14%, oleylamine
~ 36% and octylamine ~ 4%), and the glass wall around the sample section with C, ~ 9 x 1072 J/K. An
estimate of the temperature drop can be made with AT ~ P.7,/Cp = % = 0.17 K, which is close to our
observation. The authors have to point out that, since 7, is linearly dependent on the value of C, the change
in the C}, will directly be reflected on this value, which is confirmed by our experimental result (shown in SI).
On the other hand, ATAT is solely dependent on %, which is only related to the thermal isolation condition.
Limited by our setup, the maximum cooling effect observed was a temperature drop of (0.37 = 0.08) K. Our
data suggests, however, a great potential for OR in CdSe QDs. In our experiment, the actual amount of QDs
involved in the cooling processes are of the order of 107! mol. Considering the energy removed per dot per
photon absorbed is given by €em — €ex = 0.031 eV (according the UCPL spectrum, typical €em = 1.971 eV).
If the cooling efficiency remains the same after scaling the system up and assuming the mean excitation rate of
QDs is 100 kHz, a theoretical expectation of 1 W cooling power could be accessible with only nmols of QDs
One possible problem in further improving the OR effect in QDs systems would be finding the proper dielectric
environment. Colloidal QDs are stable when dispersed inside organic solvents with protection from ligands. The
physical properties of this organic compounds restrict the application of QDs at this stage, for instance, typical
freezing point of long chain organic solvents is close to room temperature. Generally speaking, maintaining a
stable dielectric shielding environment that can retain the QDs’ unitary QY would be the key factor limiting their
optical cooling efficiency and possible applications, as the liquid environment for the colloidal suspension is not
compatible to any solid state system. Therefore, finding a transparent dielectric coating materials that can retain
the optical properties of CdSe/CdS core/shell QDs is paramount for using them as cooling agents.

Conclusion

In conclusion, OR experiments in CdSe/CdS QDs system have been carried out. This is the first time that OR
has been achieved on CdSe based QDs, where significant UCPL was observed and considered as the cooling
mechanism during the experiment. The temperature of the sample was measured by monitoring Eem of the QDs
sample, effectively obtaining an optical thermometer. A net temperature drop of (0.37 £ 0.08) K was observed,
indicating a potential cooling power ~ 1 Watt could be achievable by using 10** dots. Although our work is still
in the early stages of demonstrating the concept of laser cooling in colloidal semiconductors, its future looks
promising. Optimizing thermal isolation and excitation methods, as demonstrated by Xiong’s group with CdS
nanoribbons-where a temperature drop of over 40K was achieved under laser excitation-could significantly
enhance its potential.

Methods

QDs synthesis

The method of the QDs synthesis was based on the report from Peng’s group®'~?, where small adjustments
were made to account for the different setups. The growth of the shell was carried out using a single precursor
(cadmium diethyldithiocarbamate) method. The surface of the core/shell dots was finished with cadmium
formate to further reduce possible surface defects.

Chemicals used in the synthesis: cadmium oxide (CdO, 99.999%, Strem Chemicals), myristic acid (MA, 99%,
Sigma-Aldrich), 1-octadecene (ODE, 90%, Sigma-Aldirch), selenium dioxide (SeOz2, 99.9%, Sigma-Aldrich),
oleic acid (90%, Sigma-Aldrich), oleylamine (OAM, 70%, Sigma-Aldrich), octylamine, (98%, Sigma-Aldrich),
methanol (99.5%,Sigma-Aldrich), acetone (99.5%, Sigma-Aldrich), hexane anhydrous (95%, Sigma-Aldrich),
cadmium diethyldithiocarbamate (Cd(DDTC)Q, 96%, Gelest), cadmium formate (CdFt, 98%, Gelest), dodecane
(98%, Sigma-Aldrich), tributylphosphine (TBP, 95%, Sigma-Aldrich)

All of the chemicals were degassed before use and the synthesis was performed in an inert gas (argon)
atmosphere.

31,32

Synthesis of CdSe core
The procedure for synthesizing CdSe cores is well documented by the Alivisatos group®®, where cadmium
myristate and SeO2 were used as precursors of the CdSe cores.

The cadmium myristate was synthesized in our laboratory. 13 mg CdO and 46 mg myristic acid were mixed
and dissolved in 5 mL octadecene in a 50 mL flask. The mixture was then heated to 250 ° C with vigorous stirring
until the whole mixture turned pale yellow (cadmium myristate solvent). After that, 11 mg SeO2** were added
into the flask. The reaction of forming quantum dots started at a temperature around 220 °C while stirring,
accompanied by a change in the color of the mixture from yellow to red. At this moment, 0.1 mL oleic acid was
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injected at a rate of 10 L every 10 s to slow down the reaction speed®. After injection, the temperature was
maintained for another 20 min (the size of the dots can be adjusted by tuning the length of the reaction time),
heat was removed and the mixture was allowed to cool to room temperature.

Core cleaning process

An in-situ cleaning procedure was applied before starting the shell growth procedure. The core suspension was
heated to 50 °C. Then 0.2 mL TBP and 0.2 mL octylamine was added into the solution to remove ligands attached
on the surface of the CdSe cores. 4 mL anhydrous hexane and 6 mL anhydrous methanol were added to remove
the TBP, octylamine and all other byproducts generated in the core synthesis. The mixture formed an upper red
layer of octadecene with CdSe cores and a bottom clear layer of methanol with byproducts. After removing the
bottom layer, 4 mL anhydrous hexane and 6 mL anhydrous methanol were added again to remove the added
chemicals. The cleaning process was repeated once more to ensure the complete removal of the unreacted
precursors and the by products. Then, to remove the hexane left in the suspension, vacuum (~ 80 mbar) was
applied for 10 min. Finally, heat was removed and the suspension was allowed to cool to room temperature.

Growth of the CdS shell
Before starting the shell growth, 0.1 mL core suspension were extracted from the flask for absorption spectroscopy.
The size and the concentration information of the CdSe cores were derived from the empirical formula®

1
0.89 — 0.36d + 0.22d?’

B =19300d°. ©)

E, =174+

(8)

Here d denotes the core diameter, 8 denotes the molar attenuation coefficient.

After determining the concentration and the size of the CdSe cores, 5 mL dodecane and OAM mixture
(molar ratio 1:1) was loaded into the flask. While stirring, the temperature was raised to 80 °C, followed by
injecting Cd(DDTC), solution (0.15 M, dissolved in dodecane and OAM mixture with a 1:1 volume ratio),
sufficient for the growth of a monolayer of CdS. The temperature was maintained for another 5 min to allow
for the precursor to be adsorbed on the CdSe cores. Then, the solution was heated to 150 °C to initiate the
shell growth process and continued for 20 min. Such adsorb-growth procedure was repeated several times until
the desired thickness of CdS shell (4 monolayers for our samples) was achieved. The specific amount of the
precursor was estimated with the method described in Chen’s report®’. The typical amount for our synthesis was
0.05 mL. 0.07 mL, 0.12 mL, 0.15 mL and 0.20 mL for the first, second, third and fourth monolayer respectively.
Argon purging at 80 °C (higher temperatures were found to be harmful to the QY of the sample) was used on
the suspension after completing the shell growth. Finally, a small amount of CdFt solution (0.15 M, dissolved in
octylamine) was added, heated to 50 °C for 15 min to form a mono-Cd>" layer on the surface of the CdS shell
to remove deep hole trapping states at the shell surface.

Characterizations of QDs samples

X-ray diffraction (XRD)

A Bruker D-8 Discover A-25 XRD system was used for the measurement. QDs samples were cleaned twice with
methanol before XRD measurements to remove capping ligands, reducing the background noise. After cleaning,
the sample was first transferred into hexane, then deposited onto a piece of (100) silicon wafer. To get enough
signal from the QDs sample, multiple depositions were performed, followed by air-drying to create a thick
(hundreds of um) layer of stacked QDs. The scanning rate was chosen to be 0.5-1 s per 0.02 ° in 26. The power
of the X-ray beam was set to be 50,000 W.

Absorption spectroscopy

Absorption spectra of the QDs samples were taken by using Thermal Scientific Evolution 600 UV-Vis spectrometer.
Quartz cuvettes with 1 cm optical path were used as sample holders. The base absorption line was derived by
testing the cuvettes with solvent only. After that, proper amount of the QDs suspension was added into the same
cuvette to make the maximum absorbance in the range of 1.5 ~ 3 (a machine error occurs when absorbance
is higher than 3). The light source of the spectrometer is a built-in xenon lamp. The scanning light was sent
through the built-in monochromator to generate a 2 nm bandwidth beam. The spectral resolution was chosen to
be 0.1 nm at a scanning rate of 60 nm per min.

PL spectroscopy

Jobin Yvon Horiba Triax-550 spectrometer equipped with a CCD camera (Jobin Yvon Horiba CCD-3000) was
used to acquire the PL spectra of our samples. The CCD camera has a sensor array of 2000 (energy axis) x800
(intensity axis) pixels and works at ~ 149 K using liquid nitrogen cooling, achieving a dark current rate of 3
electrons per second per pixel, while the readout noise is 4-10 electrons per second per pixel. When working
with a grating density of 300 lines/mm, the effective resolution of the system is 0.091 nm. Sample were loaded in
a glass capillary (1 mm inner diameter and 1.5 outer diameter) sealed by super glue at both ends. Capillaries used
in our experiment were cut to around 20 mm and the sample section was about ~ 2.5 mm long. When taking
PL spectra, the capillary was placed in the Janis ST-500 cryostat, under vacuum(< 1 x 10~ mbar). As shown
in Fig. 3c, the excitation light was sent through the bottom window and reflected by a small mirror mounted
inside the cryostat to reach the sample horizontally, while the collecting objective with a working distance of
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10.6 mm and a numerical aperture of 0.5 was aligned perpendicularly to the capillary above the top window
(5.3 mm above the capillary).

When running sub-band excitation experiments, the laser energy lies inside the PL spectrum. Although
the off-axis collecting system (collecting direction was perpendicular to the excitation beam) described in
section “PL spectroscopy' helped reduce scattered light from the excitation beam, due to the low absorption
efficiency (< 2% of the first absorption maximum of the sample) at sub-band excitation, scattered excitation
light appeared to be dominant in the PL spectra. Our solution was to add a set of polarizers to the system. In our
setup, one of the polarizers was placed right before the focusing lens to generate a horizontally polarized beam,
while the laser was oriented in the same way to minimize the intensity lost. The other polarizer was placed right
above the collecting objective with its direction perpendicular to the polarization of the excitation beam, to
minimize the amount of scattered light (the extinction rate was found to be 1:50) into the spectrometer.

Radiative decay lifetime test

The PL lifetime of the QDs samples was measured by applying a time-resolved PL measurement. A Horiba Delta
Pro Fluorescent Lifetime system was used to perform such measurement. The system works with a built-in Horiba
405nm Delta Diode as the excitation light source, generating as short as 15 ps pulse. Silica particles with an
average size of 40 nm suspended in toluene were used to derive the instrumental response function (IRF) of the
system. All test samples were placed in quartz cuvettes. The concentration of the sample was controlled (diluted
in toluene) to give an absorbance value of less than 0.1% to make re-absorption negligible.

Temperature dependent HPL spectroscopy

A Janis research CO., INC. ST-500 cryostat was used as the container for the temperature dependent HPL test. It
is equipped with a NTC (negative thermistor), a built-in heater (maximum power of 5 W) and a cryogen transfer
hose. The temperature was monitored and controlled by a LakeShore 331 Temperature Controller. To minimize
the temperature gradient between the sample and the cold finger, modifications in the substrate to optimize
the thermal conductivity were introduced. First, a copper disc designed to fit the cold finger slot (25.4 mm in
diameter) was used as the substrate to create a uniform temperature surface. At the center of the copper disc,
a 1 mm diameter hole was drilled allowing the excitation light to go through. On the other hand, it is well
known that the dielectric environment changes the PL properties of QDs dramatically. To optimize thermal
conduction, Apiezon type N grease was uniformly spread onto the copper disc before placing the capillary onto
it. The capillary was placed in a way such that the sample section was right above the copper disk hole. Argon
laser with major emission peak at 514 nm was used as the excitation source.

At each measurement, the temperature of the cold finger was set to a given value, for example 296 K, and the
system was allowed to stabilize for 1 h to guarantee thermal equilibrium between the sample and the cryostat.
Then 10 consecutive HPL spectra (1 s exposure) were taken with argon laser excitation (power of the argon
laser was measured to be ~ 10.6 uI¥). Heating effect of HPL was negligible in this experiment, since the
sample was well thermally coupled to the environment. For a given measurement, since the configuration of the
spectrometer was fixed, the uncertainty of temperature change contributed by the instrument was defined by the
minimum drive step size, (0.002 nm, less than 7 peV at 600 nm) which is negligible compared to the statistical
error. Therefore, when combining the errors, it was dominated by the statistic error, and the standard error of the
mean was applied as the temperature measurement uncertainty.

Measurement of quantum yield

A relative method was applied, where the quantum yields of the samples were obtained by comparing them
with a standard dye solution that has a known quantum yield. In particular in our experiment, Rhodamine 110
was used as the reference dye. The dye solution was dissolved and diluted in 70% ethanol water solution, while
the QDs suspension were diluted with hexane. During a typical quantum yield measurement, the absorbance
and PL spectra of the reference dye and QD suspensions were taken at different concentrations, while the
maximum absorbance was maintained below 0.15 to suppress re-absorption, achieving a good linear response
between absorption and PL intensity. By plotting the reference dye and QD suspension’s PL intensities versus

their absorption, the QDs’” quantum yield is obtained through the equation: n = kkr—:f nqu'r]ref, where Krer and kq

denote the slopes of the PL intensity versus absorption plots of the reference dye and QDs sample respectively.
et 1 the quantum yield of the reference dye.

OR experiment

The OR test were designed as two parts, one is cooling the sample by introducing sub-band excitation, the
other one is measuring the temperature of the sample using the optical thermometer (monitoring the HPL
spectra of the sample). Experiments were done in the Janis research CO., INC. ST-500 cryostat (pressure lower
than 107° mbar) to provide enough thermal isolation to maximize the cooling effect. A laser diode working
in the sub-band excitation energy range (from 1.89 to 1.943 eV) and an argon laser were used as the cooling
pump sources and the temperature probe respectively. To thermally isolate the sample from the environment,
two supports made of expanded-polystyrene foam with 2mm x 3mm x 4 mm (width xdepth xheight) in
dimensions were placed on the anodized aluminum substrate as spacers.

As shown in Fig. 6, the diode laser and the argon laser were sent into the cryostat through the same light path
by using a beam spliter. Before the beam spliter, a chopper was programed to sequentially block one of the lasers
and allow the other one to pass, following the pattern shown in Fig. 3b. The typical power of the pump laser
reaching the sample was 1.5 mW, while the power of the probe laser was always less than 10 uW.
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Fig. 6. Scheme of the optical refrigeration experimental setup.
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