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Abstract 

Recently the first discovery of net laser cooling of a semiconductor has been announced: a 
group of Singapore researchers succeeded in cooling nanometer-thick belts of cadmium sulfide 
(CdS) grown by chemical vapor deposition on a silicon substrate with holes etched into it to 
permit optical access of a green laser beam onto the belts. This method of preparing the sample is 
laborious and not well suited to practical applications. A far cheaper method would be to suspend 
nanometer-sized quantum dots of CdS in a solid polymer host. Such polymers could be easily 
molded into different geometries depending on the desired applications. The present work 
demonstrates that commercially available 6-nm-diameter CdS dots can be dispersed in poly 
methyl methacrylate (commonly known as plexiglas or lucite). When optically pumped by the 
514.5-nm line from a continuous-wave argon-ion laser, the quantum dots are found to emit at 
475 nm, just as they do when suspended in liquid toluene. Assuming the dots decay entirely 
radiatively and that there is no absorption or energy transfer of the pump light by other modes or 
impurities, this anti-Stokes shift in the emission corresponds to an expected cooling coefficient 
of performance of 8% relative to the absorbed laser power. Future work should investigate 
whether a net temperature drop of a suitably optimized sample is in fact occurring. 
 
Introduction 

Laser cooling of condensed matter (in contrast to Doppler cooling of a thermodynamically 
small number of gaseous atoms for Bose-Einstein condensates) operates on the principle of 
phonon-assisted upconversion. That is, pump photons promote electrons from near the top of a 
ground band of levels to near the bottom of an excited band of levels. The electrons then 
thermalize in the excited band by absorbing phonons from the medium, so that the electrons on 
average populate all of the excited levels with a Boltzmann distribution. Likewise, the holes left 
behind in the ground band thermalize by absorption of phonons. (The actual mechanism is that 
electrons in the lower ground levels move upward in energy to fill the holes near the upper 
ground levels.) Both thermalization processes thus absorb heat from the sample. Finally that heat 
is carried away by emission of photons when the electrons near the middle of the excited band 
recombine with the holes near the middle of the ground band. The emitted photon energies 
exceed that of the pump photons by the absorbed phonon energies, thereby giving rise to anti-
Stokes fluorescence. For the specific case of the direct bandgap semiconductor cadmium sulfide 
(CdS), the ground and excited bands are the valence and conduction bands, respectively. The 
phonons are longitudinal optic (LO) modes due to vibrations of the cadmium and sulfur ions 
about their lattice sites in the crystal. 
 
Background 

The first experimental demonstration of laser cooling of bulk matter was of a few cubic 
millimeter sample of the rare-earth ion trivalent ytterbium (Yb3+) doped in a fluoride glass 
(ZBLAN) [1]. The reason this material was chosen is that it meets two key criteria needed to 
accomplish net cooling: an intrinsic radiative quantum efficiency of Yb3+ near 100% (so that 
heat-producing nonradiative relaxation of pumped electrons from the excited to the ground bands 
does not occur) and the high purity of commercially available ZBLAN so that the pump laser is 
not absorbed (directly or by energy transfer) by foreign atoms that would generate heat. For 
application to electronic chips and optical detectors, it would be advantageous to directly cool 
the semiconductor materials out of which they are made. However, until recently no one had 
succeeded in that effort, mainly because the large refractive index of semiconductors such as 
gallium arsenide (GaAs) reduces the critical angle so much that the recombination photons are 
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trapped inside and are unable to escape the sample and carry the heat away [2]. It is only in the 
past year that a group of researchers in Singapore succeeded in laser cooling the semiconductor 
CdS by scaling the sample down to nanometer-sized belts, smaller than the wavelength of the 
visible light used to peform the cooling and thereby overcoming the limitations of geometric 
optics [3]. 
 
Scientific Basis 

The Singapore group grew strips of CdS (measuring 100 nm thick, 2 µm wide, and tens of 
microns long) on top of a silicon (Si) substrate having 3 µm holes through which the pump laser 
was focused. Fabrication of those samples requires complex processing including chemical vapor 
deposition, electron microscopy, and etching. A sample of quantum dots is an inexpensive 
nanoscale form of CdS which permits direct optical access for laser pumping and fluorescence. 
Quantum dots are spheres that are small enough that “particle-in-a-box” confinement increases 
their bandgap energy. Ours were chosen to be about 6 nm in diameter, so that their peak 
emission is at 480 nm, conveniently near the pump wavelengths of an available argon-ion laser. 
We purchased 20 mL of such CdS dots from Sigma-Aldrich, suspended in toluene 
(methylbenzene) at a concentration of 5 mg/mL. 
 
Experimental Method 

We investigated the spectroscopy of the CdS quantum dots in three sample forms: 
(1) suspended as received in toluene in a quartz cuvette, (2) spin coated onto a glass slide 
whereby the toluene is centrifuged away and the bare dots are left stacked as a thin film, and (3) 
dispersed in poly methyl methacrylate (PMMA) as a free-standing solid polymer binder. 
(Samples of similar visual quality and spectroscopic properties were obtained using PMMA 
having either a large molecular weight of one million or a small molecular weight of 15 000.) 
The disadvantages of form 1 are that the samples slowly evaporate (even with screwed caps on 
the bottles and sealed lids on the cuvettes), convective flow prevents any locally laser cooled 
regions from staying in the beam spot, and liquids are not very convenient for typical practical 
applications. On the other hand, the bare films of form 2 were too thin to have sufficient 
absorption of the laser and so no results are presented for them; centrifuging away the toluene 
apparently carries away most of the dots also. The most promising samples are the polymers 
(form 3) and it is recommended that future work investigate other possible solid binders, 
particularly ones that have high thermal conductivity and optical transparency. (The present 
samples were polymerized rapidly and hence exhibit large scattering evidenced by a cloudy 
appearance.) We also tried to measure bandgap fluorescence from bulk cadmium sulfide powder 
(both in air and dispersed in PMMA) but it proved to be too weak to measure. This null result for 
the bulk CdS was checked by illuminating those samples with a UV lamp, and indeed no visible 
fluorescence was seen by eye, in striking contrast to the CdS quantum dot results presented next. 
 
Data Results and Analysis 

Bulk cadmium sulfide has a bandgap energy of 2.42 eV, corresponding to a wavelength of 
512 nm. The dots have an absorption edge of about 475 nm, blue shifted from the bulk by 
quantum confinement effects and exhibiting structure due to excitonic (bound electron-hole) 
peaks. Consequently, our quantum dots have a characteristic yellow-green color (in all three 
sample forms) under room lights, and an orange fluorescence under the UV lamp. When laser 
pumped, the quantum dots emit a single symmetric peak centered at about 475 nm with a full-
width-at-half-maximum (FWHM) of about 15 nm. For example, Fig. 1 shows the spectrum of 
CdS quantum dots suspended in toluene (sample form 1) when pumped with a milliwatt light-
emitting diode (LED) peaked at 405 nm with a FWHM of about 15 nm. This spectrum (and that 
of Fig. 2) was collected using an Ocean Optics JAZ spectrometer, in which the pump LED is 
output through one fiber and the 180° backscattered light from the sample is input into a fiber 
pigtailed to it. The tail of the pump light is visible as the rapid rise in signal below 450 nm. 
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An essentially identical spectrum is seen when the dots are dispersed in PMMA (sample form 

3), as Fig. 2 demonstrates. The similarity in the spectra is not surprising because both toluene 
and PMMA are transparent in the blue-green wavelength region plotted in these figures, so that 
we are seeing the intrinsic emission by the noninteracting CdS dots. 
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Fig. 1: CdS dots in toluene (unfiltered 405 nm pump) 

0 

10000 

20000 

30000 

40000 

50000 

60000 

440 450 460 470 480 490 500 510 520 

in
te

ns
ity

 (c
ou

nt
s)

 

wavelength (nm) 

Fig. 2: CdS dots in PMMA (unfiltered 405 nm pump) 
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To eliminate the residual pump light, the emission can instead be collected using an optical 
multichannel analyzer (OMA), consisting of a monochromator with a thermoelectrically-cooled 
array detector, which was used for the spectra shown in Figs. 3 to 5. The detector is run at 5°C 
with an external water bath set to 10°C. One must first collect a background spectrum with the 
source off, and then calibrate the wavelength to the two dominant peaks (at 436 and 546 nm) of 
the fluorescence room lights using a fiber bundle to input light to the 25-micron entrance slit of 
the monochromator. The background-subtracted binary spectra can be saved to 5.25-inch floppy 
disk and later converted to text data on a Windows 2000 computer using Matlab program 
“OMAFILE” via an IEEE cable connection. The other end of the fiber bundle was brought up 
close to the cuvette or sample in an approximately 90° scattering geometry (but taking care to 
avoid direct specular reflection off the polymer surface). 

Figure 3 presents a spectrum of the quantum dots in toluene (sample form 1) using a 
bandpass filter (centered at 480 nm with a FWHM of about 10 nm) to completely block the 405-
nm pump light. Comparing it to the spectrum in Fig. 1, we are now cleanly resolving the CdS 
peak. (Note that the use of the interference and bandpass filters shifts the peak up in wavelength 
by as much as 5 nm, since they cut off short wavelengths.) 

 
Given this clear CdS emission spectrum, we proceeded to see whether our PMMA samples 

(form 3) exhibit anti-Stokes fluorescence. For this purpose, we replaced the 405-nm LED with 
the 514.5-nm output from an argon-ion laser having a power of up to 50 mW. Unfortunately, that 
laser wavelength is sufficiently close to the peak in Fig. 3 that we were not able to completely 
block it, although we could greatly attenuate it by stacking two Iridian interference filters on top 
of the bandpass filter. The result is displayed in Fig. 4, where the residual pump beam is 
responsible for the weak peak beyond 500 nm. This figure demonstrates that we are seeing 
phonon-assisted upconversion from the pump wavelength λp = 514.5 nm to the CdS fluorescence 
wavelength of λf = 475 nm, corresponding to an ideal cooling coefficient of performance of COP 
= (λp – λf) / λf = 8% relative to the absorption of the laser light. 
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Fig. 3: CdS dots in toluene (filtered 405 nm pump) 
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To actually measure the local cooling of the optically pumped volume of the sample, one 

would prefer to have some temperature-dependent feature of the emission spectrum to monitor. 
The Singapore group [3] was able to directly measure the CdS LO phonon sidebands at 300 and 
601 cm–1, but for our 514.5 nm laser, those wavenumbers correspond to wavelengths of 522.6 
and 530.9 nm, respectively, which cannot be resolved with the current OMA setup. However, 
PMMA has higher frequency phonon modes [4] with prominent peaks at 1435 and 1718 cm–1, 
corresponding to wavelengths of 555.5 and 564.4 nm. By removing the bandpass and 
interference filters, structure near those wavelengths is evident, as Fig. 5 demonstrates. By 
calibrating the change in the shape of this sideband spectrum at various temperatures by 
refrigerating the sample in an optical cryostat, it could be used to probe the laser cooling of a 
sample isolated in a vacuum chamber. 
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Fig. 4: CdS dots in PMMA (partly filtered 514.5 nm pump) 
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Fig. 5: CdS dots in PMMA (unfiltered 514.5 nm pump) 
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The disadvantage of relying on these PMMA Stokes phonon sidebands is that one would be 
monitoring the polymer host surrounding the quantum dots rather than the temperature of the 
dots directly. Owing to the low thermal conductivity of PMMA (about 0.2 W/m/K), much of the 
polymer would remain at ambient temperature and so the cooling would be mostly masked. 
 
Conclusions 

Encouragingly, anti-Stokes fluorescence has been measured for cadmium sulfide quantum 
dots dispersed in a solid polymer host. The emission peak of these dots remains the same as that 
of the original suspension in liquid toluene, so that the prospects for solid-state cooling of a 
simple-to-manufacture sample appear bright. Future work should include the following areas of 
study. An optimized sample should be cut to match the size of the pump beam and suspended on 
thin transparent mounts (to reduce any thermal conduction heat load) in vacuum (to avoid 
thermal convection from the air) in a low-emissivity chamber (to minimize thermal radiation 
onto the sample). A double-pass monochromator might permit one to resolve the CdS phonon 
sidebands; if not, a microthermocouple could be used to directly measure the sample 
temperature. The ambient temperature should be varied (either lowered or raised) to optimize the 
cooling coefficient of performance. The absolute coefficient depends on the sample absorption, 
which should be characterized at the laser pump wavelengths both directly and by excitation 
spectroscopy to look for the presence of impurities and energy transfer. Multipassing the laser 
beam through the sample would help. Directly measuring the radiative quantum efficiency of the 
quantum dots using photothermal deflection, an integrating sphere, or time-resolved 
spectroscopy would also be useful. 
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