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ABSTRACT 

 We have demonstrated the first net laser cooling of semiconductors using CdS nanoribbons (or 
nanobelts) in this work. This net cooling effect is found to be facilitated by resonant high order annihilation of 
longitudinal optical (LO) phonons due to a strong exciton-LO phonon Fröhlich interactions. Using a pump-
probe luminescence thermometry technique to measure the local temperature change, we have achieved as large 
as 40 K cooling temperature from room temperature pumped by a 514 nm laser while a 532 nm laser pumping 
led to a cooling of 20 K. At 100 K, only the 532 nm laser pumping can lead to a net cooling of around 15 K. Our 
work opens new directions to search laser cooling semiconductors and makes it feasible to achieve all solid-state 
cryocoolers based on semiconductors.   
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1. INTRODUCTION 

The concept of laser cooling of solids or optical refrigeration was proposed by Pringsheim in 19291. The 
basic principle of optical refrigeration is anti-Stokes luminescence. Photons in the red tail of the absorption 
spectrum are absorbed followed by anti-Stokes spontaneous emission, i.e., the emitted photons have higher 
energy (blue-shifted) than the absorbed photons. During the emission process the lattice thermal vibration 
energy is carried away by the emitted photons resulting in the laser cooling effect. The process is very similar to 
Doppler cooling of atoms, except that in cooling of atoms, it is the translational kinetic energy being removed2; 
while in solid materials, the energy is largely contained in lattice vibrations, i.e., phonons. To realize the net 
laser cooling of solids, the material requires having high purity with proper spaced energy levels and a high 
external quantum efficiency. Due to those special requirements, the materials for the optical refrigeration are 
limited to only rare-earth (RE) doped crystals or glasses and direct bandgap semiconductors. 

Rare-earth doped materials were proposed for laser cooling in the late 1950s, nearly thirty years after 
Pringsheim’s proposal3. However, the difficulty of obtaining high purity materials prevented the net laser 
cooling from being observed in solids for a long time. The first breakthrough of the net laser cooling in solids 
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was achieved in ytterbium-doped glass in 19954, around 70 years after the concept was established. The first 
successful laser cooling effect was only ~ 0.3 K. Since then, great effort has been devoted to improve the 
cooling efficiency and to reach a larger cooling temperature in a variety of the RE doped crystals and glasses5. 
To date, the minimum achievable temperature of ~ 110 K starting from ambient temperature has been realized 
in a 5% doped Yb: YLF crystal6, which surpasses the thermoelectric Peltier coolers.  

Compared with the atomic resonance involved in the RE doped crystals and glasses, laser cooling of 
semiconductors exhibits a number of advantages7,8. Semiconductors are anticipated to exhibit more efficient 
pump light absorption, much lower achievable cooling temperature and direct integrability into electronic and 
photonic devices. Although many theoretical and experimental studies have addressed various aspects of the 
laser cooling of semiconductors, no net cooling has been achieved in semiconductors until recently the first 
demonstration of net laser cooling was achieved in CdS nanobelts by our group9. We will elaborate the laser 
cooling in CdS nanobelts in the following. 

2. SETUP AND RESULTS 

Figure 1a shows the anti-Stokes luminescence spectra of a CdS nanobelt excited by a 532 and 514 nm laser 
at 294 K for three different pumping power. Strong anti-Stokes emission with a peak position ~ 506 nm is 
identified. It should be noted that 514 nm pumping led to much stronger upconversion due to larger bandtail 
absorption. The strong anti-Stokes luminescence may originate from two-photon absorption or from phonon-
assisted transition. The difference can be distinguished through the excitation power dependence of the anti-
Stokes luminescence intensity. Systematic study on anti-Stokes luminescence intensity versus laser power 
(Figure 1b) indicates that two-photon absorption can be excluded under a low-moderate power (~ below 12 
mW) for both 532 and 514 nm laser pumping, at which our laser cooling experiments were conducted.  

  

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1 (a) Room temperature anti-Stokes PL spectra of a single CdS nanobelt (100 nm) excited by a 514 nm (top frame) 
and 532 nm (bottom frame) laser at three power levels. (b) Power dependence of anti-Stokes photoluminescence pumped by 
532 and 514 nm at 294 K. The single photon process dominates below ~ 12 mW, above which the two-photon absorption 
process is significant. (c) Raman lineshape analysis of a single CdS nanobelt excited by a 532 nm laser at room temperature. 
The PL background has been subtracted. Experimental integral intensity ratios of anti-Stokes and Stokes 1LO and 2LO are 
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state 532 nm laser and Argon ion laser (514 nm, 502 nm and 488 nm) were used as pump lasers, while a 473 nm 
solid state laser was used as a probe beam measure the Stokes PL in order to deduce the local sample 
temperature. The probe beam of 473 nm was kept as low as 20 μW. Both pump (Argon ion laser and solid state 
532 nm laser) and probe beams were collimated and focused thorough a 50× objective onto a single CdS 
nanobelt on the suspended segment. The scattered photons were collected by the objective and analyzed by a 
confocal triple grating spectrometer (Horiba-JY T64000) in a backscattering configuration. The signal was then 
recorded by a liquid-nitrogen cooled charge-coupled device. The spectrometer has a 640 mm focal length and is 
equipped with a 1,800/mm grating with a spectral resolution ~ 0.5 cm-1, corresponding to ~ 0.01 nm around 500 
nm. During the cooling experiments, each Stokes PL spectrum was recorded after an interval of ~5-min 
pumping, when the pump laser was blocked momentarily, while the block was removed immediately after the 
spectrum was collected. 

Firstly, the temperature calibration curves was determined by monitoring the Stokes PL peak shift of 
the CdS nanobelt excited by the probe beam at a given temperature. To calibrate the peak shift versus 
temperature change, the peak position of the Stokes PL spectra as a function of an accurate sample temperature 
is demanded. This was achieved by accurately measuring the temperature of a copper cold finger of a 
continuous flow microscopy cryostat. The silicon substrate was glued onto the cold finger by GE varnish to 
ensure good thermal contact. The cold finger temperature can be precisely controlled by a temperature controller 
and accurately measured by a silicon diode temperature sensor, which is enclosed inside a radiation shielding 
box. Adequate waiting time was ensured to allow the system to reach a thermal equilibrium. Then, these 
calibration curves are used to deduce the laser cooling temperature. 

The calibration spectra and calibration curve for a 100 nm thick CdS nanobelt are given in Figure 2d 
and 2e, starting from 320 K. Calibration curve in Figure 2e is extracted from Figure 2d, plotted as temperature 
changes (referenced to the starting temperature 320 K) versus the PL peak shift in energy (meV). The 
calibration curve can be fitted linearly. This is a good approximation of the Varshni equation when the 
temperature range is small. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

0 10 20 30 40 50 60 70
-20

-10

0

10

20

30

40

Δ
T 

(K
)

Time (mins)

 532, 6.5 mW
 514, 6.7 mW
 502, 3.7 mW
 488, 2.2 mW

100 K

off

off

off

(d) 

 

0 10 20 30 40 50 60 70

-45

-30

-15

0

15

30

45

offΔ
T 

(K
)

Time (mins)

 532, 6.3 mW
 514, 6.3 mW
 502, 2 mW
 488, 3 mW

290 K

off

off

off

(b) 

 

(c) 

 

491.0 491.5 492.0

0.994

0.996

0.998

1.000

1.002

100 K 532 nm, 6.5 mW

N
or

m
al

iz
ed

 P
L 

(a
rb

. u
ni

ts
)

Wavelength (nm)

532 OFF Warming Up

Cooling

(a) 

 

504 505 506 507

0.994

0.996

0.998

1.000

1.002
Warming Up

290 K 514 nm, 6.3 mW

N
or

m
al

iz
ed

 P
L 

(a
rb

. u
ni

ts
)

Wavelength (nm)

514 OFF

Cooling

Proc. of SPIE Vol. 8638  863808-4

Downloaded From: http://proceedings.spiedigitallibrary.org/ on 09/02/2013 Terms of Use: http://spiedl.org/terms



 

 

Figure 3 (a) The evolution of PPLT spectra starting from 290 K, pumped by 514 nm with a power of ~ 6.3 mW. Solid curves 
represent the cooling cycle, while the dashed curves represent the warming up after the pump laser is switched off. Dashed 
curves are shifted vertically for clarity. (b) The temperature change ΔT versus time pumped by four laser lines (532, 514, 
502 and 488 nm). (c) The evolution of PPLT spectra for another nanobelt pumped by 532 nm laser with 6.5 mW starting 
from 100 K. Similar cooling and warming up cycles are observed as shown in (a). (d) The Temperature change ΔT versus 
time pumped by four laser lines (532, 514, 502 and 488 nm). Adapted from Ref.[9] with permission. 

For clarity, we only show the data with a continuous 6.3 mW 514 nm and 6.5 mW 532 nm laser 
pumping, starting from 290 K and 100 K, respectively. Solid curves represent the cooling cycle, while the 
dashed curves represent the warming up after the pump laser is switched off. Dashed curves are shifted 
vertically for clarity. A pronounced systematic blue shift is observed upon laser pumping until a steady state is 
reached in ~30-40 minutes, suggesting that a maximum net cooling is established. After the cooling is stopped 
(switching off pump laser), the Stokes PL red shifts, indicating a temperature rise. Based on the calibration 
curves shown in Figure 2e, the temperature change ΔT extracted from Figure 3a and 3c is plotted in Figure 3b 
and 3d, which show a net laser cooling of ~40 K and 20 K for 514 and 532 nm pumping at 290 K, respectively.  
At 100 K, only 532 nm can lead to a net laser cooling of ~15 K while 514 nm laser cannot due to red shifting of 
the mean emission wavelength at 100 K. 488 and 502 nm laser pumping leads to heating of the sample at all 
temperatures. 

According to Sheik Bahae-Epstein (SB-E) theory7,12, the cooling efficiency ( ,  )c v Tη h  of optical 
refrigeration in semiconductors follows: 

( )
( ,  ) 1f

c exe abs

v T
v T

v
η η η= −h ,                                                                            (1) 

where v is the pump laser frequency, T is the temperature of the sample, and ( )fv T is the escaped mean 
emission frequency evaluated by normalizing the intensity at different wavelength. exeη is the external quantum 
efficiency being written as ( )exe e rad e rad nrW W Wη η η= + , where eη is the luminescence extraction efficiency, 

radW and nrW are the radiative and non-radiative recombination rates, respectively. [ ] 11 ( , )abs b v Tη α α −= + is the 
absorption efficiency, quantifying the percentage of photons absorbed that are engaged in cooling, where bα is 
the background absorption coefficient and ( , )v Tα is the semiconductor absorption coefficient. 

 The pump lasers (e.g., 514 or 532 nm) move to the Urbach tail of CdS, nevertheless the 
photoconductivity and PL measurement suggest that the background absorption due to free carriers or surface 
contribution in a CdS nanobelt is negligible9. The luminescence extraction efficiency approaches unity because 
of sub-wavelength thickness. Compared to GaAs, CdS has a much smaller surface recombination speed13 and 
much lower Auger non-radiative recombination coefficient14. Our previous data15 and more in-depth analysis 
have indeed revealed that the radiative recombination decay lifetime is on the order of tens to hundreds of 
picoseconds, while the non-radiative decay lifetime is three orders of magnitude larger at room temperature and 
even more at low temperatures, justifying the nearly unity external quantum efficiency of >99% in CdS 
nanobelts9. Applying the equation (1), a cooling efficiency of ~4.8% at 290 K and ~2.0% for 100 K are 
estimated for 532 nm pumping, while a cooling efficiency of 1.3% for 514 nm pumping at 290 K. 

Starting from equation (1), the cooling power can be defined as: 

                             0
0

( , ) ( )
( , ) exe abs f

cool c

v T tP hv T hv
P v T tP

hv

α η η
η α

⎡ ⎤−⎣ ⎦= =                                                       (2) 

Considering the nanobelt used with a thickness of 100 nm, we have obtained a high external quantum efficiency 
( 99.5%exeη ≈ ) and zero background absorption ( 0bα = , thus [ ]( , ) ( , ) ( , ) 1abs bv T v T v Tη α α α= + = ) for the 
suspended sample configuration. Therefore, by taking 1exeη ≈  and ( , ) 1abs v Tη = , the equation (2) can be re-
written as:  

0( , ) /coolP v T tP E hvα= Δ                                                                             (3) 
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nm nanobelt. By using photoconductivity spectroscopy, we obtain ( )G v for an individual nanobelt at 290 K. 
Therefore, the normalized temperature change 0T PΔ  can be written as: 

0 0

( , )
( , )S C C

C
T T G v T ET K L G v T E

P P kShv hv
χς− − ⋅ ΔΔ Δ

≡ = − Δ ≡ ,                                        (5) 

where K L
kS

ςχ Δ
=  and ς  is the correction parameter. For the different pump energies and low excitation powers, 

the mean emission wavelength of the luminescence is approximately equal to a constant. For ~100 nm CdS 
nanoblets, the mean wavelength of the luminescence is ~506 nm at 290 K. For a 532 nm laser with a power of 
6.3 mW, 20 KTΔ = −  which gives 0.82ς =  and -130.8 K mWχ = ⋅ . Applying the obtained χ to equation (5), the 
calculated normalized temperature change can be obtained. It is important to note that the excitonic effect was 
not discussed in detail here, because in CdS the excitons are usually completely ionized due to strong exciton 
phonon coupling. As a result, the photo-generated electron-hole bound states dissociate at room temperature and 
contribute to the photocurrent. Therefore, it is accurate to use photoconductivity gain to quantify the absorption. 

Figure 4a displays the Stokes PL (black curve), the corresponding photoconductivity gain spectra (blue 
curve) and absorption coefficient extracted from the PL spectra based upon the van Roosbroeck-Shockley 
equation at 290 K. We find that at 532 nm, there is about 6% absorption compared to the maximum absorption 
around 480 nm, while at 514 nm, this value is ~ 24%. Based on expression (5), Figure 4b shows the normalized 
temperature change as a dependence on pumping laser wavelength at 290 K (blue curve). The pink squares are 
the measured cooling temperature change normalized to pump laser power under different excitation 
wavelengths. Here, 0T PΔ <0 corresponds to the cooling zone and 0T PΔ >0 indicates the heating zone. When 
the pump laser energy is equal to the mean energy of luminescence, the heating and cooling cancel each other 
and result in with a vanishing 0T PΔ . The experimental temperature change ΔT in K/mW pumped by four 
different laser lines is in good agreement with theoretical analysis except for 488 nm. The final cooling power 
depends on both ΔE and bandtail absorption. In CdS nanobelts at 290 K, 514 nm appears as the optimal cooling 
wavelength with the highest cooling power. The red region corresponds to the laser cooling tail. 

In summary, we have presented the concrete evidence of laser cooling a semiconductor using a 
semiconductor CdS nanobelt. We have achieved ~40 K cooling from room temperature pumped by 514 nm, 
while ~15 K from 100 K pumped by 532 nm. The cooling efficiency is estimated to be ~4.8% at 290 K and 
~2.0% at 100 K for 532 nm pumping, while a cooling efficiency of 1.3% for 514 nm pumping at 290 K. The 
cooling power is estimated to be ~ 97 and 180 μW for 532 nm and 514 nm pumping at 290 K, respectively. The 
thermal conductive load of our device is estimated to be about 80 and 160 μW, in good agreement with the 
cooling power, since the radiative load is negligible based on a black body model for both wavelengths. The 
achievement of the net laser cooling in CdS nanobelts can be attributed to the strong coupling between electron 
and longitudinal optical phonons, high external quantum efficiency and negligible background absorption. Our 
work suggests the considerable potentials of II-VI semicondcutors for optical refrigeration. It would be an 
immediate attempt to see whether laser cooling can be achieved below liquid nitrogen temperature, in which 
rare-earth doped system loses the cooling power due to Boltzmann’s distribution of carriers.  
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