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The relationship between the photothermal cooling efficiency of a micro-cantilever’s mechanical mode and the en-
vironmental temperature is studied. The micro-cantilever and a polished fiber end form a low finesse Fabry—Perot (FP)
cavity. Experimental results in a temperature range from 77 K to 298 K show that temperature has an obvious influence on
photothermal cooling efficiency. The photothermal cooling efficiency, 7y, at 100 K is 10 times that at 298 K. This accords
well with the theoretical analysis that the high photothermal cooling efficiency can be achieved when photothermal response
time, 7,p, and mechanical resonant frequency, @y, are close to the optimal photothermal cooling condition @y T, = 1. Our
study provides an important approach for high effective photothermal cooling and high-sensitivity measurement for force

microscopy.
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1. Introduction

Owing to the optomechanical coupling between optical
cavity field and mechanical degree of freedom, the laser cool-
ing of mechanical motion of a cantilever can be realized in
several ways, ! such as radiation pressure!>”’! and photother-
mal cooling.!®13] Quantum ground state of mesoscopic ob-
jects could be prepared by resolved sideband cooling, in which
high finesse cavity and high mechanical quality factor are es-
sential for getting a strong coupling of radiation pressure. 3!
Under the condition of resolved sideband cooling, Kippenberg
et al. have successfully cooled a mechanical resonator (MR)
to the ground state using a radiation pressure mechanism.!”!
Photothermal cooling has also attracted much attention in ap-
plied optomechanical field because it can be realized in most
optical systems with no requirement of ultra-high finesse opti-
cal cavity.['%13] Pioneering theoretical and experimental stud-
ies have demonstrated that photothermal cooling of MR pos-
sesses high potential applications in high-sensitivity measure-
ments, owing to its strong capacity for suppressing thermal
noise.!'*-1l Under high vacuum condition at room temper-
ature, Karrai et al. have studied photothermal coupling and
cooled the gold coated micro-cantilever to 18 K.['2l However,
photothermal cooling efficiency is restricted by many factors,
such as laser absorption-induced heating, optical bistability,
and contribution from higher order mechanical modes.[!’-1°]
Laser absorption-induced heating in the MR is determined by
the properties of materials and is difficult to reduce. Our pre-
vious work has shown that the restriction on the photother-
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mal cooling efficiency, which is imposed by higher order me-
chanical modes, can be overcome by operating in the par-
allel coupling region.!'”] However, the optical bistability ef-
fect still limits the maximum optical power in photothermal
cooling.["81°1 Thus, how to achieve a high efficient photother-
mal cooling is a critical issue in optomechanics because it can
not only reduce the thermal noise but it is also important in
increasing the threshold of bistability.

In this paper, we investigate the influence of temperature
on the photothermal cooling efficiency of an optomechanical
system in a micro-cantilever-based Fabry—Perot (FP) cavity.
To search the relationship between the photothermal cooling
efficiency and temperature, we use a variable temperature sys-
tem in which the temperature can vary from 77 K up to 298 K.
Through measurements and analyses of the vibration power
density spectrum, the photothermal cooling efficiency can be
obtained. Furthermore, we analyze the optimal photothermal
cooling condition with a theoretical model.

2. Experiment

The experimental setup is shown in Fig. 1. A 300-pum-
long, 10-um-wide, and 0.85-um-thick single-crystal silicon
micro-cantilever coated with 50-nm-thick gold film on both
sides, as shown in Fig. 2, was used.?0! Gold coating was

[21.22] 1y order to

used to enhance the photothermal coupling.
balance the bending of the cantilever caused by the differ-
ence in thermal expansion coefficient between two materials,

the cantilever was double-side coated. To avoid air viscous
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damping, a cavity optomechanical system was placed in an
ultra-high vacuum chamber with a base pressure better than
5x1071% Torr (1 Torr=1.33322x10% Pa). Under an ultra-
high vacuum condition at room temperature, the intrinsic
resonant frequency @y and damping factor Iy of the gold-
coated cantilever are 2w x9897.053 Hz and 27 x4.141 Hz,
respectively. The gold-coated micro-cantilever and a pol-
ished fiber end formed a low finesse FP cavity. By mea-
suring the reflected beam from the FP cavity, the finesse of
the cavity is estimated to be about 0.6. The distance be-
tween the cantilever and fiber end can be adjusted in three
dimensions by a PZT positioner. A 1310-nm laser inter-
ferometer was used to measure the mechanical motion of
the cantilever. An FFT spectrum analyzer (SR760, Stanford
Research System) was used to analyze the mechanical dy-
namics of the cantilever in the frequency domain. During
the experiment, the whole cavity optomechanical system was
placed in a liquid nitrogen cryostat. A temperature controller
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Fig. 1. (color online) Schematic diagram of the experimental setup.
A 3-dB optical coupler (Beam Splitter) splits the 1310-nm laser beam
into two parts, one is for reference signal and the other is fed into the
system which is used for driving the optical cavity and detecting the
interference. The fiber end with the cantilever forms a Fabry—Perot cav-
ity, which is placed in an ultrahigh vacuum chamber and then moved
into a liquid nitrogen cryostat. Temperature controller can change the
temperature steadily from 77 K to 298 K.
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Fig. 2. (color online) (a) SEM image of the single crystal silicon micro-
cantilever. (b) Key dimensions of the micro-cantilever: 300-um long,
10-pm wide, and 0.85-pm thick.

(Lakeshore 340) was employed to control an electronic heater
to raise the temperature stably from 77 K to 298 K, the preci-
sion of the temperature control is about +0.1 K.

3. Results

To realize photothermal cooling, the FP cavity is set at
blue detuning.!"?! The vibrations of power spectral density of
the cantilever at different laser powers are measured at 77 K
and 298 K, respectively, as shown in Fig. 3. The vibration res-
onance curves are fitted by Lorentz function, in which the peak
center and the full width at half maximum (FWHM) represent
the effective resonant frequency g and effective damping
factor I, respectively. In Fig. 3(a), the Brownian motion of
the cantilever is greatly suppressed as the laser power increases
at 77 K. But at 298 K the vibration power spectral densities un-
der different laser powers are almost the same as those shown
in Fig. 3(b), this suppressing effect is much weaker than at
77 K. Our experimental results show that I increases from
27wx0.524 Hz to 2 x4.744 Hz at 77 K as the laser power in-
creases from 132 uW to 2842 uW. However, at 298 K, I
changes only from 27x3.890 Hz to 27w x4.145 Hz with laser
power increasing from 306 uW to 3771 uW. From the changes
of effective damping factor I at 77 K and 298 K, it follows
that the photothermal cooling efficiency shows a strong depen-
dence on temperature.
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Fig. 3. (color online) Oscillation power spectral densities of the can-
tilever at 77 K (a) and 298 K (b). All of the vibration resonance curves
for different laser powers are fitted to Lorentz function, in which the
peak center and the full width at half maximum (FWHM) represent the
effective resonant frequency wesr and effective damping factor I, re-
spectively. The power density spectrum corresponds to the fundamental
mechanical mode of the micro-cantilever.

107801-2



Chin. Phys. B Vol. 23, No. 10 (2014) 107801

In order to obtain the relationship between photothermal
cooling efficiency and temperature, we measure the vibration
power spectral density as the temperature changes from 77 K
to 298 K. The values of effective damping factor I at dif-
ferent temperatures are plotted against incident laser power in
Fig. 4. Although the effective damping factor I.¢ shows a lin-
ear increase with incident laser power, the increasing rates of
I under different temperatures are different. At 77 K and
100 K, the values of effective damping factor I increase
much quicker than those at higher temperatures of 160 K,
230 K, and 298 K. From the experimental data, the slope of

I ¢ increases to a maximum value at 100 K.
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Fig. 4. (color online) Effective damping factors versus incident laser
power of the cantilever at temperatures ranging from 77 K to 298 K.
The points denote the experimentally measured data, and lines repre-
sent their linear fitting.
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Fig. 5. (color online) Temperature-dependent photothermal cooling efficiency 1y, (a), simulative value of @y Ty, /(1 + w&, 'rsh), with the
solid line representing its fitting (b), calculated value of response time constant of photothermal force 7y, (), and measured intrinsic
resonant frequency @y (d). It is clear that the resonant frequency change is relatively small. The points denote the experimental

measurement data, and the solid line represents its linear fitting.

4. Discussion

To further analyze the photothermal cooling efficiency
dependence on temperature, a parameter Ny, = dleq/dP is
defined, where P denotes the laser power. The values of 1, at
different temperatures are plotted in Fig. 5(a). The photother-
mal cooling efficiency 1),n, shows a nonlinear dependence on
temperature in a range from 77 K to 298 K. The photothermal
cooling efficiency increases from 77 K to 100 K. At 100 K,
it reaches a maximum value of 1, = 1.610 mHz/uW. With

the further increase of temperature, it causes the efficiency
to gradually decrease from 100 K to 298 K. When the tem-
perature is close to the room temperature, 7),, decreases to
0.168 mHz/uW, which is almost ten per cent of that at 100 K.

Previous studies on photothermal cooling have shown
that the backaction of photothermal force is not instantaneous
but delayed with respect to the mechanical motion of a micro-
cantilever.”>) The response time constant of photothermal

force, Tph, is the time of thermal diffuse along the cantilever.

107801-3



Chin. Phys. B Vol. 23, No. 10 (2014) 107801

Thermal diffusion time is determined by many parameters re-
lated to temperature, such as material heat capacity, thermal
conductivity, and the laser spot position. The laser spot po-
sition can be regarded as a fixed value according to our cali-
brated result that the laser spot position change is only 2.8%
from 77 K to 160 K.

From Ref. [24], we can deduce that the relationship be-
tween the photothermal cooling efficiency 7, and response
time constant Ty, can be described as

Tph =< WoTpn /(1 + wgfgh)-

The response time constant of photothermal force T, can
be calculated according to Ref. [25], the results are shown in
Fig. 5(c). The intrinsic resonant frequency @y changing with
temperature is shown in Fig. 5(d). The frequency change is
only 0.67% from 77 K to 298 K, thus the resonant frequency
change can be omitted in our calculation and @y has been con-
sidered to be a constant of 27 x 9897.053 Hz for different tem-
peratures. The calculated values of @yTyn/(1+ @F Tgh) at dif-
ferent temperatures are plotted in Fig. 5(b). It is quite clear
that the theoretical calculation results are in excellent agree-
ment with our experimental data.

To obtain the maximum value of photothermal cooling
efficiency Mpn, @p and 7y, should satisfy the condition of
T = 1, ie., ooTon/(1+ a)gfgh) reaches the maximum
value. As shown in Fig. 5(c), the response time constant
of photothermal force 7, increases as temperature increases.
The response time constant Ty, reaches a value of 1.12 ms at
100 K and @yTyn = 1.11, which is much closer to the optimal
photothermal cooling condition @yTp, = 1 than at other tem-
peratures. At 298 K the value of wyTp, is 14.8, which is far
from 1. Therefore, the maximum of photothermal cooling effi-
ciency is achieved at 100 K in our experiment. When the tem-
perature increases above 100 K, 7, increases rapidly. Thus
the photothermal backaction is averaged over time, which
causes the photothermal cooling efficiency npn to decrease
from 100 K to 298 K, as shown in Fig. 5(a). Therefore the
photothermal cooling efficiency can be optimized by a tem-
perature to meet the optimal photothermal cooling condition,
WoTph = 1.

At a given temperature, the material properties of the can-
tilever are determinate, and then the value of wyTpy, is deter-
mined by the cantilever geometry. Thus, through the proper
design of the cantilever, the optimal photothermal cooling con-
dition @y Tyn = 1 can also be satisfied. We believe that optimal
photothermal cooling condition can also be reached in other
photothermal optomechanical systems.

5. Conclusions

We have studied the relationship between photothermal
cooling efficiency and temperature in a micro-cantilever-based

low finesse FP cavity optomechanical system. Our experimen-
tal results show that temperature has a significant influence
on the photothermal cooling efficiency, which can be well ex-
plained by a relationship between the cooling efficiency 7y,
and response time Tp,. In our case, the maximum photother-
mal cooling efficiency 7y, is obtained at 100 K, when the
optimal photothermal cooling condition @yTp, = 1 is satis-
fied. We conclude that the photothermal cooling efficiency can
be improved, with the optimal condition @y Ty, = 1 satisfied,
through the proper design and fabrication of the mechanical
resonator. This approach supplies an important way to im-
prove photothermal cooling efficiency, which could be used in
high-sensitivity measurements.
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