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ABSTRACT: Cadmium sulfide (CdS) nanostructures have attracted a significant amount of attention for a variety of
optoelectronic applications including photovoltaic cells, semiconductor lasers, and solid-state laser refrigeration due to their
direct bandgap around 2.42 eV and high radiative quantum efficiency. Nanoribbons (NRs) of CdS have been claimed to laser
cool following excitation at 514 and 532 nm wavelengths by the annihilation of optical phonons during anti-Stokes
photoluminescence. To explore this claim, we demonstrate a novel optomechanical experimental technique for
microthermometry of a CdSNR cantilever using Young’s modulus as the primary temperature-dependent observable.
Measurements of the cantilever’s fundamental acoustic eigenfrequency at low laser powers showed a red-shift in the
eigenfrequency with increasing power, suggesting net heating. At high laser powers, a decrease in the rate of red-shift of the
eigenfrequency is explained using Euler−Bernoulli elastic beam theory, considering Hookean optical-trapping force. A predicted
imaginary refractive index for CdSNR based on experimental temperature measurement agrees well with a heat transfer analysis
that predicts the temperature distribution within the cantilever and the time required to reach steady state (<100 μs). This
approach is useful for investigating solid-state laser refrigeration of a wide variety of material systems without the need for
complex pump/probe spectroscopy.

■ INTRODUCTION

Cadmium sulfide nanostructures have been investigated for a
number of applications including optically pumped nano-
lasers,1,2 photocatalysis,3,4 and, more recently, solid-state laser
refrigeration5 due to the material’s direct optical bandgap,6 large
electron/phonon (Frölich) interaction,7 and high external
radiative quantum efficiency.5 A number of stringent material
properties are required for solid-state laser cooling of
semiconductors to occur, including high optical absorption,
low nonradiative relaxation rates, significant Huang−Rhys
factors, and near-unity external radiative quantum efficiency.8,9

Zhang et al. reported that nanoribbons of CdS could be laser
cooled by as much as 40 K below room temperature using
continuous-wave optical pumping at wavelengths λ = 514.5 and
532 nm.5 It was also claimed that the thickness of the CdS
material must be between 60 and 120 nm.10 If the thickness was
too small, nonradiative recombination at surfaces was

hypothesized to reduce the external radiative quantum
efficiency below the fundamental thermodynamic constraint
for laser cooling to occur (∼98%). If the thickness was greater
than 120 nm, the high index of refraction of CdS nanoribbons
was predicted to produce a significant amount of total internal
reflection and subsequent reabsorption within the cantilever,
resulting in heating.
Making direct thermal measurements of materials during

laser refrigeration experiments is challenging given that direct
physical contact with thermocouples can conduct heat, limiting
the minimum achievable temperatures.11 Noncontact optical
thermometry methods, including ratiometric themometry,12−14

differential luminescence thermometry,15 and dynamic forward
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light scattering12 avoid this pitfall and allow the laser to
simultaneously cool and measure the local temperature.
However, these methods require irradiance-dependent calibra-
tions. Also, pumping electronic states to induce cooling can
modify their energies and requires careful considerations to
decouple the incident irradiance from cooling measurements.13

A pump−probe luminescence thermometry (PPLT) approach
was used by Zhang et al.5 to explore CdS laser refrigeration. In
this method, a cooling laser at either 514 or 532 nm pumped
the sample to generate anti-Stokes photoluminescence (PL),
and a subsequent probe laser at 473 nm was used to excite
temperature-dependent band-edge PL, which was used to
measure the temperature via a Varshni calibration.5 Time
constants on the order of several minutes were observed for the
sample to warm back to room temperature after the cooling
laser was turned off. This same method was used to claim laser
cooling of perovskites.16 One challenge in interpreting
photoluminescence data is that band-edge energies are also
dependent on the carrier excitation density.17 This motivates a
need for experimental optical thermometry methods that are
noncontact and independent of excited carrier densities.
In this work, we present an optomechanical method for

measuring the temperature of suspended CdS nanoribbon
cantilevers by observing the fundamental acoustic eigenfre-
quency of the cantilever using forward-scattered continuous-
wave laser interferometry, analogous to the softening of
breathing modes with increasing laser powers18 measured by
ultrafast time-resolved studies19 in metal nanostructures. A
modified Euler−Bernoulli beam model was used to interpret
the data by accounting for temperature-dependent changes in
the material’s Young’s modulus and optical dipole-trapping
forces20 that act on the suspended cantilever.

■ EXPERIMENTAL DETAILS

The cadmium sulfide nanoribbons (CdSNR) were synthesized
using a chemical vapor transport (CVT) process conducted in a
programmable tube furnace (Lindberg Blue M). Cadmium
sulfide powder (650 mg, 99.995% Sigma-Aldrich) in an alumina
boat was used as the source and placed at the center of the tube
furnace. The growth substrates were prepared by dropping a
dilute gold nanocrystal (AuNC, 30 nm) solution in chloroform
on a silicon (100) surface. The substrates were left to rest for a
few minutes to allow the solvent to evaporate and then were
transferred onto a quartz tray. The quartz tray was loaded into a
tube furnace such that the silicon substrates were downstream
7−10 cm inside the edge of the furnace. Argon + 5% H2 was
used to initially flush the chamber for 30 min at 400 SCCM.
The flow rate was then reduced to 50 SCCM, and the
temperature was ramped up to the growth temperature (Tg) in
30 min. The growth temperature was maintained for the
growth time (tg), and the furnace was allowed to cool naturally.
Dry transfer of as-grown CdSNRs was conducted by gently

inverting a cleaved silicon wafer onto the as-grown substrate.
Individual CdSNRs were then removed from the transfer
substrate and placed at the edge of another clean silicon
substrate to form a cantilever (as shown in Figure 1b) using a
nanomanipulator (Ma ̈rzha ̈user-Wetzla ̈r) with a tungsten
dissecting probe (World Precision Instruments) with a
sufficiently small tip radius-of-curvature (∼100 nm).
The silicon substrate loaded with the CdSNR cantilever

sample was then attached via a copper tape to the stage of an
optical cryostat (Janis ST-500) that was modified by drilling a
hole down its center line. Cantilevers were suspended over the
stage’s axial hole to allow forward-scattered laser radiation to be
collected from behind the chamber (Figure 1a,b). The chamber
was pumped down to a pressure of 4.0 × 10−4 mbar using an
oil-free turbo molecular pump. The cryostat stage was then
aligned into an optical setup to measure the cantilever’s

Figure 1. (a) Schematic of the experimental setup for the eigenfrequency measurement of a CdS cantilever at the edge of a silicon chip, mounted in a
cryostat under vacuum. A 532 nm laser was used as the probe, focused on to the tip of the cantilever using a 50× long working distance objective lens
to a spot radius of 1.15 μm. The forward-scattered light was focused onto the avalanche photodiode (APD) detector, and the resultant voltage vs
time is Fourier transformed to obtain the cantilever’s eigenfrequency. Backscattered light was focused onto a liquid nitrogen (LN2) cooled
spectrometer to record the PL and Raman spectra. FL, HLB, and NF stand for focusing lens, holographic beam splitter cube, and notch filter,
respectively. (b) A bright-field optical image of one cantilever resting on a silicon chip (left side) and suspended over free-space (right side). (c) The
Fourier-transformed signal shows a lone sharp Lorentzian peak centered at 32.040 kHz. The inset shows a magnified x-axis of the same data and a
fitted Lorentzian curve in red. (d) A frequency vs temperature calibration of data points is shown in blue circles, and a linear least-squares fit of the
data is shown with an orange dotted line.
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eigenfrequency. A single-longitudinal-mode 532 nm laser beam
(Coherent, Compass 532) was first split using a holographic
transmission grating and focused on the tip of the cantilever
using a 50× long working distance objective lens (Mitutoyo).
The transmitted light was focused on a high-speed avalanche
photodiode (APD, Thorlabs APD430A). The voltage versus
time signal obtained from APD over 1 s was then Fourier
transformed using a LabVIEW program to obtain one power
spectrum. Thirty power spectra were averaged to obtain one
measurement, as shown in the Figure 1c. The peak then was fit
to a Lorentzian shape to obtain the cantilever’s eigenfrequency.
An average frequency data point was obtained by fitting six
measurements obtained at the same laser power with a gap of 1
min between consecutive measurements. The error bars
represent one standard deviation. Temperature calibration
was performed by heating the cryostat using a temperature
controller (Lake Shore 335, resolution: 10 mK), and measuring
the eigenfrequency of the cantilever at different temperatures
using a low laser irradiance (5 kW/cm2) that does not
measurably heat the sample. An average frequency data point
was obtained by fitting three measurements obtained at the
same temperature with a gap of 1 min between consecutive
measurements. The error bars represent one standard
deviation.

■ RESULTS AND DISCUSSION
Following synthesis, the silicon substrates were observed to be
coated with a brightly yellow colored layer of densely packed
CdSNRs. The general shape of a single nanoribbon exhibited
either a tapered wedge shape or a rectangular ribbon
morphology, suggesting a combined vapor−liquid−solid
(VLS) and vapor−solid (VS) growth mechanism.21−23 The
typical height (thickness) and widths of the NRs were 50−250
nm and 1−5 μm, respectively. However, NRs with thicknesses
in the range 50−120 nm were used for our experiments
following prior claims of thickness-dependent laser refriger-
ation.10

As a result of variation in the growth parameters, the NR
morphologies were observed to decrease in height and increase
in width as Tg was increased from 780 to 840 °C, and increase
in length as tg was increased from 30 min to 4 h. For our
experiments, a Tg = 840 °C and a tg = 4 h were selected to
produce thin, long, and wide NRs, within the height range 65−
120 nm10 desirable for laser cooling and to maximize the area of
the laser spot incident on the NR. Preliminary external
quantum efficiency (EQE) measurements based on all-optical
scanning laser calorimetry (ASLC)24 showed EQE values

ranging from 0.7735 to 0.9899. Although the measured EQE
values appear to be lower than the required threshold for
obtaining laser cooling, the laser radiation of 440−480 nm used
to conduct these measurements was observed to induce
photodamage in the CdSNRs. In one such case, EQE values
were measured as near unity before photodamage, which
dropped to 0.8 after the photodamage was inflicted. These
measurements will be presented in greater detail in an
upcoming paper.
Eigenfrequency measurements as described in the previous

section were made on a representative CdSNR cantilever
sample with an NR length, width, and height of 45.6 μm, 2.3
μm, and 110 nm, respectively. The length of the suspended part
of the cantilever was 35 μm. A Fourier transformation of the
APD signal produced a thermomechanical noise spectrum,25,26

with a major peak from the cantilever’s fundamental bending
mode (Figure 1c). Using standard Lorentzian peak fitting, an
eigenfrequency f 0 = 32 040 Hz, an fwhm (Δf 0) of 9.34 Hz, and
a high quality factor (Q = f 0/Δf 0) of 3430.4 were measured at
room temperature and 4.0 × 10−4 mbar pressure, and with a
laser irradiance of ∼1.0 kW/cm2 (Figure 1c, inset). A
temperature calibration was done at a low laser irradiance (5
kW/cm2), by measuring the eigenfrequency of the cantilever
while heating the cryostat in steps of 2 K from 295 to 320 K. At
this low irradiance, the frequency versus temperature data
displayed in Figure 1d show a linear red-shift of the
eigenfrequency with increasing temperature yielding a slope
of −1.89 Hz/K. This corresponds to an overall measured
decrease in the eigenfrequency of 37.8 Hz. This frequency shift
corresponds to an internal temperature increase (ΔTms) of
approximately 20.6 K when using the isothermal cryostat
calibration discussed above. However, at high laser irradiances a
temperature gradient is established in the cantilever, and
numerical calculations must be made to correlate how
measured eigenfrequency values at isothermal conditions
correlate to eigenfrequencies that exist in the context of a
temperature gradient. According to finite element (COM-
SOL27) simulations of a nonisothermal cantilever with a
spatially varying Young’s modulus (Figure S10), the measured
temperatures (ΔTms) are a close representation of a laser
heated CdSNR cantilever with a ΔTmax ≈ 4.03 × ΔTms (see SI
for details).
An AFM scan (Figure 2a) of the cantilever surface resting on

the silicon wafer demonstrates that the surface of the cantilever
is flat with a thickness of 110 nm, and a surface RMS roughness
<1 nm. Consistent with extensive TEM diffraction studies on
isomorphic ZnTe NRs,28 TEM select area electron diffraction

Figure 2. (a) AFM scan of the NR surface resting on silicon, with a white profile line straddling across the NR width (top). The corresponding line
profile is shown below, revealing a 110 nm thickness. (b) A select area electron diffraction pattern of the NR shown in the inset. (c) A room
temperature PL spectrum collected from the suspended part of the cantilever, measured using an incident 532 nm laser with 2 kW/cm2 irradiance.
The inset shows a corresponding log−log plot of the integrated PL intensity as a function of the laser power.
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(SAED) (Figure 2b) of the CdSNR shows a single crystal
wurtzite diffraction pattern from the [112 ̅0] zone axis of a
representative NR sample, with the planes [11̅00] and [0002]
marked. A room temperature photoluminescence spectrum
collected from the suspended part of a representative cantilever
sample (Figure 2c) using a 532 nm excitation source shows a
typical band-to-band anti-Stokes PL curve centered at 510 nm,
matching the spectra reported by Zhang et al.5 Recently
reported time-resolved measurements indicate that the anti-
Stokes luminescence is produced from optical transitions
between real states.29 Peaks in the PL at 299 and 600 cm−1

correspond to the 1LO and 2LO phonon modes, confirming
the high crystallinity of CdSNRs. The red-shift in the 1LO
mode in our measurements compared to the reported Raman
modes for a single crystal of bulk CdS30 at 305 and 600 cm−1

can be attributed to the phonon confinement effect in the
nanostructure.31−33 The peaks at 204 and 245 cm−1 stem from
the surface reconstruction of the CdSNR.34 The inset of Figure
2c shows an integrated PL intensity with laser power, depicting
no apparent saturation of intensity at laser powers as high as 8
mW or an irradiance of 192.4 kW/cm2. We note that although
some cantilever structures were observed to withstand high-
power laser irradiation as mentioned above, most cantilevers
decomposed at irradiances as low as 72 kW/cm2. This
discrepancy may arise from local variations in the material’s
absorption coefficient, or morphology-dependent resonances
(MDRs)35,36 which can cause a peak in absorption for certain
thicknesses near 102 nm (Figure S1). To avoid any permanent
damage to the samples during the eigenfrequency experiments,
laser irradiances were kept under 43.3 kW/cm2, corresponding
to a total laser power of 1.8 mW in a spot diameter of 2.3 μm.
An interesting blue-shift of eigenfrequency was observed

immediately after loading the sample into the cryostat. A
representative sample was loaded, and the eigenfrequency was
continually recorded with a laser beam irradiance of 11.5 kW/
cm2 over a period of 2 h, during which it shifted from 31 900
Hz to a steady state value of 32 060 Hz (Figure 3a). Upon
switching off the laser overnight and repeating the measure-
ment, the eigenfrequency remained stable within standard
deviations of a higher steady state value around 32 020 Hz over
40 min (Figure S9). All of the eigenfrequency measurements
discussed below were conducted after irradiation of the
cantilever tip for 2 h when the eigenfrequency reached a
steady state value. The blue-shift suggests that the laser induces
an irreversible modification of the mass distribution of the

cantilever around the incident laser spot area and reaches a
steady state. Although a blue-shifting frequency trend could be
attributed to the cooling of the cantilever structure, the
observed irreversible change in the eigenfrequency is
inconsistent with this laser-cooling hypothesis. Surface
adsorbates may desorb upon irradiation, decreasing the
cantilever’s local linear mass density, and leading to a blue-
shift in the measured eigenfrequency.
The data in Figure 3b,c were acquired at random laser

irradiances to account for potential hysteresis effects or
irreversible desorption of foreign species. Figure 3b demon-
strates a red-shift in eigenfrequency with an increasing laser
irradiance in the low laser irradiance range (<2.5 kW/cm2). A
least-squares linear fit to the data is shown using a red-dotted
line. The y-axis intercept of the linear fit was used to obtain the
first natural resonant frequency mode (“diving board mode”) of
the cantilever of 32 071 Hz at room temperature in the absence
of laser perturbation. The decrease in eigenfrequency in the low
irradiance range can be attributed to a decrease in the Young’s
modulus of the material as the cantilever heats up with an
increase in laser irradiance. The magnitude of the measured
increase at the hottest point within the cantilever (ΔTmax) was
estimated using the aforementioned temperature calibration as
shown using a green line in the right y-axis. Using this, a ΔTms
(ΔTmax) of 20.6 K (82.4 K) above room temperature at a laser
irradiance of 2.5 kW/cm2 was determined. Temperature
measurements made on CdSNRs from Zhang et al.,5 using
the same method, also suggested heating (Figure S8).
Using COMSOL27 finite element analysis, the geometry of

the cantilever was modeled, and the first eigenfrequency mode
(Figure S2) was probed by varying the Young’s modulus from
44 to 46 GPa. A linear increase of eigenfrequency from 32 831
to 33 569 Hz with increasing Young’s modulus (slope: 368.9
Hz/GPa) was observed (Figure S3). On the basis of the
unperturbed natural resonant mode of 32 071 Hz, a Young’s
modulus of 41.9 GPa was extracted from a linear fit to the data
obtained from the simulation. This is in agreement with the
reported averaged tensor value of 45 GPa.37

Measurements made over the full laser irradiance range
(0.8−43 kW/cm2, Figure 3c) show the eigenfrequency change
as a function of laser irradiance. Eigenfrequencies appear to fall
on an exponential decay curve (solid green line) which can be
interpreted in the context of laser-induced heating (heating
component) and optical-trapping stiffness (trapping compo-
nent). The optical-trapping stiffness originates from a negative

Figure 3. (a) Blue-shift and eventual saturation of the eigenfrequency observed when measurements were done immediately after loading the
cantilever sample into the cryostat, with a 11.5 kW/cm2 laser irradiance for a span of 2 h. (b) Eigenfrequency measurement at low laser irradiances
(below 2.5 kW/cm2) shows a linear red-shift of eigenfrequency with increasing laser irradiance. A least-squares linear fit is shown using a red dotted
line. On the basis of the temperature calibration, a green line shows the variation of the ΔTmax on the right vertical axis. (c) Eigenfrequency
measurement data points shown as black dots on the cantilever taken at random laser irradiances to account for hysteresis. The data fit to an
exponential decay curve shown in solid green line. Young’s-modulus-dependent frequency shift component which is dominant at low laser
irradiances has been shown using a dashed red line, while at higher irradiances the laser-trapping stiffness component obtained by subtracting the
heating component from the exponential fit has been shown as a dotted blue line. The laser trap stiffness values estimated using theory (Figure
S4a,b) have been shown in the right vertical axis.
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pressure gradient force generated due to a tightly focused single
beam of laser, which has been shown to trap particles from 25
nm to 10 μm.20 At low irradiances, the linear red-shift in the
eigenfrequency can be attributed to a decrease in the Young’s
modulus of the material as the cantilever heats up with an
increase in laser irradiance (dashed red line). This corresponds
to a rise in ΔTms (ΔTmax) of 371 K (1494 K) and a decrease of
the Young’s modulus to 40.03 GPa for a frequency red-shift of
701.2 Hz at a laser irradiance of 43 kW/cm2. At high laser
irradiances, the optical-trapping stiffness becomes significant
and causes a decrease in the rate of the eigenfrequency’s red-
shift. The measured frequency at high irradiances is thus the net
result of heating and laser-trapping components, shown using a
dashed red line and a dotted blue line, respectively, in Figure
3c. The dotted blue line representing the laser-trapping stiffness
experienced by the cantilever was obtained by subtracting the
heating component (dashed red line) from the exponential fit
(green line) and was further used to estimate its value at
different laser irradiances using static structural simulation in
COMSOL27 (Figure S4a,b). The estimated trapping stiffness is
shown in the right vertical axis in Figure 3c. It is important to
note that although the radiation pressure force would cause a
minimal deflection, it would not affect the eigenfrequency as no
real mass is added to the system (see SI for details).
Deconvolution of heating and trapping effects in the high
laser irradiance range can be accomplished analytically by using
a modified Euler−Bernoulli elastic beam model38 for a uniform
cross section cantilever modified with a spring attached at the
tip of the cantilever (Figure S4a,b). The eigenfrequency ( f i) of
the ith mode can be modeled according to the following
equation:39

π ρ
=

Ω ⎛
⎝⎜

⎞
⎠⎟f

L
EI1

2i
i
2

2
(1)

For a beam of length L and linear density ρ, E and I are the
Young’s modulus and area moment inertia of the cross section
of the beam, respectively. The ith eigenvalue of nondimensional
frequency coefficient Ωi can be obtained by solving the
eigenfunction for a given value of spring stiffness (K).39

−
Ω

Ω Ω − Ω Ω + Ω

Ω + =

⎛
⎝⎜

⎞
⎠⎟

K
[cos sinh sin cosh ] cos

cosh 1 0

i
i i i i i

i

3

(2)

For a beam length, width, and height of 20 μm, 5 μm, and
110 nm, E = 45 GPa, and a density of 4826 kg/m3, the
calculated eigenfrequency of the first mode increases (blue-
shifts) linearly from 7.0 to 70.3 Hz as the spring constant
changes from 1 to 10 fN/nm (Figure S5), showing an increased
blue-shift for a higher spring constant. As the analytical model
is only valid for beams with uniform cross section, a finite
element analysis was used to model the effects of a spring with
stiffness (K) at the end of a cantilever geometry modeled on
the basis of the sample dimensions to quantify the magnitude of
optical-trapping stiffness observed experimentally.
The component of eigenfrequency that blue-shifts with

increasing laser irradiance due to an increasing trapping force is
shown as a dotted blue line in Figure 3c, indicating an increase
in eigenfrequency with increasing irradiance, in the absence of
heating. This was obtained by subtracting the heating
component (dashed red line) from the exponential fit (green
line). The resultant irradiance-dependent blue-shift was used to

quantify the laser-trapping stiffness at high laser irradiances and
is plotted in the right vertical axis of the plot (Figure 3c).
Starting from a laser irradiance of 4.6 kW/cm2, the laser-
trapping stiffness is significant enough to affect the eigenfre-
quency and reaches a maximum of 9.1 fN/nm at 43 kW/cm2

(Figure S4a,b). To better interpret the observed heating of the
NR, an analysis of the heat transfer process was developed for
the nanoribbon geometry shown in Figure 4a (see SI for

details). Although the CdSNR shown in Figure 1b has a wedge
shape, it can vary from a wedge shape to a ribbon with uniform
cross section (WH) based on synthesis parameters discussed
before.
To examine the effects of heating by the laser beam we

consider a CdS ribbon of length L, widthW, and thickness H as
shown in Figure 4a. It is convenient to write the energy
equation for the electromagnetically heated ribbon in
dimensionless form given by

τ ξ η ζ
σ∂

∂
= ∂

∂
+ ∂

∂
+ ∂

∂
+U

a
U U

b
U2

2

2

2

2
2

2

2 (3)

where the dimensionless parameters are defined by

Figure 4. (a) CdS rectangular NR geometry used to derive the heat
transfer theory, showing the x-, y-, and z-axes. The length (L), width
(W), and height (H) have been labeled, and the position of the laser
spot has been shown using a green circle of radius w0, with center at x
= W/2 and y = L0. (b) The steady state surface temperature deviation
from the ambient temperature (ΔT) of a CdS cantilever calculated for
a thermal conductivity (κ) of 20 W/(m K), n = 2.5513 − i0.0057657,
Rλ = 0.19081 (at 532 nm), laser spot radius w0 = 1.15 μm, L = 20 μm,
W = 5 μm, H = 110 nm, P0 = 1.8 mW. (c) The ΔT profile of a CdS
cantilever calculated for the same parameters as in part b, P0 = 1.8
mW, and optical constants for 514 nm, n = 2.6399 − i0.055754 and Rλ

= 0.20317 (at 514 nm). (d) The calculated cooling curve depicting the
decay in the maximum steady state temperature (ΔTmax) with respect
to time after the cantilever reached steady state temperatures and then
the source was switched off. For comparison, the cooling curves
calculated for the same geometry and respective optical constants for
532 and 514 nm are shown.
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Here, α = κ/ρC is the thermal diffusivity of the nanoribbon,
T0 is the temperature at its base (y = 0), and the approximation
for the electromagnetic energy absorbed by the medium per
unit volume per unit time at a radial distance of r from the
center of the beam with a waist radius of w0 and wavelength λ0
in vacuo is given as
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where I0 is the incident irradiance, Rλ is the wavelength-
dependent reflectivity, n″ is the imaginary part of refractive
index of the medium, and k″ is the corresponding wavenumber
(k″ = 2πn″/λ0).
Since the nanoribbon is mounted in a vacuum chamber,

convective or conductive heat transfer from the suspended
surfaces can be neglected. Furthermore, due to a small Biot
number the radiant heat fluxes are extremely small for the
temperatures and characteristic length scales involved here.
Therefore, the boundary conditions are given by
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We look for a classical product solution of the form
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in which the orthonormal eigenfunctions Xm(ξ) and Yn(η)
satisfy homogeneous boundary conditions and are given by
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where prime indicates a dummy variable, and the coefficients of
Almn(τ) are given by
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The steady state solution is obtained by taking the limit as τ →
∞.
We note that σ vanishes outside of a region surrounding a

cylinder with origin x = W/2, y = L0 (or ξ = 1/2, η = η* = L0/
L). We assume that the radius of that region is W/2, the half
width of the nanoribbon. The double integral over the circular
region can be obtained by quadrature using an appropriate
numerical integration software (see SI for details).
Calculations were performed using the solution above with a

thermal conductivity (κ) of 20 W/(m K), n = 2.5513 −
i0.005 7657 and 2.6399 − i0.055 754 at 532 and 514 nm laser
wavelengths, respectively, laser spot radius w0 = 1.15 μm, L =
20 μm (spot center at 0.75 × L), W = 5 μm, H = 110 nm, P0 =
1.8 mW; we predict a ΔTms (ΔTmax) of 9.7 K (38.6 K) and 87.5
K (350 K) for 532 and 514 nm incident lasers, respectively,
indicating the importance of the imaginary refractive index
(Figure 4b,c). In the calculations, a laser power of 1.8 mW was
reduced to account for Fresnel reflection at normal incidence
using Rλ values of 0.190 81 and 0.203 17 at 532 and 514 nm,
respectively. A calculated steady state temperature deviation
from the boundary temperature condition (ΔT) profile at the
surface during irradiation with the 532 and 514 nm laser has
been plotted in Figure 4b,c, respectively. Although the values
on the temperature axis change, the general profile of the plot
shown in Figure 4b,c remained the same for various laser
powers.
For a rectangular geometry with L = 35 μm, W = 2.3 μm, H

= 110 nm (similar to the NR used for eigenfrequency
measurements) using the same optical constants mentioned
above, and input 532 nm laser powers of 100 and 1800 μW, the
ΔTms (ΔTmax) values were 6.69 K (1.66 K) and 120 K (29.8
K), respectively. Compared to the experimentally measured
ΔTms (ΔTmax) of 20.6 K (82.7 K) at 100 μW, the analytical
calculation underestimates the magnitude of the temperature
rise. This deviation can be attributed to a variation in the value
of the imaginary part of the refractive index probably due to
impurities or nonstoichiometry of the CdSNR (Figure S6). A
comparison between the experimentally observed and theoret-
ically predicted temperature allows an estimation of the
imaginary refractive index of the CdSNR. A ΔTms (ΔTmax) of

Table 1. Summary of Results from Temperature Calculations Using Different Parameters in the Analytical Modela

L, W, H (μm) λ0 (nm) reflectivity (Rλ) refractive index (n) P0 (mW) ΔTmax (K) ΔTms (K)

20, 5, 0.11 532 0.19031 2.5513 − i0.005 7657 1.8 38.6 9.57
20, 5, 0.11 514 0.20317 2.6399 − i0.055 754 1.8 350 86.8
35, 2.3, 0.11 532 0.19031 2.5513 − i0.005 7657 0.1 6.69 1.66
35, 2.3, 0.11 532 0.19031 2.5513 − i0.005 7657 1.8 120 29.8
35, 2.3, 0.11 532 0.19031 2.5513 − i0.082 112 0.1 83 20.6 (20.6)
35, 2.3, 0.11 532 0.19031 2.5513 − i0.082 112 1.8 1494 371 (371)

aThe experimentally measured values of ΔTms are shown in parentheses.
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20.6 K (83 K) at 100 μW of laser power was obtained using an
imaginary refractive index of 0.082 112 rather than that
reported by Treharne et al.40 (n″ = 0.005 7657). This estimated
imaginary refractive index predicts a ΔTms (ΔTmax) of 371 K
(1494 K) at 1800 μW, which is in agreement with the
experimentally measured ΔTms (ΔTmax) of 371 K (1494 K) for
the same laser power. Similar values of the steady state
temperature obtained using the analytical model have been
confirmed using finite element software (COMSOL27). The
results of calculations using various parameters discussed have
been summarized in Table 1. Values of w0 = 1.15 μm and κ =
20 W/(m K) were used for all the tabulated calculations.
The transient heat transfer model from a finite element

model for a cantilever beam irradiated by a 532 nm laser
suggests time scales of 80 μs to reach within 0.1% of T0 after
the laser beam heat source is turned off. The ΔTmax versus time
profiles have been plotted in Figure 4d. Similar time scales of
80 μs, independent of the laser power, were calculated for the
time it takes to reach steady state after the laser source is turned
on (Figure S7). These time scales (<100 μs) are significantly
shorter than the minute-level time constants that have been
reported in prior claims of CdSNR cooling.5

■ CONCLUSION
In summary, a novel optomechanical eigenfrequency measure-
ment technique was developed for evaluating the temperature
of the CdSNRs that have been reported to undergo laser
cooling. Although the synthesized NRs were highly crystalline
and exhibited a high yield of anti-Stokes PL, the eigenfrequen-
cies were observed to decrease with increasing laser power due
to heating at low laser powers and a possible laser-trapping
force at higher laser powers. No evidence of laser cooling was
observed. A rigorous discussion of a modified Euler−Bernoulli
theory of a uniform cantilever with a spring attached to the free
end in the context of high laser powers has been included to
interpret the eigenfrequency data obtained. Theoretical
simulations of photothermal heating using transient heat
transfer analysis yield a maximum temperature rise and the
time to attain steady state for various NR dimensions, laser
powers, and optical constants. Combined with experimentally
measured temperatures, the analytical model also allows the
determination of the imaginary refractive index of the CdSNR.
This approach is general and may be useful for measuring laser
refrigeration in a range of different material systems.
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