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Abstract

The temperature dependence of the whispering gallery modes (WGMs) of self-assembled
microbottle resonators (MBRs) made of poly (methyl methacrylate) (PMMA) have been
studied. The MBRs are doped with fluorescent cadmium selenide quantum dots (QDs). WGMs
of MBRs are found to exhibit a blue shift on increasing the temperature over a wide temperature
range. It has been observed that the shifts are linear with temperature over a ~10 nm wavelength
range studied here. The observed shifts are stable over several cycles and longer exposure times

indicating high photo-stability.
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1. Introduction

Dielectric microresonators have applications as micro-
lasers [1-3], micro-sensors [4,5] and in frequency stabilization
[6]. The symmetric, dielectric resonators give rise to
whispering gallery modes (WGMs) in the electromagnetic
spectrum. Geometries such as circular [7], rectangular [8],
spherical [9] and microtoroids [10] have been extensively
studied. However, microbottle resonators (MBRs) are
relatively new in literature [11]. In contrast to the spheres or
toroids, the modes in MBRs are extended along the axis of the
resonator. The free spectral range (FSR) of MBRs is an order
of magnitude smaller than that of the microspheres of same
dimension [12]. This is due to the fact that the light ray in
MBRs traverses a longer path - an added advantage for
improved light-interrogation with measurands for sensing
applications. Among a few methods of preparing MBRs
[11,13], the self-assembly process is simpler and easier to
fabricate quickly in large numbers. Recently, the self-
assembled MBRs supporting Q values of the order 10° have
been reported [14].

Quantum dots (QDs) are semiconductor particles with sizes
less than the exciton Bohr radius. Their optical properties lie
in between that of the bulk and a single molecule [15]. The
optical, photoluminescence (PL) and electronic properties of
QDs can be tuned by varying their sizes. One of the popularly
studied semiconductor QDs is cadmium selenide (CdSe). The
CdSe QDs have band gap in the range of 1.7-2.1 eV. These
have been used in optoelectronic devices, solar cells [16] and
light emitting diodes applications [17].

Since WGMs are highly sensitive to the size and refractive
index of the resonator, any change in these parameters causes
a shift in the position of a mode. Temperature dependent
studies of bare microresonators and doped with dyes have
been reported in literature [18-21]. The photobleaching of
dyes is known to induce errors in measurement [21]. To avoid
photobleaching, inorganic fluorophores such as QDs of CdSe
with high photobleaching threshold can be used to prepare
self-assembled MBRs (sMBRs). Polymethyl methacrylate
(PMMA) can be used due to its good optical transparency in
the visible and near-infrared wavelengths [22]. In this paper,
finite element modelling has been used to mimic the
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experimental system to understand the amount of shift in
WGMs for the temperature range of -50 °C to 75 °C. The
experiments are performed on the temperature dependence of
CdSe QD doped PMMA sMBRs with free-space pumping. It
is observed that the simulated and experimental data are in
good agreement and the system has high photo- and temporal
stability for probable applications in sensing.

2. Experimental Details

CdSe/CdS core shell QDs dispersed in hexane were obtained
from CANdots. PMMA (average molecular wt. 120,000) and
toluene (99.8 %) were obtained from Sigma-Aldrich. The
tapered fibers were made by heat and pull method using a
standard single mode optical fiber [11]. The sMBRs were
prepared by a method described elsewhere [14]. Briefly, a
tapered fiber was dipped in the PMMA solution of toluene and
withdrawn. During this process, a thin layer of PMMA gets
coated on the surface of the cylindrical tapered fiber. The
coated cylindrical fiber was kept in vertical position such that
the excess of PMMA moves down the fiber while the toluene
evaporates. Subsequently the coated PMMA solution breaks
into several small segments and forms bottle-like shapes due
to surface tension [14]. It was observed that the shape of the
microbottles remained unaltered during the evaporation of the
solvent. The sample was further baked at 110 °C in the oven
to dry the PMMA completely. CdSe QD doped sMBRs could
be prepared by just dissolving QDs in the PMMA solution and
following the above mentioned procedure.

The PL measurements were done using a high
resolution (0.02 nm) micro Raman spectrometer (Horiba Jobin
Yvon, HR800UV) on excitation at 488 nm (Fig. 1). The laser
power was kept at 0.1 mW to avoid laser heating and the time
of exposure was kept at 30s. The sSMBR was placed inside a
temperature  controlled (£ 0.01°C) sample chamber
(LINKAM, THMS 600) with only its stems supported by
silicon substrates such that the bottle region is sitting freely as
shown in Panel B of Fig. 1. To achieve lower temperatures,
liquid nitrogen was constantly pumped in to the chamber. The
temperature was varied at a rate of 5 "C/min and the sample
was allowed to thermalise for 10 minutes before taking a PL
measurement.
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Fig. 1. Schematic of the measurement setup (panel A). ND- neutral
density filters, BS- beam splitter, OL-objective lens, EM- emission
filter and PC- personal computer. The fiber stems of the SMBR were
placed on silicon substrates in the temperature-controlled sample
chamber (B) mounted on the microscope stage. The thick arrow
indicates the place inside the sample chamber where the SMBR (C)
is mounted.

3. Modelling of the PMMA bottle resonator

The MBR has been modelled to look into the behavior of the
resonance frequency of a particular bottle mode as a function
of the temperature. Fig. 2A shows the schematic of an sSMBR.
The blue lines indicate the trajectory of the bottle modes. The
resonant modes are identified by three quantum numbers (m,
p, q) where m is the azimuthal quantum number or mode
number, p is the radial quantum number and ¢ is the axial
quantum number.

The finite element modelling (Comsol Multiphysics
5.2) was used to simulate the WGMs of an MBR with
dimensions Dy=5 pm, D=2 pm and L,=30 pm. The electric
field distribution of a typical mode TEs;; is shown in Fig.
2(B). The shifts due to thermal effects on the WGMs of a
microcavity appear due to two factors, (i) linear expansion
coefficient of the material (3), and (ii) its thermo-optic
coefficient (B). The net shift of a WGM is related to the shifts
due to 6 and B by the following relation [23]

AL =A(8 + B)AT 1)

1dDy ldn .
where 6217;,7 , B=7z; and AT is the change of

temperature of the microcavity and n is the refractive index of
the material (PMMA).
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Fig. 2. (A) Schematic of the SMBR. D,- bottle diameter, Ds- stem
diameter and L,- length of the bottle resonator. (B) shows the
calculated fundamental bottle mode (TE7q; ;) and (C) shows Ak as a
function of temperature. Inset shows the behavior of the position of
the mode as a function of temperature.

The effect 6 and f on the MBR was studied as a
function of temperature. The reported value of & obtained by
thermal interferometry [24] have been used for PMMA. The
WGM shift due to B were calculated from n =1.5 (at -50 °C)
to n =1.486 (at 75 °C) [25]. It is observed that the peak
wavelength of the mode decreases with increase in
temperature indicating a blue shift (see inset, Fig. 2C). The net
shift has been calculated to be 1.22 nm for the temperature
range of 125 °C.

4. Results and Discussion

4.1 Steady state absorption and PL spectra

The absorption spectrum of the colloidal solution of CdSe
QD in hexane shows two humps (at 472 nm and 600 nm)
corresponding to its first excitonic peaks (Fig. 3A). The PL
spectrum shows a maximum at 610 nm. These values are in
agreement to those reported in literature. A Tauc plot [26] has
been used for estimating the energy band gap of CdSe/CdS
core shell QDs suspended in hexane as follows. For a direct
band gap semiconductor (ahv)? is plotted as a function of
energy (hv) where a is the absorption coefficient that can be
estimated from the optical density (OD) using the relation
a = 2.303 X OD/d where d is the thickness of the sample. A

straight line is fitted on the plotted curve. The x-intercept of
the fitted straight line gives the band gap of 1.97 eV (Fig. 3B).
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Fig. 3. Panel A. Absorption (a) and PL (b) spectrum (Aey = 488 nm)
of CdSe QDs in hexane. Panel B. Tauc plot of the CdSe QD in
hexane. Here a, v and h denotes the absorption coefficient, frequency
and Planck’s constant respectively.
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Fig. 4 shows the room temperature PL spectra of two self-
assembled CdSe QD doped PMMA microbottle resonators of
Dy - 5 um (sMBR1) and 6 um (sMBR?2), respectively with a
same D of 2 um. The spectra exhibit series of repetitive peaks
built upon the broad PL background of CdSe QD. Such peaks
are assigned to the WGMs of the microbottle resonator [27].
The number of peaks in the spectra increases with increase in
size of the microbottle. This is due to the fact that the value of
FSR increases on decreasing the diameter of the SMBR [12].
The FSR for sMBR1 and sMBR2 are 1.13 nm and 0.83 nm,
respectively.
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Fig. 4. Experimentally observed WGMs in PL of CdSe doped (a)
sMBR1 (D, = 5 um) and (b) sMBR2 (D, = 6 um). The values of D;
~2 um and L;, (30 pm) are about same for both the SMBRS. Adzgg is
indicated in the expanded portions of the spectra (insets).

4.2 Experimentally observed WGM shift with
temperature

Fig. 5 shows the typical temperature dependent PL spectra of
sMBR1 and sMBR?2 for a temperature range of 125 °C. As can
be seen the WGM peaks consistently shift towards the shorter
wavelength on increasing the temperature. In a perfect
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microsphere, the effect of thermal expansion is only due to the
equatorial plane with dominant contribution of the
fundamental mode. In elongated microresonators such as
MBR, changes in both the diameter and length of the MBR
may affect the modes. The MBR resonator profile is an
approximate parabola given by [11]

1
D(z) = Db(l —E(Akz)z) (2)

where Ry is the maximum value of the radius at the center of
MBR (z = 0) and 4k is the curvature of the bottle profile. The
value of o6 for a bottle resonator can be obtained by
differentiating eq. 2 with respect to T as

1 dD(2)
~D(z) dT ®)
The value of D(z) at the measurement position (z =0) is Dy,
eq. 1 follows the trend similar to that for the microspheres.
Since 6 =79.6 X 10¢/°C and p ~ -10-* [24], eq. 1 shows that
the thermal refraction of PMMA causes a blue-shift of the
WGMs while the thermal expansion causes a red-shift for
AT > 0. Since f is negative and its absolute value is larger
than &, a net blue-shift is observed with temperature in the
present case. This shift in the resonance wavelength of the
WGMs observed as a function of temperature can act as the
parameter for sensing.

The size parameter (x = 2mr/4) is smaller for longer
wavelengths, and hence the resonance shifts are non-uniform
and the values increase towards the red for smaller MBR. This
is due to the fact that various bottle modes have different
optical paths resulting in non-uniform resonant shifts. For a
temperature range of 125 °C, for example, resonant shifts for
resonance peak I, II and III are 1.10, 1.12 and 1.15 nm,
respectively for sMBR1 (Fig. 5, Panel A), while the maximum
spectral blue-shift for sMBR2 (for resonance peak III) is 0.99
nm. The resonant shifts have been summarized in Table 1. It
should be noted that the measured A\ follows linear relation
with T (see Fig. 6, Panel A).

Table 1 Summary of the maximum shifts of resonance peaks
for the sMBRs

Bottle Shifts (nm)

Peak 1 Peak 11 Peak 111
sMBRI 1.10 1.12 1.15%
sMBR2 0.95 0.98 0.99

*modelled maximum shift has been found to be 1.22 nm for sMBRI

PL intensity (a.n.)
PL intensity (a.u.)

604 606 608 610 612 614 616 604 606 608 610 612 614 616
Wavelength (nm) Wavelength (nm)

Fig 5. Temperature dependence of the WGMs in sMBR1 (Panel A)
and sMBR?2 (Panel B) in the 610 nm band. The temperatures are (a)
-50°C, (b)-25°C, (c) 0°C,(d)25°C, (e) 50 °C, and (f) 75 °C. Slanted
dashed lines are guide to the eye.

4.3 Photo- and temporal stability of CdSe QD doped
SMBR

To check the photo-stability and temporal stability of the
system at a low power of 0.1 mW, two experiments were
performed on sMBR2. The PL measurement was repeated
every 10 mins at 25 °C at the identical experimental conditions
while the sample is repeatedly exposed to the excitation beam.
Fig. 6, Panel B shows the PL intensity recorded at 0 and 120
mins during the exposure. It can be seen that the PL intensity
is unaffected even after 120 mins of exposure with the
excitation light. It should also be noted that the mode positions
remain unchanged with time. In this sense, the stability of the
QD doped MBRs is better than that of dye doped WGM
sensors [21].

For checking the temporal stability and repeatability
of the SsMBR temperature sensor, another experiment was
performed by varying the temperature between 0 °C and 50 °C
and observing the spectral shifts of a particular mode as a
function of time as follows. Initially, the temperature is
brought down to 0 °C and four PL spectra were recorded
consecutively at a time interval of 10 mins. It was observed
that the position and the intensity of the WGMs do not show
any appreciable change. Subsequently, the temperature was
brought up at 50 °C and was stabilized for 10 minutes before
the measurements. At each temperature again, the PL spectra
were recorded at the time interval of 10 mins. The total time
of the measurement was 150 mins. The WGM shift was
monitored with reference to the resonance wavelength
obtained at 25 °C as shown in the inset of Fig. 6, Panel B. It
can be seen that the WGM shift remains constant and
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reproducible at a particular temperature. The effect of non-
radiative processes which may cause some degree of heating
does not seem to affect the positions of the WGMs.
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Fig 6. Panel A: Measured WGM shifts for sMBR1 (@) (a) and sSMBR2
(O) (b) as a function of temperature. The solid and dashed lines
indicate the linear fits to the experimental data. Panel B: WGMs in
the PL spectra of sMBR2 at different repeated exposure times as
indicated in the figure. Inset shows the WGM shitts as a function of
time at two different temperatures 0 “C and 50 "C.

4.4 Sensitivity of the device

Sensitivity (S) of a temperature sensor is the ratio of
the variation of the wavelength (41) with the change in
temperature (AT). The maximum spectral shift from
modelling has been found to be 1.22 nm and thus the
calculated value of S is found to be higher (9.4 pm/ °C) than
that measured experimentally for SMBR1 (9.2 pm/ °C) and

sMBR2 (7.9 pm/ °C). The highest sensitivity has been
obtained to be 9.2 pm/ °C, thus estimating the resolution
(AT i = (Ahpin/(dA/dT)) [ 18] of the sSMBR temperature sensor
to be 2 °C. It was observed that the sensitivity was higher for
the smaller sSMBR (sMBR1) similar to that obtained for air
pressure sensing with silica microspheres [28]. This is due to
the fact that the size parameter and hence Ax is smaller for
resonators with smaller sizes resulting in larger AL. This is
supported by simulations for a PMMA cylindrical
microresonator, where it is observed that the AA is larger for a
smaller  cylindrical resonator (see  supplementary
information).

4.5 Deviation parameter

To account for the variation of the experimental and calculated
S, we include a deviation parameter ¥ in eq. 1 such that

A) = A + B +y)AT 4)
The average value of ¥ has been found to be 0.6 + 0.4 X
107% °C. The appearance of ¥ can be ascribed to the
following two factors. (i) as the MBR is prepared on the
tapered fiber made of silica, the positive value of ¥ is assigned
to the red-shift due to silica on the WGM resulting in a net
blue shift and (ii) the value of 6 and n used [24,25] for
calculating the wavelength shift may be within the accuracy
of value of ¥ in the present case.

Even though the sensitivity is low in this case
compared to liquid crystal (LC) microdroplets based
temperature sensor [21], the present system is highly photo-
stable. In case of LC microdroplets, the thermal expansion
coefficient is greater than 10-3 /°C [21], more than a magnitude
higher than that of PMMA, thus resulting in higher sensitivity.
Therefore, CdSe QD incorporated in LC based
microresonators will result in highly sensitive and photo-
stable temperature sensor.

5. Conclusions

QD doped self-assembled microbottle resonators exhibit
WGMs in the luminescence spectra. The effect of temperature
has been studied from -50 °C to 75 °C. The WGMs show a
linear blue-shift with increase in the temperature. It has been
observed that the smaller sMBR shows higher sensitivity with
temperature compared to the larger one. The shift in the
positions of the WGMs in sMBRs with change in temperature
along with the high photo-stability of the system can be used
in fluorescence based temperature sensor applications.
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Supplementary files

The higher sensitivity of smaller resonator is given as

supplementary information.
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