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high quality factors (Q factors) and small 
mode volumes (Vm).[3] In a WGM micro-
cavity, light energy is confined by total 
internal reflection. From the microcavity, 
the evanescent field penetrates into the sur-
rounding environment and interacts with 
ambient media. The phenomenon varia-
tions can be expressed as changes in optical 
signal, such as resonant mode shift, mode 
splitting, and mode broadening. On the 
basis of light–matter interaction through 
evanescent field, various WGM micro-
cavities include microspheres,[4–6] micro-
disks,[7–9] microrings,[10] microroids,[11] 
and microtubes[12–16] have been applied in 
humidity detection,[17–19] optofluidic detec-
tion,[20–24] nanoparticle detection,[25–27] and 
single cell detection.[5,28–32] As nanoparti-
cles on microcavity surface can alter the  

electric field distribution and the optical characteristics of the 
microcavity, WGM microcavity with strong evanescent field can 
achieve effective nanoparticle detection with ultrahigh spatial 
resolution of 10 nm. Such characteristics have great significance 
in human diseases diagnose and environmental monitoring.[33,34] 
By integrating smart particles that can respond to external 
stimuli with microcavities, various optical microcavity-based 
sensing devices can be obtained by utilizing strong light–matter 
interaction via evanescent field coupling.

Palladium (Pd) is a favored hydrogen (H2) stimuli-responsive 
material for its high sensitivity, selectivity, and reversible Pd-
to-PdHx (where x is the atomic ratio of H:Pd) phase transition 
characteristics.[35] The H2 absorption process of Pd associates 
with volume change as well as many other physical properties 
changes, such as the change of refractive index and dielectric 
constant.[36,37] Previous investigation has demonstrated that the 
increase of H2 concentration causes decrease of the real part and 
increase of the imaginary part of the complex refractive index of 
PdHx.[38] The property changes then induce optical signal varia-
tions through evanescent field coupling.[39–40] Here, we proposed 
and designed a unique coupling system with smart nanoparti-
cles and tubular microcavity in both theoretical simulation and 
experimental demonstration. Smart Pd nanoparticles (NPs), 
which are mechanically stable and alleviate the destruction 
caused by phase transition[41–42] were integrated to tubular WGM 
microcavity with enhanced evanescent field by nanomembrane 
rolled-up technology for H2 sensing.[43–45] As H2 concentra-
tion increases, the rolled-up microcavity with Pd NPs decora-
tion exhibits a resonant peak shift with good repeatability and 

Whispering-gallery mode (WGM) optical microcavity with enhanced evanes-
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1. Introduction

Optical microcavities, by virtue of their intrinsic safety of electro-
magnetic interference immunity and remote manipulation capa-
bility, have attracted great attention in research of environmental 
sensing.[1,2] Among them, whispering gallery mode (WGM) 
microcavities have been intensively investigated due to their 
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selectivity. Sensitivity of ≈10−5 nm ppm−1 and detection limit of 
≈1000 ppm were achieved. We have also investigated the highest 
figures of merit at a suitable tube wall thickness via both experi-
mental and theoretical studies. This work proves that smart 
material-decorated microcavity with modulated wall thickness is 
promising in realizing highly sensitive gas sensor.

2. Results and Discussion

To investigate the enhanced evanescent field of microcavities, 
simulations were adopted to identify the relationship between 
the wall thickness and optical characteristics, and the results 
are shown in Figure 1. Figure 1a–c shows schematic diagrams, 
electric intensity profiles, and radial electric intensity distribu-
tions from left to right of WGM microcavities with different 
geometries, respectively. In schematic diagrams, single 100 nm 
radius Pd NPs are attached to microcavities with the same  
radius of 10.65 μm, but with different wall thicknesses of 10.65 μm  
(microdisk), 650  nm (thick-wall microtube), and 80  nm (thin-
wall microtube). Here, individual Pd NPs are introduced to 
study the intensity change of corresponding evanescent field. 
In electric intensity profiles, Pd NP is immersed in enhanced 
evanescent field, especially in ultrathin microtube wall with 
thickness of 80 nm in Figure 1c. However, in the radial electric 
intensity distributions, microcavity with thinner wall presents a 
weaker light confinement ability. Obviously, more light energy 
should leak out from the microcavity wall which is depicted 
as the yellow part. To further study the influence of wall thick-
ness on optical properties, Q factors and external electric field 
intensity ratios (i.e., ratio between electric field intensity out-
side microcavity wall and total intensity) of microcavities with 
different wall thickness at resonant wavelength of ≈650  nm 
were calculated, and the results are shown in Figure 1d. Insets 
therein are schematic diagrams demonstrating the increase of 
tube wall thickness from a smaller value to a value closer to the 
radius. Q factor and external electric field ratio varies with wall 
thickness. Specifically, in thin-wall microtubes with wall thick-
ness less than ≈100 nm (green part), Q factor enhances rapidly 
and external electric field ratio decreases rapidly as wall thick-
ness increases. When wall thickness is above ≈1 μm, both Q 
factor and external electric field intensity ratio become stable. 
Because thicker-wall microcavities possess stronger capability of 
light confinement, leading to higher Q factor and weaker eva-
nescent field intensity. For light confined in wall with a critical 
value, further increase of the wall thickness leads to neglectable 
influence on optical properties. It is worth noting that Q factor 
influences the resolution, and evanescent field determines the 
sensitivity in environmental sensing. Therefore, thin-wall micro-
tube with a balanced Q factor and evanescent field intensity is of 
great importance for environmental sensing. By decorating the 
wall with different stimuli-response smart materials, the micro-
cavities have demonstrated high sensitivity for molecule detec-
tion,[27] gas detection,[5] and optofluidic detection.[24] In this work, 
we demonstrate H2 sensing as an example by integrating smart 
Pd NPs with thin-wall rolled-up high refractive index Y2O3/ZrO2 
tubular microcavity with enhanced evanescent field.

The proposed smart Pd NPs decorated rolled-up microtubes 
with H2 sensing capability are depicted in Figure 2. Figure  2a 

is the diagram of the structure. Electric field profile of smart Pd 
NPs decorated microtube with average wall thickness of 80 nm 
(see the Supporting Information for details) and diameter of 
20 μm is illustrated in Figure 2b, and the inset is a magnified 
image demonstrating Pd NP with diameter of ≈200  nm being 
immersed in evanescent field. Scanning electron microscopy 
(SEM) image of rolled-up Y2O3/ZrO2 microtube array with 
diameter ≈20 μm is displayed in Figure  2c. Figure  2d shows 
the magnified SEM image of a single Y2O3/ZrO2 microtube 
with clean smooth surface. Optical spectra of bare Y2O3/ZrO2 
microtubes placed in air and 4% H2 are shown in Figure  2e. 
Apparently, the resonant peaks remain nearly the same, which 
indicates that bare Y2O3/ZrO2 microcavities are incapable for H2 
sensing. Then, Pd NPs were blown onto the microtube through 
a plastic nozzle via a pump with a flow rate of ≈100 standard  
cubic centimeters per minute. Figure  2f (middle) and  
Figure 2g  (edge) show the morphologies of the sample after 
smart Pd NPs decoration. One can see that Pd NPs with an 
average diameter of ≈200 nm were uniformly distributed on the 
surface of microtubes (see details in Figures S1–S4 of the Sup-
porting Information), and this leads to significant weakening of 
the mode (Figure S5, Supporting Information). Figure 2h shows 
corresponding optical spectra of smart Pd NPs-decorated Y2O3/
ZrO2 microtubes placed in air and 4% H2. As the red dashed line 
indicates, a blue shift of ≈0.3  nm is observed after the sample 
was immersed in 4% H2. This blue shift is ascribed to the refrac-
tive index decrease due to Pd-to-PdHx transition.[46] Following 
the WGM resonant condition in microtubes by Equation (1)[47]

π λ=2 effRn m  (1)

where R is the average radius of the microtube, λ is the reso-
nant wavelength, neff is the effective refractive index of the 
microtube (see details in Figure S6 of the Supporting Infor-
mation), and m is the azimuthal number, when Pd NPs react 
with H2 molecules, the Pd-to-PdHx transition causes reduced 
refractive index, and correspondingly, the decrease of neff leads 
to blue shift of resonant wavelength λ for the same azimuthal 
mode.[48–49]

H2 sensing performance was investigated in detail by using 
schematical experimental setup shown in Figure  3a. H2 con-
centration in gas chamber is controlled by regulating the flow 
rate of 4% H2 and pure N2 via flow controllers. The optical 
spectra are recorded and analyzed. Figure  3b shows meas-
ured optical spectra of a smart Pd NPs-decorated Y2O3/ZrO2 
microtube in atmospheres with H2 gas of different concen-
trations. The resonant peaks shift to shorter wavelength with 
the increase of H2 concentration, as the Pd-to-PdHx transition 
decreases the refractive index (see details in Figures S7 and S8 
of the Supporting Information). After removing H2, resonant 
peaks recover to the initial position because of the reversible 
Pd-to-PdHx transition. It is worth noting that the resonant peak 
shifts linearly with the increase of H2 concentrations, and this 
is demonstrated by the linear fitting in Figure 3c.

Sensitivity (S) is an important parameter of sensor and is 
determined by[50]

λ= ∆
∆

S
c

 (2)
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where Δλ is the resonant peak shift of the same azimuthal 
number and Δc is the corresponding change of H2 concentra-
tion. Here, a sensitivity in the order of 10−5 nm ppm−1 can be 

calculated by using the average resonant peak shift of ≈1 nm, as 
shown in Figure 3d. Detection limit (DL) is another important 
parameter for sensor and can be calculated by[51]

Adv. Optical Mater. 2021, 2102158

Figure 1. a–c) Schematic diagrams of microdisk, thick-wall microtube, thin-wall microtube with their corresponding electric field profile and radial 
distribution of electric intensity. In the electric field profile, the black circle represents Pd NP on the microcavity surface. In radial distribution of electric 
intensity, the gray dashed lines indicate the microcavity radius and the yellow part represents the microcavity wall. d) Calculated external electric field 
ratio and Q factor as a function of wall thickness. With increasement of wall thickness, microcavity changes from a thin-wall microtube to a thick-wall 
microtube and then to a microdisk. The green part shows thin-wall microtubes with wall thickness less than 100 nm.
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σ=DL 3 /S  (3)

where σ is the standard deviation of the system noise/spec-
tral resolution and is commonly determined by 1/50 of the 
full width at half maximum (FWHM) of the resonant peak. 
According to our experiment, the line width is ≈1 nm. Thus, the 
obtained detection limit of smart Pd NPs-decorated microcavi-
ties is in the order of 1000 ppm.

Repeatability is also an important parameter for sensing 
device. We measured the repeatability of the smart Pd NPs-
decorated microtube with fixed experimental conditions shown 
in Figure 4a. First, optical spectrum was measured in air. Then, 
4% H2 was introduced into the gas chamber and spectrum was 
measured. Compared with air, resonant peaks shift to shorter 
wavelength of ≈0.5  nm in 4% H2. Then, H2 in gas chamber 
was replaced by N2 and resonant peaks recover to initial posi-
tions. We experimentally found that the response time towards 

4% H2 is ≈30 s and the recovery time is less than 2 min. The 
cycle of measurement was repeated for several times to con-
firm the repeatability of smart Pd NPs-decorated microtube for 
H2 sensing. In order to measure the selectivity of the device, 
different gases were filled into the chamber. Optical spectra 
measured for smart Pd NPs-decorated microtube in air, 100% 
N2, 100% CO2, and 4% H2 are shown in Figure  4b. Resonant 
peaks in air, 100% N2 and 100% CO2 are almost the same, while 
resonant peak in 4% H2 shifts obviously, although minor uncer-
tainty (<0.015 nm) can be observed due to uncompleted H2 des-
orption. Figure 4c shows the absolute value of resonant peaks 
shift, which demonstrates that the smart Pd NPs-decorated 
microtubes are highly selective for H2 detection due to Pd-to-
PdHx transition.

To search the ideal wall thickness for higher figures of 
merit (QS, which is defined as the product of Q factor and 
sensitivity), we modulated the tube wall thickness through 

Adv. Optical Mater. 2021, 2102158

Figure 2. a) Schematic diagram of a smart Pd NPs-decorated optical microcavity being excited by a laser beam. b) Calculated electric field profile 
of mode with azimuthal number m = 167 in smart Pd NPs-decorated microtube with a diameter of 20 μm. c) SEM image of a rolled-up Y2O3/ZrO2 
microtube array. d) Magnified SEM image of a microtube. e) Measured optical spectra of a bare Y2O3/ZrO2 microtube placed in air and 4% H2. The red 
squares mark the resonant peak position, which are crossed by the vertical red dashed line. f) SEM image of middle part of a smart Pd NPs-decorated 
Y2O3/ZrO2 microtube. g) SEM image of edge part of a smart Pd NPs-decorated Y2O3/ZrO2 microtube. h) Measured optical resonant spectra of a 
smart Pd NPs-decorated Y2O3/ZrO2 microtube placed in air and 4% H2. The red squares mark the resonant peak position and the red dashed line 
demonstrates the shift of resonant peaks.
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experiments and simulations. Figure  5a,b is the electric 
field profile of Y2O3/ZrO2 microtubes with wall thickness of 
60 nm and 4000 nm, respectively. It is obvious that thinner 
wall exhibits stronger evanescent field. The relationship 
between wall thickness, Q factor, and sensitivity is studied by 
adjusting wall thickness by atomic layer deposition (ALD), a 
technique enables conformal coating from vapor phase.[52,53] 
Here, HfO2 is chosen because of a similar refractive index 
to Y2O3/ZrO2, and insets in Figure  5c and Figure S9 (Sup-
porting Information) show optical images of microtubes 
coated by HfO2 with different ALD cycles. Microtube in the 

left inset was coated with 10  nm HfO2 on the inside and 
outside surfaces, and the total wall thickness is ≈60  nm. 
Microtube in the right was coated with 30 nm HfO2 on the 
inside and outside surfaces, and the total wall thickness is 
≈100 nm. With increase of wall thickness, Q factor (red star 
in Figure  5c) of the thin-wall microtubes increases gradu-
ally, while the corresponding sensitivity (black sphere in 
Figure 5c) decreases. On the other hand, thin-wall microtube 
also induces stronger evanescent field for Pd NPs, which 
leads to higher sensitivity.[54] However, enhanced light loss 
leads to a lower Q factor, causing deterioration of detection  

Adv. Optical Mater. 2021, 2102158

Figure 3. a) Schematic diagram of the experimental setup. Inset is a typical optical resonant spectra obtained from smart Pd NPs-decorated Y2O3/ZrO2 
microtube. The red dashed line indicates resonant peak shift when microtube was immersed in 4% H2 and recover to initial position after removing H2. 
b) Optical resonant spectra from the center of a ≈20 μm diameter tubular microcavity placed in atmospheres with various H2 concentrations. The red 
squares mark the resonant peak position of mode m = 169. The red dashed line and yellow part refer to resonant wavelengths shift as function of H2 
concentration. c) Resonant peak shift for mode m = 169 in various H2 concentrations compared with the mode measured in air. Red line is the linear 
fit with a residual sum of squares of ≈0.98. d) Resonant peaks shift in 4% H2 compared with air for modes with m = 167–171.
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limit due to large FWHM. Thus, seeking the balance 
between Q factor and sensitivity is of great importance for 
environmental sensing applications.[55] In order to improve 
the QS for H2 sensing, QS, as a function of wall thickness, 
was studied both experimentally and theoretically and the 
results are presented in Figure  5d. The simulated QS first 
increases then tends towards a steady value, because the 
optical properties become stable as wall thickness is above 
≈100  nm and further increase of the wall thickness leads 
to negligible additional light confinement. However, in our 
experiment, the Q factor is remarkably lower compared 
to theoretical value due to light scattering/loss caused by 
imperfections like the surface roughness of the nanomem-
brane and the voids between the rollings.[56] These influ-
encing factors cannot be eliminated even with additional 
ALD HfO2 layer, which is indicated by a smaller Q factor 
increase in our experiment (with respect to simulated case). 
Therefore, after reaching the maximum at a wall thickness of 
≈60 nm, the experimental QS decreases with increasing wall  
thickness as the sensitivity decreases significantly owing 
to the weakened evanescent field. As a result, deviation 
between experimental QS and simulated QS can be noticed 
in Figure  5d, and the deviation becomes more obvious in  
the case of thick wall. Our results suggest a crucial wall 
thickness should be considered when designing sensing 
device by combining tubular WGM microcavity and smart 
material.

3. Conclusion

Smart particles of stimuli-response materials coupled with 
enhanced evanescent field of optical microcavities are suitable for 
environmental sensing. Our work demonstrated the feasibility 
of introducing smart Pd NPs to WGM microcavity with sub-
wavelength wall thickness and strong evanescent field for highly 
sensitive H2 sensing, and the Pd-to-PdHx phase transition with 
refractive index change induced a nearly linear shift of resonant 
wavelength. Such smart Pd NPs-decorated rolled-up optical micro-
cavities with sensitivity up to 10−5 nm ppm−1 and detection limit 
of 1000  ppm possess good selectivity and repeatability, and the 
highest QS was achieved at a crucial wall thickness. Our method 
offers a solution to couple smart particles in optical microcavities 
for nondestructive high-performance environmental sensing.

4. Experimental Section
Fabrication of Tubular Microcavity: First, an ARP-3510T photoresist 

(Allresist GmBH) sacrificial layer with thickness of ≈2 μm was uniformly 
spin-coated on the silicon substrate. The parameters are 600 rpm for 9 s 
followed by 4000 rpm for 30 s. Then, the samples were baked on a hot plate 
at 100 °C for 1 min. Mask aligner (MA6) was used to pattern photoresist 
into designed circles with various diameters via UV photolithography. 
Afterward, a 10 nm Y2O3 layer and a 40 nm ZrO2 layer were sequentially 
deposited at deposition rate of 5 and 0.5 Å s−1, respectively, by e-beam 
deposition (TSV70, Tenstar) with a glancing angle of 30°, which could 

Figure 4. a) Measured optical resonant spectra from the center of a smart Pd NPs-decorated microtube with a diameter of ≈16 μm. The red squares 
mark the resonant peak positions of mode with azimuthal number m = 125. The red dashed line and yellow part refer to resonant peak shift. 4% H2 
and 100% N2 are alternatively introduced for several cycles. b) Measured optical resonant spectra of Pd NPs-decorated microtube in air, 100% N2, 100% 
CO2, and 4% H2. c) Resonant peak shift in different gases, demonstrating excellent selectivity.
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provide an etching window and bounding edge for microtubes attached 
on substate after release. The chamber temperature of e-beam deposition 
is 25 °C, and the base pressure is in the order of 10−4 Pa. After e-beam 
deposition, samples were immersed in acetone to selectively remove the 
photoresist layer, releasing Y2O3/ZrO2 bilayer nanomembranes, which 
were rolled up to form microtubular structure. Finally, samples were 
dried in critical point dryer (CPD, Tousimis Autosamdri-815B) with liquid 
CO2 as an intermedia to avoid collapse of microstructure due to surface 
tension of liquid in drying process. The diameter of microtube could be 
tuned by adjusting deposition parameters such as the nanomembranes 
thicknesses and the deposition rate.

ALD of HfO2 Layer: HfO2 coating layers of different thicknesses were 
prepared by ALD as a postprocessing to tune wall thickness of the 

microtubular structure. Besides, ALD HfO2 layer could also mechanically 
strengthen the microcavities and improve the light confinement. In the 
ALD process, tetrakis(dimethylamino) hafnium (TDMAH) and DI water 
were used as precursors. A typical ALD cycle includes TDMAH pulse 
(150 ms), waiting time (30 s), N2 purge (30 s), DI water pulse (20 ms), 
and waiting time (30 s).

Microstructural Characterizations: Morphological and compositional 
analyses of the samples were measured by field emission SEM equipped 
with energy dispersive spectrometer (Zeiss Sigma). The refractive 
index of Y2O3/ZrO2 nanomembrane was measured by n&k 8000-CD 
multifunctional film analyzer (n&k Technology Inc.).

Simulation Model: Theoretical simulations were carried out based 
on the finite element method. In theoretical model, microtube with 
diameter of 20 μm was calculated with different wall thickness to study 
the influence of wall thickness on Q factor and sensitivity. The refractive 
index of Y2O3/ZrO2 microtube is set to be 2.0, which is consistent with 
the experimental value of 1.93 (Figure S6, Supporting Information). The 
mesh size of the structure was designed to be smaller than 1/3 of the 
wavelength to ensure the quality of simulations.

Optical Sensing Test: The optical spectra were measured by Raman 
spectrometer (Horiba LabRAM HR Evolution) with an excitation 
wavelength of 532  nm. The laser power was set at 2.5  mW and the 
grating is 600 g mm−1. The sample was placed in the chamber with 
quartz window, which is connected with gas flow controller.

Supporting Information
Supporting Information is available from the Wiley Online Library or 
from the author.
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