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Roll up polymer/oxide/polymer nanomembranes
as a hybrid optical microcavity for humidity
sensing

J. Zhang,” J. Zhong,” Y. F. Fang,” J. Wang,© G. S. Huang,”® X. G. Cui*® and Y. F. Mei*°

A hybrid optical microcavity from rolled-up polymer/oxide/polymer nanomembranes presents its excel-
lent capability for environmental relative humidity detection. When exposed to a moist surrounding, poly
(acrylic acid)/poly(ethylenimine) polymers swell greatly due to the absorption of water molecules, which
thus leads to an increased wall thickness of the tubular optical microcavity and therefore presents a pro-
found wavelength redshift of its whispering-gallery mode resonance. These experiments fit well with the
calculation based on the Mie-scattering theory. Theoretical calculation also demonstrates that the thin
walls of our tubular microcavities contribute to a high detection sensitivity compared to other micro-
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1 Introduction

Optical microcavities' with whispering-gallery modes (WGMs)
are widely used in the area of lasing, photovoltaics and opto-
fluidic-/bio-sensing, mainly due to their selective and robust
absorption enhancement at certain wavelengths.>® As one of
the important sensing resonators, optical microcavities exhibit
high sensitivity to the changes of the surrounding medium’
and the absorbents® on their surfaces. Interestingly, such
optical microcavities indicated that the WGMs could be tuned
by the absorption and desorption of various molecules
(for example, water molecules,” DNA' and virus'') on their
surfaces under certain control. This phenomenon inspires us
that these microcavities can be used as optical sensors to
detect the environmental relative humidity (RH). In order to
enhance the humidity sensitivity of such optical microcavity
with WGMs, surface modification'? is one of the effective
and easy methods to enrich the interactions between detected
targets and the light evanescent field in a cavity. Based on pre-
vious studies,"*'* polymers with excellent water-sensitivity are
always good candidates as the sensing material for surface
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cavities. Our work could lead to new designs and applications of optical microcavities.

modification. These drive us to the exploration that uses poly-
mers as the functional layers to improve the detection sensi-
tivity based on optical microcavities.

In this article, we demonstrate that an optical microcavity
(ie., self-rolled-up oxide tubular microcavity’>'’) coated
with poly(acrylic acid)/poly(ethylenimine)(PAA/PEI) polymers is
used for the detection of environmental RH. This tubular
microcavity with sandwiched polymer/oxide/polymer walls
shows greatly enhanced humidity detection sensitivity com-
pared to a pure oxide tubular optical microcavity. The sensi-
tivity of up to 130 pm per RH% in our polymer modified
tubular microcavity is ~10 times larger than sensors based on
WGM s in other optical microcavities.'*2° Detailed calculations
based on the Mie scattering® theory indicate that such high
sensitivity is closely related to the swelling of water-sensitivity
polymers and the subwavelength thin-wall property of the
tubular microcavity.

2 Experimental section
2.1 Preparation of sandwiched tubular microcavities

2.1.1 Fabrication of the oxide tubular microcavity. A
uniform ARP-3510 photoresist (Allresist GmbH) layer with a
thickness of ~2 pm was spin-coated on the silicon substrate.
The photoresist layer was then patterned to arrays of 80 pm
diameter circles by photolithography and used as the sacrifi-
cial layer. Pre-strained Y,0;/ZrO, bilayers with a thickness of
12/24 nm were deposited by electron beam deposition with an
angle of 60°. The deposition rates were 3 A s and 0.5 A s,
respectively. Acetone was employed to selectively remove the

This journal is © The Royal Society of Chemistry 2014


www.rsc.org/nanoscale
http://crossmark.crossref.org/dialog/?doi=10.1039/c4nr03473b&domain=pdf&date_stamp=2014-10-17
http://dx.doi.org/10.1039/c4nr03473b
http://pubs.rsc.org/en/journals/journal/NR
http://pubs.rsc.org/en/journals/journal/NR?issueid=NR006022

Published on 10 September 2014. Downloaded by Fudan University on 27/02/2018 07:32:26.

Nanoscale

Lise
mael )

Saturated
Salt Solution

Fig. 1 (a) Schematic image (upper) and optical microscopy image
(below) of an oxide tubular microcavity after the ALD coating. The
microtube consists of Y,03/ZrO, layers wrapped by ALD coated Al,O3
monolayers. The thicknesses of Al,O03/Y,03/ZrO,/Al,05 are 30/12/24/
30 nm, respectively. (b) Sketch of the LBL coating process to obtain
PAA/PEI polymer layers. The process was repeated twice. Both PAA and
PEl solutions were diluted to 1 wt%. (c) SEM image of a PAA/PEI
modified tubular microcavity. The inset shows the cross-section of the
multilayers in the unrolled nanomembranes. The scale bar is 100 nm in
the inset and the thickness of the PAA/PEI layer is 33.2 nm in vacuum.
(d) Schematic diagram of PL measurement under different RHs. Tubular
microcavities were placed in the sealed chamber with certain RH tuned
by saturated salt solutions and the excitation laser was introduced
through the transparent quartz window.

sacrificial layer and to release the strained Y,05/ZrO, bilayers.
To further strengthen the tubular microcavity, we wrapped the
Y,03/ZrO, microcavity with 30 nm Al,O; monolayers by atomic
layer deposition (ALD).>* The circular patterned Y,05/ZrO, (the
effective refractive index is around 1.68)** nanomembranes
with a high effective refractive index and the ALD-coated Al,O;
(the effective refractive index is around 1.63) layer provide a
good confinement of the incident light in both azimuthal and
axial directions of the microtube. The final schematic diagram
(upper) and optical microscope images (below) of the fabri-
cated oxide tubular microcavity are shown in Fig. 1(a).

2.1.2 LBL coating of PAA/PEI polymers. To form tubular
microcavities with sandwiched polymer/oxide/polymer walls,
the layer-by-layer (LBL) assembly was employed.>* As shown in
Fig. 1(b), the patterned microtube array immobilized on a
glass slide was immersed in the 1 wt% PAA solution, deionized
water and 1 wt% PEI solution in sequence, with times of
15 min, 1 min (4 times) and 15 min, respectively. The above
process was repeated twice. Nitrogen protected annealing at
130 °C for 150 min was performed afterward. The scanning
electron microscopy (SEM) image of a PAA/PEI modified
tubular microcavity is shown in Fig. 1(c). The diameter of
the sandwiched polymer/oxide/polymer tubular microcavity is
~7.2 pm and the PAA/PEI polymer layer is ~33.2 nm in
vacuum with a calculated effective refractive index of 1.58.

2.2 Photoluminescence (PL) measurements under
various RHs

Saturated salt solutions were used to offer controllable and
stable RH for the following PL measurements. The RH of
LiCl-H,0, MgCl,-6H,0, Mg(NO3),-6H,0, NaCl, KCI and K,SO,
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solutions are 12%, 33%, 52%, 75%, 97%, respectively.>
A silica gel desiccant was used to dry the air in the sealed
chamber for humidity detection down to ~5% RH.>* The
whole detection setup is shown in Fig. 1(d). The experiment
was done at room temperature>®*” and the excitation power
was kept the same as the 514.5 nm laser line.

3 Results and discussion

3.1 WGM shifts of the unmodified/modified tubular
microcavities under various RHs

The performances of both unmodified and PAA/PEI modified
tubular microcavities as humidity sensors are demonstrated
via PL spectra in Fig. 2. The PL spectrum (not shown) origi-
nates from defect-related emission centers in Y,03/ZrO, nano-
membranes.”® As shown in Fig. 2(a), for a certain azimuthal
mode number, a main peak and a sub-peak are observed. Con-
sidering their differences in humidity detection sensitivity
(Fig. 2(b)), the peaks are attributed to transverse-magnetic
(TM) mode (main peak) and transverse-electric (TE) mode
(sub-peak), respectively.” Despite the good confinements of
TM polarized and TE polarized waves that guarantee a high
resolution to the tiny shifts of resonant wavelengths, the RH
influence on resonant wavelengths in the pure oxide tubular
microcavity (unmodified) is not distinct enough to be observed.
The adsorption and desorption of water molecules on oxide
microtube walls easily reach the saturation equilibrium state,
then the WGMs position will not shift with the RH changing.®
When the pure oxide tubular microcavity is modified by
PAA/PEI polymers, the resonant wavelengths red-shift con-
siderably as presented in Fig. 2(b). This improved humidity
detection capability is closely related to the LBL-coated PAA/
PEI polymers. LBL coating is a simple and versatile tool
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Fig. 2 PL spectra from the centre of an ~7.2 pm diameter tubular
microcavity (Fig. 1(a)) acquired under increasing RH before (a) and after
(b) PAA/PEI modification. Symbols mark the evolution of TM (circle) and
TE (diamond) resonant wavelengths as a function of RH at the mode
number of m = 63. The spectra are taken under excitation of the
514.5 nm line of an argon ion laser at room temperature.
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for constructing differently functioned thin films, based
on the alternative absorption of monolayers of individual
components.”® The electrostatic and van der Waals inter-
actions between PAA and PEI molecules guarantee a uniform
and thickness-changeable (PAA/PEI), composite layer, which is
highly sensitive to water molecules.>**° Along with the RH
increasing, more water molecules are diffused into the PAA/
PEI polymers, thus causing the expansion of PAA/PEIL
layers. The expansion resultantly brings about an increase of
microtube wall thickness and a decrease of PAA/PEI polymer’s
refractive index (n,). The refractive index of environmental air
with more water molecules (n,;,) is slightly increased. These
three factors function simultaneously and eventually lead to
the redshifts in resonant wavelengths in our sandwiched
polymer/oxide/polymer tubular optical microcavity as shown in
Fig. 2(b).

3.2 High RH sensitivity of the modified tubular microcavity

One of the biggest advantages of WGM-based humidity
sensing in the PAA/PEI modified tubular microcavity is the
high detection sensitivity. Our sandwiched polymer/oxide/
polymer tubular microcavity exhibits a total redshift of up
to 12 nm (TE, m = 63) when the RH increases from 5% to
97% (Fig. 3(a), red and circle line), corresponding to an
average sensitivity of 130 pm per RH%, which is about 10
times larger than sensors based on WGMs in other micro-
cavities (i.e., microsphere and/or microtoroid)."*™*®

Although TM mode presents better light confinement than
TE mode and is more easy to be detected, the humidity detec-
tion sensitivity of TM mode is smaller than TE mode as shown
in Fig. 3(a) (blue lines). When the RH changes from 5% to
97%, the total wavelength redshifts are 12 nm and 5.2 nm for
TE and TM modes (m = 63), respectively. TE-polarized evanes-
cent waves possess a deeper penetration depth in the sur-
rounding medium and thus perform stronger interactions
with the related changes, hence exhibit an enhanced response
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Fig. 3 (a) Resonant wavelengths (azimuthal number m = 63) as a func-
tion of RH. The rectangles refer to the resonant wavelengths acquired
from an unmodified tubular microcavity while the circles are acquired
from our PAA/PEI modified tubular microcavity. The red and blue plots
correspond to TE and TM modes, respectively. (b) Dependence of wave-
length redshifts on azimuthal numbers for TE mode (red) and TM mode
(blue). The vertical axis represents the accumulated redshift of the PAA/
PEI modified tubular microcavity with RH increasing from 5% to 97% and
the horizontal axis represents azimuthal numbers.
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than TM mode.*" This enhanced response to the medium
change is also the main source to the fast Q factor degradation
of TE mode in our PAA/PEI modified tubular microcavity as
shown in Fig. 2(b). The influences of azimuthal mode
numbers (m) on the detection sensitivity of RH are also investi-
gated as presented in Fig. 3(b). For both TE and TM modes,
smaller azimuthal numbers correspond to larger redshifts
with a nearly linear relationship. This RH detection sensitivity
dependence on azimuthal numbers is due to the stronger light
confinement in the tubular microcavity with larger azimuthal
numbers.” As has been proved in the previous study,’ water
absorption and desorption are physical processes, so it can be
expected that humidity sensing is reversible in the polymer-
modified rolled-up microtube.'*23%33

3.3 Theoretical calculation based on the Mie-scattering
theory

The WGM-based environmental RH detection model in the
PAA/PEI modified tubular microcavity is shown in Fig. 4.
Along with the increasing of environmental RH, the cavity
experiences several changes. The most obvious one is the swel-
ling of PAA/PEI polymer layers, which is schematized in the
inset of Fig. 4(a). In this process, the oxide layer Al,05/Y,03/
Zr0,/Al,0; is regarded as being rigid in the center of the
microtube wall, taking into account their relatively strong
stiffness compared to PAA/PEI polymers. Hence, only the PAA/
PEI polymer layers inflate in the increased moist conditions,
thus leading to a large improvement in the wall thickness and
a slight decrease in the refractive index (n,) of PAA/PEI poly-
mers.”’ In the following calculations, we mainly focused on
the influences of thickness alteration to resonant wavelengths,
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Fig. 4 (a) Resonant wavelengths (TE, azimuthal number m = 63) as a
function of polymer wall thickness (lines, calculation)/RH (red circles,
experiment). The red line is acquired under a coefficient of humidity-
induced thickness expansion of a = 0.33% per RH%, and the dashed
green lines are acquired under a coefficient of (0.33 + 0.05)% per RH%.
The inset is a schematic of the PAA/PEI polymer swelling process, in
which the yellow dashed lines refer to the inner and outer walls of the
tubular microcavity before polymer swelling. The PAA/PElI modified
microtube is surrounded by water molecules as shown in the inset. (b)
Theoretical calculation of the effective refractive index ne¢ of the micro-
tube wall and the corresponding sensitivity (A4/) as a function of wall
thickness. The grey area refers to the wall thickness in our PAA/PEI
modified tubular microcavity.
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and temporarily ignored the decrease of the polymer refractive
index (n,) and the environmental moist air effective refractive
index (7,y).

We applied the Mie-scattering theory to calculate the func-
tion of polymer wall thickness to resonant wavelengths. The
results are presented in Fig. 4(a) (TE, m = 63). The red line is
acquired under a coefficient of humidity-induced thickness
expansion of a = 0.33% per RH%,*>** and the dashed green
lines are acquired under a coefficient of +0.05% per RH%. The
experimental resonant wavelengths as a response to RH (red
circles) are well fitted with our theoretical calculation, which
discloses that the coefficient a of humidity-induced thickness
expansion of PAA/PEI composite layers is in the range of 0.33 +
0.05% per RH%. Our calculation also demonstrates that the
wall thickness increase is the dominant factor that affects the
resonant wavelengths in our polymer modified tubular micro-
cavity. As calculated by the Mie-scattering theory (lines in
Fig. 4(a)), the resonant wavelengths follow a linear relationship
with the polymer thickness, and the polymer thickness also
follows a linear response with RH,*** thus the response of
resonant wavelengths to RH is supposed to be linear. However,
when RH reaches 52%, resonant wavelengths are smaller than
the supposed linear wavelengths in our experiment as shown
in Fig. 3(a) and 4(a) (red circles). When a large number of
water molecules are diffused into the tubular microcavity, both
the surface tension of water molecules and the hygroscopic
strain®**® inside the microtube could lead to a deformation of
the thin-wall tubular microcavity, which resultantly leads to
the nonlinear response at high RH.>® We believe that through
a further structural optimization to strengthen the microtube
or thinning of the coating layer, the linear response range
could be increased for practical applications.

Based on the resonance conditions of WGMS: 2R g = A
(R is the average radius of the microtube, 1, is the resonant
wavelength, n.¢ is the effective refractive index of the micro-
tube wall and m is the azimuthal number), the sensitivity of
resonant wavelengths to changes in radius AR or Angg is AA /A, =
AR/R + Aneg/nes.®” Here, the average radius of the microtube
R nearly remains the same during the increase of RH in
our experiment, mainly because of the symmetrical swelling
of PAA/PEI polymers inside and outside the oxide layers.
The asymmetrical swelling also brings about the doubled
thickness increase (i.e., doubled Ang) of the tubular micro-
cavity wall, which acts as the main origin of the high RH detec-
tion sensitivity. A distinct feature of our hollow tubular
microcavity is the subwavelength thin wall compared to other
optical microcavities with WGMs."®° Fig. 4(b) displays the
effective refractive index n.g of an optical microcavity and the
corresponding sensitivity (A4/4) as a function of wall thickness.
For both TM and TE modes, the sensitivity in thin-wall micro-
cavities is much more higher than that in thick-wall micro-
cavities. The water-sensitive PAA/PEI polymers, the doubled
thickness alteration with RH changes, and the enhanced sensi-
tivity in thin-wall optical microcavity, eventually make our
PAA/PEI modified tubular microcavity a highly sensitive RH
detector.
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4 Conclusions

In conclusion, hybrid tubular microcavities from rolled-up
polymer/oxide/polymer nanomembranes were fabricated and
used to detect the environmental relative humidity based on
the shifts of WGMs. Benefitting from the swelling of water-sen-
sitive PAA/PEI polymers, the detection sensitivity of the PAA/
PEI modified tubular microcavity is greatly enhanced, reaching
the averaged value of 130 pm per RH%. Theoretical calcu-
lations based on the Mie-scattering theory were carried out,
which demonstrate that the high sensitivity of our tubular
microcavity mainly originates from the thickness alteration
with RH and the thin-wall property of our tubular microcavity.
Our work could lead to new designs and applications of
optical microcavities.
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