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a  b  s  t  r  a  c  t

Due  to its  high  interaction  with  water  vapor  and  photolithographic  patterning  property,  SU-8  is  a  favor-
able  hygroscopic  polymer  for developing  humidity  sensors.  In addition,  optical  resonances  of  optical
microresonators  are  very  sensitive  to the changes  in their environment.  Here,  we present  integrated
optical  humidity  sensors  based  on  chips  containing  SU-8  polymer  microdisks  and  waveguides  fabricated
by  single-step  UV  photolithography.  The  performance  of  these  sensors  is tested  under  a  wide range  of  rel-
ative humidity  (RH)  levels  (0–50%).  A tunable  laser  light  is coupled  from  an excitation  fiber  to  individual
SU-8  waveguides  using  end-face  coupling  method.  As  the  laser  wavelength  is scanned,  the  whispering
gallery  modes  (WGMs)  are  revealed  as  dips  in  the  transmission  spectra.  Sensing  is  achieved  by  recording
spectral  shifts  of the  WGMs  of the  microdisk  microresonators.  Red  shift  is  observed  in the WGMs  with
increasing  RH.  Between  0 and  1%  RH,  an  average  spectral  shift  sensitivity  of  108  pm/%  RH  is  demonstrated
from  measurements  performed  on 4 sensor  devices.  This  sensitivity  is comparable  to  the  highest  values
obtained  using  microresonators  in  the  literature.  Measurements  performed  with another  sensor  device
revealed  a  decrease  in sensitivity  by only  around  3 times  when  RH  is  increased  to  45–50%.  Finite  element

modeling  simulations  are carried out  to determine  the  dominant  effect  responsible  for  the  resonance  shift.
The results  show  that  the refractive  index  change  is more  important  than  the microresonator  size  change.
The  standard  deviation  in wavelength  measurement  is  <3 pm,  indicating  a limit  of  detection  better  than
0.03%  RH.  These  results  suggest  that optical  sensor  devices  that  contain  integrated  SU-8  microresonators
and  waveguides  can  be employed  as easy-to-fabricate  and sensitive  humidity  sensors.

©  2016  Elsevier  B.V.  All  rights  reserved.
. Introduction

Detection of very small changes in relative humidity (RH)
s desirable for a wide range of applications including textile
rocessing, automotive industry, agriculture, food preparation,
reservation of archeological samples, photoresist production, Si
afer processing, and production of electrical components [1,2].

ndustrial processing, environmental control and pharmaceutical
rocessing also require precise RH monitoring for better qual-
ty products [3]. Therefore there is a tremendous effort towards
uilding humidity sensors [3] employing different sensing mech-
nisms which include capacitive [4], resistive [5], hygrometric

∗ Corresponding author.
E-mail address: akiraz@ku.edu.tr (A. Kiraz).

ttp://dx.doi.org/10.1016/j.snb.2016.09.136
925-4005/© 2016 Elsevier B.V. All rights reserved.
[6], gravimetric [7] and optical [8] technologies. Capacitive and
resistive methods are low cost, mass producible and have a wide
dynamic range, but they are not reliable at RH levels under 5%
[2]. Hygrometric and gravimetric methods have low hysteresis
and drift, but hygrometric sensors have high uncertainty in mea-
surement and gravimetric sensors require relatively complicated
systems for signal processing [2]. In contrast, optical sensors are
smaller, more sensitive, more flexible, and they can operate under
harsh environments, such as under the presence of other chem-
icals or RF noise from electromagnetic interference [2]. Optical
sensors mostly rely on monitoring the optical intensity changes
[9,10], which can be affected by the internal intensity fluctu-

ations of the light source. Avoiding such measurement errors
is possible through spectroscopic measurements of the optical
resonances of microresonators. Optical microresonators with high
quality factors have been employed in many applications for

dx.doi.org/10.1016/j.snb.2016.09.136
http://www.sciencedirect.com/science/journal/09254005
http://www.elsevier.com/locate/snb
http://crossmark.crossref.org/dialog/?doi=10.1016/j.snb.2016.09.136&domain=pdf
mailto:akiraz@ku.edu.tr
dx.doi.org/10.1016/j.snb.2016.09.136
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Fig. 1. (a) Experimental setup used for humidity sensing experiments. One exem-
plary transmission spectrum is given in (b). An SEM image of the microdisk is given
116 M. Eryürek et al. / Sensors and

ensitive chemical or biological detection [11,12]. However, to
ate only a few reports have demonstrated RH detection using
icroresonators [13–17]. These demonstrations have employed

ilica microspheres coated with SiO2 nanoparticles [13], polymer
U-8 microrings coated with a sol-gel thin film [14], silica micro-
oroids coated with a humidity responsive polymer [15], rolled
olymer/oxide/polymer nanomembranes [16] and microfiber knot
esonators [17]. Whispering gallery modes (WGMs) exhibited spec-
ral drifts with sensitivities of ∼4, 16, 10–13, 130 and ∼9 pm/% RH,
n [13–17], respectively.

In this work, we present an RH sensor using an SU-8 polymer
ptical microdisk microresonator. SU-8 is a very good material for
ptical RH sensing because of its high refractive index (1.57 at
550 nm)  [18] and low absorption (>95% transmission at 1550 nm
19]), good mechanical stability [20] and high interaction with
ater vapor, i.e. hygroscopic nature [21]. Between 0 and 1%
H, we achieve an average detection sensitivity of 108 pm/% RH,
lmost one order of magnitude higher than four of the previous
emonstrations [13–15,17], and comparable to the other work,
hich, however, requires more complicated fabrication and sample
reparation steps [16]. Our measurements also show good sen-
or response for RH values up to 50%. Our sensor devices that
nclude optical waveguides and microdisk microresonators are
abricated with standard single-step UV photolithography. In the
resence of water vapor, refractive index change and radius change
f the microresonator can give rise to the spectral shifts of the
GMs.  Previous microresonator-based RH sensors were shown

o employ only refractive index change [13,14,17] or only radius
hange [16]. One study took advantage of both phenomena [15], but
heir respective contributions to the sensing signal were not elabo-
ated. In our work, we incorporate detailed finite element modeling
FEM) simulations to determine the contributions from refractive
ndex and radius changes. Our analysis shows that, refractive index
hange is the dominant mechanism governing the operation of our
ensors. Further sensor properties such as sensitivity, hysteresis,
nalysis of response and recovery and repeatability are also inves-
igated.

. Fabrication of microdisk resonators

In comparison to microspheres or microtoroids, microdisks
ossess WGMs  with relatively low quality factors [11]. This ham-
ers the performance of optical sensors using microdisks. Despite
his fact, in this work, SU-8 microdisks are selected as the optical

icroresonators of choice due their ease of fabrication. Standard
ingle-step UV photolithography is used to obtain optical sen-
ors containing microdisks and optical waveguides in the form
f integrated chips. These sensor devices are robust and suit-
ble for point-of-care measurements. In addition, they do not
ecessitate additional fragile components such as optical fiber
apers [22] for their operation. Microdisk RH sensor consists of
n integrated pair of microdisk and waveguide, both made out of
U-8 on a 4-inch commercial 〈100〉 Si wafer (wafer thickness is
00–550 �m,  resistivity: <0.05 �cm). The wafer incorporates a 5-
m-thick thermal-oxide layer with the index of refraction lower

han that of SU-8 to ensure light guiding inside SU-8 layer. Fab-
ication of the sensor device is carried out using standard UV
hotolithography. SU-8 2002 is spin coated on the wafer with a
wo-step spin coating recipe: 500 rpm for 10 s and 3000 rpm for
0 s. The waveguides are 2–3 �m wide, the radius of the microdisk

s 100 �m and their thickness is 1.5–2 �m.  Microfabrication is com-

leted with soft bake (1 min), exposure, post-exposure bake (PEB,

 min) and development steps. Both soft bake and PEB are per-
ormed at 95 ◦C. The wafer is then cut along cleavage planes to
btain sample chips. This allows having smooth waveguide cross
as  an inset. The inset in the transmission spectrum shows the measured RH values
from the commercial humidity sensor as a function of the RH values set using the
gas flow controllers.

sections at the chip edges to minimize losses during the end-face
coupling. An electron microscope image of a sample sensor device
is shown as an inset in Fig. 1(a). More than 100 sensor devices have
been fabricated with the same geometrical parameters. More than
10 of these devices have been tested. Detailed sensor character-
ization experiments performed on 5 of these sensors devices are
reported in this manuscript.

3. Experimental setup

Once the sensor chips are fabricated, they are placed in a small
gas chamber (dimensions are 10 × 23 × 38 mm3) for testing their
humidity sensing performance (see Fig. 1(a)). Two arms of nitro-
gen gas (N2) are used to control RH level in the chamber. N2
from the first arm is sent directly into the gas chamber, whereas
the second N2 arm is sent through a gas bubbler containing DI
water. N2 flow rates of both arms are controlled by gas flow con-
trollers (Bronkhorst, F-201CV, accuracy: ±(0.5% Rd + 0.1%FS)) so as
to obtain the desired RH value in the chamber. The RH values set
by the flow controllers are independently verified using a commer-
cial humidity sensor (Honeywell, HIH-4010-003, accuracy: ±3.5%,
repeatability: ±0.5%). Inset in Fig. 1(b) shows the RH values mea-
sured with the commercial sensor as a function of those set with
the flow controllers. Considering the ±3.5% accuracy of the com-

mercial sensor, a good match is obtained between the measured
and set valued. At the beginning of each experiment, the gas cham-
ber is purged with N2 (purity 99.995%) for 1.5–2 h in order to make
sure that the RH level is 0%. Tunable laser light (tuning range:



 Actua

1
S
n
m
g
s
i
t
a
a
(
w
2

4

m
�

w
r
u
S
1
w
a
c
r
r

i
e
i
(
b

F
(
d

M. Eryürek et al. / Sensors and

500–1620 nm)  is coupled from a single mode optical fiber to the
U-8 waveguide using end-face coupling [23]. The transmission sig-
al is collected with a photodiode placed at the end of a single
ode optical fiber coupled to the other end of the SU-8 wave-

uide. Microdisk WGMs  are observed as dips in the transmission
ignal recorded as a function of the laser wavelength. As the RH is
ncreased, red-shift is observed in the WGMs  present in consecu-
ive transmission spectra. This spectral shift (��) is ultimately used
s the sensing signal. An exemplary transmission spectrum is given
s an inset in Fig. 1(b). From this spectrum, the free spectral range
FSR) is determined as 2.36 nm.  This value is in a good agreement
ith the previous similar studies [24,25] and the calculated FSR of

.45 nm for a 100 �m radius SU-8 microdisk around 1555 nm.

. Spectral shift mechanisms

Refractive index change (�n) and radius change (�R) are two
echanisms that give rise to ��. The relation between ��, �n  and
R is given by [14–16]:

��

�
= �n

n
+ �R

R
(1)

here �, R and n correspond to initial wavelength, radius and
efractive index, respectively. In order to determine �R/R, FEM sim-
lations are carried out using a commercial FEM software package.
U-8 microdisks having a radius of 100 �m and a thickness of
.5 �m are simulated for two cases: (1) Free-standing microdisk
hich can displace freely in the radial direction to compare with the

nalytical solution. (2) Microdisk on an infinitely rigid support to
ompare with the experimental results. For the two studied cases,
adial displacement, u, is obtained as a function of radial distance,

 (see Fig. 2).
Microdisk deformations are modeled by considering the humid-

ty expansion coefficient (HEC) of SU-8 at room temperature to be

qual to 25.3 ppm/% RH [21]. To the best of our knowledge, Ref. [21]
s the only study mentioning the HEC of SU-8, but a similar value
18 ppm/% RH) is reported for another hygroscopic polymer, tert-
utylcalix[6]arene (TBC6A) [26]. Utilizing the analogy with thermal

ig. 2. FEM simulations for two  cases of microdisk microresonator deformation.
a) Free-standing (unrestrained) disk. (b) Disk with infinitely rigid support. The
isplacement values are given as a function of radial distance.
tors B 242 (2017) 1115–1120 1117

strains, HEC is introduced into the FEM to account for expansions
as a result of humidity. All simulations are carried out for an RH
value of 1%. A linear elastic material model is utilized together with
built-in SU-8 mechanical material properties and all simulations
are carried out in 3D. For the simulations, tetrahedral and triangular
elements are employed with minimum mesh element numbers of
12 × 104 and 22 × 103 for tetrahedral and triangular element types,
respectively. The number of degrees of freedom solved is around
106. The expansion of the microdisk is obtained at three differ-
ent locations along the bottom surface, mid-plane and the upper
surface of the microdisk.

Fig. 2(a) shows the displacement of the mechanically unre-
strained microdisk. For this geometry, the displacement values
obtained from FEM simulations show excellent agreement with the
analytical formula:

u = (r)(HEC) (2)

Once the model is verified with the analytical solution, restrained
disk case is studied which corresponds to the experimental mea-
surements in this work, i. e . SU-8 microdisk mechanically fixed
from its bottom boundary surface (see Fig. 2(b)). Since the expan-
sion of the microdisk is mechanically constrained, maximum radial
expansion is only 0.08 nm at the outer circumference. This value is
0.06 nm when the middle plane in the vertical direction is consid-
ered. Using the result from the middle plane, �R/R value is found to
be 6 × 10−7/% RH, which is almost two  orders of magnitude less than
the observed average ��/� ∼ 7 ×10−5/% RH. Therefore we conclude
that the contribution of �R/R to ��/� is negligible.

5. Results and discussion

For sensitivity characterizations four different SU-8 microdisk
microresonator-based sensors are tested under various RH values
from 0% to 7% (see Fig. 3). Consecutive WGM  spectra are recorded
and spectral shifts of the WGM  are analyzed with a Lorentzian fit-

ting code. These sensors have the same design geometry, but they
are fabricated at different locations on the wafer. For Sensor 1, the
WGM used in the RH measurements is at around 1529.74 nm with
Q factor of about 103 before water vapor is introduced into the

Fig. 3. Resonance shifts of four microdisk sensors under different RH levels. The
inset at the top shows an exemplary raw data which belongs to Sensor 1. The zero
level base line of the sensor is well preserved. The inset at the bottom shows a WGM
resonance for 0%, 1% and again 0% RH. Intensity shift observed between black and
blue spectra is attributed to change in coupling efficiency due to drift between the
excitation fiber and the waveguide over long time scales. Individual times showing
the recording times of these spectra are indicated by the arrows in the inset at the
top. Black, red and blue arrows at the top inset represent three cases plotted in the
bottom inset, 0%, 1% and again 0% RH, respectively.
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Fig. 5. Calculated response times of four microdisk sensors. Response time
118 M. Eryürek et al. / Sensors and

hamber. After the N2 atmosphere with 1% RH is introduced, the
esonance wavelength is gradually red shifted by 130 pm after
aiting for approximately 6.5 min  (see top inset in Fig. 3). Cor-

esponding red shifts are observed for other indicated RH values.
or Sensor 1, the resonance wavelength shift versus RH is plotted
n the inset of Fig. 3 which shows that the sensor fully recovers to
he base line (initial resonance wavelength) after cleaning it with
ure N2. Increasing RH eventually results in a nonlinear behavior

n the sensor response. In Fig. 3, the resonance shifts of Sensors 1
o 4 upon the RH change from 0 to 1% are 130, 69, 83, and 151 pm,
espectively (on average 108 pm). The different sensitivities are
ainly attributed to local variations in the polymer structure in

he regions where WGMs  are located in a microdisk [27]. In addi-
ion, SU-8 thickness variations on the wafer affect the sensitivity
f the sensors, since sensitivity usually increases with decreasing
hickness [28]. The uncertainty in the wavelength measurement is
etermined to be <3 pm by calculating the standard deviation at
ach interval of 0% RH in the raw data given as an inset to Fig. 3.
his indicates a limit of detection better than 0.03% RH, assuming
inear dependence of the wavelength shift on RH between 0 and 1%
H.

Fig. 4 depicts the response of our sensors during a complete
ycle of adjustment of environmental RH. The RH is gradually var-
ed from 0% to 7% and then from 7% back to 0%. A sample raw data
aken from Sensor 1 is given as an inset in Fig. 4. The zero level
ase line of the sensor is very well preserved, but a small devi-
tion is visible between the increasing humidity and decreasing
umidity cases, which leads to hysteresis. We  define the average
ysteresis as the average difference between ��  values observed

n forward (��forw) and backward directions (��back), normalized
o ��forw. For the four sensors shown in Fig. 4, average hysteresis
s determined as 17% when the data points corresponding to RH
alues of 1, 3, and 5% are considered. The origins of this hysteresis
ould be related to slow desorption of water molecules from SU-8
olymer. Depending on the active material, WGM  humidity sensors
ave been reported with [15] and without [14] hysteresis. Another
ause of the observed hysteresis can be environmental fluctuations
mainly temperature fluctuations) over long time scales. Such fluc-
uations can be eliminated by monitoring spectral shifts from a
eference sensor device which is kept under ambient conditions

t all times.

Response and recovery times of the sensors calculated from
he data shown in the top inset of Fig. 3 are depicted in Fig. 5.

ig. 4. Hysteresis of the response curves obtained from four microdisk sensors. For
ll  sensors, resonance shift during increasing humidity is less than that of decreasing
umidity, as indicated by the arrows. The inset shows an exemplary raw data which
elongs to Sensor 1.
decreases as the RH increases, but saturates around 50 s when 5% RH is exceeded.
Recovery time is given in the inset. It is approximately constant at 80 s throughout
the whole RH range.

Response time is defined as the time it takes for the sensing sig-
nal to reach 90% of its final value when the RH is increased from 0%
to the target value, whereas the recovery time is the required time
for the sensing signal to go down to 10% of its initial value while
the water vapor is being removed from the environment. Response
time decreases as the RH level increases up to 5% and then saturates
around 50 s. This is attributed to the different water ab/adsorption
kinetics in or on the SU-8 polymer film when low or high RH is
introduced into the environment. The water molecules can adsorb
on the surface of the SU-8 polymer layer-by-layer, or diffuse / be
absorbed in the SU-8 polymer. On the other hand, the recovery
time is approximately constant and independent of RH. This is
attributed to the constant dry N2 flow for removal of the condensed
water from SU-8. Although the apparent measured response and
recovery times are 50 s and 80 s respectively, actual response and
recovery times are expected to be much faster because of the fol-
lowing reasons. Firstly, there is a time delay when the RH level
is set to a certain value because of the response of gas flow con-
trollers. Secondly, the finite volumes of the gas chamber and the
tubing between the bubbler and the gas chamber delay the intro-
duction of RH to the sensor chip. Finally, each wavelength scan of
the laser takes about 8 s to complete, which increases the uncer-
tainty in calculating the response and recovery times. In order to
further decrease the response and recovery times, thinner SU-8
layers can be used [13–15,29]. For this purpose, SU-8 microring
microresonators can also be employed because microring geome-
try allows adsorption and desorption from a larger surface area as
compared to the microdisk geometry.

Fig. 6 shows repeatability and long term stability of Sensor 1.
The sensor is tested under dynamic adsorption–desorption cycles
between 0 and 3% RH. It shows an excellent sensing repeatability
over 9 cycles since the resonance shift fluctuates between 334 and
340 pm (see Fig. 6(a)). Hence, we  conclude that the repeatability in
the wavelength measurement is <±1%. To explore long-term sta-
bility, another set of such on-off cycles is performed 45 days after
the first set, again on Sensor 1 (See Fig. 6(b)). During these 45 days,
the sensor is kept under ambient conditions. In 45 days, the sensing
response varies between 317 and 322 pm.

SU-8 microdisk microresonators are also tested under high RH
conditions. These experiments are summarized in Fig. 7. For Sensor

5, the zero level is conserved after more than 2 hours of expo-
sure to water vapor, even with RH levels up to 50%. The inset
to Fig. 7 depicts the shift of WGM  resonant wavelength with
respect to RH, in which a nonlinear relation is observed. The curve
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Fig. 6. (a) Multiple cycles of humidity on-off experiments on Sensor 1. (b) A second
set  of on-off cycles 45 days after the first set of cycles. Both long term and short
experiments show good repeatability.
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hydrogen gas based on a palladium-coated polymer microresonator, Sens.
ig. 7. Response of Sensor 5 to higher RH levels. A third-degree polynomial fits the
urve given in the inset.

iven in the inset is fitted by a third-degree polynomial equation
��(pm) = 0.0093RH3 − 1.2695RH2 + 82.08RH + 4.8462) with corre-
ation coefficient R2 = 1. These measurements indicate that, despite

 drop in sensitivity from 78.4 pm/% RH between 0 and 5%RH to
3.5 pm/% RH between 45 and 50%RH, good sensor performance is
till preserved at high RH levels. We  note that, nonlinear depend-
nce of ��  to RH at low RH values between 0 and 7% (observed in
igs. 3 and 4) is not visible in Fig. 7 due to the lack of data points.

. Conclusion

An optical sensor for measuring environmental RH based on
icrodisk microresonators fabricated from SU-8 polymer is pre-

ented. FEM simulations are performed to analyze the dominant
ffect on the WGM  resonance shift. Refractive index effect is found
o be two orders of magnitude higher than the radius change effect.
verage sensitivity in the 0–1% RH range is 108 pm/% RH, and the
ncertainty in the wavelength measurement is <3 pm.  These values

mply that the detection limit is better than 0.03% RH. Hysteresis
easurements between 0 and 7% RH revealed an average hysteresis

f 17%. Repeatability of the sensor is determined to be <±1%. Recov-
ry time of the sensors is constant at ∼80 s over different RH levels,
ut response time decreases and saturates at ∼50 s as RH increases.
hinner SU-8 layers or SU-8 microring microresonators instead of

icrodisk microresonators can be employed to further decrease the

esponse and recovery times. Detection limit of our sensor can be
urther increased by the use of a second reference sensor device
ept under ambient conditions. Spectral drifts observed in the

[

tors B 242 (2017) 1115–1120 1119

reference sensor due to temperature fluctuations in the environ-
ment can be used to correct for the spectral drifts of the actual
sensor device. This is the first demonstration of humidity sensing by
using SU-8 microdisk and waveguide geometry. This work can lead
to sensitive humidity detection at low RH values without requiring
complicated microfabrication techniques.
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