








The basic design of BSs showing an enhanced
thermo-optic response irrespective of ambient humidity
is dominated by the choice of appropriate materials
with a large TOC, as well as a suitable mutual enhance-
ment of the TOCs of the individual layers. In order to
outline the influence of the TOC of the two constituent
layer materials, we have analyzed the thermo-optic
response of two BS configurations with different mate-
rial combinations.

We performed simulations for 9-bilayer 1D PCs
based on TiO2 and SiO2 (Figure 3(a)) and on ZrO2 and
SiO2 (Figure 3(b)). As outlined earlier, the TOC of
TiO2 is negative and equal to 23 3 1024 K21, whereas
the TOC of SiO2 is positive and equal to 1 3 1025 K21.
In the ZrO2/SiO2 combination, both TOCs are positive,
and the TOC of ZrO2 (’ 4.8 3 1024 K21) is roughly
one order of magnitude larger than that of SiO2 accord-
ing to Inci et al. (1997). Owing to the larger TOCs of
TiO2 and ZrO2, the thermo-optic effect of the high-RI
materials plays the dominant role in both configura-
tions. In the TiO2/SiO2 BS, the stop band therefore
shifts toward shorter wavelengths by 5 nm in the

Figure 1. Transmission spectra of a 8.5-bilayer TiO2 (50 nm)/
SiO2 (90 nm) BS demonstrating a significant blue shift of the
stop band in the temperature range between 15�C and 25�C at
ambient conditions. Black bars indicate the shift of the ‘‘red’’
edge (20 nm) and of the ‘‘blue’’ edge (5 nm) of the stop band.
The cross-sectional SEM image of the BS is shown in the upper
left corner; the scale bar is 500 nm.
BS: Bragg stack; SEM: scanning electron microscopy.

Figure 2. Simulated transmission spectra of a BS with 9-bilayer BSs, starting with the TiO2 layer, and consisting of various
combinations of (a) TiO2 layers of 90 nm/RI = 1.9 and SiO2 layers with RI = 1.3 and thicknesses varying from 100 to 140 nm. (b)
TiO2 layers with RI = 1.9 and thicknesses varying from 70 to 110 nm, and SiO2 layers of 120 nm/RI = 1.3. (c) TiO2 layers of 90 nm/RI
= 1.9 and SiO2 layers of 120 nm with RI varying from 1.1 to 1.5. (d) TiO2 layers of 90 nm with RI varying from 1.7 to 2.1, and SiO2

layers of 120 nm/RI = 1.3. The black arrow indicates the direction of the stop band shift as the layer thickness or RI increases.
BS: Bragg stack; RI: refractive index.
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temperature range between 10�C and 60�C; however,
the positive TOC of silica counteracts this shifting beha-
vior to some extent. In contrast, for the ZrO2/SiO2 BS,
the thermal behavior shows the opposite trend in the
same temperature range, and hence, the stop band is
shifted to longer wavelengths. In addition, the shift is
larger (8 nm), which can be explained by the same sign
of the TOCs for both materials that therefore add up,
leading to a larger thermo-optic response. Hence, we
have verified the prediction implied in Figure 2 that in
order to obtain a large thermo-optic response of a BS,
both constituent materials need to have individually
large TOCs, and both TOCs need to have the same
sign. Note, however, that the amplifying effect on the
temperature response by ambient humidity that is
observed in the TiO2/SiO2 BS is expected to be reversed
in the case of ZrO2/SiO2 BS, as the TOC (red shift with
increasing temperature) and humidity response (blue
shift with increasing temperature) would counteract
each other.

Materials with large negative TOCs, such as poly-
mers (Zhai et al., 2000) and hybrid organic/inorganic
materials (Kurata et al., 2009), could be of interest for
tunable thermo-optic PCs. However, their thermal
expansion properties have to be taken into account.
Since thermal expansion and negative TOCs may can-
cel out each other if the materials are assembled within
a BS platform that only detects combined changes in
the optical thickness, additional analysis of the influ-
ence of layer expansion would be needed.

The earlier simulations were done based on the
thermo-optic response only, and humidity effects were

not explicitly accounted for. However, as has been
shown above (Figure 1), the environmental conditions,
especially ambient relative humidity (RH), have to be
taken into account for porous films when designing a
thermo-optic detection platform. Hence, one needs to
account for the effective TOC of the layers including
both thermal and humidity responses that can be mea-
sured, for example, by means of spectroscopic ellipso-
metry (Xie et al., 2008). Here, we analyze the influence
of the bilayer lattice constant (the sum of the physical
thicknesses of high-RI and low-RI materials) on the
thermo-optic response of TiO2/SiO2 1D PCs under
environmental conditions, that is, using the effective
TOCs and hence RIs determined for NP-based TiO2

and SiO2 thin films at RH = 25% (Pavlichenko et al.,
2012). The effective TOC of the TiO2 layer is given by
dn/dT = 21.61 3 1023 K21 between 10�C and 30�C at
25% RH and by 22.52 3 1024 K21 above 30�C. The
effective TOC of SiO2 used for the simulations is also
negative (22.52 3 1024 K21) over the whole tempera-
ture range and one order of magnitude larger than
the literature values for dense layers. Figure 4(a) to (d)
outlines the thermal shift between 10�C and 60�C for a
9-bilayer BS with the following bilayer combinations:
(a) 50/80, (b) 50/90, (c) 60/90, (d) 50/110, and (e) 110/
90 nm for TiO2/SiO2 layers, respectively, hence chang-
ing the lattice constant from (a) 130 to (e) 200 nm. It
can be seen from the graphs that when detecting the
shifts optically, that is, on the wavelength scale, larger
shifts are observed for BSs with larger lattice constants
and, hence, stop bands located at larger wavelengths.
To explore the influence of the relative portions of the

Figure 3. Simulated transmission spectra, demonstrating the thermal shift of the stop band in the range between 10�C and 60�C of
two 9-bilayer BSs with TOCs as described in the text: (a) 90/120 nm TiO2/SiO2 and (b) 90/120 nm ZrO2/SiO2. The black arrow
indicates the direction of the stop band shift toward (a) shorter wavelengths for negative (large)/positive (small) TOCs for TiO2/
SiO2, respectively, and (b) longer wavelengths for positive (large)/positive (small) TOCs for ZrO2/SiO2, respectively.
BS: Bragg stack; TOC: thermo-optic coefficient.
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high-RI and low-RI materials in a bilayer with constant
thickness, the ratio of the high-RI material (TiO2) to
the low-RI material (SiO2) in a 9-bilayer BS was varied
in a stepwise manner from 40/110 nm (Figure 5(a)) to
110/40 nm (Figure 5(b)) for TiO2/SiO2 with a constant
bilayer thickness of 150 nm. A relative increase of the
high-RI material portion shifts the stop band toward
longer wavelengths and hence also increases the shift of
the ‘‘red’’ edge of the stop band. In an optical detection
mode, the most significant thermal response can there-
fore be observed for 1D PCs with a large bilayer thick-
ness and/or a high portion of the high-RI material, as
both conditions will increase the optical thickness of
the BS and hence shift the position of the stop band to
the red.

In the earlier simulations, we looked at the
humidity-enhanced thermal shift (i.e. the shift induced
by both TOC and ambient humidity, giving rise to an
effective TOC) of the optical spectrum of the BS as a
function of either cooling or heating and neglecting
any affects attributable to the morphology of the BS.
However, in real systems whose response is affected
by processes such as water adsorption into porous
layers, we would expect a hysteresis to occur when
recording the optical response along a full heating–
cooling cycle. Therefore, the optical response of a
9-bilayer (TiO2 (60 nm)/SiO2 (110 nm)) BS was stud-
ied at 25% RH by cycling the temperature up and
down in steps of 2�C while measuring the transmis-
sion value at a constant wavelength (610 nm). After
each set-point temperature was reached, the sample
was equilibrated for another 60 s before the measure-
ment was taken. As can be seen in Figure 6, a hyster-
esis is indeed observed over more than five cycles.
Heating–cooling cycles recorded with longer delay
times up to 900 s do not significantly change the
shape of the hysteresis, thereby suggesting that the

water adsorption/desorption kinetics are fast and not
responsible for the observed hysteresis. On the other
hand, measurements under nitrogen atmosphere with
exclusion of ambient humidity show no hysteresis,
thus indicating that humidity is required in order for
the hysteresis to occur. We assume that the hysteresis
is due to capillary condensation of water into the tex-
tural mesopores of the layers resulting from the pack-
ing of the NPs, as is observed in similar thin film
systems consisting of NPs (Demessence et al., 2010).
In general, however, it can be noted that the

Figure 4. Simulated transmission spectra of a 9-bilayer BS, demonstrating the thermal shift of the stop band in the range between
10�C and 60�C with the experimental TOCs at 25% RH for TiO2 and SiO2 thin films and the following lattice parameters: (a) 50/80,
(b) 50/90, (c) 60/90, (d) 50/110, and (e) 110/90 nm for the TiO2/SiO2 layers, respectively. The magnitude of the shift for each
combination is indicated next to the black arrow.
BS: Bragg stack; TOC: thermo-optic coefficient; RH: relative humidity.

Figure 5. Simulated transmission spectra of a 9-bilayer BS,
demonstrating the thermal shift of the stop band in the
temperature range between 15�C and 60�C using the
experimental TOCs at 25% RH for TiO2/SiO2 and the following
layer thickness combinations at a fixed bilayer thickness of 150
nm: (a) 40/110, (b) 55/95, (c) 75/75, (d) 95/55, and (e) 110/40 nm.
BS: Bragg stack; TOC: thermo-optic coefficient; RH: relative humidity.
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maximum opening of the hysteresis loop is only about
1.5% in transmission at 25% RH and hence results in
only a moderate, yet reproducible correction of the
shifts expected for a purely thermo-optic response.

A crucial aspect in designing an optical device that
can detect subtle changes in RH and temperature is the
average response time. The thermal response is
expected to be fast if the BS is in thermal equilibrium
with its environment. Therefore, although we have
shown earlier that the adsorption/desorption kinetics is
faster than about 60 s, we infer that the response time
is still dominated by the uptake of ambient humidity
into the porous BS architecture. In Figure 7, we outline
an experiment that allows for a simple characterization
of the response time of the multilayer system with
respect to changes in ambient humidity, while keeping
the temperature constant. In a typical experiment, the
BS (9-bilayer TiO2, 60 nm, 10% porosity/SiO2, 100 nm,
25% porosity) was fixed under a microscope (20% RH
at 20�C) such that the measurement spot could be con-
stantly monitored. Then, time-resolved measurements
were carried out detecting changes in transmission
occurring during the external change in RH of the envi-
ronment, provided by a flow setup, from 20% to 70%.
Upon increasing RH, humidity is adsorbed into the
textural mesopores of the BS, thus increasing the RI of
the materials comprising the BS and shifting the stop
band to larger wavelengths. For the BS in Figure 7(a),
the transmission at 450 nm was monitored during the
humidity change as shown in Figure 7(d) and (e). The

response time \t1. to the humidity change was ascer-
tained to be 2 s, and the recovery time\t2. after turn-
ing down the water vapor flow is approximately equal
to 3.8 s, both being significantly longer than the
response times of the materials due to the thermo-optic
effect alone (;1026–1023 s; Coppola et al., 2011;
Haché and Allogho, 2011). The difference in the
response and recovery times can be associated with the
kinetics of the adsorption and desorption processes,
where desorption is slightly more sluggish and proceeds
in two steps. We also fabricated a BS (4-bilayer TiO2,
45 nm, 10% porosity/SiO2, 60 nm, 40% porosity) with
a higher porosity of the SiO2 layers, as can be seen in
Figure 8(a) and (b). Again, the transmission change at
500 nm was monitored during abrupt changes in envi-
ronmental RH from 20% to 70% (Figure 8(c) and (d)).
Although the number of bilayers for this BS is almost
two times less than that of the BS as shown in Figure 7
and additional porosity was introduced into the system,
the response time \t1. is only slightly smaller, being
equal to 1.5 s (recovery time \t2. ’ 3 s). Colodrero
et al. (2008b) associated this phenomenon with the fact
that the sorption properties of the stack are determined
by the interaction between the neighboring layers, and
the response is mediated by the layer with smaller
pores, which in our case is the TiO2 NP layer in both
BS configurations. Accordingly, further titania layer
modification toward higher porosity would be required
for even faster response times. In general, however, the
observed fast response times can be of interest, for
example, in medical applications where fast sampling
of a patient’s breathing may be required, since human
expiration contains large amounts of water vapor com-
pared to ambient air (Arregui et al., 2000).

Conclusion

In this study, we present a comprehensive analysis of
thermoresponsive TiO2/SiO2 BSs assembled by a sol–
gel fabrication process. We demonstrate that due to
the porous nature of the multilayer system, the tem-
perature response of such systems is significantly
enhanced in the presence of ambient humidity. In order
to gain insights into the BS response to temperature
and humidity, both acting on the effective RI of the
multilayer system, we carried out simulations detailing
the influence of RI, TOC, and layer thicknesses on the
stop band position and width as well as temperature
sensing characteristics. A high thermo-optic response
that can be read out optically is expected for material
combinations with large bilayer thicknesses, high RI
contrast, and large TOCs having the same sign. As
the width of the stop band is a sensitive probe of the
relative RI changes of the two layer materials, it
should be possible to predict the material that is
affected the most by humidity-induced RI changes.

Figure 6. Heating and cooling curves recorded by monitoring
the transmission at 610 nm and 25% RH between 15�C and
25�C. The stop band of the investigated BS is placed in the
upper left corner. The temperature was cycled five times from
15�C to 25�C in steps of 2�C and backward with an
equilibration time for each temperature of 60 s. The hysteresis
may be caused by capillary condensation of ambient humidity
into the mesoporous network of the BS as is schematically
shown in the illustration (bottom right).
BS: Bragg stack; TOC: thermo-optic coefficient; RH: relative humidity.
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The investigated BSs show an amplified thermal
response when exposed to ambient humidity, suggest-
ing that water is adsorbed in the textural mesopores,

thus altering the effective RI of the constituent mate-
rials. This assumption was supported by subjecting
the BS to several heating–cooling cycles, resulting in a

Figure 7. (a) Photograph of a 9-bilayer TiO2 (60 nm)/SiO2 (100 nm) 1D PC fabricated on a 2.5 3 2.5 cm2 glass slide by multiple
spin-coating, (b) SEM image of the cross section of the BS (scale bar is 1 mm), (c) SEM image showing the morphology of the TiO2

top layer of the BS, (d) transmission spectra of the BS demonstrating the change in the transmission at 450 nm corresponding to the
RH change from 20% to 70%, and (e) time-resolved transmission change in response to the change of the RH from 20% to 70%.
\t1. is the response time to the increase in humidity, and \t2. is the recovery time after the end of the stimulus (i.e. upon
decrease in humidity).
1D PC: one-dimensional photonic crystal; SEM: scanning electron microscopy; BS: Bragg stack; RH: relative humidity.

Figure 8. (a) Photograph of a 4-bilayer TiO2 (45 nm)/SiO2 (60 nm) 1D PC possessing higher porosity of the SiO2 layer (40%),
fabricated on a 2.5 3 2.5-cm2 glass slide by multiple spin-coating, (b) SEM image of the cross section of the BS (scale bar is 100 nm),
(c) transmission spectra of the BS demonstrating the change in the transmission at 500 nm corresponding to the RH change from
20% to 70%, and (d) time-resolved transmission change in response to the change of the RH from 20% to 70%. \t1. is the
response time to the increase in humidity.
1D PC: one-dimensional photonic crystal; SEM: scanning electron microscopy; BS: Bragg stack; RH: relative humidity.
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hysteresis loop for temperatures between 15�C and
25�C with a maximum opening of 1.5% in transmis-
sion at 19�C, which is consistent with capillary con-
densation of water inside the mesopores. Fast
response times of approximately 2–4 s upon exposure
to different humidity environments are testament to a
fast water adsorption/desorption kinetics that bodes
well for the use of such systems as sensitive tempera-
ture and humidity detection platforms.
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Colodrero S, Ocanã M and Mı́guez H (2008a) Nanoparticle-

based one-dimensional photonic crystals. Langmuir 24:

4430–4434.
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