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Abstract: In this study, we developed hybrid humidity sensing methods by incorporating silk 
fibroin protein onto metamaterials, operating in the terahertz (THz) frequencies; the resonant 
frequency shifted but saturated at a specific thickness due to the limited sensing volume of 
the metamaterial. From the saturated value, we extracted the dielectric constant for the silk 
films. We also observed additional resonance shifts when we applied humid air to silk-coated 
metamaterials, due to the increased water molecule numbers on the film. Frequency shifts 
depend linearly on relative humidity. Also, in situ THz spectroscopy measurements reveal 
that the time response is instantaneous within our detection limit, especially upon exposure to 
humid air, whereas the small slowly decaying component appeared when we applied dry air. 
The time taken by the slow component in the drying process was 10–50 s, depending on film 
thickness. This could optimize humidity sensors as a fast and efficient detection tool to 
measure air humidity. 

© 2018 Optical Society of America under the terms of the OSA Open Access Publishing Agreement 

1. Introduction

Silk fibroin has attracted great attention for potential applications in which biocompatible 
materials are required because it is mechanically robust, harmless inside the body, optically 
transparent, and easy to fabricate; thus, it will enable the potential application of novel optical 
elements and biophotonic devices that could be implanted into the human body [1–8]. In 
particular, silk fibroin has been adopted as a transparent and flexible substrate for fabricating 
electronic and optoelectronic devices [9–12]. For instance, plasmonic and metamaterial 
patterns (which interact resonantly with electromagnetic waves) were successfully 
incorporated into the silk substrates, which serve as an efficient future platform for novel 
flexible optoelectronic devices. This would enable the fabrication of hybrid silk-based 
sensors that couple bio-functionality into the electromagnetic resonances that change in 
response to the local environment. In particular, the physical properties of silk fibroin are 
known to suffer a dramatic change when water molecules are absorbed; hence, humidity 
sensing has been demonstrated by monitoring the optical reflection spectra of silk films 
associated with its structural change [13,14]. 

On the other hand, metamaterials consist of a metallic structure that interacts with an 
incident electromagnetic wave and have great potential applications such as negative 
refraction, cloaking, super lensing, and sensitive sensing [15–18]. In particular, the 
metamaterial resonances are highly sensitive to changes in permittivity of the gap area, and 
hence, they are ideally suited for sensing dielectric materials [19–24]. For instance, we found 
that the metamaterials operating in the terahertz (THz) frequency range can be used as 
sensitive biosensors for the detection of low-density microorganisms [25–27]. This was 
possible because the detection volume is highly confined near the gap of the metamaterials. 
Specifically, the vertical range of the detection volume has been estimated to be several 
micrometers, depending on the geometry of the pattern; thus, it is highly desirable to use 
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metamaterials to address the permittivity of the thin films and liquids without requiring a 
large amount of the materials [23]. 

In this study, we developed a humidity sensing platform in which a small amount of silk 
fibroin proteins is incorporated into the THz metamaterials patterns. We first determined the 
dielectric constant of the fibroin film by measuring the frequency shift of the metamaterials as 
a function of the film thickness. By measuring the dielectric constant of the thin silk film, 
which is strongly influenced by water absorption, we can monitor the air humidity. We also 
measured in situ the time-response of the frequency shift and found the optimal conditions for 
humidity sensing. 

2. Experimental results and discussion 

 

Fig. 1. Schematic of the hybrid THz humidity sensors. The silk fibroin film was deposited on 
the THz metamaterials. 

A schematic of the THz hybrid metamaterial sensor for humidity detection is illustrated in 
Fig. 1 [23]. We first fabricated THz metamaterial patterns on a silicon substrate (resistivity > 
10000 Ω·cm and a thickness of 550 μm), using a photolithography method, followed by 
metal evaporation of Cr/Au (2 nm/98 nm). The THz metamaterials consisted of electrical 
split-ring resonators with a line width of 4 μm, gap width of 3 μm, side arm length of 36 μm, 
and periodicity of 50 μm. Silk fibroin solution was produced following previously reported 
protocols [28]. Briefly, the cocoons were boiled for 30 min in a 0.2-M solution of sodium 
carbonate to remove sericin. The fibers were dried overnight and then dissolved in a 9-M 
solution of lithium bromide. After a dialysis process, we finally obtained an aqueous solution 
of silk fibroin with a density of 71 mg/ml. We coated the silk films on the metamaterials by 
using the spin-coating method (for thin films less than 500 nm) or the drop-casting method 
(for the relatively thick films) from the aqueous solution with different densities of silk 
fibroin. THz transmission amplitudes of THz hybrid metamaterial devices were obtained 
from a conventional THz-TDS system. We monitored the change in the THz transmission 
through the sensors while varying the film thickness and humidity of the environment. 

In general, metamaterials have a gap structure that works as a capacitor due to the charge 
accumulation when a circular current is generated by the incident wave [29]. As a result, 
inductive–capacitive (LC) resonance appears in the metamaterials, which is mainly 
determined by geometrical parameters such as gap width, length of side arm, metal thickness, 
and substrate refractive index [30–33]. The LC resonance is sensitive to the changes in 
effective permittivity of the gap area as previously mentioned; hence, dielectric materials 
placed in the gap area modify the resonant frequency [23,25]. In this work, the silk film, 
whose dielectric constant varies with air humidity, functions as target materials for dielectric 
sensing. 
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Fig. 2. (a) Microscopy image of the metamaterials before and after the deposition of a silk 

fibroin film with 
silk

d  = 8.1 μm. (b) Transmission amplitudes for different silk film thickness 

from 
silk

d  = 0 – 15 μm. (c) Plot of the frequency shift as a function of 
silk

d  extracted from (b). 

As we spin-coat (or drop-cast) the silk protein film onto the metamaterial, the resonant 
frequency shifts toward the red because of the change in the dielectric configuration of the 
gap area [23,25]. The microscopy images before and after the fibroin film coating (with 
thickness of 8.1 μm) are shown in Fig. 2(a), and the transmission spectra are plotted as a 
function of silk film thickness in Fig. 2(b). As expected, the resonant frequency shifts toward 
the red as we increase the film thickness. We plotted the frequency shift ( fΔ ) as a function 

of film thickness in Fig. 2(c). The parameter fΔ  increases with film thickness, but it exhibits 

saturation behavior, as found in previous studies [23]. Once the saturation condition is 
reached ( silkd > 10 μm), we can measure the dielectric constant consistently without the 

knowledge of the specimen amount or film thickness. This allows us to measure the dielectric 
constants ( rε ) accurately while using very small amounts of the target material, as compared 

to conventional transmission methods requiring large amounts of specimens. From the 
explicit relation between the saturated frequency ( satfΔ ) and rε , i.e., 

sat 0 r air eff/ ( ) /f f α ε ε εΔ = − , where 0f  is the resonant frequency without silk, α is the 

coefficient, effε is the effective dielectric constant of the substrate, and airε  is the air dielectric 

constant, we obtained rε  = 4.31 (refractive index of 2.08). Here, we used α  = 0.1886 and 

effε  = 5.52, as found in the literature [23]. The measured refractive index was slightly higher 

than the previously reported value of n = 1.91 [9]. 

 

Fig. 3. (a) Transmission amplitude for different humidity conditions from 12.5 – 78% for 
silk

d  

= 15 μm. (b) Frequency shift as a function of humidity, extracted from (a). 
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Figure 3(a) shows the transmission spectra of the silk-coated metamaterial device (with a 
thickness of 15 μm) for different relative humidities (RH) from 12.5 – 78%. We used a home-
built humidifier in which we can control the humidity by mixing the nitrogen with the gas 
from the conventional humidifier. The humid air was supplied into an acryl box with 
dimensions 6.5 cm ×  5.5 cm ×  8 cm, containing the hybrid silk device for the THz 
transmission experiment. The reference humidity was measured by a commercial humidity 
sensor (Testo SE & Co. KGaA, testo 605-H1). As we increase humidity, the resonant 
frequency shifts toward the red, which indicates that the dielectric constant increases further 
as the humidity increases. It has been inferred that a high humidity induces the infiltration of 
the water molecule into the silk fibers by binding themselves to the random coils within the 
amorphous region of silk, disrupting the relatively weak hydrogen bonding [13,14]. Because 
the THz dielectric constant of water ( rε  = 4.9) is much higher than the fibroin film, 

increasing water content will boost the dielectric constant of the film [34]. 
The resonant frequency shift increases linearly with an increase in humidity, from 2.5 

GHz to 16.3 GHz, with the dielectric constants varying from 4.31 to 4.75, as shown in Fig. 
3(b). Therefore, the silk hybrid sensor works nicely as a sensitivity humidity sensor by 
monitoring the humidity-dependent dielectric constant of the thin silk film. From the fitting 
curve, the sensitivity in terms of Δf/RH reaches 0.22 GHz/%. Because the elaborate fitting 
procedure allows a frequency shift resolution as small as 0.5 GHz, we are able to identify an 
RH change of ~2.3%, which is within the sensitivity of our humidity sensors, used as 
reference. Typically, a cost-effective commercial sensor has an RH sensitivity of 5%, 
whereas a sensitivity as good as 1% is also available in the market. Recently, enhanced 
sensitivity has been achieved by utilizing the hybrid devices such as the infrared photonic 
crystal cavity coated with humidity-sensitive materials [35–37]. Likewise, our sensitivity 
could be improved further by simply improving the Q-factor and the signal-to-noise ratio of 
the THz spectroscopy systems, or by increasing the measurement time. 

 

Fig. 4. (a) In situ THz spectroscopy results recorded for THz transmission as a function of 

spectrum (x-axis) and time (y-axis) with 
silk

d  = 3.6 μm. Initially, the humidity was measured at 

12% and we applied humid air with 73% humidity for 23 min. (b) In situ THz spectroscopy 

results when the humidity was changed from 25% and 74% repeatedly (
silk

d  = 3.9 μm). 

To address the time-response of the humidity sensing, we performed in situ THz 
spectroscopy as shown by the representative image in Fig. 4(a), with a time interval of 4 s 
[38]. The thickness of the fibroin film was 3.6 μm (with a RMS deviation of 0.6 GHz). Here, 
we measured the THz transmission as a function of both the spectrum (x-axis) and 
measurement time (y-axis), while we varied the humidity. Initially, the resonant peak (f) was 
located at f = 0.807 THz for dry air condition (12%). The resonance frequency position 
remained stationary over 10 min. As we abruptly increase the humidity to 73%, the frequency 
shift shows an abrupt redshift to f = 0.795 THz (i.e., fΔ  = 12 GHz). It returned to its original 

                                                                 Vol. 26, No. 26 | 24 Dec 2018 | OPTICS EXPRESS 33578 



value as we change the humidity back to dry air condition. Because the sensor was reset with 
a relatively sharp response without noticeably demonstrating the hysteresis effect with respect 
to the humidity change, the silk-based hybrid sensor was capable of repeating the operation 
when we changed the humidity repeatedly as shown in Fig. 4(b). In addition, we could not 
observe humidity-induced damage in the silk film over the course of measurements. This is 
because the water infiltration induces the de-bonding of hydrogen bonds between fibroin 
polymers and subsequent water evaporation does not change the intrinsic molecular structure 
of the polymers [14]. Interestingly, the sensitivity tends to decrease with an increase in the 
film crystallinity (e.g., after vacuum treatment for 24 hr). This is because the silk crystalline 
region contains densely arranged β-sheet macromolecular chains, which prevents water 
infiltration [14]. 

 

Fig. 5. (a) Frequency shift as a function of time extracted from in situ THz spectroscopy for 

silk
d  = 340 nm (black) and 3.9 μm (red). (b) Plot of the rise (black) and decay (red) time 

constants as a function of 
silk

d . (c) Plot of the maximum frequency shift as a function of film 

thickness. 

To investigate the dynamical behaviors of the humidity dependent frequency shift in 
detail, we plotted the frequency shift as a function of time in Fig. 5(a) for two silk film 
thickness of 340 nm (black) and 3.9 μm (red). As mentioned before, the time response is 
characterized by sharp rise and decay times that are limited by our detection speed (~4 s) as 
we turn on and off the humid air. However, we found that there is a slow decay component 
extending over tens of seconds, as indicated by a blue dashed box. The origin for the slow 
component associated with the drying process is the length of time it takes for the water 
molecule to escape from the random coil [13,14]. In Fig. 5(b), we plotted the slow component 
in decay time constant (red) as a function of film thickness. The plot of the rise time constant 
(black) is shown together for comparison, which yields ~10 s regardless of the thickness. 
Clearly, the slow decay component increases with silk thickness, implying that it takes more 
time for the water molecule to escape from the thick films. Therefore, for a fast response, it is 
desirable to use the thin fibroin film. For instance, the slow time constant was measured to be 
7.8 s for silkd  = 340 nm, as compared to 52 s for silkd  = 8.1 μm. Surprisingly, the amount of 

the frequency shift was not influenced significantly by the thickness (9.7 GHz for silkd  = 340 

nm, compared to 16.1 GHz for silkd  = 8.1 μm) as shown in Fig. 5(c). The corresponding 

sensitivity value ranges from 0.18 GHz/% to 0.30 GHz/%. This is likely because the effect of 
the water molecule absorption was localized near the surface of the silk film (< 1 μm) over 
the course of our experiment (~1 hr). In addition, the unexpectedly high sensitivity for the 
films with silkd  = 340 nm can be attributed to the humidity-induced increase in the film 

thickness [14]. We also emphasize that the sharp time response was possible because the THz 
metamaterial allows us to use very thin silk layer because its detection volume is strongly 
localized near the surface. Our work will provide very useful information in the development 
and optimization of advanced hybrid humidity sensors and can be extended for the future 
development of advanced biological, chemical, and environmental sensors. 
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3. Conclusion 

In conclusion, we measured the humidity-dependent dielectric constant of silk film by coating 
a small amount of silk fibroin protein onto THz metamaterials. As we deposit the silk film 
onto a metamaterial, the resonant frequency shifts but saturates at a specific thickness (> 10 
μm) due to the limited sensing volume of the metamaterial. From the saturated value, we 
extracted the dielectric constant of silk films, yielding rε  = 4.31 (refractive index of 2.08). 

Importantly, we observed additional resonance shifts when we applied humid air to silk-
coated metamaterials, due to the increased content of water molecules in the film. The 
frequency shift depends linearly on the humidity, reaching rε  = 4.75 at 78% relative 

humidity. The sensitivity in terms of Δf/RH reaches 0.22 GHz/%, with which we are able to 
identify an RH change of ~2.3%. In addition, in situ THz spectroscopy reveals an 
instantaneous time response within our detection limit of a couple of seconds, whereas the 
slowly decaying component appeared when we dried the air. The slow component in the 
drying process reaches 10–50 s, depending on the film thickness; hence, the use of thin silk 
film is critical for the fast time-response. As a result, the hybrid silk-metamaterial sensors 
allow us to develop fast, sensitive, and low-cost humidity sensors. Future investigation is 
required to optimize the devices further by introducing a new design of metamaterials with 
high-Q factors, high-speed THz measurement tools, and potential, by engineering the 
chemical properties of silk fibroin proteins. 
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