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Abstract Humidity sensing plays an important role in the professiona | eld and our daily life, such as
chemical preparation process, environmental monitoring, and food storage. Herein, a wearable humidity
sensor is designed based on a exible plasmonic random laser. The random laser-based humidity sensor
is fabricated by transferring an ultrathin light-emitting polymer membrane doped with silver nanoparticles
onto the humidity-sensitive PEDOT:PSS Im. Under optical p umping, random lasing with low-threshold
is achieved, assisted by the strong plasmonic feedback of th e silver nanoparticles. The random laser-based
humidity sensor exhibits a good linear response with a coec ient of 0.997. Comparing with the emission
intensity at initial relative humidity (RH) (34.8%), the pe ak intensity increases 5.5 times at an RH value
of 93.5%. This phenomenon mainly results from the ambient hu midity-sensitive relative refractive index
di erence between polymer membrane and PEDOT:PSS Im. The r  andom laser-based humidity sensor is
exible and nontoxic, which can be transplanted easily to ac  hieve wearable laser devices.
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1 Introduction

Random laser is one of the most exciting developments in the past sexal decades, which can be achieved
in various disordered systems by introducing gain. For random lases, light is localized in an amplifying
disordered medium attributed to the multiple scattering process fl{ 3]. Owing to the superior charac-
teristics including, exible design, easy preparation, small size and la cost [4{ 7], random lasers have
opened up new opportunities for the elds of speckle-free imaging8{ 10], illumination [ 11], integrated
devices 2], medical treatment [13], and sensing 14{18]. In recent years, random lasers have been ap-
plied for sensing the pH values 15|, biomolecule [L6], temperature [17], and bone tissue with nanoscale
change [L8]. However, random laser-based humidity sensors have been rarefgported.

Humidity is an important indicator to characterize the surrounding e nvironment in technology and
daily life. Up to now, some types of optical humidity sensors 1 26] have been explored, such as ber-
based sensorsif¥{21], FP cavity-based [22], microdisk resonator-based sensor228, 24], and plasmonic
photonic nanostructures-based sensor®p]. Nevertheless, all these sensors need complex preparation and
high cost, which hinders their further application. It is necessary o achieve humidity sensors based on
random laser for better exibility and lower cost.

In this study, a plasmonic random laser-based humidity sensor (PRHS) is designed, fabricated, and
demonstrated. The random laser is composed of the ultra-thin gainlayer with silver nanoparticles,
humidity-sensitive layer and exible substrate. The random lasing adion with low-threshold is achieved
owing to the strong plasmonic feedback of the silver nanoparticlesThe emission intensity of the proposed
structure varies linearly to the ambient humidity, showing good responsivity. Further, we transplant the
random laser-based sensor onto di erent targets, demonstrang excellent humidity sensing performance.
The proposed structure can be used as wearable humidity sensors
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Figure 1 (Color online) Schematic illustration of the fabrication p rocess of the PRLHS.

2 Experiments
2.1 Fabrication of PRLHS

A plastic cling wrap Im with a thickness of 0.25 mm (Miaojie PE Im) is cut int o pieces with 22 mm
in length and 22 mm in width. As shown in Figure 1, one piece of PE Im is chosen to attach tightly
and atly on the glass substrate (20 mm 20 mm 1 mm). To improve its hydrophilicity, the surface
of the PE Im is treated with O , plasma for 90 s at a power of 25 W (Plasma Cleaner: PDC-32G).
Subsequently, the aqueous PEDOT:PSS dispersion (Innochem: Cl&s pH 1000) is spin-coated on the
plasma-treated PE Im at a speed of 2000 rpm for 30 s, and then drid on the heating plate at 60 C
for 2 min. After drying, the O, plasma is applied for 30 s at the power of 25 W on the PEDOT:PSS
surface for spin-coating the second PEDOT:PSS layer as describeabove. Note that the O, plasma is
used to increase the hydrophilic groups on the surface of PEDOT:PS Im. The interface quality of
the multilayer structure can be improved signi cantly during the mult iple spin-coating process owing
to the enhancement of the hydrophilicity of PEDOT:PSS. Repeatedly the tenth PEDOT:PSS layer is
spin-coated. The multilayer structure of PEDOT:PSS is designed forreducing the mechanical damage
during working [27]. Then, the PE/PEDOT:PSS structure is dried on the heating plate at 60 for 30 min,
forming a humidity-sensitive PE/PEDOT:PSS Im.

The active layer is a typical blue light-emitting polymer (PFO) membran e doped with Ag nanopatrticles,
which is obtained based on our fabrication method previously repored [28]. As shown in Figure 1, PVA
(Polyvinylalcohol, Celanese Chemicals) aqueous solution (40 mg/mL) ispin-coated on a glass substrate
(20mm 20 mm 1 mm) at a speed of 3000 rpm for 30 s, forming a water soluble layer.uBsequently,
a xylen solution of PFO light-emitting polymer (12.5 mg/mL) and Ag nano particles (0.05 mg/mL) is
spin-coated on the PVA layer at a speed of 1500 rpm for 30 s, formon a gain layer with the thickness
of 200 nm. Next, the PVA layer is dissolved by immersing the preparedstructure into deionized water,
achieving a free-standing PFO membrane doped with Ag nanoparticle.

The free-standing active membrane is then transferred onto thePE/PEDOT:PSS composite Im on
the glass substrate. The active membrane is sticking tightly and smothly to the PEDOT:PSS Im
after drying naturally because of surface tension. Finally, the PE/PEDOT:PSS/PFO+Ag NPs PRLHS
is achieved by peeling the plastic cling wrap Im o the glass substrate,as shown in Figurel.

2.2 Characterization and measurement

SEM images are taken with a eld-emission scanning electron microsge (FE-SEM: Hitachi S-4800).
The relative humidity (RH) is controlled using a humidi er and measured in a home-made closed vessel
(P =101.3 KPa, T = 23 ) using a digital temperature/humidity meter (PM6508). Eight value s of RH
ranges of 34.8%, 43.1%, 51.6%, 59.7%, 67.5%, 76.2%, 85% and 93.5%gamerated by controlling the
working time of the humidi er for 0, 5, 20, 40, 60, 90, 120, 150 s, repectively. A frequency-doubled
pulse laser (400 nm, 200 fs, 1 kHz) is used as a pump source and a cjppemeter (Maya 2000 Pro, Ocean
Optics) is used to collect the emission spectra.
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Figure 2 (Color online) (a) Cross section SEM image of the PE/PEDOT:P SS composite Im. Inset: PEDOT:PSS layer at high
magni cation, scalar bar: 2 m. (b) Top-view SEM image of the PRLHS. The orange circles ind icate the Ag NPs. (c) Photograph
of the PRLHS. (d) SEM image of Ag NPs. (e) Extinction spectrum of Ag NPs, PL spectra of PRLHS with/without Ag NPs. The
violet dash line denotes the wavelength of the pump source (4 00 nm, 200 fs, 1 kHz).

3 Results and discussion

Figure 2(a) shows the cross section of the PE/PEDOT:PSS composite Im, indcating the thickness of
multilayer PEDOT:PSS is about 3 m. The active layer is smoothly attached onto the PEDOT:PSS
Im, and the Ag NPs are distributed randomly in the PFO membrane, which can be seen in Figure2(b)
and (c). The Ag NPs have a uniform size with a diameter around 100 nmas shown in Figure 2(d).
Figure 2(e) shows the extinction spectrum of Ag NPs and the uorescencespectra of PFO with/without
Ag NPs. The plasmonic resonance peak of Ag NPs overlaps with bothhe uorescence peak of the PFO
and the pump wavelength, which can provide enhancement of excition and emission simultaneously 9],
as shown in Figure2(e).

Random lasing action is demonstrated in Figure3. Figure 3(a) shows the emission spectra of PRLHS
at di erent pump energy densities. With the increase of the pump erergy density, the emission spectrum
is changing from the typical uorescent characteristics to randam lasing performances. Figure3(b) shows
the curves of the emission intensity and the full width at half maximum (FWHM) at the wavelength
of 448 nm and the pump energy density. The FWHM decreases from6L.nm to around 4 nm. The
threshold behavior is observed obviously, showing the threshold aund 13.1 J/cm?2. The low threshold
is mainly attributed to the plasmonic enhancement of Ag nanopatrticles and the waveguide e ect of the
active layer. On basis of the low threshold and spectral behavior, @ can conclude the onset of random
lasing action [30, 31].

The inuence of the RH on lasing performances of PRLHS is studied bycontrolling the RH values.
The corresponding emission spectra are collected, as shown in Figué(a). In the experiment, the pump
power is xed during the spectroscopic measurement. For the prposed incoherent random laser, the
emission is very stable. At low RH values, the random lasing spectrum i®bserved with weak peak in-
tensity. As the RH value increases, the emission peak intensity inci@ses signi cantly. Figure 4(b) shows
the corresponding emission peak intensities of PRLHS varying with tle RH values, which exhibit a linear
relationship with a coe cient ( R?) of 0.997. Besides, the emission intensity changes within severalse
onds after absorbing water vapor owing to the exceptional humidiy sensitivity of the PEDOT:PSS layer.
Whereas, the emission peak intensity in the sample without PEDOT:PSSayer is almost unchanged with
the RH value changes, as shown in Figurel(b). These results indicate the humidity sensing e ect in
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Figure 3 (Color online) Random lasing actions in the random laser-ba sed humidity sensor at original RH (34.8%). (a) Emission
spectra at di erent pump energy densities. (b) Emission int ensity (black spheres) and the linewidth (blue spheres) as a function of
the pump energy density.
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Figure 4 (Color online) (a) The emission spectra of the PRLHS at dier ent humidi es under the pump energy density of
15.1  Jlem 2 (Npepotpss = 1.49). (b) Peak intensities of emission spectra in PRLHS an d reference substance with/without
PEDOT:PSS layer vary with the RH values. The spheres are the e xperimental data, and the dashed line is the corresponding
linearly tted curve. (c) Electric eld distributions at th e interface of PFO layer and air layer. Inset: the electric e Id distribution
of the corresponding PE/PEDOT:PSS/PFO structure at 448 nm. (d) The electric eld intensity ( EE,FO_A" ) at the interface of
PFO layer and air layer varies with the refractive index of PE DOT:PSS layer ( NnpepoT:pss =1:35 1:49).

PRLHS resulted from the PEDOT:PSS layer R7]. In our experiment, temperature disturbance induced
by pumping and evaporating process may a ect the sensor intensit However, the sample is pumped by
a femtosecond pulse laser for a short time. Besides, water vapovaporates relatively slowly owing to the
sample in the hermetic room. The temperature changes in a small rage, contributing to slight changes
of the output light intensity in the composite Im humidity sensor [ 32]. Therefore, the temperature dis-
turbance can be ignored in our experiment. However, for practichapplications, temperature calibration
should be included. One of the possible temperature compensationethods is to simultaneously measure
RH concentration and temperature with cascaded sensors. Onesmsor is used to sense the temperature
and humidity simultaneously. The other same sensor is encapsulateth sense the temperature only.
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Figure 5 (Color online) The repeatability of PRLHS after several wet ting and drying cycles. (a) Reversibility of the sample
between RH 67.5% and 76.2% ( P = 101.3 KPa, T =23 C). Inset: Images of the sample before - and after - wetting and drying
cycles. (b) Peak intensities of emission spectra in the samp le as a function of RH values. The blue dots denote the experim ental
data. The blue dashed line corresponds to its linear relatio nship. Inset: The time response of the sample at three RH valu es for

calculating the p in the experiment.

The sensitivity (S) of PRLHS is de ned as

|=|0_
RH ' @)

wherel g is the emission peak intensity at the original humidity, | is the change in emission peak intensity
and RH is the corresponding variety in RH. The sensitivity is calculate d to be 7.5/RH. Further, the
limit of detection (LOD) of our proposed humidity sensor is calculated according to

LOD =3 :3 p=b; )

S =

where b is the slope of the peak intensity versus RH curve, as shown in Figuré(b). p is the standard
deviation of the emission intensity [33,34]. According to the inset image in Figure 5(b), p can be
calculated as 13.05 a.u. Therefore, the LOD is calculated as 1.41% RH iour experiment.

The repeatability of the PRLHS is a crucial parameter for the humidity sensor. The reversibility of the
sample between RH 34.8% and 93.5% is presented in FiguBa), indicating the good reversibility with a
short response time (few seconds). However, the recovery time long for few minutes because the water
vapor evaporates relatively slowly in our experiment. The inset image in Figure 5(a) show the images
of the sample before- and after - wetting and drying cycles. There are some wrinkles on the sample
after wetting and drying cycles, which have little in uence on the lasing performance. Figure5(b) shows
the emission peak intensities varying with the RH values in the sample a@ér wetting and drying cycles.
Obviously, it follows a linear relationship (blue dashed line), which overlgs with the linearly tted curve
of the original sample in Figure 4(b).

In the process of water absorption, the e ective refractive index of PEDOT:PSS layer is decreasing,
which leads to the higher refractive index di erence between the hmidity layer and active layer. The
higher refractive index di erence contributes to the stronger optical feedback in the active cavity and the
lower lasing threshold. Therefore, the emission peak intensity in PRHS becomes stronger as the refrac-
tive index of PEDOT:PSS layer decreases. Furthermore, the electc eld pattern of PE/PEDOT:PSS/PFO
structure is simulated using the nite element method in COMSOL, as shown in the inset of Figure 4(c).
Here, the non-periodic boundary is added to avoid boundary condibns interfering with evanescent elds.
The refractive index of the PFO is 1.85. The electric eld distribution curves at the interface of PFO
layer and air layer at di erent refractive indexes of PEDOT:PSS layer are extracted, indicating that the
stronger electric eld intensity obtained in PEDOT:PSS layer with lower refractive index, as shown in
Figure 4(d). Besides, in the water volatilization process, the emission peak iensity decreases to the
original state. All the results indicate the emission intensity of random lasing in PRLHS is sensitive to
the RH, which provides a new way for humidity sensing.

In recent years, wearable device has attracted much attention @sing from their potential application
in healthy and motion data monitoring [35,36]. The proposed PRLHS is exible and nontoxic, which
can be applied as a humidity sensor and wearable laser device. We traplant the PRLHS onto an apple
slice after one hour and 48 hours standing, as shown in Figure&a) and (b).
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Figure 6 (Color online) The exibility and wearability of the propos ed PRLHS. Water content sensor attached on (a) the wrinkle
apple slice and (b) fresh apple slice. (c) The corresponding emission spectra of PRLHS on wrinkle/fresh apple slices. (d ) PRLHS
attached on the mask. (e) The wearable showing. (f) The emiss ion spectra of PRLHS before/after water spraying on the mask . In
our experiment, the exciting light is perpendicular to the s urface of the sample. The intensity of the laser beam is contr olled by a
variable optical attenuator. The re ected light is collect ed by the spectrometer. The detector is xed at an angle of abo ut 45 to
the sample surface.

The corresponding emission spectra of the PRLHS are shown in Figer6(c). At the same pump energy
density, the emission intensity of the PRLHS on the apple slice with onenour standing is twice as strong
as that on the apple slice after 48 hours standing, indicating the apfe slice with one hour standing is
wetter. Therefore, our proposed PRLHS can be used as sensdiar measuring water content in fruits.
A wearable humidity sensor is achieved by transplanting the PRLHS oto a washable mask, as shown
in Figures 6(d) and (e). In addition, we have studied the in uence of water on the emission intensity
of the proposed wearable PRLHS, as shown in Figuré(f). The experiment result shows the emission
intensity is dramatically enhanced after spraying the water vapor a the mask. It can be attributed to a
lower e ective refractive index of PEDOT:PSS layer caused by a highe value of the ambient RH. This
property can be used for monitoring and evaluating the amount of rspiration.

4 Conclusion

In summary, a PRLHS with the structure of PE/PEDOT:PSS/PFO+Ag nanoparticles is achieved. The
PEDOT:PSS Im and Ag NPs doped PFO membrane act as the humidity-sensitive layer and the laser
layer, respectively. Assisted by the strong plasmonic feedback dhe silver nanoparticles, low threshold
random lasing is observed under optical pumping. The emission interity of PRLHS is increased e ectively
by increasing the RH value, which is resulted from the decrease of threfractive index of PEDOT:PSS
layer during the water absorption process. Finally, we have transfanted the PRLHS onto an apple slice
and a mask, obtaining the food freshness sensors and the weataldaser sensor. We believe that our
proposed PRLHS may promote the practical application of random la&ing in sensors and wearable laser
devices.
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