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ARTICLE INFO ABSTRACT

Keywords: Wearable sensing technologies are essential for personalized healthcare via continuously monitoring the sur-
uv mﬂf{itoring rounding information. Ultraviolet (UV) light, an important component of solar radiation, is recognized as the
Per?VSkltes main inducement of skin cancers. So far, the use of rigid and costly technologies to fabricate UV sensors still
aael;f:bizcmnge hinders their implementation in wearable and portable electronics. Here we present a wearable UV wristband
Self-powered based on a self-powered flexible perovskite photodetector for real-time UV monitoring. Utilizing a solution-

assisted halide exchange strategy, device based on CH3NH3PbCl; film exhibits excellent UV detection perfor-
mance (high responsivity of 359.03 mA/W, fast rise/fall time of 3.91/4.55 ms), outstanding mechanical
robustness (remaining over 80% of initial performance after 2500 bending cycles), as well as desirable opera-
tional stability (unchanged photoresponse under 500 h of continuous UV light soaking). Integrated with
commercially available soft circuits, this fully flexible sensor system enables round-the-clock probing for UV
radiation indoor and outdoor in conjunction with necessary environmental information, which can be displayed
and recorded on a smartphone, to prevent prolonged UV exposure. The wearable platform not only paves the way
for seamlessly integrated photodetectors, but also enables a wide range of personalized environmental and health
monitoring applications.

1. Introduction

Sunlight is the primary source of light and heat for living beings.
Current evidence indicates ultraviolet (UV) radiation from daily sunlight
plays an instrumental role in vitamin D synthesis within the human body
[1,2]. However, excessive UV exposure is a proven precipitating factor
for sunburn, skin aging, and skin cancer, which is the most common
cancer worldwide [3-6]. The UV spectrum covers the wavelength range
from 100 to 400 nm and can be classified into UVA, UVB, and UVC,
which correspond to wavelength intervals of 315-400 nm, 280-315 nm,
and 100-280 nm, respectively [7,8]. All UVC and ca. 90% of UVB ra-
diation are absorbed when they pass through the atmosphere [9,10].

Therefore, wearable UV sensors with real-time and accurate detection
for the UV radiation composed of UVA with a small portion of UVB are
highly desired to protect us from the potential risk of prolonged UV
exposure.

Recent advances in materials and optoelectronics have enabled the
rapid development of UV sensors. According to the working mechanism,
they can be divided into photochemical materials and photoelectric
materials-based sensors [11]. For example, Lee et al. reported a photo-
cleavable polymer-based UV sensor, which could transform from
transparent to yellow under continuous UV exposure [12]. Shi et al.
developed a soft UV patch with photosensitive patterned dye, which
exhibited different color patterns corresponding to UV light intensity
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[13]. Employing the colorimetric concept, photosensitive
materials-based UV sensors are feasible for portable and wearable UV
dosimeter. However, they can hardly provide real-time UV analysis or
accurate spectrum response. In contrast, UV photodetectors (PDs) based
on conventional inorganic photoelectric semiconductors, such as AlGaN
[14,15], GaN [16], SiC [17], GagOs [18] and other metal oxides
[19-21], often exhibit high responsivity under external bias, while
suffering from relatively slow response time (>1 s) and poor zero-bias
photoresponsivity (< 10 mA/W). Compatibilities between high-quality
inorganic films and soft substrate as well as high-cost manufacturing
pose significant challenges for their further utilization in wearable UV
Sensors.

Emerging halide perovskites with tunable band gap, long carrier
diffusion length, and high absorption coefficient have attracted
tremendous attention over the past decade, exhibiting great potential in
optoelectronic fields [22-27]. In this regard, excellent spectrum selec-
tivity renders perovskites as promising candidates for photodetection
[28,29]. Among lead halide perovskites, lead chloride perovskites
exhibit the widest band gap. As a family member of lead chloride pe-
rovskites, methylammonium lead chloride (MAPbCl3) has a wider band
gap compared with formamidinium lead chloride (FAPbCl;3) and cesium
lead chloride (CsPbClg), which makes it particularly suitable in UV
sensing applications [30-33]. Moreover, MAPbCl3 is thermally stable
and can maintain the cubic phase from ca. —95-200 °C [34]. However,
solution-processed chloride perovskite usually demonstrates poor film
morphology and crystallinity with undesirable pinholes and cracks, due
to its lower formation energy and decomposition temperature,
compared with iodide and bromide counterparts, thus limiting the de-
vice performance [35,36]. Herein, we propose a facile solution-assisted
halide exchanged (SAHE) MAPDCI; film-based UV photodetector with
high responsivity and fast response time without external bias.
Compared with the conventional solution process, MAPbCl; film based
on the SAHE method shows better film morphology and enhanced
crystallinity. As a result, flexible UV PDs demonstrate impressive me-
chanical robustness and multi-environmental operational stability.
Merging flexible sensors with commercially available integrated circuit
technology and flexible printed circuit board (FPCB), we develop a
wearable flexible UV wristband with functions of sensing, signal
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processing, and wireless communication, which can provide real-time
UV monitoring in various conditions.

2. Result and discussion

A facile halide exchange technique was utilized to convert the uni-
form conventional solution processed MAPbBr3 (MAPbBr3-CS) film into
MAPDCI; film, as illustrated in Fig. 1a. Specifically, dense MAPbBr3 was
first fabricated by the conventional solution process. After that,
MAPDBr3; was immersed in saturated MACI solution for halide exchange.
Fig. 1b describes the mechanism for the element diffusion and exchange.
During this process, Br elements in MAPbBr3 were gradually replaced by
Cl elements with the increased immersion time, which was evidenced by
the gradual blue shift of absorption edge and right shift of typical (100)
diffraction peak, extracted from the ultraviolet-visible (UV-vis) ab-
sorption and X-ray diffraction (XRD) spectroscopy (Fig. S1), respec-
tively. As a result, MAPbBr3 shrunk along grain boundaries and was
totally transformed into MAPDbCIl; after halide exchange for 30 min.
Compared with conventional solution-processed MAPbCl; (MAPbCls-
CS) film with massive pinholes and disordered crystallinity, MAPbCl;
fabricated by SAHE method (MAPbCl3-SAHE) exhibited much improved
film morphology and well-aligned grains (Figs. 1c and S2). It is noted
that cracks induced by the crystal shrinkage during halide exchange
mainly distribute near the MAPbCl3-SAHE film surface rather than the
bottom due to the adhesion and confinement of substrate. To further
confirm the total halide replacement in perovskites, we checked the
XRD, UV-vis absorption, and X-ray photoelectron spectroscopy (XPS)
results of three different films. In Fig. 1d, the diffraction peaks at 15.1°
and 30.2° are ascribed to (100) and (200) facets of MAPbBr3 cubic
phase, and shifted to 15.6° and 31.5°, respectively, fitting well with
corresponding facets of MAPbCl3-CS here and MAPbCIl3 cubic phase as
reported before [35,37]. The right shift of diffraction peaks and ordered
peak shape verified the complete conversion from MAPbBr3; to MAPbClg
as well as the superior crystallinity of MAPbCl3-SAHE to that of
MAPDCI;5-CS. According to the XPS result in Fig. S3, no Br signal can be
observed from the Br 3d spectra of MAPbCI3-SAHE film, and the typical
XPS spectra of MAPDCI3-SAHE correspond well with those of
MAPDCI3-CS. Meanwhile, the obvious change of band gaps extracted
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Fig. 1. Solution-assisted halide exchange (SAHE) method for MAPbCl3 deposition. (a) Schematic diagram of the SAHE method and (b) exchange mechanism in the
perovskite film. (c) Photograph and SEM images of MAPbBr5-CS (I, IV) and MAPbCl3-CS (11, V) and MAPbCl3-SAHE (111, VI), respectively. Scale bar, 2 mm for I to III,
2 um for IV to VI. d) XRD spectra. e) Tauc plot for estimating the direct band gap of MAPbBr3-CS (green line), MAPbCl;-CS (black line), and MAPbCl3-SAHE (vi-

olet line).
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from the tauc plot in Fig. le, 2.31 eV for MAPbBr3-CS, 3.04 eV for
MAPbDCI;3-CS and MAPbCIl3-SAHE, respectively, was in congruence with
the photoluminescence (PL) emission peak positions (Fig. S4a). Photo-
electron spectroscopy in the air (PESA) measurement was carried out to
estimate the valence band maximum (VBM) of MAPbBr3-CS and
MAPbDCI3-SAHE to be —5.56 and —5.84 eV (Fig. S4b), thereby providing
clinching evidence for complete chloride substitution.

Based on uniform MAPbCl3-SAHE films, we constructed rigid UV PD
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with the vertical configuration of Glass/ITO/SnOs/MAPbCl3/PTAA/Au
as illustrated in Figs. 2a and S5, in which SnO; acts as electron trans-
porting layer and PTAA serves as hole transporting layer. As shown in
Fig. 2b, suitable energy level alignment between MAPDbCI3 and adjacent
charge transporting layers enables UV PD to be self-powered and work
in photodiode mode. To compare the PD performance of MAPbCl3-SAHE
with that of MAPbCl3-CS, time-domain response under 395 nm light
with the intensity of 0.494 mW/cm? and corresponding dark current of
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Fig. 2. Photoresponse characteristics of the MAPbCl3-SAHE UV photodetector on rigid substrate. (a) Schematic illustration of the rigid device structure. (b) Energy
level alignment of UV photodetector, showing the photogenerated carrier transfer after UV illumination. (c) Time-domain response. (d) Responsivity and specific
detectivity of the rigid photodetector as a function of incident intensity under 395 nm light illumination. (e) Responsivity and EQE of the rigid device as a function of
wavelength with the light intensity of 0.494 mW/cm? (f) Time-dependent on/off switching behavior of rigid photodetector under 395 nm light source with the
intensity of 0.494 mW/cm?. Inset, zoom-in image from 800 to 1000 s. All the tests were performed on unencapsulated devices in ambient environment (at ~23-28 °C
and ~45-55% relative humidity), unless otherwise specified.
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the rigid devices were tested (Fig. S6). The statistics result indicated that
PDs based on MAPDCI3-SAHE exhibited better photoresponse and
smaller dark current (201 + 6 pA) than those of PDs based on MAPbCls-
CS, together with good reproducibility. Semilogarithmic current-volt-
age (I-V) curve of the device under dark and illumination of 395 nm light
with the intensity of 0.494 mW/cm? (Fig. S7a) further verified the
rectifying characteristics and remarkable photocurrent of PD based on
MAPbDCI3-SAHE. Fig. 2¢ demonstrates the time-domain response of the
rigid device under different 395 nm light intensities. As the light in-
tensity changed from 0.18 pW/cm? to 1.765 mW/cm?, photocurrent
increased gradually with high consistency (Fig. S7b). To assess the
performance of UV PD based on MAPbCl3-SAHE film, the critical figure-
of-merit parameters, including responsivity (R;), specific detectivity
(D*), external quantum efficiency (EQE) have been evaluated, which can
be defined by the following equations, respectively.

~ Jiigt — Jaark

R; = P (@]
R,

. 2

V2ed gark @
R;h

EQE = "¢ 3
el

Specifically, R; represents the device response to the incident light
under certain wavelength, in which Jjight, Jdark, Pin, and 1 are the
photocurrent density, dark current density, incident light intensity, and
excitation wavelength. D* reflects the weakest light that the device can
detect, which can be simplified as abovementioned since the shot noise
mainly contributes to the dark current at room temperature [23,38,39].
EQE describes the conversion efficiency from photons to electrons,
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where h, c, and e are the Planck’s constant, light speed, and elementary
charge, respectively. A maximum R, of 359.03 mA/W was obtained at
0 V under 395 nm light illumination with the intensity of 0.18 pW/cm?,
as shown in Fig. 2d. Owing to the low dark current in the n-i-p device
structure, the corresponding D* reached up to 7.95 x 102 Jones. As the
light intensity increases, R; shows a descending trend, which is attrib-
uted to the fitted relationship of I«P%;°® between photogenerated current
and incident light intensity (Fig. S7b). Plotting R and EQE versus light
wavelength, we identified the cut-off response wavelength of 420 nm.
Since R), declined rapidly over the wavelength of 400 nm, UV detector
exhibited visible-blind property. To explore the photoresponse dynamic
stability, time-dependent on/off switching behavior was tracked under
395 nm light (0.494 mW/cm?) for over 2000 s. The unchanged current
after thousands of switching cycles implied the outstanding operational
stability of UV PDs. The response time (rise time/fall time) of UV PD
under 395 nm light with the intensity of 0.494 mW/cm? calculated from
the transient photoresponse test (Fig. S7c) were 3.91 and 4.55 ms,
respectively. It is worth mentioning that UV PD based on MAPbCl3--
SAHE film exhibited competitive detection performance compared with
those based on MAPbCl3 with other fabrication processes or based on
other perovskite materials, as summarized in Table S1.

The low-temperature process of MAPbCl3-SAHE enables its feasi-
bility for flexible UV PDs. To further verify the properties of MAPbCls-
SAHE in flexible devices, related photoresponse performance was
characterized by replacing ITO glass with ITO/PET substrate. As illus-
trated in Figs. 3a and b, flexible UV PD based on MAPbCI3-SAHE pre-
sented clear and continuous interface, which did promote the interface
contact and enhance the charge transfer. Similar to the rigid device,
flexible UV PD exhibited well-consistent photoresponse with increased
incident light intensity (Fig. 3c), thus achieving a champion R; of
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Fig. 3. Photoresponse characteristics of flexible MAPbCl3-SAHE UV photodetector. (a) Schematic illustration of flexible device architecture. (b) Cross-section SEM
image of the flexible device. Scale bar, 100 nm. (c) Time-domain response. (d) Photocurrent and responsivity of the flexible photodetector as a function of incident
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63.08 mA/W at 395nm light illumination with the intensity of
0.089 mW/cm?. As plotted in Fig. 3d, with the enhanced UV light in-
tensity, photocurrent of flexible UV PD increased continuously following
the same formula of IocP?,;93 to that of the rigid device, which further
evidenced the outstanding consistency and reproductivity of both rigid
and flexible UV PDs. Considering the poorer transparency of ITO/PET
than those of ITO glass in the UV wavelength range, it is promising to
further improve the performance of flexible UV PD by employing better
substrates. Noted that our UV PDs on rigid and flexible substrates
already showed superior performance compared with other types of self-
powered UV-PDs (Table S2).

To evaluate the multi-robustness of flexible UV PDs for promising
applications in wearable UV sensors, we inspected the stability of flex-
ible UV PDs from various aspects. Fig. 4a depicts the mechanical sta-
bility of flexible devices under different bending radius for 50 cycles by
attaching the device onto cylinders. When the bending radius reduced to
less than 4 mm, flexible UV PD retained less than 90% of its original
photoresponsivity, implying the slight mechanical damage of the ITO/
PET substrate. It is noted that the flexible device remained over 70% of
its initial photoresponse even under the bending radius of 1 mm. As
displayed in Fig. 4b, the bending robustness of the flexible device was
further investigated during sequential 5000 bending cycles with a fixed
bending radius of 7 mm. Surprisingly, photoresponsivity of flexible UV
PD retained more than 81% of its initial value even after 2500 cycles,
which plummeted to 73% when the number of cycles reached up to
5000. We directly tracked the perovskite and device surface morphol-
ogies by optical microscope (Fig. S8) during the bending process. The
cracks in the film formed and enlarged with the increased bending cy-
cles, thus causing the performance degradation, which well agreed with
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previously reported works [40,41]. Assuming the resistance of ITO/PET
substrate remained unchanged under 7 mm bending radius, the high
film quality of MAPbCI3-SAHE as well as the solid interface between
perovskite and neighboring layers simultaneously contributed to the
decent mechanical robustness [42,43]. Besides, the aging properties of
flexible UV PDs under continuous light soaking and after storage in dry
box were monitored. As exhibited in Fig. 4c, the flexible device encap-
sulated by polydimethylsiloxane (PDMS) kept steady current during
500-hour continuous 395 nm UV light soaking. Meanwhile, the unen-
capsulated device stored in dry box retained 96% of its primary value
after 30 days (Fig. 4d). The above findings indicated the excellent
multi-robustness of flexible UV PDs under different operation
conditions.

The flexible UV PDs with respectable detection performance and
great operational stability suggested that they have a promising poten-
tial for wearable real-time UV sensor. Integrated flexible UV PD with
commercial FPCB, we demonstrated a practical wearable UV monitoring
wristband as illustrated in Figs. 5a and b. Noted that our UV PD was well
encapsulated by PDMS after soldered onto FPCB, thus Pb leakage and
potential hazards to users could be effectively prevented [44-46]. We
further estimated the Pb content in the integrated flexible UV PD as
shown in the Table S3. The Pb content inside is calculated to be
37.2 ppm, which is far below the EU RoHS regulation limit of 1000 ppm.
Once the flexible UV PD senses the UV light, the sensing signal will be
transmitted to the integrated-circuit components, which can provide
effective functionalities of signal conditioning, processing, and wireless
communication. Finally, real-time UV radiation data can be displayed
on users’ interfaces and further uploaded to cloud servers (Fig. S9a). In
addition, temperature and relative humidity sensors were installed on
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Round-the-clock UV monitoring by the wearable wristband.

the wristband to facilitate valid evaluation of real-time UV radiation
indoor and outdoor, as illustrated in the system-level block diagram
(Fig. S9b). To verify the working aptitude of wearable UV wristband, it
was employed to monitor real-time UV radiation under different kinds of
light sources as demonstrated in Fig. 5c, e.g., room light, UV lamp, solar
simulator, and natural sunlight, respectively. Through wireless
communication, we can conveniently read and save all these data on the
phone (Video S1). Besides, real-time UV radiation monitoring by UV
wristband was performed on a subject outdoor during the whole day-
time as shown in Fig. 5d, which recorded the real-time UV radiation
variation and duration time. The changing trend agreed well with the
data recorded by the Hong Kong Observatory. Moreover, our fully
flexible UV monitor can be easily integrated into various wearable and
smart scenarios, such as cap, clothes, umbrella, and quadrupedal robot
(Fig. S10), which could be adaptive to different requirements of users.
These results indicated that our perovskite UV monitor could effectively
provide real-time UV exposure data, environmental information (tem-
perature, relative humidity) together with reasonable suggestions to
thwart users from the risk of excessive UV exposure.

Supplementary material related to this article can be found online at
doi:10.1016/j.nanoen.2022.107516.

3. Conclusion

In summary, we utilized a facile solution-assisted halide exchange
method to fabricate rigid and flexible UV photodetectors based on high-
quality MAPbCl; films. UV PDs based MAPbCl3-SAHE films exhibited
excellent photoresponsivity (359.03 mA/W), respectable specific
detectivity (7.95 x 102 Jones), and fast response time of rise and fall
(3.91 and 4.55 ms) under self-powered operation mode. Owing to the
high film morphological quality and crystallinity, flexible UV PDs
exhibited impressive mechanical robustness and operational stability.

Merging flexible UV sensors with commercially available integrated
circuits on a home built FPCB, we realized a wearable UV wristband for
real-time UV radiation monitoring indoor and outdoor. The fully flexible
system can be expediently integrated with other portable and wearable
sensors for all-round real-time environment parameter monitoring.

4. Experimental section
4.1. Materials

Methylammonium bromide (MABr, 99.99%), methylammonium
chloride (MACI, 99%) were purchased from Greatcell Solar Materials.
Lead bromide (PbBrs, 99.999%, trace metals basis), lead chloride
(99.999%, trace metals basis), dimethyl sulfoxide (DMSO, anhydrous,
99.9%), dimethylformamide (DMF, anhydrous, 99.8%), isopropanol
(IPA, anhydrous, 99.5%) were bought from Sigma Aldrich. Tin (IV)
oxide nanoparticles (15% in HyO colloidal dispersion) and chloroben-
zene (Spectrophotometric Grade, 99.9%) were purchased from Alfa
Aesar. Poly(triarylamine) (PTAA, M, = 15000-25000) was purchased
from Xi’an Polymer Light Technology Corp. Polydimethylsiloxane
(PDMS) and Sylgard-184 were purchased from Dow Corning. Indium tin
oxide (ITO) coated glasses (7-9 ©/sq) and ITO coated polyethylene
terephthalate (ITO/PET, 8-10 Q /sq) were purchased from Advanced
Election Technology Co., Ltd. All the materials were used as received
without any further purification.

4.2. Precursor preparation

SnO, precursor solution was prepared by diluting 600 pL SnOs
colloidal dispersion in 3 mL HyO and stirred for 5 h. MAPbBr3 perov-
skite precursor solution was prepared by dissolving MABr (1.0 M) and
PbBrs (1.0 M) in anhydrous DMF/DMSO (1/1, v/v) mixture. MAPbCl;3
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perovskite precursor solution was prepared by dissolving MACI (1.0 M)
and PbCl, (1.0 M) in anhydrous DMF/DMSO (1/1, v/v) mixture. The
perovskite precursor solutions were stirred overnight and filtered with a
0.22 pm PTFE-filter before use. MACI solution was prepared by dis-
solving in IPA with the concentration of 7 mg/mL. The PTAA solution
was prepared by dissolving in chlorobenzene with the concentration of
20 mg/mL. Polydimethylsiloxane (PDMS) and Sylgard-184 were mixed
with the weight ratio of 10:1, then the PDMS mixture was stirred for
5 min and pumped for 20 min to eliminate air bubbles.

4.3. Device fabrication

Patterned ITO-coated glasses were cleaned in sequence with deter-
gent, deionized water, ethanol, acetone, and IPA. Patterned ITO/PET
substrates were cleaned with detergent, deionized water, ethanol, and
IPA. Before use, ITO-coated substrates were blown to dry by N, and
exposed to O, plasma for 15 min. The SnO5 precursor solution was spin-
coated at 4000 rpm for 30 s. The substrate was then heated at 125 °C for
40 min and cooled down slowly to room temperature on a hot plate. For
the conventional solution process, perovskite precursor solutions were
spin-coated on the substrate (2000 rpm for 10 s, then 5000 rpm for 20 s)
with quick drop of 150 pL chlorobenzene at 5 s before the end of the
second spinning process. The intermediate film was then annealed at
100 °C for 20 min. For the solution-assisted halide exchange process, the
fresh MAPbBrs film was immersed into as-prepared MACI solution at
room temperature in the glovebox for different time periods, then rinsed
with IPA three times. The as-prepared film was further dried at 70 °C for
10 min to obtain MAPb(Br; _Cly)3 films. Subsequently, the PTAA solu-
tion was spin-coated on the perovskite film at 3000 rpm for 30 s. Finally,
a 70 nm thick gold electrode was deposited by thermal evaporation.
Devices after wire bonding were packaged by PDMS with two strategies.
One is that we immersed devices into PDMS, the other is that we
dropped the PDMS onto devices. These devices with PDMS were heated
on hot plate at 60 °C for 1 h, and then kept in dry box for 12 h.

4.4. Characterization and measurements

To characterize the sample morphologies, field-emission scanning
electron microscopy (JSM-7100F, JEOL) and focus ion beam (Helios G4
UX DualBeam FIB/SEM, FEI) were deployed. Ultraviolet-visible
(UV-vis) absorption spectra were recorded on a Lambda 950 spectro-
photometer (PerkinElmer) at room temperature. Steady-state PL mea-
surements were carried out on an Edinburgh FS5 fluorescence
spectrometer. The photoelectron spectroscopy in the air (PESA) was
performed with the AC-2 PESA instrument (AC-2, RKI Instruments),
combining an open counter with a UV source to position the valence
band. X-ray diffraction (XRD) patterns were obtained by employing a
PANalytical X-ray Diffractometer (X'pert Pro). The X-ray photoelectron
spectra (XPS) were tested on the PHI 5000 Versaprobe III spectrometer
(ULVAC-PHI). The current-time curves and current-voltage curves of
devices were measured by Keithley 2450 source-meter, and a mono-
chromatic xenon lamp source with tunable light intensity was used as a
light source. The light intensity was calibrated with an optical power
meter (Thorlabs, PM100D). An additional chopper was utilized to chop
light into square wave optical signals with different frequencies. The
active area for UV PD is 0.03 cm. Flexible UV PD was stuck on flat
substrate to conduct the measurement after bent for different cycles. All
the optoelectronic measurements were performed in ambient environ-
ment (at ~23-28 °C and ~45-55% relative humidity).

4.5. Wearable UV monitoring system

As schematically illustrated in Fig. S9a, ESP32-C3 (Espressif) mi-
crocontroller was used for signal acquirement, conditioning, and pro-
cessing by its built-in 12 bit analog-to-digital converter (ADC), which
also supported Bluetooth 5 (LE, Espressif) wireless communication with
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tiny surface mounted ceramic antenna. The transimpedance amplifier
and 2nd order low pass filter with 10 Hz cut-off frequency, which were
built with high precision and low power consumption operational
amplifier OPA376 (Texas Instruments), were applied to convert and
preprocess analog signal from flexible UV PD. Commercial sensor
HDC1080 (Texas Instruments) was employed for temperature and hu-
midity monitoring. A 4.2 V 300mAh rechargeable lithium-ion polymer
battery was used as a power supply. UV intensity was evaluated with UV
index, which was classified into five levels with different color coding
according to Global Solar UV Index: A Practical Guide published by World
Health Organization. To visualize real-time UV index, a mobile Android
Application was developed with Qt for Android platform, through which
UV exposure could be recorded and further uploaded to cloud servers.
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