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Abstract: Wearable smart sensors are considered to be the new generation of personal portable devices for health monitoring.
By attaching to the skin surface, these sensors are closely related to body signals (such as heart rate, blood oxygen saturation,
breath markers, etc.) and ambient signals (such as ultraviolet radiation, inflammable and explosive, toxic and harmful gases),
thus providing new opportunities for human activity monitoring and personal telemedicine care. Here we focus on photodetect-
ors and gas sensors built from metal chalcogenide, which have made great progress in recent years. Firstly, we present an over-
view of healthcare applications based on photodetectors and gas sensors, and discuss the requirement associated with these ap-
plications in detail. We then discuss advantages and properties of solution-processable metal chalcogenides, followed by some
recent achievements in health monitoring with photodetectors and gas sensors based on metal chalcogenides. Last we
present further research directions and challenges to develop an integrated wearable platform for monitoring human activity
and personal healthcare.
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1. Introduction

In the era of artificial intelligence, high quality of lifel"),
environmental pollution? and healthcareB! have aroused
worldwide attention. These are undoubtedly closely related
to human health monitoring. To meet these challenges, re-
searchers are actively seeking solutions and new technolo-
gies to improve the level of human health monitoring!. Regu-
lar monitoring of vital signals helps to establish a baseline of
individual health and alert users to suggest that may require
further medical carel®l. Currently, regular vital signal testing is
generally done using personal health monitoring systems
(e.g., blood oxygen saturation monitors) which are bulky, and
the systems must be set up on users to check his or her condi-
tion. This inconvenience often prevents the recording of daily
health statistics®l. Recently, wearable electronic devices have
attracted great attention due to their long-term human
health monitoring capabilities. Physical, chemical, biological
and environmental conditions can be monitored by employ-
ing varieties of efficient and flexible sensors, thereby redu-
cing human discomfort!’-11, Flexible wearable electronic
sensors may be connected to clothes or even installed dir-
ectly on human skin to monitor human activities in a remote
but more timely manner compared to traditional diagnostic
and medical devicel'Z, Flexible wearable electronic sensing
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devices will transform traditional diagnostic and medical
device innovation through portable, remote and timely
waysl'3],

As one of the potential wearable electronic devices, photo-
detector and gas sensor play an indispensable role in health
monitoring system, such as forecasting alarm and pre-diagnos-
is by tracking specific signals in the environment or from hu-
man body. Owing to their unique properties like electronic
conduction and energy bandgap which are highly program-
mable via a low-temperature processing route, solution-
processable metal chalcogenides emerge as ideal building
blocks for flexible and stretchable photodetectors and gas
sensors. The merits of metal chalcogenides are high sensitiv-
ity and mild preparation in the smart sensor application. Sens-
ing response/sensitivity is the ratio of signal to noise. How-
ever, their demerit is low stability. Herein we reviewed the re-
cent progress of flexible and stretchable sensors for wear-
able healthcare based on solution-processable metal chalco-
genides.

2. Requirements of healthcare monitoring with
photodetectors and gas sensors

2.1. Photodetectors for healthcare monitoring

Sensors are the main way and means for humans to ob-
tain information in the natural and artificial fields. They are
the basic devices of Internet of Things that promote the
acceleration of digital and network to intelligence. As one of
physical sensors, photodetectors can detect light simply
through the change of materials conductivity upon radiation.
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Fig. 1. (Color online) Photodetectors for healthcare monitoring. (a) Schematic illustration of the wearable photodetector as a real-time UV monit-
orl'4, Copyright 2018, Adv Mater. (b) Photographs of a wearable real-time UV sensor in real lifel'4. Copyright 2018, Adv Mater. (c) Comparison
between traditional heart-rate sensor probe (clipped at middle finger) and the wearable photodetector (worn at forefinger)!'3l. Copyright 2014,
Appl Phys Lett. (d) Image of a device laminated on the skin of forehead, with an operating m-ILED (wavelength 650 nm) under room light illu-

mination and in the dark[6l, Copyright 2014, Nat Commun.

In the field of health monitoring, photodetectors for ultravi-
olet radiation monitoring!" (Figs. 1(a) and 1(b)), heart rate
monitoring!'® (Fig. 1(c)) and blood oxygen saturation monitor-
ingl'8! (Fig. 1(d)) have been demonstrated very promising for
practical application.

The ultraviolet rays by the sun are the main source of ultra-
violet radiation in our daily life. Excessive ultraviolet radi-
ation can cause skin wrinkles, aging and relaxation. In addi-
tion, ultraviolet radiation is also considered as the main cause
of skin cancer!'¢l. Ultraviolet light is a general term for the
wavelength of light in the electromagnetic spectrum of
10-400 nm. According to the wavelength classification, ultra-
violet light can be divided into three types: UV-A (320-
400 nm), UV-B (280-320 nm), UV-C (100-280 nm)!'7), Among
them, UV-A is associated with long-term damage of skin cells,
and UV-B causes direct damage to skin cells and causes skin
cancer. UV-C with higher energy cannot reach earth surface
due to barrier of ozone layerl'8l. Therefore, there is great
need for intelligent and highly sensitive photodetectors to
monitor ultraviolet radiation (especially UV-A and UV-B) in
real time and remind human to prevent excessive exposure
to ultraviolet light.

Heart rate, a direct signal of heart health, can reflect per-
son's blood circulation status. Heart rate detection, an irre-
placeable medical physiological indicator in clinical medicine,
occupies an extremely important position in body monitor-
ing. Studies have shown that increased heart rate is one of

the major risk factors for death of patients with cardiovascu-
lar diseasel'd. For people at high risk of cardiovascular dis-
ease, long-term continuous monitoring of heart rate is neces-
sary to establish the first line of defense. Through continu-
ous and accurate ECG monitoring and analysis, timely detec-
tion of abnormal cardiac performance could obtain valuable
visits and intervention time for patients. For another exam-
ple, heart rate monitoring ensures that athletes are trained at
normal training intensity, objectively assessing physical activ-
ity and energy expenditure levels2? and preventing overtrain-
ing2'l, Therefore, there is a need for high performance photo-
detectors that can monitor the heart rate of human body in
real time.

Photodetectors used for the blood oxygen saturation
monitoring have been demonstrated. Oxygen saturation is
the ratio between the concentration of oxygenated (HbO,)
hemoglobin and deoxygenated (Hb) hemoglobin. The satura-
tion of blood oxygen is an important physiological paramet-
er reflecting the function of breathing and circulation. The oxy-
gen saturation value SvO, in venous blood is of important clin-
ical significance, related to the flow of blood to blood tissue
and its metabolic ratel?Z, In addition, the therapeutic effect
can be followed up by detecting blood oxygen. Blood oxy-
gen monitoring is desperately needed in the conditions of
first aid and transshipment, fire emergency, and high alti-
tude flight. In outdoor activities, monitoring blood oxygen sat-
uration can assess the physical condition in real time and ad-
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just the current strength. Therefore, the use of photodetect-
ors for real-time monitoring of human blood oxygen satura-
tion is of great significance.

2.2. Gas sensors for healthcare monitoring

The safety and quality of human life are closely related to
the gas environment. Gas sensor is one of the most effective
ways for real-time monitoring and disaster warning of flam-
mable, explosive and toxic gases in real timel23], Therefore,
gas sensors are of a major need in the field of health monitor-
ing. Exemplary and emerging applications of gas sensors are
summarized, including industrial safety (such as CO,, CO, Os,
H,S, NHs, NO,, SO,, CH,, industrial smog and waste odor), envir-
onmental monitoring (such as NO, SO, CO,, 0s), safety
alarms (such as natural gas, liquefied petroleum gas, gas),
health diagnostics (such as NHs, acetone, VOCs) and other ap-
plication scenarios.

With the development of the petrochemical industry, the
types and applications of flammable, explosive, and toxic
gases have increased. The leakage of these gases in the pro-
cess of production, transportation and use could lead poison-
ing, fire and even explosion accidents, seriously endangering
people’s lives. In the event of a gas leak, appropriate measure-
ment must be taken as soon as possible to reduce the acci-
dent loss to a lower level. This puts high demands on gas de-
tection and monitoring equipment. The development of gas
sensors makes them more and more widely used in industri-
al safety. The environmental problems also have great influ-
ence on our daily life. For example, as one of the toxic and
harmful gases, NO, is one of the main harmful gases re-
leased from automobile exhaust and fossil fuel combustion.
This pollution not only causes serious respiratory problems in
humans, such as pulmonary edema, but also threatens anim-
als, plants and the environment!23 24, SO, is another com-
mon air pollutant and one of the causative factors that
causes damage to vegetation and materialsl?%l. An increase
in CO,[21 concentration causes greenhouse effect, which
leads irreversible climate change. Monitoring of these gases
is becoming a priority area for human health[27-30],

In the fields of domestic gas leakage, coal mine safety, oil
exploration, etc.,, gas sensors are of major need as safety
alarms. Because of its high calorific value, natural gas, a
widely used fuel, produces less smoke and does not cause
much damage to the environment. However, it has serious
leakage risks, which may cause an explosion. Inhalation of
the human body may also cause suffocationB3'. When the gas
content in the air is 5% to 16%, it will cause an explosion
when it encounters fire, which seriously threatens people's
lives. Oil exploration also has the threat of flammable gas.
Therefore, the importance of gas sensors in the field of safety
alarms is self-evident. Moreover, part of the body's metabolic
products can be transported to the lungs via the blood and
enter the exhaled gas by gas exchange into the alveoli. In re-
cent years, exhaled gas detection has received increasing at-
tention as a means of understanding the physiological meta-
bolic processes and disease states of humans. It is a non-invas-
ive disease diagnosis that compares to the concentration of
respiratory biomarkers in healthy people to determine health
statusB2.

Table 1 lists some of the gas markers used for respirat-
ory testing, which can reflect certain physiological and patho-
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Table 1. Respiratory gas markers and pathology.

Exhaled gas marker lliness Reference

Pentane Acute asthma, acute [33,34]
myocardial infarction

Isoprene Cancer [35]

Acetone Diabetes [36]

NO, Lung inflammation [37]

NH3 Kidney disease or ulcer [38]

logical conditions of human body. Olopade et al.33! reported
that in acute asthma patients, the content of pentane in the
exhaled breath was significantly higher than the normal popu-
lation. Another study confirmed that the pentane content
would follow the acute myocardium changes in the forma-
tion of infarctionB4. Salerno-Kennedy described the associ-
ation of isoprene with cancer in his review!3>l. Dong et al.[30! re-
ported that patients with diabetes were of significantly high-
er levels of acetone in their exhaled breath. The presence of
nitric oxide in the breath above 50 ppb could indicate respirat-
ory inflammationB2, such as asthma attacks. Ammonia is in
the ppb range in exhaled gases of healthy individuals, but for
people with kidney disease or failure, ammonia exhaled con-
centrations can reach the ppm rangel371,

3. Solution-processed metal chalcogenides

In recent years, metal chalcogenides have been widely
used in flexible wearable electronic devices. Common metal
chalcogenides include PbS, PbSe, CdS, CdSe, HgTe, MoS,,
Bi,S; and so on. These materials could be synthesized by solu-
tion process. In the solution synthesis system, the solution
and surfactant are reasonably selected based on different tar-
get metal chalcogenides, and the nucleation and growth pro-
cess of the product can be controlled by adjusting paramet-
ers such as reaction temperature and reaction timeB, In addi-
tion, the solution method does not involve severe reaction
conditions (e.g., high temperature, high pressure) and a large
number of products, thus avoiding material deactivation, de-
terioration or even degradation of material properties due to
the collapse of nanostructures.

3.1. Solution-processed synthesis

The widespread use of metal chalcogenides has be-
nefited from the synthesis of nanostructured materials of
different sizes and new forms. When the size of metal chalco-
genides is reduced to the nanometer scale, new physical and
chemical properties occur in well-known quantum size ef-
fects0l, In addition, nanostructured metal chalcogenides
provide greater specific surface areal*'-42, In Table 2, we sum-
marize some solution-processed metal chalcogenides.

Quite a few journals have been published on the synthes-
is of metal chalcogenides with nanostructures. Liu et alB3%
synthesized ultra-small PbS QDs by thermal injection and
sprayed them on alumina substrate at room temperature.
Fig. 2(a) clearly shows PbS QDs with uniform distribution and
approximately spherical particles, and the surface spacing of
0.343 and 0.297 nm corresponds to (111) and (200) crystal sur-
faces, respectively. Franky et al#3! synthesized PbSe nanocrys-
tals in solution for near infrared photodetectors. Fig. 2(b)
shows that the absorption spectrum can be adjusted to a
wide wavelength range of 1800 nm by changing the grain
size of PbSe. Jena et al*¥ used solution-liquid-solid (SLS)“>!
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Table 2. Methods of synthesis of some metal chalcogenides.

Materials Morphology structure Synthetic method Reference
PbS QDs Hot-injection method [30]
PbS QDs Cation exchange method [61]
PbSe Nanocrystalline Solution method [43]
CdSe Nanowires Solution-Liquid-Solid method [44]
CdSe-CdS Core-shell QDs Solution method [62]
Bi,S; Nanorods Solution method [46]
Bi,S; Nanobelts Hydrothermal method [63]
HgTe QDs Solution method [47]
ZnS Nanocrystalline Solution method [48]
ZnS Nanowires Solvent hot method [64]
Ag,Se Nanowires Solution method [49]
Ag,Se Nanocrystalline Cation exchange method [65]
Fe;Sg Nanocrystalline Single-source precursor method [66]
MoS, Nanosheets Liquid exfoliation method [59]
WS, Nanosheets Liquid exfoliation method [59]
WS, Nanosheets Sulfidation-induced method [61]
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Fig. 2. (Color online) Some solution-processed metal chalcogenides. (a) HRTEM of PbS CQDs3%. Copyright 2016, Thin Solid Films. (b) Typical ab-
sorption spectra of PbSe Nanocrystal from different sizes and TEM image of PbSel*3l. Copyright 2011, Adv Funct Mater. (c) TEM image of solution-
synthesized CdSe NWs, with (inset) an AFM image of a network of such NWs formed on a SiO,/Si substrate®4l. Copyright 2007, Nano Lett. (d) SEM
images of Bi,S; Nanorods!“€l, Copyright 2017, J Photochem Photobiol A. (e) TEM image of HgTe CQDs with an absorption onset at 5 mm. Scale
bar, 100 nm7], Copyright 2011, Nature Photonics. (f) TEM image of 5 nm quasi-spherical ZnS nanocrystalsl“8l, Copyright 2005, J Am Chem Soc.
(g) SEM of Ag,Sel 9. Copyright 2001, J Am Chem Soc. (h) TEM of MoS, nanosheets!>9. Copyright 2011, Science. (i) TEM of WS, nanosheets!>9l,

Copyright 2011, Science.

method to grow CdSe nanowires (Fig. 2(c)). The benefits of
using SLS include: higher CdSe nanowire yield, lower synthes-
is temperature (< 400 °C) and prevention of potential oxide
formation. Kim et all*0! successfully prepared Bi,S; thin film
from bismuth chloride and thioacetamide solution by solu-

tion treatment method and provided a convenient, economic-
al and large-scale method for the production of Bi,S; nanor-
ods as shown in Fig. 2(d). Philippe et al#”! synthesized HgTe
QDs by solution method (Fig. 2(e)). The final particle size of
HgTe depends on the flask temperature when the Hg precurs-
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Fig. 3. (Color online) (a) Absorption spectra of PbS CQD film and response curves of the sensor to NO, of different concentrations(3% 671, Copy-
right 2014, Adv Mater. (b) Performance of Bi,S; nanowire sensor®8l, Copyright 2008, J Phys Chem. (c) PbS QDs infrared photodetectors and
photovoltaics79. Copyright 2005, Nat Mater. (d) Dark current-voltage, responsivity and measured detectivity characteristics of PbSe nanocrystal

photodetectors!*3l, Copyright 2011, Adv Funct Mater.

or is injected. As the reaction temperature increases, the reac-
tion rate increases and the final product particles are larger.
Taeghwan et al*8! synthesized quantum-sized ZnS nanocrys-
tals with quasi-spherical and nanorod shapes through an
aging reaction mixture containing diethyl zinc, sulfur, and
amine (Fig. 2(f)). Xia et al9! first reported that the single crys-
tal Ag,Se nanowires were obtained by the reaction of tri-
angle Se (t-Se) nanowires with AgNO; solution at room tem-
perature (Fig. 2(g)). This template reaction can spread to oth-
er synthesis systems.

In addition, 2D transition metal sulfides (TMDs) because
of the special band structure, semiconductor or superconduct-
ing properties and excellent mechanical properties30-56,
TMD consists of a hexagon metallic atom layer (M) and a chal-
cogen atom (X) sandwiched between two layers of chalco-
gen atoms (MX,). Although the bonding within these three lay-
ers is covalent, adjacent sheets are stacked on top of each oth-
er through van der Waals interactions to form 3D crystals.
TMD occurs in more than 40 different typesl>”. 58], depending
on the combination of chalcogen (S, Se, or Te) and transition
metals (Mo, W, etc.). Jonathan et al5% dispersed the layered
compounds of MoS,, WS, effectively in ordinary solvents by us-
ing a liquid exfoliation method and scaled up the test dose
to synthesize a large number of materials (Figs. 2(h) and 2(i)).
Cheon et a9 reported a vulcanization-induced shape trans-
formation process by using one-dimensional W;3g0,9 nanor-
ods to manufacture 2D WS, nanocrystals. The obtained single
2D WS, nanocrystals can be further assembled by van der
Waals force to form multilayer superimposed nanocrystals.
However, limited by the size of nanorods, the lateral size of
WS, nanocrystals is less than 100 nm.

3.2. Gas-sensitive and photon-sensitive characteristics

Several metal chalcogenide compounds have been selec-
ted for analysis of their properties, including photoelectric
and gas-sensitive properties. Liu et alB% 671 synthesized PbS
QDs by solution method and successfully removed the sur-
face oleic acid long chain ligands by sodium nitrite inorganic
salt solution at room temperature, enhancing the gas adsorp-
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tion activity of QDs. Through controlling synthesis of PbS
QDs, sulfur vacancy increased, and active sites for gas adsorp-
tion further increased. Highly sensitive NO, gas sensor was de-
signed and prepared at room temperature. As shown in
Fig. 3(a), six groups of tests were carried out at the concentra-
tion of NO, at 0.5, 2, 5, 10, 30, and 50 ppm, respectively. The
sensor response was approximately linearly dependent on
the concentration of NO, gas within the range of 0.5 to
50 ppm, and the lowest limitation of theoretical detection
was measured at 84 ppb. The response and recovery time of
the sensor were 4 and 52 s (on the PET substrate) respect-
ively, which was the highest level of the NO, room temperat-
ure gas sensor at that time.

Chen et all%8 synthesized Bi,S; nanowires by hydrotherm-
al method and deposited Pt electrodes on a single Bi,S;
nanowire. The sensor has excellent H, sensing performance
and can detect H, at 10 ppm at room temperature (in N, atmo-
sphere) with a sensitivity of 22% (Fig. 3(b)). The sensing mech-
anism of Bi,S3; nanowires is mainly due to the increase of elec-
tron density, mobility caused by H,, and the diffusion of H, in-
to nanowires. Meanwhile, Pd surface modification on Bi,S;
nanowires further improves the sensor performance.

Jin et all%®! synthesized MoS, nanosheet and Pd nano-
particle composite by solution method for H, detection at
room temperature. The response of the prepared MoS,-Pd
composite sensor is about 10 (for 50 000 ppm H,), and the re-
sponse and recovery time are 40 and 83 s respectively. Com-
pared with pure MoS, sensors, Pd-doped MoS, composite
sensors rely on Pd's catalytic effect on H, to obtain higher sens-
itivity and faster response/recovery time. Recovery time was
further reduced to 28 s by increasing annealing time.

Sargent et all’9 synthesized PbS QDs by solution meth-
od, and the synthesized PbS QDs can adjust the absorption
peak in the range of 800-2000 nm. As shown in Fig. 3(c), the
internal quantum efficiency of PbS QDs photodetector is 3%,
the switching ratio (the ratio of photocurrent to dark current)
is 630, and the maximum response is 3.1 x 103 A/W under
the irradiation of -5 V bias voltage and 975 nm laser. The
photovoltaic response excited at 975 nm results in a maxim-
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Fig. 4. (Color online) (a) Schematic diagram of the device configuration of p-CuZnS/n-TiO, NTAs with Ag contacts!'4. Copyright 2018, Adv Mater.
(b) The on-off switching tests of the fiber-shaped PD at 3 V under 350 nm['4, Copyright 2018, Adv Mater. (c) Heart-rate test of the PbS QD PDs
under red LEDs!">l. Copyright 2014, Appl Phys Lett. (d) and (e) The original heart-rate signal measured through the CAB PDs in the red and in-

frared spectral ranges!'5l. Copyright 2014, Appl Phys Lett.

um open circuit voltage of 0.36 V, a short-circuit current of
350 nA, and an external quantum efficiency of 0.006%. Com-
pared with other results, the internal quantum efficiency of
PbS QD infrared photoconductive detector improves by three
orders of magnitude, and the infrared photovoltaic effect of
this material is observed for the first time.

Franky et ali*3 synthesized PbSe nanocrystals by solu-
tion method. It is found that poly[(9,9 "-dioctylfluorenyl-2,7-
diyl)-co -(4,4'-(N-(4-sec-)diphenylamine)] (TFB) and ZnO, re-
spectively as the electronic barrier layer and cavity barrier lay-
er of PbSe infrared photodetectors, can significantly reduce
the dark current of photodetectors under reverse bias as
shown in Fig. 3(d). Thereby, the detectivity of the devices is
improved up to 10'2 J. At the same time, it is found that ZnO,
as a hole barrier layer of PbSe infrared photodetector, can ef-
fectively increase the stability of the device.

4. Device performance based on metal
chalcogenides

4.1. Photodetectors performance

At present, metal chalcogenides have been reported as
photodetector materials for ultraviolet and heart rate monitor-
ing. Fang et all' developed a new self-powered p-CuZnS/n-
TiO, ultraviolet photodetector with high performance. The
device structure is shown in Fig. 4(a), including titanium foil,
p-CuZnS/n-TiO, and silver electrode from bottom to top. Pho-
todetector has a responsivity of 2.54 mA/W to 300 nm UV
light at 0 V bias. In addition, by replacing titanium foil with
thin titanium wire for anodizing treatment, the traditional
flat rigid device is cleverly transformed into a fibrous flexible
and wearable device. The fibrous device displays a responsi-
vity of 640 A/W, an external quantum efficiency of 2.3 x 103,
and a photocurrent of 4 mA at 3 V bias (Fig. 4(b)). This flex-
ible wearable UV photodetector could be used in practical

applications to prevent UV harm on skin. The device's high
sensitivity and light response make it easy to integrate into a
commercial data collector that can not only record the real-
time UV intensity generated by the photocurrent, but also
transmit the data to our smartphones via Wi-Fi. Finally, the
wearable UV photodetector can be worn on the wrist to
monitor the UV radiation in the surrounding environment in
real time. Wi-Fi transmits the monitoring data to the smart-
phone and grades the UV intensity of the surroundings. This
provides an effective, practical and convenient way to pro-
tect UV alarms from excessive exposure.

Based on PbS QDs and multi-walled carbon nanotube hy-
brid film materials, wearable photodetectors designed by
Gao et all'l can be used for heart rate detection (Fig. 4(c)).
Based on the high sensitivity of PbS QDs and conductive and
mechanical properties of MWCNTs, the photodetector shows
responsivity and detectivity of 583 mA/W and 3.25 x 1072 J,
and can bear a large number of cycle (at least 10 000 times)
and wide angle bending (up to 80 times). In addition, wear-
able PbS QDs photodetectors are used to measure heart
rates in the infrared and near infrared (NIR) range. The out-
put signal can clearly show the patients' heart rate change.
Measurements in red (Fig. 4(d)) and infrared (Fig. 4(e)) clearly
show pulse characteristics including heart rate, systole, dia-
stole, and pulse wave reflection. Compared with traditional
heart rate sensor, PbS QDs/MWCNT photodetectors have smal-
ler size, superior photoelectric performance and wider re-
sponse spectrum. In the future, there will be better develop-
ment and application prospects in the field of health monitor-
ing (heart rate).

4.2. Gas sensors performance

Gas sensor has been widely used in flammable, explos-
ive, toxic and harmful gas detection, environmental monitor-
ing, security alarm and other fields as an indispensable part.
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Fig. 5. (Color online) (a) Sensor response plots show percentile resistance change versus time of the MoS, film with a bias voltage of 0.5 V, upon
consequent NH; exposures from 2 to 30 ppm(7l. Copyright 2013, Adv Mater. (b) Gas response (%) versus time of n-CdS/p-polyaniline hetero-
junction at a fixed voltage of 2 V and at a concentration of 1040 ppm LPG72, Copyright 2010, Sens Actuators B. (c) Gas sensor device attached on
the finger joint with “paper” and “rock” statel’3l. Copyright 2018, ACS Sensors. (d) Real-time sensing curves and sense response toward different
concentrations of NO, at room temperaturel”3l. Copyright 2018, ACS Sensors. (e) Response curves toward 50 ppm of H,S of the sensor at differ-
ent temperatures74l, Copyright 2015, Sens Actuators B. (f) Response-recovery curves of the gas sensor towards 20, 50, 100, and 200 ppm ethan-

ol, respectively”>l. Copyright 2014, RSC Adv.

Different materials can be used according to different gas de-
tection objects. Duesberg et all’!l proposed the gas-phase
growth of MoS, film by chemical vapor deposition (CVD) and
studied its performance as a gas sensor to detect NH;. CVD
produces highly uniform and structured MoS, patterns that
can be directly contacted by electrodes deposited by a shad-
ow mask. The thickness of MoS, film can be changed by chan-
ging the thickness of pre-deposited Mo layer. Fig. 5(a) shows
the response curve of the MoS, gas sensor for 2 to 30 ppm
NH; gas concentrations (the bias is 0.5 V). Since NHs is an elec-
tronic conductor, it has n-doped properties. When a MoS,
film is exposed to NH; in the gaseous state, the MoS, surface
of the adsorbent molecule moves the Fermi energy level to
the conduction band, resulting in a reduction in resistance.
The MoS, gas sensor has a response recovery time of 15 s,
but it cannot be immediately restored at room temperature,
requiring additional thermal assistance. And its detection lim-
it theoretically reaches 300 ppb. MoS, gas sensor has the ad-
vantages of fast response, high sensitivity and low detection
limit. Lokhande et al72 manufactured a liquefied petroleum
gas (LPG) sensor based on n-CdS/polyaniline heterojunction
film using a simple and inexpensive electrodeposition tech-
nique. As shown in Fig. 5(b), when the gas sensor targets at
1040 ppm LPG at fixed voltage of 2 V, the maximum gas re-
sponse can reach 80%, and the response and recovery time
are 105 and 165 s respectively. N-CdS/polyaniline heterojunc-
tion films showed rapid response and recovery characterist-
ics, and high stability to LPG at room temperature. Song
et all73] demonstrated the first fully stretchable gas sensor,
which operated at room temperature with high moisture resist-
ance stability. They created a crumpled PbS QD sensing layer
on an elastomer substrate with flexible graphene as the elec-
trode. The stretchable gas sensor showed great response to
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NO, at room temperature, good tensile properties and good
deformation. By controlling the prestrain of the flexible sub-
strate, the NO, response was improved by 5.8 times at room
temperature, and the ideal tensile property was achieved
even under 1000 times of tensile/relaxation cycle deforma-
tion (Fig. 5(c)). The uniform wavy structure of the crumpled
QD gas sensitive layer could improve the resistance to mois-
ture interference. The sensor response increased with the in-
crease of NO, gas concentration, with a saturation trend in
the range of 1-150 ppm (Fig. 5(d)). Li et all’¥ demonstrated a
highly sensitive and selective H,S gas sensor based on PbS
QDs. Sensor resistance decreases with H,S gas exposure. As
the operating temperature increases in the range of 50-
135 °C, the sensor response increases, while the response and
recovery time decreases. When detecting 50 ppm H,S gas,
the sensor can fully recover at 108 °C and obtain the highest
response of 2389 at 135 °C (Fig. 5(e)), with response and recov-
ery time of 54 and 237 s respectively. The dependence of
sensor response on H,S gas concentration in the range of
10-50 ppm is linear. When the temperature is 135 °C, the
theoretical detection limit can be calculated to be 17 ppb,
and it has a good selectivity to H,S gas at the rising temperat-
ure (little cross sensitivity to SO,, NO, and NHs). Chen et all’!
synthesized one-dimensional single crystal CdS nanowires by
solvent thermal method and used them as active nanomateri-
al to detect ethanol. For the detection of 100 ppm ethanol,
the response and recovery time of the sensor were 0.4 and
0.2 s respectively, much faster than the previously reported.
The sensor has good selectivity to ethanol, little cross-sensitiv-
ity to methanol, formaldehyde, acetone, hydrogen sulfide,
ammonia, carbon monoxide, and benzene. Fig. 5(f) shows the
recovery curve of the gas sensor response to different concen-
trations of ethanol (20, 50, 100, and 200 ppm). The response

......
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of the gas sensor increases with the increase of ethanol con-
centration.

5. Conclusion

In this review, we highlight the need of wearable photo-
detectors and gas sensors for health monitoring in real time.
Flexible and stretchable wearable electronic devices have
new requirements on sensitive materials, including flexibility,
stretchability, high mechanical properties and high electrical
conductivity. We listed the reported materials used in wear-
able electronic devices and analyzed their properties. We fur-
ther proposed the advantages of metal chalcogenides syn-
thesized by solution method, and summarized the synthesis
methods, morphology, photoelectric and gas-sensitive charac-
teristics of some metal chalcogenides at present. Finally,
some photodetectors and gas sensors based on metal chalco-
genides which have been used for health monitoring (includ-
ing ultraviolet radiation, heart rate, toxic and harmful gases,
flammable and explosive gases, etc.) were listed and their per-
formance was analyzed.

There is an urgent need on flexible, stretchable wearable
electronic devices to monitor human activities and personal
health care. However, due to the limitation of materials, the
current wearable electronic devices can’t meet all the require-
ments of practical application. Therefore, the preparation of
highly sensitive wearable electronic devices is still the main po-
tential of future research. In addition, the integration of wear-
able electronic devices with other platforms, such as data stor-
age, data transmission system can further play a huge role on
monitoring human activities and personal health care. But
integrating multiple functional components into wearable
electronics is also a considerable challenge.
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