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The hybrid halide perovskite is one of the promising light absorber and intensively investigated for
many optoelectronic applications. Here, we present the first prototype of self-powered inorganic
halides perovskite for chemical gas sensing at room temperature under visible-light irradiation. These
Ws‘t of porous network of CsPbBr; (CPB) and can generate an open circuit voltage of 0.87
V thder visible-light irradiation, which can be used to detect various concentrations of O, and per
entrations of medically-relevant volatile organic compounds such as acetone and ethanol
lick response and recovery time. It is observed that O, gas can passivate the surface trap
B and the ambipolar charge transport in the perovskite layer results in a distinct sensing
BRI han established semiconductors with symmetric electrical response to both oxidizing and
redsm% ﬁases. The platform of CPB based gas sensor provides new insights for the emerging area of
wearable sensors for personalized and preventive medicine.

sites 1n

The development of wearable devices for the personalized and continuous monitoring of
important ic markers is driving a renaissance in solid-state sensor technologies.[1] In

particular, ysis of the footprint of volatile organic compounds (VOCs) released through the

NUSC

human breath is a powerful approach for the contact-less monitoring and diagnostics of numerous

diseases i iabetes,[2] asthma[3] and breast cancer.[1, 4] A major challenge for the wide

a

spread of these non-invasive medical technologies remains the engineering of

miniatur emical sensors capable to measure trace-concentrations of multiple biomarkers in

M

complex gas mixtures with low power consumption and on-chip integration potential.[5] The search

[

for self-po aterials that responds to small variations in their chemical environment with a

significant their electrical properties at room temperature is a game-changing aim with the

potential to ionize future wearable sensor technologies.[1]

n

Solid-state chegical sensors, based on nanostructured metal oxide semiconductors, are amongst

{

the smalle technology that can be easily integrated in chip without the need of movable

U

and optica nents. Despite numerous advantages, the latter usually rely on relatively high

A
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temperatures (200-500 °C)[6] and an external bias to activate the sensing reactions and signal

transduction.[5, 7] Recently, UV light activation has been utilized to lower the required operation

temperatut ilitating the use of some wide bandgap semiconductors.[8] However, an external
bias and g f potentially harmful UV radiation is still required.[8] Very recently, silicon-

based H/bF! nanowire morphologies have been reported as a successful architecture for self-

powered chemigal sensing demonstrating detection of down to 0.27% of ethanol concentration in
hexane at mperature.[7, 9, 10] In addition to achieving detection of volatile organic
compounds id¥ ppim-ppb concentration, future improvements are required to accelerate the

reIativer;ing kinetics,[7, 10] and simplify the laborious fabrication process[7, 9, 10] of
these pro vices.

FeaturiVCble optical band gap,[11, 12] high carrier mobility and lifetime,[13] low exciton
binding em and a broad absorption range with high extinction coefficient,[15] organic-

inorgani ide perovskites have generated enormous interest as one of the most promising

emerging ligh rbers for optoelectronic applications.[16-20] Recently, to alleviate the limited

stability and environmental sensitivity of organic-inorganic hybrid halides perovskites, inorganic

cations Iik!Cs have been explored as a substitute for the organic cations.[11, 21-24] In particular,

CsPbBr; (CP. ighly photoresponsive material[25] with excellent electron and hole mobility[25,
o

26] that h n better stability[27, 28] and resilience to environmental degradation[29] than

optoelectrgic devices based on organic-inorganic hybrid halide perovskites.

Here, Ck inorganic perovskite was chosen due to its superior stablilty at ambient condition [27,

28] and we repori¥the first use of inorganic halide perovskites for self-powered chemical sensing,

demonstra<m-temperature detection of medically-relevant volatile organic compounds in
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ppm concentrations. We investigate the electrical response of porous interconnected layers of

CsPbBr; nanocrystals to small changes in their chemical environment with and without photo

t

P

excitation. findings reveal that under visible light-activation, the photocurrent generated by
these CsP evices is highly sensitive to the concentration of oxidizing and reducing gas

molecul®s. urprisingly, the CsPbBr; sensing mechanism is distinct from that of nanostructured

semiconductors showing a symmetrical electrical response to both oxidizing and reducing gases.

ClH

These new on the photo-chemical properties of inorganic halides perovskites provide new

exciting oppontlnifies for the engineering of solid-state sensors with application including wearable

$

medical de self-powered environmental monitoring.

U

Fig. 1s hematic of the CPB sensor layout and its morphological, structural and optical

N

characteri he device consists of a porous and interconnected layer of CPB crystals deposited

on a fluorifie-d % l tin oxide layer (FTO). The electrical response of CPB layer to the change in the

€O

hemical environment is measured across its cross-section by contacting its top

surface and t layer. Electron microscope analysis reveals a well-adhering and homogenous
CPB layer with an average thickness of 350 £ 5 nm over the FTO surface (Fig. 1b-d). Both top view
and cross-SctionaI analysis confirm the successful synthesis of a porous open-layer morphology
constitute rconnected grains of 100-200 nm in diameter. Under higher magnification, the
grains are ed in densely packed regions with well-sintered interparticle necks that are

separated g throughout holes exposing the FTO surface (Fig. 1c). This open-layer interconnected

morphoMficial in exposing the CPB surface to the target gas molecules while providing a

continuous patE 5the collection of the photo-excited charges.

<
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Fig. 1e and f summarizes the structural and optical characterization of these devices. The X-ray
diffraction patterns of the CPB/FTO are denoted by five peaks matching the (100), (110), (200), (201)
and (ZOHanes of the monaoclinic structure of CsPbBr; (JCPDS: 18-0364) and corresponding
to an aver jze of 58 nm. The optical absorbance spectra and the corresponding Tauc plot
of our r%n%ne CPB match well those previously reported for CPB indicating an onset of the

absorbance :t ": 545 nm™ and a room temperature bandgap of 2.33 eV[29] (Fig. 1f). The

photolumi (PL) spectrum shows a strong emission peak at ~ 546 nm (2.27 eV),[23, 25]
which is v%o its optical band edge. These results demonstrate the successful synthesis of an

open-layer morphology made of nanocrystalline CPB and featuring excellent optical and

structural es for visible light absorption and transport of the generated electron-hole pairs.

Fig. 2 dCtes the use of these CPB devices for the self-powered chemical sensing of O,, a

strong oxi at room-temperature providing first insights of the photoexcited charge carriers

(AM 1. A typical current-voltage plot of the CPB devices is displayed in Fig. S1 showing

an open-circui Itage 0.87 V and a short-circuit current density of 1.94 nA/cm® at room
temperature under visible light illumination (AM 1.5, > 420 nm). Although the power-generated by
these deviSs is low if compared with CPB-based solar cells,[23, 27-29] this is due to their porous
open-layer logy featuring a non-passivated surface, and the lack of any blocking and top
charge coll layers. Most importantly, the power generated by these first prototypes is

sufficient s drive the sensing reactions and their electrical transduction providing a simple but

effectithion of a self-powered perovskite chemical sensor. Notably, in dark, the devices

have very sma!!jﬁrents in the range of 0.1 pA (Fig. 2a, broken line) and do not show any

measurable varif n in dark-current when switching the atmosphere from pure N, to pure O,. This

This article is protected by copyright. All rights reserved.

5



WILEY-VCH

indicates none or very poor chemical sensitivity. In strong contrast, under visible light illumination,

the photocurrent increases by ca. 4 orders of magnitude to ca. 1.5 nA. The illuminated devices

t

D

respond to the O, atmosphere with a nearly 100% rise of the photocurrent to 2.57 nA (Fig. 2a,
continuou sis of their response dynamics (Fig. 2b), show that the photocurrent increases

rapidly hdStabinzes upon O, injection, and quickly recovers to its initial value after switching back

§

to the pure N\, atnosphere. The CPB sensor responsivity ((lo2-In2)/Inz2) to exposure to pure O, is in the

G

range of 0. a swift response (ts) and recovery times (t,) of only 17 and 128 s, respectively.

This is significAnhtlyfaster than that (~1200 s) reported for self-powered Si-ZnO gas sensors,[7, 10]

S

and outsta n with respect to best performing room-temperature chemoresistive devices.[5]

U

Fig. 2c sh r consecutive N,/O, switching cycles revealing a good stability of the sensor

response, @nd prompt recovery of the baseline photocurrents. A plot of the sensor responsivity

)

versus the ic concentration of O,from 100% to 1% in N, shows a linear dependency with a

d

goodness of¥it .99 (Fig. 2d), and an excellent response range with no saturation up to ca. 100%

0,. The C es could easily detect down to 1%, and possibly less concentrations, of O, in N,

which i

M

sufficient for application in medical O, sensors.

To furtRr investigate the sensing mechanism of these photoexcited CPB layers, acetone and

[

ethanol we n as exemplary reducing gases as they are important volatiles biomarkers related

O

to diabetes non-invasive estimation of the blood glucose content from breath analysis.[30]

Fig. 3a andb shows that the CPB devices can quickly detect acetone (Fig. 3a) and ethanol (Fig. 3b)

q

concent w as 1 ppm in simulated air with a sensor responsivity of ca. 0.03 and 0.025,

{

respectively. The @bsolute values of the currents upon exposure to 1 ppm of ethanol and acetone

U

were ca. 1.98 andg3.95 nA (Figure S4), respectively. This is an excellent performance with respect to

A
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other self-powered devices,[7, 9, 10] and even in comparison to wide bandgap semiconductors
operated at significantly higher temperatures (250 - 450 °C).[5] Notably, the CPB response and
recoverytHacetone were 9.8 and 5.8 s, respectively, challenging the fastest metal oxide
semicondu MOS) devices so far reported.[5] Fig. 3c shows that similarity to the liner
reIation%iEMen the sensor sensitivity and O, concentration, these perovskites shows a similar

linear eIectr':aI r:jponse to increasing the ethanol concentration from 1 to 8ppm. Fig. S3 shows the

response o sensors to four consecutive exposures to 4 ppm of ethanol. Despite some noise

due to th%e of contacting the porous top perovskite surface, the sensor reveals a good
repeatabili sensor sensitivity. Fig. 3d shows the sensor sensitivity to 1 ppm of ethanol has a
function o mination power density from 13.3 to 37.8 mW/cm? The maximal sensitivity of

0.025 is ac!'eved at the highest illumination power density of 37.8 mW/cm®. Decreasing the power

density to /cm?® decreases the sensitivity by ca. 25%. Table 1 presents a comparative
summary ofth figure of merits of these perovskite-based devices against state-of-the-art solid-
state CPESMS activated with visible light. These first CPB prototypes demonstrate the
lowest ection for acetone and ethanol with faster response demonstrated at room

temperature. The latter is particularly surprising as usually adsorption and desorption process have

significantly slower rates at room temperature resulting in recovery times of several minutes to

hours. Heggested that the relatively large pore and grain size (100 - 500 nm) of the CPB
increase t ve gas diffusion coefficients facilitating their penetration and evacuation. This
morphoﬁ be easily implemented with established MOS materials as they need grain sizes
below thei engths (ca. 6 - 30 nm) to achieve sufficiently strong electrical transduction of the

gas reacti eir surfaces.[5] This small grain size leads to nano- and micro-pores of few

<
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nanometers, and thus slow the sensor response and recovery times at room-temperature. Similarly
to the interaction with O, (Fig. 2a), in dark the CPB had no response to acetone and ethanol. This
further Mat the visible-light excited charges within CPB are strongly related to its sensing
mechanis ingly, the response to reducing analytes was also characterized by an increase in
photocmﬂreimw response to the oxidizing analyte. This indicates a distinct gas sensing
mechanism than,that of established MOS technologies. It is reported that halide perovskites are
ambipolar ansporters because of the similarity of electron effective mass and hole effective
mass.[17, Were is no orbital or electron contribution from the cation to the final electronic
structure alide perovskite, although the cation can still affect the electronic structure
through th effect.[17] Recently, it is pointed out that the surface trap sites in the perovskite
play an im!ortant role in determining the optoelectronic properties.[34-36] Meanwhile, it is also

reported tmpositive charge formed at the perovskite surface due to the loss of bromide and
a

undercoor of the Pb atom at the surface, which causes the perovskite sensitive to the

environme es. As a type of “molecular gating”, O, can donate electron to the Pb* cation and
neutral ess positive charges and therefore to drastically modulate the surface
recombination rate in the perovskite, demonstrating strong PL emission with O, gas but weak PL

emission ag vacuum.[35] In agreement with these findings, CPB demonstrates reversible gas sensing

response tr research, indicating that the surface trap sites in CPB play a key role in this gas
sensing pr “When purged in acetone/ethanol gases, the photo-excited electrons and holes in
CPB un&ght illumination may directly involve in the oxidization reaction or through the
mediation bed 0,, which results in the decrease of the concentration of electrons/holes.

This still ¢ i to an increase in photocurrent by decreasing electron-hole recombination and

<
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allowing for more free charge carriers within CPB. Recently, it was observed that the MAPbI;
perovskite demonstrate good gas sensing response to O, and it was proposed that the iodine anion
vacanciesﬁperovskite play as the active sites for gas sensing process.[36] Here CPB
demonstra gas sensing response to O,. We propose that O,, ethanol or acetone act as
vacancy*il r and reversibly fill in intrinsic bromine vacancies of the CPB. Since bromine vacancies

act as trapﬁphotoexcited charges, once the CPB is exposed to the target analyte the density

of bromin ies decreases and a higher number of photoexcited charges is available for
electrical twresulting in the observed increase in photocurrent with increasing concentration
of O,, eth etone. It should be noted that under visible-light excitation the photo-excited
electrons i ill be transferred to FTO, while the photo-excited holes will transfer to Au probe
due to diff!ent Fermi levels (Figure S2, b). Thus, there is a current flowing through the out circuit of

the CPB d hout application of an external bias (Fig. S2, a). Further, more in depth-studies

are required¥o€@nfirm the underlying gas sensing mechanism of these halide perovskites.

Fig. 4 show, e insights on the mid-term stability of these CPB devices. It should be noted that
the samples are normally stored in a vacuum desiccator except the sensing measurements and
characterisions. Upon 2 weeks storage and testing, these CPB sensors maintained a strong similar
response t osure. The slight increase of sensor responsivity from ~0.94 for the fresh sample
to ~1.2, aft eeks, might be related to some alteration of the CPB structure.[11, 21] The XRD
analysis regals that upon 2 weeks the device structure still closely matches the CPB monoclinic

phase \Mception of a new peak appearing at 11.9°. However, while the absorbance

spectrum or EEEiTO shows no significant variation (Fig. 4c), the PL emission peak decreased in

intensity by ~ 17::imes suggesting some possible degradation. The measured PL decay is attributed

This article is protected by copyright. All rights reserved.
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to the formation of impurity in CPB [39] as revealed by the new XRD peak located at 28 of 11.9° after

2 weeks (Fig. 4b). The stability of perovskites, and in particular their sensitivity to moisture, is a

known isst several applications including solar cells, diodes, photodectors and gas sensors.
Despite th poor stability of these type of perovskites, the CPB perovskite is a pure

inorganE ;EMe and more stable than most other organic-inorganic hybrid perovskites.[10, 27,
28] We havg observed that the device can last for more than 7 hours under gas sensing and visible-

light irradi d demonstrate good reproducibility of the sensing properties after 2 weeks

storage (Fiwnvestigation and possibly improvement of the long-term material stability may

be require r future integration in commercial devices.

Fabrica’ﬁe hybrid perovskite films on flexible substrate has been recently demonstrated.

[37, 38] H ow synthesis and operation temperatures of these perovskite sensing layers of
100 and 3@y°C ectively, will facilitate their future fabrication on flexible substrates. As for most
chemo-gesisii sensors the selectivity is an issue.[5] For these type of devices, the most

common wa crease the selectivity is to use membranes, which can enable the permeation of
selected gases, or the integration of multiple sensors with pattern recognition approaches that are
able to deSrmine both the concentration and type of gas in relatively complex gas mixtures.[1]
Despite th of lead-based perovskite materials, considering the small size of the sensing

surface req 00 umz),[47] these devices can be integrated in wearable devices where water-

proof meﬁrane can be implemented.

Overall,"these inorganic halide perovskites are a new promising member of the chemical-sensing

materials famil viding some distinctive and appealing features, not found in established metal

oxide %{or technologies. The lowest concentration of volatile organic compounds

This article is protected by copyright. All rights reserved.
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(acetone and ethanol) and O, measured were 1 ppm and 10000 ppm, respectively. Notably, the

photoexcited charge carriers in the CsPbBr; play a dual role in chemical sensing and power

{

generation. The ambipolar charge transport in the CsPbBr; gives rise to a distinct room-temperature
sensing m at overcomes some of the limitations of state-of-the-art semiconductors.
These s-elf-_gowered CsPbBr; prototypes demonstrate already exemplary sensing of important
volatile metgbolic markers such as one particle per million of acetone at room temperature with fast
ery times. We believe that these exciting insights on the chemical response of

response a

photoexcitg@d €SPbBr; provide new directions for the design of room-temperature and self-powered

SC

chemical ith application extending from personalized healthcare monitoring to public

U

space safety: ever, there are numerous challenges that need to be addressed to achieve

commercial perovskite chemical sensors in the future. Moisture-resistive perovskite or water-

q

protective th can selective allow permeation of the target analyte needs to be developed to

d

improve long-t stability. Engineering of non-lead perovskites and their deposition on flexible

substrates rtant for their integration on wearable electronic devices. Tuning composition of

\]

the pe promising direction to tune the selectivity of these self-powered devices to

specific target analytes.

[:

Experimen

Qg

Synthesis o r; film: The gas sensor device was fabricated by spin-coating of CsPbBr; film on

1

FTO glass. Whe pre-etched FTO glass (Pilkington, 7 Q cm-1) was cleaned with soap water, acetone, 2-

[

propan lly and then transferred to a UVO cleaner for a 20 min of UVO cleaning. The

precursor solutionfof CsPbBr; was prepared by dissolving 0.5 M CsBr (Alfa Aesar) and 0.5 M PbBr,

U

(Alfa Aesar) in Digethyl sulfoxide (DMSO, Sigma-Aldrich). For spin-coating of CsPbBr; film, 20 uL of

A
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precursor solution was dispensed on cleaned FTO substrate and then spun at 3000 rpm for 40 s.

After spinning, the sample was put on a hot plate set at 100 °C for 15 min’s of annealing.

Gas sensin, rement and characterization: The sensor measurements were performed as
follow. For of 0,, 0, (BOC gas) and N, (BOC gas) were controlled by mass flow controller
I I

(Bronkhorsg) but keep the total gas flow rate of 0.5 L/min. While ethanol (9.91 ppm in N,, Coregas)

[

and aceto 10 ppm in N,, Coregas) were diluted to 1 ppm with simulated air (0.1 L/min O, + 0.4
L/min N,, B efore purging into the chamber and the total flow rate is still 0.5 L/min. The
temperatu hotplate in a chamber (Linkam) was controlled by a temperature controller and

the sample was ill@minated through a quartz window by a solar simulator (NewSpec, LCS-100) with

U

an AML1.5 fj s and a 420 nm long pass glass filter (> 420 nm, Thorlabs Inc). For the gas sensing

I

measurem gold probes were separately placed on top of the bare FTO and the CPB film

under shafit-c condition and the dynamic response of gas sensor was recorded by an

da

electro rkstation (CHI 660E, USA). The electrode surface is ca. 0.5 cm™ and the irradiation

power is 37.8 cm? (Table 1). The Jsc and Voc were obtained through I-V scan from 0 to 1 V of

FTO/CsPbBr; device under visible-light irradiation or in dark condition.

r

The mor was investigated by using Zeiss Ultraplus (FESEM) at 3 kV. A micro-

photolumi @ spectroscopy was used to collect the steady-state-photoluminescence spectra at

room temp A linearly polarized pulsed laser (frequency doubled to 522 nm with 300 fs pulse

1

width z repetition rate) is directed through a 10X objective lens to excite the sample

|

and the emitted PL signal is collected by a monochromators and a charge coupled device (CCD)

(Princeton Instrurgénts, PIXIS). The average excitation power of the laser is 1uW on the sample. The

J

crystalinit aracterized by X-ray diffraction using Bruker system (XRD, D 2 Phaser, USA)

A
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equipped with Cu Ko radiation of average wavelength 1.54059 A. The absorbance spectra were
measured with a Perkin—Elmer (Lambda 1050 UV/vis/NIR) Spectrophotometer and a 150 mm

integratin

ript
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tions. a, Schematic of 02 gas sensing by the CPB device. b,c,d, SEM images of an
exemplary @PB films deposited on a FTO glass substrate showing its top view at low magnification (b)
and high magnification (c), and its cross-section (d). e, XRD patterns of the CPB layers on the FTO
(black linejfan reference (red line). f, Optical absorbance (black line) and PL spectra (blue line)
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Figure 2. Characterization of the room-temperature chemical response of the CPB devices to an
oxidizin nder visible-light activation (AM 1.5, > 420 nm) and in dark conditions. a, Dynamic
responses of al CPB sensor to switching the chemical environment from pure N, to pure O, in
dark (b i nd under visible-light illumination (red line). b, CPB sensor responsivity to the

pure O, atmosphere under visible-light irradiation revealing a response (trs) and recovery (trc) time
of 17.4 and 127.9 s, respectively. c, Stability of the CPB gas sensor response to the pure N2/02
atmospher, iteling under four consecutive cycles under visible-light illumination. d, CPB sensor
responsivit nction of the O, concentration in N, from 1% to 100% under visible-light
i@l flow rate was kept constant at 0.5 L/min for all experiments.
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reducing gases under visible-light activation (AM 1.5, > 420 nm). Acetone and ethanol have been
utilized as exemplary volatile organic compounds with relevance in non-invasive medical diagnostics.
Dynamic C r responsivity to injection of 1 ppm of (a) acetone and (b) ethanol in air at room
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The first prototype of self-powered inorganic halides perovskite is demonstrated for chemical gas
sensing at room temperature under visible-light irradiation. These devices consist of porous
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