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a b s t r a c t 

In this study, a thin film of Cs2TeI6 perovskite with a thickness of 1.27 mm was prepared on a glass sub- 

strate via a non-solution process. The characteristics of the material such as phase structure, morphology, 

optical absorption were studied. The gas-sensing properties of the Cs2TeI6-based sensor were investigated 

at 25 °C using various gases under illumination of a 450-nm laser. Under the blue-light illumination, the 

sensor exhibited good selectivity toward NO2 gas, with a very low limit of detection of 25 ppb and re- 

sponsivity of 4.4% toward 1 ppm NO2. The NO2-sensing mechanism was proposed and discussed in term 

of a surface depletion model. The effects of light intensity, light wavelength, humidity, and long-term du- 

ration on NO2-sensing performances were further studied, showing its potential for application into NO2 

gas sensors at room temperature. 

© 2021 Acta Materialia Inc. Published by Elsevier Ltd. All rights reserved. 
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Recently, halide perovskites have emerged as promising materi- 

ls in the field of solar cells besides conventional materials, such 

s silicon, cadmium telluride and copper indium gallium selenide 

1–3] . With outstanding physical properties, they are also useful in 

ther fields, such as light-emitting diodes [4] , photosensors [5] and 

-ray detectors [6] . Beyond the optoelectronics, for application of 

as sensors, their potential for development is huge [7] . For exam- 

les, MASnI 3 [8] and MAPbI 3 [9] can detect nitrogen dioxide (NO 2 ) 

ith limit of detection of 25 ppb and 1 ppm, respectively. MAPbBr 3 
as been studied for sensing humidity [10] and CsPbBr 3 for sensing 

cetone [11] , oxygen [11] , and hydrogen chloride gas [12] . However, 

he investigated perovskite materials for practical applications are 

till small, due to their instability when exposed to moisture, heat 

r light [13–15] . One of the effective ways to overcome their insta- 

ility is to develop all-inorganic perovskites with enhanced stabil- 

ty and long-term durability. 

Cs 2 TeI 6 is one such material; due to the lack of organic com- 

onents, it is not easy to decompose in ambient conditions. It was 

lso considered to have good thermodynamic stability, with high 

ormation energy �H of - 0.71 eV [16] , which is much higher than
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hat of other A 2 TeI 6 or well-known perovskites as MAPbI 3 , FAPbI 3 . 

o the best of our knowledge, Cs 2 TeI 6 has only been potential eval- 

ated for optoelectronic devices and X-ray detectors [17–19] , with 

o published information on its gas sensor. In this study, we de- 

eloped a facile fabrication process for making a Cs 2 TeI 6 thin film 

sing a non-solution method, and the characteristics of a gas sen- 

or based on the Cs 2 TeI 6 film were investigated. 

Unlike metal-oxide gas sensors which typically work at high 

emperatures or under UV-light illumination, this Cs 2 TeI 6 -based 

ensor can operate at room temperature (25 °C) under blue-light 

llumination. Thus it consumes much less energy and lowers the 

isk of undesired reactions of combustible gases or the influence 

f UV radiation on the human body. 

At first, the basic properties of the Cs 2 TeI 6 film were charac- 

erized by X-ray diffraction (XRD), scanning electron microscopy 

SEM), ultraviolet-visible-near-infrared (UV-VIS-NIR) spectroscopy 

easurements and X-ray photoelectron spectroscopy (XPS). After 

hat, at 25 °C, under blue-light illumination, the Cs 2 TeI 6 film was 

nvestigated showing its selectivity towards NO 2 with a low limit 

f detection (LOD) of 25 ppb. Its NO 2 -sensing properties were then 

tudied under various working circumstances (varying light inten- 

ity, wavelength, humidity) and the NO 2 -sensing mechanism was 

lso proposed and discussed in order to develop this material for 

oom-temperature NO gas sensors. 
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Fig. 1. (a,b) XRD patterns of CsI film after step 1 and Cs 2 TeI 6 film after step 2. (c,d) Top-view and cross-sectional pictures of CsI and Cs 2 TeI 6 films; the insets are photographs 

of CsI and Cs 2 TeI 6 films on 20 × 20 mm glass substrate, respectively. (e,f) Absorbance spectra and the plot of (abs.h ν) 0.5 versus h ν to determine energy bandgap of Cs 2 TeI 6 
thin film. 
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The synthesis of Cs 2 TeI 6 involves two main steps: growth of CsI 

lm via CVD method and annealing the CsI film in TeI 4 vapor. First, 

sI powder (150 mg, 99.9%, Alfa Aesar) and the glass substrate 

ere put into a quartz tube (Fig. S1) and maintained for 10 min at 

25 and 300 °C, respectively). Argon gas was injected into the sys- 

em to guarantee a working pressure of 4 Pa. Second, the CsI film 

nd TeI 4 powder (120 mg, 99.9%, Alfa Aesar) were placed in an alu- 

ina chamber and then annealed at 210 °C for 1 h (Fig. S2). The 

xperimental procedure of measuring properties of the film was 

escribed in detail in Supplementary Material. 

XRD patterns of the films after each step are shown in Fig. 1 (a-

). After Step 1, the film exhibits the cubic phase (Pm-3m) of CsI 

JCPDS 01-077-2185). After Step 2, all XRD peaks can be assigned 

o the Cs 2 TeI 6 phase; it has cubic structure (Fm-3m) (JCPDS 01- 

73-0330), where the major peaks at 26.37 °, 30.58 ° and 43.74 ° are 

onsistent with the corresponding (222), (020), and (044) diffrac- 

ion planes. Moreover, the characteristic peaks associated with CsI, 

eI 4 , or other impurities are not present in the film. The formation 

f the Cs 2 TeI 6 film may proceed: 

CsI (film) + TeI 4(vapor) → Cs 2 TeI 6(film) (1) 

The inset images in Fig. 1 (c-d) show photographs of the 20 × 20 

m CsI and Cs 2 TeI 6 films, respectively. After Step 1, the film has 

 white color, whereas its color changes to shiny black after Step 

. The top-view images of the CsI and Cs 2 TeI 6 films are shown in

ig. 1 (c-d), respectively. The CsI film is made up of tightly arranged 

rains of ∼ 1–2 μm in size with clear boundaries; the Cs 2 TeI 6 
lm is a dense, uniform and continuous film with a good adhesion 

o the substrate. From the XRD pattern, the Cs 2 TeI 6 film is made 

p of 32-nm-size crystallites calculated by the Scherrer equation, 

 = k λ/( βcos θ ), where k = 0.9, λ(Cu-K α1 ) = 1.540598 Å, at the

ost intense peak: θ = 13.185 ° and β = 4.363 × 10 −3 rad. 

The cross-sectional images ( Fig. 1 (c-d)) show the CsI thickness 

f 0.71 μm, which then increased to 1.27 μm for Cs 2 TeI 6 film. The

bsorption spectrum of Cs TeI film in the range of 30 0–120 0 nm
2 6 

2 
s shown in Fig. 1 e. The absorbance is quite low (around 1) in the

nfrared region ( λ ≥ 800 nm) but rapidly increases in the visible 

egion; especially, it becomes higher than 5 in the range of 300–

30 nm. As an indirect bandgap [20–22] , the optical bandgap was 

etermined of 1.62 eV by the Tauc method ( Fig. 1 f); it is consis-

ent with experimental studies showing the Cs 2 TeI 6 bandgap of 

.59 [20] and 1.57 eV [19] . 

On the surface of Cs 2 TeI 6 film, the presence of Cs, Te, I elements

as demonstrated on XPS spectra ( Fig. 2 (a-c)). The appearance of 

ormal Cs + state was indicated by two intense spin-orbit peaks 

t 724.5 and 738.5 eV [23-24] ; while that of Te 4 + by two peaks

t 576.1, 586.4 eV [25-26] and that of I − by two peaks at 619.0, 

30.5 eV [27-28] , respectively. Besides, there are minor peaks cor- 

esponding to Te ° and I 5 + states at 573.7, 584.1.4 eV [29] and 623.9, 

35.6 eV [27] , respectively; it may be caused by: the Te-I bonding 

s covalent (electronegativity difference of 0.4 eV) and the charge is 

ikely changed from formal oxidation states through covalent bond- 

ng interactions [ 20 , 30-31 ]. 

Fig. 2 d showed the photoresponse of the device under 450-nm 

aser (32 mW/cm 

2 ). In the dark, the Cs 2 TeI 6 film has a large resis-

ance value ( ∼ 1.6 × 10 11 �), consistent with very low conductiv- 

ty in published studies [18–20] ; it quickly dropped to 3.9 × 10 9 �

nder illumination. The photoresponse is a fast process with the 

esponse/recovery times of 60/100 ms. The decrease in resistance 

s due to the creation of large amounts of charge carriers inside 

he Cs 2 TeI 6 film under blue-light illumination [17–19] . 

To evaluate the gas-sensing performance, the responses of the 

s 2 TeI 6 film toward 1 ppm NO 2 were carried out in the dark and

nder blue-light illumination ( Fig. 2 e). In the dark, the resistance 

oes not have any measurable variation when switching from dry 

ir to NO 2 and vice versa. In contrast, under blue-light illumina- 

ion, it shows a clear enhancement of NO 2 response compared to 

hat without illumination. The resistance obviously increased in 

resence of NO 2 and recovered after purged out, representing the 

-type semiconducting property of the Cs 2 TeI 6 -based device, suit- 

ble with studies [18–20] . The rise/decay times are determined of 
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Fig. 2. (a,b,c) High-resolution X-ray photoemission spectra of Cs-3d, I-3d and Te-3d of Cs 2 TeI 6 film, respectively. (d) Modulation of the device under blue-light illumination 

(450 nm, 32 mW/cm 

2 ); inset is a photograph of 4 Cs 2 TeI 6 –based sensors on a glass substrate. (e) Responses of the Cs 2 TeI 6 film toward 1 ppm NO 2 in the dark and under 

blue-light illumination. (f) Responsivity toward 1 ppm NO 2 ; inset is a comparison with other gases at different concentrations. 
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125/600 s, respectively. These response times may be improved 

y using a thinner/rougher film, metal decorating/doping or apply- 

ng some nanostructures/heterostructures. To examine the selectiv- 

ty of the sensor, some reference gases such as SO 2 , CO 2 , NH 3 , H 2 S,

H 4 and C 3 H 8 were used. In the dark, there was no appreciable

hange in the resistance in the presence of these gases (Fig. S3). 

nder blue-light illumination, Fig. 2 f showed the highest respon- 

ivity of 4.36% toward 1 ppm NO 2 ; meanwhile, it showed much 

ower responsivities at similar or higher concentrations of other 

ases, exhibiting a good selectivity toward NO 2 of the Cs 2 TeI 6 - 

ased sensor. This may be due to the different reaction energies 

f the test gases on the surface of the film [32] . 

The NO 2 response was further investigated in various con- 

entrations from 25 ppb to 10 0 0 ppb. In the dynamic response 

 Fig. 3 a), the sensor can detect NO 2 at a very low concentration

ith LOD of 25 ppb; it is smaller than recently published values of 

etal-oxide gas sensors working at room temperature [33–37] . The 

igher the NO 2 concentration, the higher response; the responsiv- 

ty increases from 0.87% for 25 ppb to 4.36% for 10 0 0 ppb NO 2 .

ig. 3 b shows a linear dependence of responsivity on the log value 

f NO 2 concentration in this range with a linear correlation coeffi- 

ient (R 

2 ) of 0.985. 

Other parameters important for gas sensors are short-term 

nd long-term stabilities. A modulation curve toward 1 ppm NO 2 

 Fig. 3 c) shows that the response remains relatively stable after 

our on/off cycles, demonstrating favorable repeatability. Mean- 

hile, in Fig. 3 d, the responsivity is almost unchanged for 6 weeks 

n ambient air (25 °C, 30–50% RH), showing the good long-term 

tability of the Cs 2 TeI 6 -based sensor. 

The effect of blue-light illumination on the NO 2 response was 

urther studied by varying intensity of the 450-nm laser. The re- 

ponse/recovery curves and responsivities toward 1 ppm NO 2 un- 

er different intensities were shown in Fig. 3 (e-f); the depen- 

ence of resistance and responsivity on the blue-light intensity 

as summarized in Fig. S4. In detail, when the intensity increases 

rom 3.2 to 10.5 and 32.0 mW/cm 

2 , the resistance decreases from 

.94 × 10 10 to 1.06 × 10 10 and 3.9 × 10 9 �, and the responsivity 

ncreases from 2.41 to 3.54 and 4.36%, respectively. The reason may 

e that when the light intensity is increased, the amount of photo- 
3 
lectrons increases, leading to the increase not only in conductivity 

ut also in NO 2 response [ 33-34 , 38 ]. In addition, the NO 2 response

as also investigated under illuminations of 520-nm (green) and 

55-nm (red) lasers. Figure S5 shows that with a longer wave- 

ength, even of greater intensity, the responsivities are still lower 

han that under the blue laser. 

Herein, we propose the NO 2 gas-sensing mechanism of the 

s 2 TeI 6 film in the dark and under blue-light illumination as il- 

ustrated in Fig. 4 a. In halide perovskites, at RT, oxygen tends to 

dsorb electrons on the surface, similar to the metal-oxide gas- 

ensing semiconductors [ 8 , 39-40 ], it also can be adsorbed by filling

nto iodine vacancies (V I ̇) [ 11 , 40-41 ]. In O-1s XPS spectrum in the

ir ( Fig. 4 b), the peak at 530.5 eV may be derived from the oxygen

onding within the lattice when oxygen fill into iodine vacancies 

 29 , 42–44 ]; and the peak at 532.4 eV assigned to the chemisorbed

xygen species on the surface [45] . These oxygen adsorptions led 

o the formation of a surface depletion layer, following the increase 

f its resistance when switching from N 2 ambient to dry air (Fig. 

6). 

In the dark: 

At RT, the chemisorbed oxygen ions O 2 
−

ads are in the stable 

tate [46–48] ; so that when NO 2 is introduced into the chamber, 

he adsorption of NO 2 via the redox reactions may be considered 

o be negligible without the assistance of any external energy. It 

as confirmed by: When switching to NO 2 , the resistance does not 

ave any measurable variation ( Fig. 2 e), no change on the positions 

f O-1s peaks compared to these in the air ( Fig. 4 b) and no XPS

eak of N-1s appeared ( Fig. 4 c). 

Under illumination of blue-light 450-nm laser: 

With a photoenergy (2.76 eV) larger than the bandgap of 

s 2 TeI 6 (1.62 eV), a huge amount of photogenerated electrons e −h ν

as created. Similar to in the dark, O 2 in the air also reacted with

 

−
h ν to absorb on the surface [ 8 , 39-40 ] or fill into iodine vacan-

ies [ 11 , 40-41 ], leading to the formation of photoinduced oxygen 

ons O 2 
−

h ν . The appearance of O 2 
−

h ν led to higher resistance of 

he Cs 2 TeI 6 film when changing from N 2 ambient to dry air (Fig. 

6). 

When exposed to NO 2 , with the support of photoactivation en- 

rgy of blue light, we suggest that NO can be adsorbed into the 
2 
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Fig. 3. (a) Dynamic response to the various concentration of NO 2 . (b) Relationship between responsivity and NO 2 concentration in 25-10 0 0 ppb range. (c) Gas-sensing 

modulation curve of Cs 2 TeI 6 film toward 1 ppm NO 2 under continuous illumination of a blue laser (450 nm, 32 mW/cm 

2 ). (d) The long-term stability of the Cs 2 TeI 6 sensor 

in humid air (30-50%) for 6 weeks. (e,f) The response/recovery curves and responsivity toward 1 ppm NO 2 under the different intensities of 450-nm laser illumination. 

Fig. 4. (a) Schematic illustration of the possible NO 2 -sensing mechanism of Cs 2 TeI 6 -based sensor under blue-light illumination. (b,c) The XPS spectra of 0-1s and N-1s of 

Cs 2 TeI 6 film in air ambient and when exposured to NO 2 . (d,e,f) The effect of humidity on resistance and responsivity toward 1 ppm NO 2 of the Cs 2 TeI 6 film at 25 °C under 

blue-light illumination (450 nm, 32 mW/cm 

2 ). 

C

O

N

N

fi

w

w

o

s  

o

m

s

r 2 
s 2 TeI 6 film via the well-known redox reaction with e −h ν and 

 2 
−

h ν as followed [ 33 , 36 , 45 , 49 ]: 

O 2 + O 2 
−

h ν + 2e −h ν → NO 2 
−

h ν + 2O 

− (2) 

O 2 + e −h ν → NO 2 
−

h ν (3) 

The NO 2 adsorptions under blue-light illumination was con- 

rmed by XPS measurement that: When exposed to NO gas, there 
2 

4 
as an appearance of N-1s peak at 406.8 eV compared to that 

ithout NO 2 ( Fig. 4 c). The NO 2 adsorptions increased the width 

f the depletion layer in the presence of NO 2 , increasing the re- 

istance of the Cs 2 TeI 6 film ( Fig. 2 e). When NO 2 was purged out

f the chamber, Reactions (2-3) proceed in the opposite direction 

eaning recovery of the resistance. 

One of the most important factors to consider for a gas sen- 

or operating at RT is humidity. The effect of 0–85% RH on the 

esponse toward 1 ppm NO was investigated under 450-nm laser 

Pham Tien Hung
Textbox
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32 mW/cm 

2 ) and summarized in Fig. 4 (d-f) with the following ob- 

ervations: 

• With the increase of humidity, the base resistance gradually de- 

creases from 3.9 × 10 9 � at 0% RH to 7.8 × 10 8 � at 52% RH 

and then rapidly decreases to ∼10 5 � at 70% RH or higher. It is 

because adsorbed water causes an enhancement in conductivity 

via e − injection due to the formation of hydroxyl radicals [50] , 

which in turn reduces the resistance of the device. At high RH 

( ≥ 70%), a continuous water layer is formed on the surface, pro- 

moting bulk conduction between electrodes [50] , so that when 

RH increases from 70% to 85%, no further change of resistance 

is observed ( Fig. 4 d). An additional test at 70% RH was made to

examine the change in resistance upon switching the light off. 

In Fig. S7, no change in resistance confirms that the electrical 

current flows through the absorbed water layer but instead the 

Cs 2 TeI 6 film. 

• Responsivity increases to 18.3% when the RH increases to 52%, 

but quickly drops to zero at high RH ( ≥ 70%). It can be ex- 

plained that: At low RH region, when increasing RH, the elec- 

tron injection supplies more e − (and O 2 
− ions) on the surface, 

following the enhancement of NO 2 response. However, at high 

RH ( ≥ 70%), the coverage of the physisorbed water layer blocks 

the adsorption sites [ 28 , 34 , 51 ], leading to a huge decrease of

NO 2 response. To determine if the humid air reacts with the 

film, another Cs 2 TeI 6 sample was placed under a 70%-RH flow 

for 4 h; XRD pattern (Fig. S8) indicated that water molecules 

are only adsorbed on the surface, without causing any phase 

change of the Cs 2 TeI 6 film. 

In this work, a thin film of Cs 2 TeI 6 was synthesized using a 

on-solution method via two processes: the fabrication of a CsI 

lm via CVD and annealing the CsI film in TeI 4 vapor. Some ba- 

ic properties of Cs 2 TeI 6 film were studied to provide useful data 

or further research. Under blue-light illumination, the Cs 2 TeI 6 film 

cts as a NO 2 gas-sensing material at 25 °C, showing a responsiv- 

ty of 4.4% toward 1 ppm NO 2 and LOD of 25 ppb. The effects of

umidity and long duration on the NO 2 response were also investi- 

ated, showing the maximum responsivity of 18.3% at 52% RH and 

he long-term stability of 6 weeks. All results indicate that Cs 2 TeI 6 
s a promising material using for NO 2 gas sensors at RT. 
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