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          Recently, cesium tellurium iodine (Cs2TeI6) has emerged as an inorganic halide perovskite material with potential application in optoelectronic devices due to its high absorption coefficient, suitable bandgap and because it consists of nontoxic and earth-abundant elements. However, studies on its fabrication process as well as photoresponse characteristics are limited. In this study, a simple and effective method is introduced for the synthesis of Cs2TeI6 thin films by a two-step dry process. A Cs2TeI6-based lateral photosensor was fabricated, and its photoresponse characteristics were explored under laser illuminations of four different wavelengths in the visible range: 405, 450, 520, and 655 nm. The initial photosensing results suggest potential application and can lead to more promising studies of Cs2TeI6 film in optoelectronics.
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      1. INTRODUCTION
      In the field of optoelectronics, during the past decade, metal halide perovskites have received much attention from the scientific community because their significant optical and electrical properties have shown their significant potential in practical applications. However, the most important achievements have been obtained with the use of a toxic element, Pb, which limits the commercialization of the materials [1-3]. Recently, the double halide perovskite A2BX6, with the B-site of Sn/Te replacing Pb has emerged as a promising group for Pb-free alternatives [4,5]. In particular, the stability of these materials is considerably higher when an inorganic element is presented at the A-site than when an organic compound is at the A-site. One such halide perovskite material is Cs2TeI6 compound.

      According to computational research by Liu et al. [6], Cs2TeI6 exhibits a high optical absorption in the entire visible-light spectrum and an appropriate bandgap for optoelectronic applications. Moreover, it is considered to have better thermodynamic stability than its counterpart A2TeI6 or other well-known perovskites, such as MAPbI3 and FAPbI3 [6]. However, the fabrication techniques of this material are relatively limited.

      In experimental studies, Guo et al. [7] and Xu et al. [8] succeeded in fabricating Cs2TeI6 film through the electrospray method. Although the studies indicated that this material has good photosensitive properties, they focused on application in X-ray detection. These Cs2TeI6 films are tens of micrometers thick, making them unsuitable for thin-film optoelectronic devices. In 2020, Isabel et al. [9] reported the fabrication of Cs2TeI6 in the form of a thin film using spin-coating of mixed CsI–TeI4 solution followed by thermal annealing. However, the morphology deteriorated when many large crystals appeared on the surface of the film. Therefore, more studies are necessary to improve not only the quality but also the understanding and application of this material.

      Herein, non-solution fabrication/synthesis of Cs2TeI6 thin film on a glass substrate is reported, and its characteristic parameters in photodetection are investigated. The basic properties of the as-synthesized film were investigated via X-ray diffraction (XRD), scanning electron microscopy (SEM), and ultraviolet–visible (UV-Vis) spectroscopy techniques. Then, the photosensing properties, such as current–voltage (I–V) curves under illumination, modulation of photocurrents, photosensitivity, responsivity, and response times were evaluated demonstrating the potential for application for photosensors.

    

    

  
    
      2. EXPERIMENTAL PROCEDURE
      In this study, 150 mg of CsI (99.9%) and 150 mg of TeI4 (99.9%) powders (Alfa Aesar, USA) were used as precursors to fabricate the Cs2TeI6 film.

      The process of fabricating the Cs2TeI6 thin film involved two main steps: deposition of CsI thin film by CVD method and then the annealing of as-deposited CsI film in TeI4 ambient to synthesize the Cs2TeI6 thin film. The experimental setup for this process is shown in Fig. 1.

      
        
        

        Fig. 1. 
				
        

        
          (a) Setup for the synthesis of CsI film by chemical vapor deposition and (b) annealing system for conversion of CsI to Cs2TeI6 film in TeI4 vapor.
        
        

        

      

      In the first step, Pyrex glass substrate (20 × 20 mm) was washed several times sequentially with solutions of trichloroethylene, acetone, ethanol, and deionized water in an ultrasonic bath. CsI powder and substrate were put into a quartz tube of the CVD system at fixed positions. Inside the tube, the working pressure was maintained at approximately 3 × 10−2 Torr; the temperatures of the CsI powder and substrate were maintained at 350 °C and 160 °C, respectively. The system was heated at a rate of 8 °C/min, and the deposition time was 10 min. It was then naturally cooled to room temperature. In the second step, CsI film was taken together with TeI4 powder in an alumina chamber and put into an insulation system. A hot plate was used to raise the temperature to 210 °C, and it was maintained for 1 h.

      The structural properties of the as-synthesized materials were investigated using XRD equipment (Panalytical X’pert Pro; Cu-Ka radiation, l = 1.54178 Å) from 10° to 50° with an interval of 0.03°. The morphological properties were examined by SEM using JEOL KSM-6701F equipment with an acceleration voltage of 10 kV. The optical properties were studied in an absorption spectrum from 300 to 900 nm with an interval of 1 nm using a Cary 5000 UV-Vis-near-infrared spectrophotometer.

      To investigate the photosensing properties, indium-doped tin oxide (ITO) interdigitated electrodes were fabricated on the glass surface by a photolithography method with a 5 mm gap between the electrodes (Fig. 2a), and Cs2TeI6 film was deposited on the surface of the ITO substrate. Photographs of the ITO electrodes taken by the microscope before and after the deposition of the Cs2TeI6 film are shown in Figs. 2b and 2c, respectively. A simple schematic setup for measuring the photosensing property of the Cs2TeI6-based photosensor is illustrated in Fig. 2d.

      
        
        

        Fig. 2. 
				
        

        
          (a) SEM image of ITO electrodes showing a gap of 5 mm, (b), (c) photographs of interdigitated ITO electrodes before and after the deposition of Cs2TeI6 film, respectively, and (d) simple schematic setup for measuring photoresponse properties of Cs2TeI6-based device.
        
        

        

      

      The photosensing properties were investigated in the dark as well as with the illumination from lasers with different wavelengths in visible range of 405 nm (purple), 450 nm (blue), 520 nm (green), and 655 nm (red) with adjustable output power. The measurements were performed using a probe station combined with a Keithley 4200-SCS system at room temperature.

    

    

  
    
      3. RESULTS AND DISCUSSION
      The crystallization of the film after the first step is shown in Fig. 3a. The cubic CsI (Pm-3m) is identified by its XRD pattern (JCPDS 01-077-2185), and there are no secondary phases in the film. The inset of Fig. 3b is a photograph of CsI that is white on a glass substrate. In the SEM images (Figs. 3b and 3c), the CsI film consists of various separated particles with a size of hundreds of nanometers, and the film has a thickness of 0.18 mm.

      
        
        

        Fig. 3. 
				
        

        
          (a) XRD pattern and (b), (c) top-view and cross-sectional SEM images of CsI film deposited by chemical vapor deposition (inset is a photograph of CsI on glass substrate).
        
        

        

      

      In the photograph of the Cs2TeI6 film (inset of Fig. 4b), the entire film is black after the second step. In the XRD pattern (Fig. 4a), all the peaks belong to the Cs2TeI6 phase, and characteristic peaks associated with CsI, TeI4, or other impurities are absent from the pattern. The Cs2TeI6 film has a cubic structure (Fm-3m) (JCPDS 01-073-0330). All the major peaks are also marked with the corresponding diffraction planes shown in Fig. 4a. In the top-view SEM image (Fig. 4b), the Cs2TeI6 film is continuous, uniform, and tightly packed, whereas the cross-sectional image (Fig. 4c) shows a dense and pinhole-free film with good adhesion to the substrate and a thickness of 0.35 mm.

      
        
        

        Fig. 4. 
				
        

        
          (a) XRD pattern and (b), (c) top-view and cross-sectional SEM images of Cs2TeI6 film converted from CsI film by annealing in TeI4 vapor (inset is a photograph of Cs2TeI6 on glass substrate).
        
        

        

      

      The absorption coefficient of Cs2TeI6 film in the wavelength range of 300–900 nm is shown in Fig. 5a. In this range, its values are all higher than 104 cm−1. The shorter the wavelength, the higher the absorption coefficient. For wavelengths in range of 300–550 nm, all absorption coefficients are higher than 105 cm−1, reaching a maximum value of 2.38 × 105 cm−1 at λ = 325 nm.

      
        
        

        Fig. 5. 
				
        

        
          (a) Absorbance coefficient of the 0.35 mm Cs2TeI6 film and (b) Tauc plot ((abs.hn)1/2 versus hn) of absorption spectrum assuming an indirect Cs2TeI6 film bandgap.
        
        

        

      

      Assuming an indirect bandgap [10-12], the Tauc method was used to determine the optical energy bandgap of the Cs2TeI6 film. The graph of the dependence of (abs.hn)0.5 on hn (Fig. 5b) shows that the bandgap of this material was 1.62 eV. This value agrees with previous experimental studies of Cs2TeI6 [8,10] that reported indirect bandgaps of 1.57 and 1.59 eV.

      The absorption coefficient is of a higher order of magnitude than that of other halide perovskite films in recently published studies [13,14]. Hence, although this Cs2TeI6 material has an indirect bandgap, it has sufficiently strong optical absorption to be considered as a light-absorbing material in photoelectronic devices.

      The photosensing properties of the Cs2TeI6-base photosensor were evaluated under illuminations of four different-wavelength lasers in the visible range: 405, 450, 520, and 655 nm.

      First, the I–V characteristics in the dark as well as under illumination of four different-wavelength lasers at the same light intensity of 12.5 mW/cm2 for an applied voltage from −10 to +10 V were investigated and are shown in Fig. 6a. As the figure reveals, the good symmetry and linear nature of the I–V curves indicate good ohmic contact between the electrodes and Cs2TeI6 film. At the same bias voltage, it showed a significant increase in electrical current under illumination compared with under the dark condition. The logarithmic plots of all the I–V curves (inset of Fig. 6a) demonstrate more clearly the photocurrent difference at different wavelengths.

      
        
        

        Fig. 6. 
				
        

        
          Cs2TeI6 photoresponse characterization: (a) dark and light (12.5 mW/cm2) I–V curves under different wavelength illuminations, (b) photoresponse under light pulses, and (c) photosensitivity and responsivity versus wavelength measured at 5 V bias with 12.5 mW/cm2 lasers.
        
        

        

      

      To support the analysis of the photocurrent at different wavelengths further, modulation of the photocurrent was carried out with five on–off cycles of the lasers at an applied voltage of 5 V and light intensity of 12.5 mW/cm2 (Fig. 6b). The photocurrent increased to a stable value and returned to its initial value when the laser was turned off (on/off nature of photocurrent), which shows the stability as well as the repeatability characteristics of the Cs2TeI6-based device. It enables an efficient and reliable photosensor.

      In the dark at a 5 V bias, the dark current had an ultralow value of approximately 1 pA, which is consistent with previous studies [7,8,10] showing that poor conductivity is an intrinsic property of Cs2TeI6 material. The photocurrent was estimated to be 1.03 × 10−10 A under 12.5 mW/cm2 illumination at a wavelength of 655 nm. When the wavelength decreased to 520 nm, it reached a maximum value of 9.83 × 10−10 A. When the wavelength continuously decreased to 450 and 405 nm, it had slightly lower values of 7.33 × 10−10 and 6.76 × 10−10 A, respectively.

      The increase in photocurrent results from the creation of large numbers of charge carriers inside the film under illuminating light with energies greater than the bandgap of the Cs2TeI6 material, and the high absorption coefficient (Fig. 5a) favors this characteristic.

      From the value of photocurrents, the characteristic parameters, such as photosensitivities and responsivities of a Cs2TeI6-based photosensor, can be determined. The photosensitivity (S) is defined as the change in conductivity upon illumination, as in Equation (1). The responsivity (R) is the amount of photocurrent generated per unit area per unit illumination intensity as in Equation (2). Here, P is the power density of the laser source, S is the illuminated area, and Idark, Ilight are the currents in the dark and under illumination, respectively.
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      In this study, these parameters were calculated from the modulation of the photocurrent in Fig. 6b and exhibited in Fig. 6c, and their change with wavelength follows the change in photocurrent with wavelength. Fig. 6c shows that the highest photosensitivity and responsivity were recorded for Cs2TeI6 film under the 520 nm laser and obtained values of 9.83 × 104 % and 873 × 10−6 A/W, respectively. Moreover, the photosensitivity values at four wavelengths was sufficiently large for this Cs2TeI6-based photosensor to be applied throughout the visible-light spectrum.

      The photocurrent versus time in five on/off cycles of the 520 nm laser were further measured under different intensities from 3.75 to 25 mW/cm2, as illustrated in Fig. 7a. In Fig. 7b, the dependence of the photocurrent on the light intensity follows the power law, Ip - Pq (log of Ip varies linearly to log of P), in which Ip is the non-unity exponent relation with the light intensity P. Higher photocurrents were found with the increase in the light intensity, and the value of the non-unity exponent q of 0.7 is inside the reliable range for photosensors [15,16].

      
        
        

        Fig. 7. 
				
        

        
          (a) Photocurrents of Cs2TeI6-based photosensor under different intensity of 520 nm laser at 5 V bias and (b) graph of log of photocurrent versus log of light intensity of the 520 nm laser.
        
        

        

      

      The response times, the important parameters of a photosensor, also can be determined from the modulation curve. The rise/decay times are defined as the time required to change the signal amplitude between 10% and 90% for rising/falling edges. In Fig. 8, the change in the photocurrent between on–off states of 25 mW/cm2 for a 520 nm laser at 5 V bias is shown in detail. In this figure, the values of the rise time and decay time were estimated to be approximately 16.4 and 16.9 ms, respectively. The Cs2TeI6 thin film demonstrated better response times than already reported lateral-type photosensors based on halide perovskite materials [17-22].

      
        
        

        Fig. 8. 
				
        

        
          (a) Rise time and (b) decay time evaluated from the rising/falling edges of the modulation curve of Cs2TeI6-based photosensor under 25 mW/cm2 520 nm laser at 5 V bias.
        
        

        

      

    

    

  
    
      4. CONCLUSIONS
      A Cs2TeI6 thin film was prepared, and its structure, morphology, and optical absorption were investigated to provide useful data for application to photodetection. A Cs2TeI6-based lateral photosensor on an ITO glass substrate was fabricated through a simple and effective process. Its photoresponse characteristics, such as the I–V curve, current modulation, photosensitivity, responsivity, and response times are considered very promising and warrant further studies to obtain higher values than those reported here. This study showed that the Cs2TeI6 thin film is a potential material not only for photosensors but also for other effective and environmentally friendly optoelectronic devices based on Cs2TeI6 thin films.
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