

  sensors-23-00236




sensors-23-00236







Sensors 2023, 23(1), 236; doi:10.3390/s23010236




Article



Effect of Interface Modification on Mechanoluminescence-Inorganic Perovskite Impact Sensors



Lucas Braga Carani[image: Orcid], Vincent Obiozo Eze and Okenwa Okoli *[image: Orcid]





High-Performance Materials Institute, FAMU-FSU College of Engineering, 2525 Pottsdamer Street, Tallahassee, FL 32310, USA









*



Correspondence: okoli@eng.famu.fsu.edu







Academic Editors: Guillermo Azuara and Eduardo Barrera



Received: 10 November 2022 / Revised: 9 December 2022 / Accepted: 22 December 2022 / Published: 26 December 2022



Abstract

:

It is becoming increasingly important to develop innovative self-powered, low-cost, and flexible sensors with the potential for structural health monitoring (SHM) applications. The mechanoluminescence (ML)-perovskite sensor is a potential candidate that combines the light-emitting principles of mechanoluminescence with the light-absorbing properties of perovskite materials. Continuous in-situ SHM with embedded sensors necessitates long-term stability. A highly stable cesium lead bromide photodetector with a carbon-based electrode and a zinc sulfide (ZnS): copper (Cu) ML layer was described in this article. The addition of a magnesium iodide (MgI2) interfacial modifier layer between the electron transport layer (ETL) and the Perovskite interface improved the sensor’s performance. Devices with the modified structure outperformed devices without the addition of MgI2 in terms of response time and impact-sensing applications.
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1. Introduction


Structural health monitoring (SHM) aims to ensure the diagnostics of the host structure’s conditions, as well as its safety and integrity, on a continuous basis. The advancement of SHM technologies is inextricably linked to the overall safety of structures. Real-time SHM systems for advanced composite structures are in high demand [1,2,3]. To meet the demand, a flexible mechanoluminescent (ML)-perovskite impact sensor is proposed [4,5,6,7,8]. The device consists of a photodiode constructed on top of an ML layer. ML materials emit light in response to mechanical stimuli. The active absorber layer of a photodiode is in charge of light absorption and charge transport in order to generate electric signals. The electrical signals can then be analyzed to determine the condition of the structure. In practice, the ML layer would respond to load or impact events by emitting light into the photodetector device, which would then convert the light into electric signals that could be conditioned and interpreted for health monitoring [4,5,6]. Due to their exceptional optoelectronic properties, such as high charge carrier mobility, low exciton binding energy, tunable bandgap, and long carrier diffusion lengths, perovskite-based photodetectors appeared to be the most promising candidate for the active layer. Organic–inorganic hybrid perovskite solar cells have a power conversion efficiency (PCE) that exceeds 25.2%, outperforming most polycrystalline silicon solar cells [9,10,11,12,13].



Unfortunately, the organic–inorganic lead halide perovskites decompose due to chemical instability and susceptibility to moisture, heat, oxygen, and other environmental conditions. To address the aforementioned instability, an all-inorganic perovskite active layer is an alternative and promising candidate. CsPbX3 (X = Br, I) all-inorganic cesium-lead halide perovskites are gaining popularity due to their ability to increase a device’s inherent stability by replacing volatile organic cations with an inorganic cesium cation (Cs+) [14,15]. All inorganic CsPbBr3 materials are promising for optoelectronics due to their excellent light absorption, high charge carrier mobility, and long carrier diffusion length. Aside from its optoelectronic properties, the CsPbBr3 could withstand high temperatures of up to 580 °C, whereas the more common perovskite MAPbI3 began to lose performance at around 200 °C.



Furthermore, the CsPbBr3 perovskite solar cells barely deteriorated after three months in humid air [16,17,18]. High leakage current due to poor morphology (high pinhole density), significant non-radiative recombination at the perovskite/injection layers and within the perovskite layer itself, and charge-injection imbalance may all contribute to the low efficiency of some inorganic perovskite devices, limiting their use in SHM applications [15,19]. Several CsPbBr3 photodetectors have been reported, but their performance is still lacking.



In high-performance organic–inorganic perovskite solar cells, interfacial contact is critical. The interfacial contact is directly related to the chemical interaction between the perovskite and the electron transport layer (ETL). Interfacial contact is also important in the development of high-performance all-inorganic perovskites [14]. It is worth noting that exciton formation, dissociation, and recombination all have a direct relationship with the interface. Furthermore, the interface has a significant effect on device degradation. Guerrero and colleagues demonstrated that ionic movement in the perovskite layer causes interfacial metal contact degradation [20].



Several techniques have been used to reduce defect levels in perovskite films, including additive passivation, heterojunction engineering, and interface modification [10,18,20,21,22]. Yan developed a novel intermediate-phase engineering technique to increase the interfacial contact between all-inorganic perovskite and metal oxide by incorporating volatile organic salts into the inorganic perovskite precursor solution, resulting in a PCE of 17% [22]. By incorporating a trace amount of organic methylammonium cation into the lattice and layering a hydrophilic insulating polymer interface layer on top of the ZnO electron-injecting electrode, Wong created a high-quality CsPbBr3 perovskite thin film [23]. Extensive research has been conducted on the use of alkali and alkaline earth metals for the passivation and interface engineering of perovskite devices [21,24,25,26,27].



Most photoelectronic devices require a constant electrical power source for operation or performance enhancement. That is detrimental for applications of the sensor in embedded structures, where the device needs to be functional for long periods, and any additional device, such as a battery, can cause a detrimental intrusiveness effect in a composite structure. The self-powered architecture allows the sensor to work while embedded in a structure without needing batteries or power sources. Self-powered photovoltaic devices have recently attracted considerable attention [28,29,30,31,32,33,34,35,36,37]. However, the performance of self-powered devices still needs to be improved compared to traditional photovoltaic devices functioning under bias voltage [32,34]. The performance of self-powered PDs is heavily influenced by the quality of the intrinsic layer and the ability to separate and transport the photogenerated carriers, or the electron-hole pairs, excited by light illumination [10,13,38,39,40,41].



The integration of a self-powered, all-inorganic CsPbBr3 perovskite as a photo-absorbing layer and ZnS:Cu as a light-emitting ML layer is described in this paper. A simple vertical device structure of indium tin oxide (ITO)/tin (IV) oxide (SnO2)/magnesium iodide (MgI2(0–10 mg·mL−1)/CsPbBr3/carbon electrode was used to evaluate the device’s photo-detection performance. MgI2 was added to the SnO2/perovskite interface to modify it. The addition of MgI2 reduced interface defects and improved the performance of the self-powered ML-perovskite sensor. The device had a faster response time of 0.65 ms. The light emitted from the ML layer was efficiently collected and converted into distinct electrical signals for SHM applications, according to impact testing and mechanical three-point bending tests.




2. Materials and Methods


2.1. Materials


SnO2, 15% in H2O colloidal dispersion, and lead bromide (PbBr2) were purchased from Alfa Aesar. Anhydrous dimethyl sulfoxide (DMSO, 99.5%), and cesium bromide (CsI), were obtained from Sigma Aldrich. ZnS:Cu (GL29/B-C1) was purchased from Phosphor Technologies. All of the materials were used without further treatment.




2.2. Sensor Device Fabrication


Hydrochloric acid and zinc powder were used to etch ITO-coated polyethylene terephthalate (PET) substrates. The substrates were then cleaned with nano pure water, acetone, and isopropanol. After cleaning, the flexible substrates were treated for 5 min with oxygen plasma. SnO2 colloid precursor was diluted (1:6) with deionized water and stirred overnight. The SnO2 solution was spin-coated for 30 s at 3000 rpm onto PET/ITO substrates before being annealed in ambient at 100 °C for 60 min, followed by 5 min of plasma treatment. MgI2 was dissolved in methanol in various concentrations and spin-coated onto the PET/ITO/SnO2 substrates for 30 s at 3000 rpm before being annealed at 100 °C for 15 min. CsBr (0.3 M) and PbBr2 (0.3 M) were mixed in 1 mL DMSO to produce the CsPbBr3 precursor. The perovskite precursor was spin-coated on the substrates for 45 s at 1500 rpm before being annealed at 70 °C for 3 min and then at 105 °C for 20 min. Figure 1 depicts the one-step CsPbBr3 thin film fabrication procedure. Carbon paste electrodes were applied to the substrates with a doctor blade and dried for 15 min at 80 °C. The active area of the devices was set at 0.06 cm2.



The device was built using our previously described method for ML layer integration [4,6]. Using a Thinky mixer, the ZnS:Cu material was mixed into a polydimethylsiloxane (PDMS) elastomer. The ZnS:Cu/PDMS composite was deposited on the other side of the PET substrate using a doctor blade and heated until a total cure was obtained.




2.3. Multifunctional Composite Fabrication


Multifunctional composites with embedded impact sensors were produced using plain weave carbon fiber fabric as reinforcing fibers and vinyl-ester resin as the system’s matrix. As shown in Figure 2, the sensors were embedded between the third and fourth carbon fiber plies. The data from the sensors were collected using embedded copper electrodes. Six layers of reinforcing fibers were used to create the final composite. Vacuum-assisted resin transfer molding (VARTM) infusion was used as usual.




2.4. Materials and Device Characterization


An Agilent Cary 5000 was used to obtain the ultraviolet-visible (UV-Vis) absorption spectra. The current-voltage (I–V) parameters were measured with a Keithley 2410 and LabView under a white light-emitting diode (LED) lamp with a 100 mW/cm2 intensity. The time-dependent response was obtained with a NI-6210 DAQ and boosted with a Hamamatsu C7319 on a low bandwidth setting and 105 gain. The data were processed using MATLAB. The impact testing was carried out with the help of a customized drop-tower setup, and the cyclic 3-point bending test was carried out with the help of a Shimadzu mechanical testing system. The sensor’s response signal was collected using the same configuration for I–V measurements.





3. Results


3.1. Optical Characterization


MgI2 solution ratios of 1, 5, and 10 mg·mL−1 were used to investigate the ETL/perovskite interface modification. Mg2+ and I− ions effectively inhibit the formation of deep trap states at the ETL/perovskite interface, promoting surface passivation and decreasing device carrier recombination. Mg2+ ions can also diffuse into the interstitial regions of the perovskite lattice, resulting in an active passivation action [21,24,27]. The UV-Vis absorption technique was used to investigate the optical properties of CsPbBr3 films with and without MgI2 treatment. As shown in Figure 3a, all samples had a sharp absorption edge of around 530 nm. Because of the absorption property of the CsPbBr3 films, they can be used as an active layer for visible photo-detection, particularly in the green light region. The MgI2 layer improved the absorption of the perovskite films, implying that the interface between the ETL and the perovskite was effectively modified. Further research was carried out to determine the effect of the interfacial modifier on the crystal quality of the inorganic CsPbBr3 perovskite. The crystallinity of the perovskite films was investigated using X-ray diffraction (XRD). Figure 3b depicts the XRD patterns of CsPbBr3 perovskite films on PET substrates. The XRD pattern’s break region attempts to remove the strong diffraction from the PET substrate. Because PET flexible substrates were used, the inorganic perovskite annealing temperature was kept constant at 105 °C. The intensities of the peaks increased as MgI2 concentration increased, indicating that the films were more crystalline. The XRD pattern of CsPbBr3 perovskite shows strong and prominent peaks with a high degree of crystallinity, which is beneficial for efficient charge transfer. Higher crystallinity, as well as larger grain size with fewer grain boundaries, are both indicated by a narrower and stronger X-ray diffraction peak, which is directly related to photovoltaic performance. Crystallinity was increased in thin films with 1 and 5 mg·mL−1 additions.



The crystallite size of the perovskite film was calculated using Scherrer’s equation, as shown in Equation (1) [42].


  D =   K λ   B cos θ    



(1)




where D, K, λ, B, and θ are the crystallite size (nm), Scherrer constant, X-ray wavelength (nm), Full Width at Half Maximum (FWHM) (radian), and XRD peak position (degree), in that order. Table 1 shows the calculated crystallite size for films with various MgI2 concentrations. The film containing 5 mg·mL−1 MgI2 had an average crystallite size of 74.54 nm, whereas the pristine films had 55.35 nm. These findings also suggested that the interface modification improved crystallinity and reduced defects, thereby improving the photophysical capabilities of the device.



SEM images of the obtained CsPbBr3 films with and without the addition of MgI2 at various concentrations were compared. The pristine CsPbBr3 film has some discontinuities and numerous pinholes, as shown in Figure 4. The film morphology significantly improves as the MgI2 concentration increases, with greater coverage uniformity and fewer minor pinholes. The thin film with a MgI2 concentration of 5 mg·mL−1 appears to have the best film coverage, with very compact grain boundaries and few pinholes. The films with a concentration of 10 mg·mL−1 showed signs of degradation, including poor film coverage and dissolved grain boundaries. The degradation of the films with a higher concentration of MgI2 may indicate saturation of the Mg layer, which prevents the perovskite layer from crystallizing properly. The disproportional addition of the compound can disbalance the perovskite crystallization, leading to an incomplete reaction and the formation of PbI2, preventing the full development of perovskite crystals on the film [23,43,44,45]. The SEM results agree with the UV-Vis and XRD characterization, indicating that adding MgI2 can help improve the morphology and crystallization of the CsPbBr3 film.




3.2. Electrical Characterization


A vertical planar PET/ITO/SnO2/MgI2/CsPbBr3/carbon structure was used to investigate the photo-detection response of the CsPbBr3 photodiode. When light is absorbed by the perovskite layer, electron and hole pairs are separated. Electrons from the light-absorbing layer of the perovskite are carried into the conduction band of the perovskite, where they are injected into the SnO2 electron transport layer (ETL) and collected by the ITO electrode. To complete the electrical circuit, the carbon contact electrode collects the holes. Under a 0 V bias, the devices were tested with a pulsing white light LED at 1 Hz. Figure 5 depicts the devices’ consistent and stable response over time (a–d). The device’s response to the LED is consistent with the UV-vis and XRD data, which show that adding 5 mg·mL−1 of MgI2 improves sensor performance (Figure 5d).



The response speed of a photodiode is an important metric that reflects its ability to detect a rapidly changing optical signal [10,11,46,47]. High-performance photodiodes used in SHM must respond quickly and consistently to light illumination. The response time was evaluated using the previously described method. Under ambient conditions, a 470 nm pulse light source from an LED was controlled by a function generator with square waves at a frequency of 50 Hz to measure response time [11,46,47]. The reaction times of pristine CsPbBr3 photodiodes and devices incorporating 5 mg·mL−1 MgI2 are shown in Figure 6. The devices demonstrated a consistent and repeatable response with excellent performance. Figure 6 depicts the response rise (τrise) and fall (τfall) times, which are the times it takes for a photodiode to reach 90% and 10% of steady-state values, respectively (a, b). The device containing 5 mg·mL−1 MgI2 has a rise and fall time of 0.65 ms and 0.69 ms (Figure 6a), which is comparable to previously reported devices [47,48,49,50] but significantly faster than the pristine devices (Figure 6b). Table 2 summarizes the response time of different inorganic perovskite photodetectors.




3.3. Impact Sensing


A perovskite photodiode with a MgI2 layer (5 mg·mL−1) was combined with ZnS:Cu-PDMS and mechanically tested to evaluate the possibility of the modified CsPbBr3 devices for constructing ML-perovskite impact sensors. Light emission in ML materials is caused by mechanical stress. As a result, photon emission is predicted as the ML layer is stressed. The perovskite photodiode then captures the photons and converts them into an electrical current. Upon photoexcitation, electron-hole pairs are generated in the perovskite layer. Then, photogenerated carrier pairs, in the presence of the inherent electric field, are extracted and collected by the electron-transport layer and electrodes, generating electrical current [39,40,58]. The current fluctuation can be measured and correlated to the load applied to the device for sensing purposes. The change in the electrical current was expressed as follows:


    Δ I    I 0    =    (  I −  I 0   )     I 0     



(2)




where I represents the electrical current measured during the test and I0 represents the sensor’s baseline electrical current, also known as the dark current. The mechanical energy applied to the composite is transmitted to the sensor, causing ML emission. The perovskite layer absorbs light and converts it into an electrical current. The intensity of an impact has a linear effect on the sensor signal [4,6].



A mechanical three-point bending test was performed to evaluate the capability of the modified ML-Perovskite sensor for SHM applications. Figure 7 depicts the three-point bending test configuration (a). The sensor was inserted into a carbon fiber composite sample and bent 250 times. Each bending cycle used a constant displacement of 1.5 mm. The results of a 15-cycle repeated bending test are shown in Figure 7b. The sensor generated distinct and visible signals for each cycle. Furthermore, the sensor intensity signals correlated well with the composite sample displacement. The sensor responded consistently across the cycles, indicating its potential for SHM applications.



To investigate the sensor’s potential for impact sensing, an in-house drop tower testing setup was used to impact a composite laminate with an embedded sensor with varying impact energies ranging from 0.4 J to 4 J. To evaluate the sensor’s low-energy impact-sensing capabilities, impact samples were subjected to ten successive impacts of increasing energies. The strikes were delivered directly to the surface of the composite structure, right on top of the sensor. The impact testing setup is depicted in Figure 7c. Drop-weight tower impact testing is a popular and widely used method for investigating low-velocity impact in composites and ML materials. The impact energy can be altered by adding mass to the impactor or adjusting the drop height. For each impact, all device configurations produced distinct signals. As shown in Figure 7d, the signal peak intensity is proportional to the impact energy.



The minimum observable signal was obtained for an impact energy of 0.4 J. The minimal detectable impact energy could be reduced by improving the dark current of the perovskite photodetector. Table 3 summarizes some performance parameters of different ML-perovskite sensors.



A regression model was used to analyze the experimental data and is shown in the following equation:


    Δ I    I 0    = 0.7402 × E − 0.2716  



(3)




where E is the impact energy value. The sensor’s sensitivity could be estimated as the change of sensor output due to the input parameter change (impact energy). The estimated sensitivity for the optimized sensor is 0.74 J−1. The load applied to the ML materials produces a linear relationship between pressure and light emission.



The higher the energy applied to the ML crystals, the higher the expected emission of photons. The photocurrent of a perovskite photodetector increases linearly with increasing light intensity. As a result, the system’s output signal should rise linearly as the applied load increases. In other words, as the impact energy increases, the signal intensity increases, demonstrating that the sensor can be used for structural health monitoring of composite structures. The addition of MgI2 to the interface can increase the intensity of the resulting signal.





4. Conclusions


In conclusion, we discuss how an inorganic CsPbBr3 perovskite with a carbon-based electrode flexible photodetector can be utilized for the ML sensing and SHM of composite structures. The overall performance of the sensor was improved by the incorporation of MgI2 into the interfacial layer that is located between SnO2 and perovskite. The UV-vis data demonstrate that the device’s absorption spectrum has been enhanced, and as a result, it is now appropriate for monitoring ML emissions. The optimized flexible photodetector with a PET/ITO/SnO2/MgI2/CsPbBr3/carbon basic construction demonstrates excellent photoresponse when exposed to white light as the illumination source. According to the findings, the sensors could detect various loads throughout the composite structure. This enabled a correlation to be established between the sensor signal and the impact distance or composite displacement. The ML-perovskite sensor has demonstrated strong potential in SHM applications involving composite materials.







Author Contributions


Conceptualization, L.B.C. and V.O.E.; methodology, L.B.C. and V.O.E.; validation, L.B.C., V.O.E.; formal analysis, L.B.C. and V.O.E.; investigation, L.B.C.; resources, O.O.; writing—original draft preparation, L.B.C.; writing—review and editing, L.B.C., V.O.E. and O.O.; supervision, V.O.E. and O.O.; project administration, O.O.; and funding acquisition, O.O. All authors have read and agreed to the published version of the manuscript.




Funding


This research was funded by the National Science Foundation through NSF award number 1950500.




Institutional Review Board Statement


Not applicable.




Informed Consent Statement


Not applicable.




Data Availability Statement


Data will be provided upon request.




Conflicts of Interest


The authors declare no conflict of interest.




References


	



Giurgiutiu, V. Structural Health Monitoring (SHM) of Aerospace Composites. In Polymer Composites in the Aerospace Industry; Elsevier: Amsterdam, The Netherlands, 2020; pp. 491–558. ISBN 978-0-08-102679-3. [Google Scholar]

	



Güemes, A.; Fernandez-Lopez, A.; Pozo, A.R.; Sierra-Pérez, J. Structural Health Monitoring for Advanced Composite Structures: A Review. J. Compos. Sci. 2020, 4, 13. [Google Scholar] [CrossRef]

	



Konka, H.P.; Wahab, M.A.; Lian, K. The Effects of Embedded Piezoelectric Fiber Composite Sensors on the Structural Integrity of Glass-Fiber–Epoxy Composite Laminate. Smart Mater. Struct. 2012, 21, 015016. [Google Scholar] [CrossRef]

	



Shohag, M.A.S.; Eze, V.O.; Braga Carani, L.; Okoli, O.I. Fully Integrated Mechanoluminescent Devices with Nanometer-Thick Perovskite Film as Self-Powered Flexible Sensor for Dynamic Pressure Sensing. ACS Appl. Nano Mater. 2020, 3, 6749–6756. [Google Scholar] [CrossRef]

	



Braga Carani, L.; Shohag, M.A.; Obiozo Eze, V.; Adams, G.R.; Okoli, O. Embedded Perovskite-Mechanoluminescent Sensor for Applications in Composite Materials. In European Workshop on Structural Health Monitoring; Rizzo, P., Milazzo, A., Eds.; Lecture Notes in Civil Engineering; Springer International Publishing: Cham, Switzerland, 2021; Volume 128, pp. 603–611. ISBN 978-3-030-64907-4. [Google Scholar]

	



Carani, L.B.; Eze, V.O.; Iwuagwu, C.; Okoli, O.I. Performance Analysis of Embedded Mechanoluminescence-Perovskite Self-Powered Pressure Sensor for Structural Health Monitoring. J. Compos. Sci. 2020, 4, 190. [Google Scholar] [CrossRef]

	



Carani, L.B.; Martin, T.D.; Eze, V.O.; Okoli, O.I. Impact Sensing and Localization in Composites Structures with Embedded Mechanoluminescence-Perovskite Sensors. Sens. Actuators A Phys. 2022, 346, 113843. [Google Scholar] [CrossRef]

	



Carani, L.B.; Eze, V.O.; Okoli, O.I. Interface Engineering of Embedded Mechanoluminescence-Perovskite Self-Powered Pressure Sensor for Improved Performance. In European Workshop on Structural Health Monitoring; Rizzo, P., Milazzo, A., Eds.; Lecture Notes in Civil Engineering; Springer International Publishing: Cham, Switzerland, 2023; Volume 253, pp. 826–834. ISBN 978-3-031-07253-6. [Google Scholar]

	



Kojima, A.; Teshima, K.; Shirai, Y.; Miyasaka, T. Organometal Halide Perovskites as Visible-Light Sensitizers for Photovoltaic Cells. J. Am. Chem. Soc. 2009, 131, 6050–6051. [Google Scholar] [CrossRef]

	



Adams, G.R.; Eze, V.O.; Carani, L.B.; Pino, A.; Jolowsky, C.; Okoli, O.I. Synergistic Effect of the Anti-Solvent Bath Method and Improved Annealing Conditions for High-Quality Triple Cation Perovskite Thin Films. RSC Adv. 2020, 10, 18139–18146. [Google Scholar] [CrossRef]

	



Eze, V.O.; Adams, G.R.; Braga Carani, L.; Simpson, R.J.; Okoli, O.I. Enhanced Inorganic CsPbIBr2 Perovskite Film for a Sensitive and Rapid Response Self-Powered Photodetector. J. Phys. Chem. C 2020, 124, 20643–20653. [Google Scholar] [CrossRef]

	



Green, M.A.; Ho-Baillie, A.; Snaith, H.J. The Emergence of Perovskite Solar Cells. Nat. Photonics 2014, 8, 506–514. [Google Scholar] [CrossRef]

	



Eze, V.O.; Carani, L.B.; Majumder, H.; Uddin, M.J.; Okoli, O.I. Inorganic Cesium Lead Mixed Halide Based Perovskite Solar Materials Modified with Functional Silver Iodide. Sci. Rep. 2022, 12, 7794. [Google Scholar] [CrossRef]

	



Service, R.F. Cesium Fortifies Next-Generation Solar Cells. Science 2016, 351, 113–114. [Google Scholar] [CrossRef]

	



Yantara, N.; Bhaumik, S.; Yan, F.; Sabba, D.; Dewi, H.A.; Mathews, N.; Boix, P.P.; Demir, H.V.; Mhaisalkar, S. Inorganic Halide Perovskites for Efficient Light-Emitting Diodes. J. Phys. Chem. Lett. 2015, 6, 4360–4364. [Google Scholar] [CrossRef]

	



Eperon, G.E.; Habisreutinger, S.N.; Leijtens, T.; Bruijnaers, B.J.; van Franeker, J.J.; deQuilettes, D.W.; Pathak, S.; Sutton, R.J.; Grancini, G.; Ginger, D.S.; et al. The Importance of Moisture in Hybrid Lead Halide Perovskite Thin Film Fabrication. ACS Nano 2015, 9, 9380–9393. [Google Scholar] [CrossRef]

	



Smith, I.C.; Hoke, E.T.; Solis-Ibarra, D.; McGehee, M.D.; Karunadasa, H.I. A Layered Hybrid Perovskite Solar-Cell Absorber with Enhanced Moisture Stability. Angew. Chem. Int. Ed. 2014, 53, 11232–11235. [Google Scholar] [CrossRef]

	



Tavakoli, M.M.; Bi, D.; Pan, L.; Hagfeldt, A.; Zakeeruddin, S.M.; Grätzel, M. Adamantanes Enhance the Photovoltaic Performance and Operational Stability of Perovskite Solar Cells by Effective Mitigation of Interfacial Defect States. Adv. Energy Mater. 2018, 8, 1800275. [Google Scholar] [CrossRef]

	



Song, J.; Li, J.; Li, X.; Xu, L.; Dong, Y.; Zeng, H. Quantum Dot Light-Emitting Diodes Based on Inorganic Perovskite Cesium Lead Halides (CsPbX3). Adv. Mater. 2015, 27, 7162–7167. [Google Scholar] [CrossRef]

	



Guerrero, A.; You, J.; Aranda, C.; Kang, Y.S.; Garcia-Belmonte, G.; Zhou, H.; Bisquert, J.; Yang, Y. Interfacial Degradation of Planar Lead Halide Perovskite Solar Cells. ACS Nano 2016, 10, 218–224. [Google Scholar] [CrossRef]

	



Wang, L.; Moghe, D.; Hafezian, S.; Chen, P.; Young, M.; Elinski, M.; Martinu, L.; Kéna-Cohen, S.; Lunt, R.R. Alkali Metal Halide Salts as Interface Additives to Fabricate Hysteresis-Free Hybrid Perovskite-Based Photovoltaic Devices. ACS Appl. Mater. Interfaces 2016, 8, 23086–23094. [Google Scholar] [CrossRef]

	



Zhang, J.; Wang, Z.; Mishra, A.; Yu, M.; Shasti, M.; Tress, W.; Kubicki, D.J.; Avalos, C.E.; Lu, H.; Liu, Y.; et al. Intermediate Phase Enhances Inorganic Perovskite and Metal Oxide Interface for Efficient Photovoltaics. Joule 2020, 4, 222–234. [Google Scholar] [CrossRef]

	



Zhang, L.; Yang, X.; Jiang, Q.; Wang, P.; Yin, Z.; Zhang, X.; Tan, H.; Yang, Y.; Wei, M.; Sutherland, B.R.; et al. Ultra-Bright and Highly Efficient Inorganic Based Perovskite Light-Emitting Diodes. Nat. Commun. 2017, 8, 15640. [Google Scholar] [CrossRef] [PubMed]

	



Phung, N.; Félix, R.; Meggiolaro, D.; Al-Ashouri, A.; Sousa e Silva, G.; Hartmann, C.; Hidalgo, J.; Köbler, H.; Mosconi, E.; Lai, B.; et al. The Doping Mechanism of Halide Perovskite Unveiled by Alkaline Earth Metals. J. Am. Chem. Soc. 2020, 142, 2364–2374. [Google Scholar] [CrossRef] [PubMed]

	



Klug, M.T.; Osherov, A.; Haghighirad, A.A.; Stranks, S.D.; Brown, P.R.; Bai, S.; Wang, J.T.-W.; Dang, X.; Bulović, V.; Snaith, H.J.; et al. Tailoring Metal Halide Perovskites through Metal Substitution: Influence on Photovoltaic and Material Properties. Energy Environ. Sci. 2017, 10, 236–246. [Google Scholar] [CrossRef]

	



Yang, F.; Kamarudin, M.A.; Kapil, G.; Hirotani, D.; Zhang, P.; Ng, C.H.; Ma, T.; Hayase, S. Magnesium-Doped MAPbI3 Perovskite Layers for Enhanced Photovoltaic Performance in Humid Air Atmosphere. ACS Appl. Mater. Interfaces 2018, 10, 24543–24548. [Google Scholar] [CrossRef]

	



Zhu, N.; Qi, X.; Zhang, Y.; Liu, G.; Wu, C.; Wang, D.; Guo, X.; Luo, W.; Li, X.; Hu, H.; et al. High Efficiency (18.53%) of Flexible Perovskite Solar Cells via the Insertion of Potassium Chloride between SnO2 and CH3NH3PbI3 Layers. ACS Appl. Energy Mater. 2019, 2, 3676–3682. [Google Scholar] [CrossRef]

	



Leung, S.-F.; Ho, K.-T.; Kung, P.-K.; Hsiao, V.K.S.; Alshareef, H.N.; Wang, Z.L.; He, J.-H. A Self-Powered and Flexible Organometallic Halide Perovskite Photodetector with Very High Detectivity. Adv. Mater. 2018, 30, 1704611. [Google Scholar] [CrossRef]

	



Lu, H.; Tian, W.; Cao, F.; Ma, Y.; Gu, B.; Li, L. A Self-Powered and Stable All-Perovskite Photodetector-Solar Cell Nanosystem. Adv. Funct. Mater. 2016, 26, 1296–1302. [Google Scholar] [CrossRef]

	



Xue, M.; Zhou, H.; Ma, G.; Yang, L.; Song, Z.; Zhang, J.; Wang, H. Investigation of the Stability for Self-Powered CsPbBr3 Perovskite Photodetector with an All-Inorganic Structure. Sol. Energy Mater. Sol. Cells 2018, 187, 69–75. [Google Scholar] [CrossRef]

	



Sadanand; Patel, M.; Kumar, N.; Lee, W.; Kim, J. New Concepts in All-Metal-Oxide-Based Ultraviolet Transparent Photovoltaics. IEEE Trans. Electron Devices 2022, 69, 5021–5027. [Google Scholar] [CrossRef]

	



Pant, R.; Singh, D.K.; Chowdhury, A.M.; Roul, B.; Nanda, K.K.; Krupanidhi, S.B. Next-Generation Self-Powered and Ultrafast Photodetectors Based on III-Nitride Hybrid Structures. APL Mater. 2020, 8, 020907. [Google Scholar] [CrossRef]

	



Bhatnagar, P.; Patel, M.; Lee, K.; Kim, J. Piezo-Pyrophototronics-Based Self-Powered Transparent Mechanoreceptor. Sens. Actuators A Phys. 2022, 345, 113801. [Google Scholar] [CrossRef]

	



Qiao, H.; Huang, Z.; Ren, X.; Liu, S.; Zhang, Y.; Qi, X.; Zhang, H. Self-Powered Photodetectors Based on 2D Materials. Adv. Optical Mater. 2020, 8, 1900765. [Google Scholar] [CrossRef]

	



Bhatnagar, P.; Hong, J.; Patel, M.; Kim, J. Transparent Photovoltaic Skin for Artificial Thermoreceptor and Nociceptor Memory. Nano Energy 2022, 91, 106676. [Google Scholar] [CrossRef]

	



Bhatnagar, P.; Patel, M.; Nguyen, T.T.; Kim, S.; Kim, J. Transparent Photovoltaics for Self-Powered Bioelectronics and Neuromorphic Applications. J. Phys. Chem. Lett. 2021, 12, 12426–12436. [Google Scholar] [CrossRef]

	



Kumar, N.; Patel, M.; Lim, D.; Lee, K.; Kim, J. Van Der Waals Semiconductor Embedded Transparent Photovoltaic for Broadband Optoelectronics. Surf. Interfaces 2022, 34, 102369. [Google Scholar] [CrossRef]

	



Kotadiya, N.B.; Mondal, A.; Blom, P.W.M.; Andrienko, D.; Wetzelaer, G.-J.A.H. A Window to Trap-Free Charge Transport in Organic Semiconducting Thin Films. Nat. Mater. 2019, 18, 1182–1186. [Google Scholar] [CrossRef]

	



Li, C.; Ma, Y.; Xiao, Y.; Shen, L.; Ding, L. Advances in Perovskite Photodetectors. InfoMat 2020, 2, 1247–1256. [Google Scholar] [CrossRef]

	



Patel, M.; Song, J.; Kim, D.-W.; Kim, J. Carrier Transport and Working Mechanism of Transparent Photovoltaic Cells. Appl. Mater. Today 2022, 26, 101344. [Google Scholar] [CrossRef]

	



Tian, W.; Zhou, H.; Li, L. Hybrid Organic-Inorganic Perovskite Photodetectors. Small 2017, 13, 1702107. [Google Scholar] [CrossRef]

	



Patterson, A.L. The Scherrer Formula for X-Ray Particle Size Determination. Phys. Rev. 1939, 56, 978–982. [Google Scholar] [CrossRef]

	



Li, Z.; Wang, F.; Liu, C.; Gao, F.; Shen, L.; Guo, W. Efficient Perovskite Solar Cells Enabled by Ion-Modulated Grain Boundary Passivation with a Fill Factor Exceeding 84%. J. Mater. Chem. A 2019, 7, 22359–22365. [Google Scholar] [CrossRef]

	



Zhang, Z.; Xu, L.; Qi, J. Improved Efficiency and Stability of Perovskite Solar Cells with Molecular Ameliorating of ZnO Nanorod/Perovskite Interface and Mg-Doping ZnO*. Chin. Phys. B 2021, 30, 038801. [Google Scholar] [CrossRef]

	



Arshad, Z.; Khoja, A.H.; Shakir, S.; Afzal, A.; Mujtaba, M.A.; Soudagar, M.E.M.; Fayaz, H.; Saleel, C.A.; Farukh, S.; Saeed, M. Magnesium Doped TiO2 as an Efficient Electron Transport Layer in Perovskite Solar Cells. Case Stud. Therm. Eng. 2021, 26, 101101. [Google Scholar] [CrossRef]

	



Adams, G.R.; Eze, V.O.; Shohag, M.A.S.; Simpson, R.; Parker, H.; Okoli, O.I. Fabrication of Rapid Response Self-Powered Photodetector Using Solution-Processed Triple Cation Lead-Halide Perovskite. Eng. Res. Express 2020, 2, 015043. [Google Scholar] [CrossRef]

	



Yang, Y.; Dai, H.; Yang, F.; Zhang, Y.; Luo, D.; Zhang, X.; Wang, K.; Sun, X.W.; Yao, J. All-Perovskite Photodetector with Fast Response. Nanoscale Res. Lett. 2019, 14, 291. [Google Scholar] [CrossRef] [PubMed]

	



Ou, Z.; Yi, Y.; Hu, Z.; Zhu, J.; Wang, W.; Meng, H.; Zhang, X.; Jing, S.; Xu, S.; Hong, F.; et al. Improvement of CsPbBr3 Photodetector Performance by Tuning the Morphology with PMMA Additive. J. Alloys Compd. 2020, 821, 153344. [Google Scholar] [CrossRef]

	



Ding, J.; Du, S.; Zuo, Z.; Zhao, Y.; Cui, H.; Zhan, X. High Detectivity and Rapid Response in Perovskite CsPbBr3 Single-Crystal Photodetector. J. Phys. Chem. C 2017, 121, 4917–4923. [Google Scholar] [CrossRef]

	



Dong, Y.; Xu, L.; Zhao, Y.; Wang, S.; Song, J.; Zou, Y.; Zeng, H. The Synergy of Plasmonic Enhancement and Hot-Electron Effect on CsPbBr3 Nanosheets Photodetector. Adv. Mater. Interfaces 2021, 8, 2002053. [Google Scholar] [CrossRef]

	



Zhou, H.; Song, Z.; Grice, C.R.; Chen, C.; Yang, X.; Wang, H.; Yan, Y. Pressure-Assisted Annealing Strategy for High-Performance Self-Powered All-Inorganic Perovskite Microcrystal Photodetectors. J. Phys. Chem. Lett. 2018, 9, 4714–4719. [Google Scholar] [CrossRef]

	



Zhou, H.; Zeng, J.; Song, Z.; Grice, C.R.; Chen, C.; Song, Z.; Zhao, D.; Wang, H.; Yan, Y. Self-Powered All-Inorganic Perovskite Microcrystal Photodetectors with High Detectivity. J. Phys. Chem. Lett. 2018, 9, 2043–2048. [Google Scholar] [CrossRef]

	



Liu, X.; Yu, D.; Cao, F.; Li, X.; Ji, J.; Chen, J.; Song, X.; Zeng, H. Low-Voltage Photodetectors with High Responsivity Based on Solution-Processed Micrometer-Scale All-Inorganic Perovskite Nanoplatelets. Small 2017, 13, 1700364. [Google Scholar] [CrossRef]

	



Ramasamy, P.; Lim, D.-H.; Kim, B.; Lee, S.-H.; Lee, M.-S.; Lee, J.-S. All-Inorganic Cesium Lead Halide Perovskite Nanocrystals for Photodetector Applications. Chem. Commun. 2016, 52, 2067–2070. [Google Scholar] [CrossRef]

	



Yang, B.; Zhang, F.; Chen, J.; Yang, S.; Xia, X.; Pullerits, T.; Deng, W.; Han, K. Ultrasensitive and Fast All-Inorganic Perovskite-Based Photodetector via Fast Carrier Diffusion. Adv. Mater. 2017, 29, 1703758. [Google Scholar] [CrossRef]

	



Dong, Y.; Gu, Y.; Zou, Y.; Song, J.; Xu, L.; Li, J.; Xue, J.; Li, X.; Zeng, H. Improving All-Inorganic Perovskite Photodetectors by Preferred Orientation and Plasmonic Effect. Small 2016, 12, 5622–5632. [Google Scholar] [CrossRef]

	



Liu, D.; Yu, B.-B.; Liao, M.; Jin, Z.; Zhou, L.; Zhang, X.; Wang, F.; He, H.; Gatti, T.; He, Z. Self-Powered and Broadband Lead-Free Inorganic Perovskite Photodetector with High Stability. ACS Appl. Mater. Interfaces 2020, 12, 30530–30537. [Google Scholar] [CrossRef]

	



Wang, H.; Kim, D.H. Perovskite-Based Photodetectors: Materials and Devices. Chem. Soc. Rev. 2017, 46, 5204–5236. [Google Scholar] [CrossRef]








[image: Sensors 23 00236 g001 550] 





Figure 1. Fabrication procedure of the CsPbBr3 perovskite thin film. 
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Figure 2. Schematic of the composite samples with embedded sensors for mechanical testing. 






Figure 2. Schematic of the composite samples with embedded sensors for mechanical testing.



[image: Sensors 23 00236 g002]







[image: Sensors 23 00236 g003 550] 





Figure 3. (a) Absorption spectra and (b) XRD spectra of the perovskite with different concentrations of MgI2. 
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Figure 4. SEM images of perovskite films with (a) 0, (b) 1, (c) 5, and (d) 10 mg/mL of MgI2 interfacial layer. 
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Figure 5. (a) On-off cycles of the pristine CsPbBr3 photodetector. (b) Enlarged detail of the pristine sensor response. (c) On-off cycles of the CsPbBr3 photodetector with 5 mg·mL−1 of MgI2. (d) Enlarged detail of the modified sensor response. 
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Figure 6. Rise and decay time of the (a) pristine device and (b) modified device. 
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Figure 7. (a) Three-point bending testing setup. (b) Results of the three-point bending test. (c) Impact testing setup. (d) Sensor response for different impact energies. 






Figure 7. (a) Three-point bending testing setup. (b) Results of the three-point bending test. (c) Impact testing setup. (d) Sensor response for different impact energies.



[image: Sensors 23 00236 g007]







[image: Table] 





Table 1. Crystallite size calculation for perovskite thin films with different concentrations of MgI2.
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	MgI2 Concentration (mg·mL−1)
	Peak Position 2θ (o)
	FWHM (o)
	Average Crystallite Size (nm)





	0 (pristine)
	15.73
	0.1434
	55.35



	1
	15.37
	0.1262
	62.83



	5
	15.35
	0.1064
	74.54



	10
	15.90
	0.1908
	41.61
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Table 2. Summary of the response time of different inorganic-based perovskite photodetectors.
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	Photodetector Structure
	Fall/Rise Time
	Ref.





	ITO/SnO2/MgI2/CsPbBr3/Carbon
	0.65 ms/0.69 ms
	This work



	ITO/SnO2/CsPbBr3/Carbon
	1.42 ms/1.61 ms
	This work



	ITO/SnO2/CsPbBr3 MC/PTAA/Au
	0.03 ms/0.039 ms
	[51]



	ITO/SnO2/CsPbBr3/Spiro-MeOTAD/Au
	0.14 ms/0.12 ms
	[52]



	Au/CsPbBr3/Au
	0.6 ms/0.9 ms
	[53]



	Au/CsPbI3/Au
	24 ms/29 ms
	[54]



	ITO/CsPbBr3/ITO
	0.5 ms/1.6 ms
	[55]



	Au/CsPbBr3/Au
	0.2 ms/1.3 ms
	[56]



	ITO/PEDOT:PSS/Cs3Bi2I6Br3/C60/BCP/Ag
	40.7 ms/27.1 ms
	[57]
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Table 3. Summary of the performance of different ML-perovskite sensors.
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	Sensor Configuration
	Application
	Min. Detected Load
	Sensitivity
	Ref





	ZnS:Cu-PDMS/ITO-PET/SnO2/MgI2/CsPbBr3/Carbon
	Impact/Three-Point Bending Sensing (Embedded Sensor)
	0.4 J
	0.74 J−1
	This work



	ZnS:Cu-PDMS/ITO-PET/SnO2/CsPbBr3/Carbon
	Impact/Three-Point Bending Sensing

(Embedded Sensor)
	1 J
	0.95 J−1
	This work



	ZnS:Cu-PDMS/ITO-PET/SnO2/MAPb(Br0.1I0.9)3/Carbon
	Impact Sensing/Damage Localization

(Embedded Sensor)
	0.6 J
	0.47 J−1
	[7]



	ZnS:Cu-PDMS/ITO-PET/SnO2/MAPb(Br0.1I0.9)3/Au
	Impact/Pressure Sensing

(Embedded Sensor)
	100 kPa
	0.137 kPa−1
	[6]



	ZnS:Cu-PDMS/ITO-PET/SnO2/MAPb(Br0.1I0.9)3/Spiro-oMeTAD/Au
	Pressure Sensing (Surface-Attached Sensor)
	11 kPa
	0.095 kPa−1
	[4]
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