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Abstract

:

Lead halide perovskites possess outstanding optical characteristics that can be employed in the fabrication of phototransistors. However, due to low current modulation at room temperature, sensitivity to the ambient environment, lack of patterning techniques and low carrier mobility of polycrystalline form, investigation in perovskite phototransistors has been limited to rigid substrates such as silicon and glass to improve the film quality. Here, we report on room temperature current modulation in a methylammonium lead iodide perovskite (MAPbI3) flexible transistor made by an extremely cheap and facile fabrication process. The proposed phototransistor has the top-gate configuration with a lateral drain–channel–source structure. The device performed in the linear and saturation regions both in the dark and under white light in different current ranges according to the illumination conditions. The transistor showed p-type transport characteristics and the field effect mobility of the device was calculated to be ~1.7 cm2 V−1 s−1. This study is expected to contribute to the development of MAPbI3 flexible phototransistors.
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1. Introduction


Advanced applications of transistors for portable and wearable devices require the use of lightweight flexible substrates. Different technologies and materials have been employed to develop flexible phototransistors by low-temperature fabrication methods [1]. Among the materials that are compatible with low-temperature processes, organic semiconductors suffer from low mobility [2] and metal oxide semiconductors require complicated and costly deposition techniques for producing high quality films [3].



An excellent candidate to be used as the photoactive layer in phototransistors is metal halide perovskite. Over the past ten years, metal halide perovskites, and particularly MAPbI3, have been recognized as the fastest growing technology in solar cell applications. The widespread research into MAPbI3 photovoltaics is due to its outstanding optical properties, including a high absorption coefficient [4] and low intrinsic recombination rate [5], along with low-cost solution-based fabrication methods [6].



MAPbI3 is a semiconductor with a direct bandgap of about 1.55–1.65 eV [7], suitable for visible light absorption. MAPbI3 in its single crystal form has a mobility higher than 100 cm2V−1s−1 [8]. Although many efforts have been devoted to the fabrication of MAPbI3-based solar cells [9] and light emitting diodes (LEDs) [10], MAPbI3 photo-transistors are still immature [11].



The feasibility of making MAPbI3-based transistors has shown before [10,12,13,14,15,16,17,18,19,20,21,22,23,24,25,26,27]. Most of the fabricated devices used a Si wafer and a layer of SiO2 as the gate and the dielectric layer to make a bottom-gate transistor [13,17]. Spin coating of MAPbI3 on the gate dielectric results in a polycrystalline layer that presents the triode and saturation current–voltage (I–V) response in the transistor only at low temperatures (<200 K) [10,21]. The poor field effect in the devices operated at room temperature is likely due to the weak bonds between the cations and iodide anion that would generate defects in the semiconductor under an external biasing [10]. The weak bonds also affect the stability of MAPbI3 and result in hysteresis loops in the I–V characteristic [10]. Three approaches have been followed to obtain room temperature operation. A common approach is to mix MAPbI3 with an organic semiconductor, graphene, or carbon nanotube (CNT) to make hybrid semiconductors [13,17,25]. This method sacrifices the excellent optical absorption and low recombination rate in pure perovskites. In another approach, dual halide perovskites of MAPbBrαI(3-α) or MAPbClαI(3-α) were used instead of MAPbI3 to make more stable devices [28,29]. However, our earlier studies show that the photoelectric response of dual halide perovskites is much weaker than MAPbI3 [30]. Another approach to achieve higher stability is to make transistors from single crystals of MAPbI3 [26]. In this work, we have developed a new fabrication method that has previously tested for making perovskite-based photoresistors with no hysteresis effect and high stability of the device at room temperature [30,31,32,33].



In the new fabrication method, instead of using a thin-film design, a laser engraving method is applied to first make a microchannel across two conductive electrodes that later became the drain and source contacts. The microchannel was filled with a solution containing the perovskite precursors. The sample was dried to get a polycrystalline of MAPbI3. We have found that leaving the sample in vacuum for at least 24 h before coating the perovskite with a layer of a dielectric (i.e., CYTOP) improves the stability of the device significantly [33]. In this work, we used the CYTOP layer as the gate dielectric to make the transistor. Fabricating the device on a polyethylene terephthalate (PET) substrate, the final photodetector was mechanically flexible. The results of the studied device in this work is promising for further investigation of flexible sensors.




2. Materials and Methods


Perovskite precursor was prepared by mixing 0.5 M PbI2 (98.5%, Alfa Aesar, Haverhill, MA, USA) and 0.5 M MAI (Lumtec, New Taipei City, Taiwan) in GBL (99%, Aldrich, St. Louis, CA, USA) and keeping it on the hotplate at 60 °C overnight. The sample was fabricated using 1 cm × 1 cm piece of indium tin oxide (ITO) coated (thickness of ~300 nm) sheet (60 Ωsqr, Sigma-Aldrich). A 200 µL of poly methyl methacrylate (PMMA) in chlorobenzene (0.369 g in 3 mL chlorobenzene) was spin-coated at 1000 rpm for 40 s. This layer (thickness of ~1 µm) was used as an isolating layer between ITO (drain and source contact material) and the gate contact.



After chlorobenzene was evaporated, the sample was laser engraved (Epilog Fusion M2, 60 W) at the power of 0.6 W, speed of 38.1 mm s−1 and pulse per inch (PPI) of 5000. The depth of the engraved channel was ~40 µm. Then the laser engraved channel was filled with 2 µL of the perovskite precursor solution using the capillary force when a droplet of the solution was placed at one end of the channel. The sample was placed on the hotplate at 85 °C for 6 min.



After that, for making the gate dielectric, a 50 µL of CYTOP CTL-809M (AGC Chemicals, Tokyo, Japan) was spun coated at 2000 rpm for 40 s and formed a ~1 µm thick CYTOP layer. Afterward, the sample was kept inside the desiccator overnight in order to remove any residual solvent. Then the Cu contact was made on top of the channel and a layer of Acrylic (MG Chemicals, Burlington, ON, Canada) was applied to seal the device.



The sample was characterized by scanning electron microscopy (SEM-Hitachi SU70) and X-ray diffraction (XRD-Bruker D8 Advance) methods. The I–V characteristics of the device were studied using a two-channel source measure unit (SMU) (Keithley 2602A, Cleveland, OH, USA). All the measurements under light were performed when the sample was illuminated by a solar simulator (RST 300S) at 80 mW/cm2 optical power. A schematic of the device structure is illustrated in Figure 1.




3. Results and Discussion


The SEM image of the laser engraved channel is shown in Figure 2a. The channel width was measured to be ~60 µm. The crystallinity of the perovskite was then studied with the XRD method (Figure 2b). As reported in our previous work [34], it was a strong peak at 26.1° and a broad peak around 54° associated to the ITO coated PET substrate. Therefore, that part of the spectrum is not shown in Figure 2b. The two strong peaks at 2Θ of 13.95 degrees and 14.22 degrees were assigned to (002) and (110) planes of tetragonal CH3NH3PbI3 (space group I4/mcm) [31,32,35]. The XRD result also shows other crystalline orientations, which implies the formation of a polycrystalline structure in the channel.



The transistor characteristics were measured in dark and under white light with the power density of 80 mW·cm−2. Since CYTOP surface hydrophobicity reduced at high electric fields [36] and may cause degradation of the perovskite layer, the output characteristics (drain current (ID) versus drain voltage (VDS)) were measured from 0 V to 20.0 V while varying gate voltage (VGS) from 10.0 V to 30.0 V by 10.0 V steps (Figure 3a,c). Additionally, the transfer characteristics (ID versus VGS) of the fabricated device were measured at VDS of 20 V under light and dark conditions and are presented in Figure 3b,d, respectively. No significant changes were observed in the device characteristics after it was bent and relaxed. However, since our earlier studies showed the piezoelectric effect of the perovskite [35], no attempt was made to test the device when it was bent. Further characterization will be conducted and reported later to study the photo-piezo effect in the perovskite transistors.



As the channel was well encapsulated by CYTOP, all measurements were performed in ambient conditions. To minimize the ion-migration and bias stress effect, the overall time duration of each scan was set to ~8 s with a pause of a few minutes after each set of measurements while the sample was kept in the dark. In order to ensure that the current change was not the result of degradation of perovskite with time, the output characteristic measurements (Figure 3a,c) were repeated in reverse order as well (starting at VGS of 30 V and decreasing down to 10 V) and the same trend was observed.



As shown in Figure 3a,c, the transistor reached the saturation region when the drain–source voltage was above 10.0 V. As the gate voltage increased, the saturated drain current decreased. The same trend was observed from the transfer characteristics both in dark and light conditions. The drain current dropped when the gate voltage increased at a drain voltage of 20.0 V which implies the depletion mode field-effect transistor (FET), not the enhancement. In fact, the non-zero current at VGS = 0 V in the transfer characteristics (Figure 3b,d) confirms the depletion mode in which the transistor is normally “on”. Although the device showed a poor current modulation from the gate voltage, as shown in Figure 3, under illumination, the currents in both output and transfer characteristics were larger than the dark currents at the equal bias voltages. In Figure 3b,d at VDS = 20 V when 0 V was applied to VGS, the dark current was ID = 12.1 µA. The current increased to 18.8 µA under illumination, showing a photocurrent of 6.7 µA (18.8 µA–12.1 µA). Considering the photoactive area of the transistor (w × l in Figure 1) and the intensity of the light (80 mW·cm−2), the photo-responsivity was estimated to be 14 mA·W−1, which is at least two orders of magnitude lower than the previously reported devices [17,37]. In this design, due to the high thickness of the channel (~40 µm) and the high optical absorption coefficient in MAPbI3 (between 104 and 105 cm−1) [38], light is not able to penetrate through the entire thickness of the semiconductor. Therefore, the top gate does not modulate the drain current effectively.



In addition to the thickness of the semiconductor, the polycrystalline structure of MAPbI3 and the ion-migration in the material are limiting factors. The crystallization of grains at low temperatures by the solution-based fabrication process generates a large number of defects. These defects and trap states provide low activation energy and make a channel for the intrinsic migration of I−, MA+, Pb2+, and, in some cases, H+ ions. These ions accumulate at the interfaces, screen the applied gate electric field, and they can reduce the mobile electrons concentration in the accumulation layer of FET [39]. Therefore ion migration plays an important role in carrier transport in lead halide perovskite [40]. The concentration of carriers changes mobility [41,42].



Figure 4 represents the transfer characteristics of the device in dark. As the saturation current is in direct relation with the mobility, decreasing the mobility lower the saturation current. The mobility of the fabricated device was calculated to be ~1.7 cm2·V−1·s−1 from the linear region of the transfer characteristic on using Equation (1).


  μ =    l  C w  V  d s       ∂  I D    ∂  V  g s      



(1)




where, C is the capacitor of CYTOP layer estimated from the thickness of the dielectric and its relative permittivity, l is the channel length (60 µm), and w is the channel width (1 cm). Although a mobility higher than 100 cm2·V−1·s−1 has been reported in the bulk of a single crystalline perovskite [8], the reported field-effect mobility in perovskite-based transistors are in the range of 1–9 cm2·V−1·s−1 [26]. The visible defects in Figure 2a and the polycrystalline structure of perovskite (Figure 2b) suggest having relatively high density of traps that has a direct effect on the mobility. Additionally, it is likely that the negative charged point defects drifted toward the CYTOP/perovskite interface (with a positive gate voltage) and screened the applied gate electric field. This effect and the depletion mode operation of the FET due to the thick layer of the perovskite resulted in a unipolar p-type transport characteristic, as shown in the transfer characteristics. Table 1 is a summary of fabricated MAPbI3-based phototransistors with some transistors showing ambipolar responses with the perovskite, acting as n-type and p-type semiconductors under negative and positive gate voltages, respectively.



The presented results here are promising for the fabrication of low-cost perovskite-based photodetectors. However, a modification in the design is required to make shallower micro-channels to obtain a thinner perovskite. It is expected that the current modulation and photo-response would be improved with a lower thickness of perovskite.




4. Conclusions


In this work, we introduced a new fabrication method to make an MAPbI3 flexible phototransistor based on a lateral structure and top-gate contact configuration. Laser engraving was employed to make a microfluidic channel with the width of 60 µm on ITO coated PET substrate. The fabricated device operated in the triode and saturation regions in dark and under light illumination while showing p-type transport characteristics. This novel fabrication method provides a simple solution to make an MAPbI3 transistor with comparably high mobility on flexible hydrophobic substrates.
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Figure 1. Schematic of the fabricated MAPbI3 phototransistor. 
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Figure 2. (a) The SEM image of the laser engraved microchannel (the image is taken at 44 degrees tilt angle), (b) the XRD spectra of the perovskite channel. 






Figure 2. (a) The SEM image of the laser engraved microchannel (the image is taken at 44 degrees tilt angle), (b) the XRD spectra of the perovskite channel.



[image: Electronics 09 01852 g002]







[image: Electronics 09 01852 g003 550] 





Figure 3. (a,c) Output and (b,d) transfer characteristics of the fabricated flexible photo-transistor (a,b) under light and (c,d) in dark. 
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Figure 4. The transfer characteristics of the fabricated phototransistor in dark at different drain–source voltages. 
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Table 1. Summary of fabricated MAPbI3-based phototransistors.
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	Year
	Material
	Flexibility
	Fabrication Method
	Carrier Transport/Operational Temperature
	Ref.





	2015
	MAPbI3 thin film
	🗴
	Two-step vapor-assisted
	Ambipolar
	[17]



	2015
	MAPbI3−xClx
	
	One-step spin coating
	No current modulation
	[15]



	2015
	Hybrid graphene MAPbBr2I
	🗴
	One-step spin coating
	Ambipolar

No current modulation
	[13]



	2015
	Tetragonal MAPbI3 thin film
	🗴
	One-step spin coating
	LT ** current modulation
	[10]



	2016
	2D MAPbI3
	🗴
	Combined solution process and vapor-phase conversion
	No current modulation
	[37]



	2015
	MAPbI3 micro-crystals
	🗴
	Seeded growth process
	
	[26]



	2016
	Hybrid C8BTBT * onto MAPbI3
	🗴
	Co-evaporating
	Unipolar
	[14]



	2016
	MAPbI3
	🗴
	Modified vapor-assisted solution process
	Unipolar

No current modulation
	[43]



	2017
	MAPbI3 thin film
	🗴
	Doctor blade
	No current modulation
	[44]



	2017
	MAPbI3 microplates
	🗴
	Vapor phase intercalation
	LT current modulation
	[18]



	2017
	Hybrid MAPbI3−xClx/CNT
	🗴
	One-step spin coating
	Ambipolar
	[25]



	2017
	MAPbI3 thin film
	🗴
	Two-step spin coating
	No transfer characteristic
	[22]



	2017
	MAPbI3 thin film
	🗴
	One-step spin coating
	Unipolar at HT ***
	[39]



	2018
	MAPbIxCl3−x
	🗴
	Multi-step annealing process
	No Saturation Regime
	[23]



	2018
	MAPbI3 thin film
	🗴
	One-step spin coating
	Vertical structure with ITO contact
	[45]



	2019
	MAPbI3 thin film
	🗴
	One-step spin coating
	Ambipolar
	[20]



	2019
	MAPbI3 micro/nanowire
	🗴
	
	Unipolar/P-type
	[46]



	2019
	MAPbI3
	🗴
	One-step spin coating
	Ambipolar
	[47]



	2019
	MAPbI3 thin film
	🗴
	Hot-casting method
	Unipolar/P-type
	[24]



	2019
	MAPbIxCl3−x
	🗴
	One-step spin coating
	Ambipolar
	[12]



	2020
	MAPbI3/PDVT-10 and MAPbI3/N2200
	🗴
	Cast and mold cleanroom microfluidic fabrication
	Ambipolar
	[48]



	2020
	MAPbI3
	✓
	Laser engraving + Capillary on Flexible substrate
	Unipolar/P-type
	This work







* Dioctylbenzothieno[2,3-b]benzothiophene, ** Low temperature, *** High temperature.
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