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Abstract 

 

Perovskites have been a popular research focus in the solar cell industry for the 

previous two decades for its high efficiency and low cost. Recently, the interest in 

perovskites have expanded into other electrical devices that include phototransistors. 

With increasing environmental concern regarding perovskite toxicity, lead-free 
perovskites have become a large focus in research. This review highlights recent 

research of different lead-free perovskites and gives insight into their effectiveness 

as phototransistors
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1. Introduction 

A phototransistor is an electronic component that relies on 

light exposure to switch and amplify current. Phototransistors 
have a three-terminal configuration that consists of a 

conductive channel source, drain electrodes, and gate terminal 

[1]. Current is able to flow when light photons hit the 

semiconducting material of the photoactive medium which 

allows for electrons to move. The current is controlled by the 

gate terminal depending on the intensity of the light. 

Perovskites are materials that have the chemical formula 

of ABX3 and the same crystal structure as calcium titanium 

oxide. Perovskites have long been popular in perovskite solar 

cells (PSCs) in which the sunlight-to-electrical-power 

conversion efficiency of 29.1% beats the 27% record of 

conventional silicon cells [2]. It is only recently that 
perovskites are being researched for use in other devices such 

as phototransistors as the light absorber. Perovskites have 

gained attention for LEDs, lasers, and photodetectors due to 

their high carrier mobility, high optical absorption, long 

carrier diffusion lengths, and cheap and easy fabrication 

processes. Despite these advantages, perovskites often 

contain lead which is toxic to living organisms and can 

contaminate the environment [3]. As a result, it is important 

to develop environmentally friendly alternatives. This review 

discusses several recent lead-free perovskite materials and 

their performance as phototransistors. 

 

2. Layer-by-layer inorganic lead-free bismuth 

perovskite and SWCNTs 

Sn and Ge elements have long been considered for the use in 

lead-free perovskites, but they readily oxidize in the air, 

resulting in poor stability [4]. On the other hand, Bi-based 

perovskite have long-term stability and photosensitivity, but 

low charge conductivity. The alternative would be to integrate 

the perovskite with other materials. Although graphene and 

single-walled carbon nanotubes (SWCNTs) both have high 

photoresponsivity, graphene lacks a band gap and have a low 

light to dark intensity ratio. SWCNTs have both high mobility 

and reduced off-current which makes it the ideal material to 
be used with bismuth perovskite [5].  

Liu et al. synthesized a layer-by-layer structure by 

sequential spin-coating of SWCNTs and CsBi3I10 suspensions 

followed by thermal annealing. From the photoluminescence 

(PL) spectra of the pure CsBi3I10 film and CsBi3I10/SWCNTs 

film, this shows that while both films peaked at 750 nm, the 

recombination of the photogenerated carriers was suppressed 

for the hybrid film [6]. This is supported by the results in the 

transient absorption spectra, showing a decrease in the 

lifetime of photogenerated carriers for the hybrid film [6]. 

This means that there is more rapid hole extraction and fast 

photogenerated carriers’ lifetimes and thus higher 
performance. The researchers also considered the 

photoresponsivity (R, the photoelectric conversion), photo-
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detectivity (D*, affect by dark current), and the photon to 

electron conversion efficiency (EQE).  

Liu et al. were able to find that the CsBi3I10/SWCNTs 

film had a photoresponsivity of 6.0 * 104 AW-1, photo-

detectivity of 2.46 * 1014 jones, and EQE of 1.66 * 105 %. In 
comparison, pure CsBi3I10 had a photoresponsivity of 21.8 

AW-1, photo-detectivity of 1.93 * 1013 jones, and EQE of 4.13 

* 103 % [6]. The light and dark intensity at 45-60% relative 

humidity was examined for the 500 hours test showing little 

to no degradation, indicating long-term stability [6]. Liu et al. 

also found that the device could demonstrate short-term 

synaptic behaviors such as excitatory postsynaptic current 

(EPSC) and paired pulse facilitation (PPF) that could be 

controlled by light pulse width and intensity.  

These results demonstrate that lead-free 

CsBi3I10/SWCNTs hybrid phototransistors are possible and 

can have excellent photodetection and synaptic performance. 
This sets a foundation for further research into hybrid lead-

free phototransistors that can also be applied in biomedical 

research. 

3. (PEA)2SnI4 and semi-CNT wrapped conjugated 

polymer 

Although (C6H5C2H4NH3)2SnI4, also known as (PEA)2SNI4, 

has been used in solution processed perovskite thin film 

transistors for the past two decades, obstacles such as low 

field effect mobility and hysteresis still exist that negatively 

impacts the operational stability [7]. The hysteretic behavior 
can be reduced by combining the perovskite films with a 

material that would allow for a reduction in the carrier 

trapping by defects. One material that stands out is the 

conjugated polymer (poly (9,9-di-n-dodecylfluorene, PFDD) 

wrapped semiconducting carbon nanotubes (semi-CNTs) 

which has carrier transport tracks that could help reduce the 

carrier trapping by defects.  

Zhu et al. synthesized the substrates by sequential spin-

coating of a (PEA)2SNI4/semi-CNT precursor suspension 

followed by thermal annealing [8]. In evaluating the 

photodetection of the (PEA)2SNI4/semi-CNT hybrid 

phototransistor, the R was found to be 6.3*104 AW-1 and the 
D* was 1.12 * 1017 jones, which are the record values for 

perovskite-based phototransistors at the time of writing. This 

high detection is possible as the result of suppressed carrier 

trapping by the hybrid structure. These results indicate the 

capability of using Sn perovskites in semi-CNT hybrid 

systems and the promising prospects it has on other 

optoelectronics in addition to phototransistors.  

4. Solution-processed double perovskite 

Cs2AgBiBr6 films 

While ABX3 is the more common formula for perovskites, an 
alternative A2BBX6 double perovskite structure has attracted 

increasing attention. The most promising lead-free perovskite 

of this form is Cs2AgBiBr6. It has been found that for 

Cs2AgBiBr6 single crystals in solar cells, there is high defect 

tolerance, material stability, and long carrier recombination 

lifetime [9].  

Li et al. created the Cs2AgBiBr6 films by spin-coating the 

precursor solution on top of a n-GaN/Al2O2 substrate and 

annealing [10]. Because of Cs2AgBiBr6’s efficient interfacial 

charge transfer effect, the photodetectors were found to have 

an on/off ratio of 4.16 *104, R of 1.46 AW-1 and D* of 0.94 * 
1013 jones [10]. Additionally, these devices were stable 

against both water and oxygen degradation at air ambient and 

35-50% humidity. Even when tested at higher working 

temperatures of 373 K for 10 hours continuously and in the 

air for a 3-month storage, it was found that the photodetection 

ability was maintained. This indicates that the device has 

good temperature resistance even under harsh conditions. Li 

et al. also experimented with using the photodetector as the 

sensing pixels in an imaging system. This resulted in a high-

resolution imaging pattern [10].  

These results indicate that Cs2AgBiBr6 is not only a good 

candidate for highly efficient and stable photodetectors but 
also in optical imaging. This sets an example for a functional 

alternative perovskite structure and gives room for more 

research in this area. 

5. Conclusions 

Traditional perovskite phototransistors have higher mobility 

and stability compared to lead-free perovskite 

phototransistors but are toxic to the environment. For this 

reason, there has been a great need for the development of 

modifications to improve lead-free perovskite performance. 

In this review, three recently developed lead-free perovskite 

modifications were introduced; CsBi3I10/SWCNTs, 

(PEA)2SNI4/semi-CNT, and Cs2AgBiBr6. These new 

developments have shown remarkable improvements in the 
areas of responsivity and photo-detectivity, with 

(PEA)2SNI4/semi-CNT holding the record for perovskite-

based phototransistors. In addition to use in optoelectronics, 

other applications found include analyzing short term 

synaptic behavior and optical imaging. Some possible areas 

of research include alternative perovskite structures and 

hybrid perovskites. With continued advancements in lead-free 

perovskite phototransistors, this can lead to their application 

in many other fields, including medical devices, tissue 

engineering, and cell growth regulation. 
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