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Supplementary Figures 
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Supplementary Fig. 1. | Comparison of device performance reported in the literature. The 

numbers next to the data indicate the reference from which the values were taken. All the 

perovskite-based phototransistors listed here are phototransistor (PT) type devices that can 

operate in both active mode and switch mode. C8-BTBT, BLEND (i.e. C8-BTBT : C16-IDTBT 

= 1:1) and C16-IDTBT stand for the organic transistor channel materials used in the 

corresponding heterojunction phototransistors (HJPTs) reported in this work. 
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Supplementary Fig. 2. | HAADF-STEM characterisation for FACs/blend 1:1 film stack. 

HAADF-STEM characterization for FACs/blend 1:1 film stack. HAADF-STEM images for 

the FACs/blend 1:1 film stack deposited on ITO/glass: (a) low magnification; (b) high 

magnification. 

 

 

 

 

 

Supplementary Fig. 3. | GIWAXS patterns for FACs/OSC films at a low-incident angle. 

GIWAXS patterns for the FACs/OSC films with a X-ray incident angle of 0.05°. GIWAXS 

patterns of (a) FACs/C8-BTBT; (b) FACs/Blend 1:1; (c) FACs/C16-IDTBT. 
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Supplementary Fig. 4. | Optoelectronic characterisation of HJPT with pristine C8-BTBT. 

Transfer characteristics of a FACs/OSC heterostructure HJPT with C8-BTBT only measured 

in dark and under illumination of (a) red light (λpeak= 632 nm), (b) green light (λpeak= 525 nm) 

and (c) blue light (λpeak= 475 nm) with three different optical powers densities. The device was 

operated at a constant drain voltage (VD) of -40 V 

 

 

Supplementary Fig. 5. | Optoelectronic characterisation of HJPT with Blend 3:1. Transfer 

characteristics of a FACs/OSC heterostructure HJPT with a blend of C8-BTBT and C16-IDTBT 

in a ratio of 3:1 measured in dark and under illumination of (a) red light (λpeak= 632 nm), (b) 

green light (λpeak= 525 nm) and (c) blue light (λpeak= 475 nm) with three different power 

densities. The device was operated at a constant drain voltage (VD) of -40 V.  
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Supplementary Fig. 6. | Optoelectronic characterisation of HJPT with Blend 1:1. Transfer 

characteristics of a FACs/OSC heterostructure HJPT with a blend of C8-BTBT and C16-IDTBT 

in a ratio of 1:1 measured in dark and under illumination of (a) red light (λpeak= 632 nm), (b) 

green light (λpeak= 525 nm) and (c) blue light (λpeak= 475 nm) with three different power 

densities. The device was operated at a constant drain voltage (VD) of -40 V.  

 

Supplementary Fig. 7. | Optoelectronic characterisation of HJPT with Blend 1:3. Transfer 

characteristics of a FACs/OSC heterostructure HJPT with a blend of C8-BTBT and C16-IDTBT 

in a ratio of 1:3 measured in dark and under illumination of (a) red light (λpeak= 632 nm), (b) 

green light (λpeak= 525 nm) and (c) blue light (λpeak= 475 nm) with three different power 

densities. The device was operated at a constant drain voltage (VD) of -40 V.  
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Supplementary Fig. 8. | Optoelectronic characterisation of HJPT with pristine C16-

IDTBT. Transfer characteristics of a FACs/OSC heterostructure HJPT with C16-IDTBT only 

measured in dark and under illumination of (a) red light (λpeak= 632 nm), (b) green light (λpeak= 

525 nm) and (c) blue light (λpeak= 475 nm) with three different power densities. The device was 

operated at a constant drain voltage (VD) of -40 V.  
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Supplementary Fig. 9. | Negative DSIMS depth profile for FACs/blend 1:1 film stack. 

Dynamic secondary ion mass spectrometry (DSIMS) characterisation performed for the 

FACs/blend 1:1 film stack. 
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Supplementary Fig. 10. | Schematic representation of the TRMC system. A voltage-

controlled oscillator (VCO) is used to generate a microwave-frequency (~8.5 GHz) electrical 

signal. The oscillatory signal is guided into an antenna that emits microwaves into the 

waveguide. After passing through an isolator and an attenuator, the microwaves enter a 

circulator, which acts as a unidirectional device: the signals entering from port 1 exit through 

port 2; and the signals entering from port 2 exit through port 3. The incident microwaves then 

pass through an iris, into a sample cavity, and form a standing wave. The test sample is placed 

into the cavity at one of the maxima of the standing wave. Free carriers within the sample 

absorb microwaves, resulting in a change in the reflected microwave signal. The latter exits 

through circulator and is then detected using a zero-bias Schottky diode. The resulting voltage 

is subsequently amplified, then measured using an oscilloscope. Photocarriers are excited using 

a pulsed Nd:YAG laser with emission frequency of 532 nm and full-width at half maximum 

(FWHM) of 5 ns. This schematic drawing is adapted with permission from Crovetto et al., 

Chem. Mater. 31, 3359-3369 (2019). Copyright 2019 American Chemical Society. 
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Supplementary Fig. 11. | Cavity response example. Example reflectivity of cavity measured 

as a function of frequency (points). The red line is a fit to Supplementary Equation 4, with 

fitting parameters of f0 = 8.575 GHz, R0 = 0.53, ∆W = 13.6 MHz. 

 

 

 

 

Supplementary Fig. 12. | Example of TRMC transient data. Change in conductance due to 

optical illumination as a function of time for a thin film of pristine perovskite on quartz, at two 

different optical fluences. The laser wavelength was λ = 532nm. Samples were measured at 

room temperature in air. 
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Supplementary Fig. 13. | Schematic representation of TPC measurement setup. A 

Nd:YAG pulsed laser excitation source pumped at 10 Hz with FWHM = 3.74 ns was set to 470 

nm with a range of fluences in order to vary the charge carrier densities of FACs. A bias of 24 

V is applied on one of the in-plane electrodes. A variable resistor is connected in series with 

the samples. The voltage drop on this resistor was monitored through an oscilloscope with a 

high internal resistance (1 MΩ) connected in parallel to determine the change of the potential 

across the two in-plane Au electrodes. 

 

 

Supplementary Fig. 14. | TPC data for pristine FACs film and FACs/OSC bilayer stacks. 

TPC conductivity is plotted as a function of excitation density. The error bars denote standard 

deviations. 
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Supplementary Fig. 15. | Optoelectronic characterisation of perovskite-organic diodes. 

Current voltage characteristics of diodes based on FACs/OSC heterostructure measured in the 

dark and under different illumination intensities using a green LED light source (λpeak= 525 

nm): (a) FACs/C8-BTBT, (b) FACs/Blend 1:1 and (c) FACs/C16-IDTBT. The FACs/OSC 

stacks were sandwiched by two symmetric Au electrodes. 

 

 

 

 

 

 

Supplementary Fig. 16. | SEM images for FACs/OSC bilayer stacks. SEM cross-sectional 

images for FACs/OSC bilayer stacks made on ITO/glass with Au top electrodes: (a) FACs/C8-

BTBT, (b) FACs/C16-IDTBT and (c) FACs/blend 1:1. 
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Supplementary Fig. 17. | Photodetection properties of FACs transistor and HJPTs. (a) 

Gate-voltage (VG) dependent photoresponsivity and (b) dark-current dependent photogain 

measured at drain voltage VD = -40 V for phototransistor based on pristine perovskite (i.e. 

FACs only) as well as three representative HJPTs using FACs/C8-BTBT and FACs/C16-IDTBT 

under the illumination at 532 nm & 500 µW∙cm-2. 

 

 

Supplementary Fig. 18. | Analysis of noise spectral density of FACs/OSC HJPTs. The dark 

current waveforms of FACs/OSC HJPTs with (a) pristine C8-BTBT, (b) blend in a ratio of 1:1 

and (c) pristine C16-IDTBT measured at a constant drain voltage (VD) of -40 V. (d),(e),(f), 

analysis of noise spectral density of the HJPTs based on the Fourier transform of dark current 

waveform shown in (a), (b), (c). 
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Supplementary Fig. 19. | TPC for studying HJPT response time. Photocurrent response for 

pristine FACs and various FACs/OSCs was studied via a transient photoconductivity 

measurement technique (see Methods and Supplementary Figure 13). The light source 

applied was a Nd:YAG pulsed laser (470 nm) with FWHM = 3.74 ns. The device dimension 

employed was 4 mm by 5 mm enclosed by two parallel Au electrodes (one with applied voltage 

of 24 V; the other one grounded). 

 

  

Supplementary Fig. 20. | Output characteristics of HJPTs. Output characteristics of 

FACs/OSC heterostructure HJPTs with (a) C16-IDTBT only and (b) C8-BTBT only measured 

in dark and under illumination of green light (λpeak= 525 nm). The gate voltage (VG) was varied 

from 0 V to -10 V in a step of 2.5 V.  
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Supplementary Fig. 21. | Bias-stress stability for FACs/C8-BTBT HJPTs. Transfer current-

voltage characteristics (VD = -10 V) for a FACs/C8-BTBT HJPT under a bias-stress stability 

test with a test condition of applying constant VG = -40 V and VD = -10 V for a continuous 

period of 2 × 104 sec, simulating a transistor continuously operating in a working mode: (a) 

before and (b) after the bias-stress test. The illumination was carried out using a green LED 

light source (λpeak= 525 nm) with an intensity of 705 µW∙cm-2. The reason for testing the device 

only at its initial and final states is to avoid the potential redistribution of the bias-stress-induced 

trapped charge carriers from the light illumination68-70, which could result in a less-rigorous, 

less-severe bias-stress condition. Our FACs/C8-BTBT HJPT exhibits only a minor drain 

current deterioration (~20 % for ION measured in the dark) as well as a nearly negligible VON 

shift (∆VON = ~0.1 V). Our demonstration represents an excellent example for high bias-stress 

stability for a C8-BTBT based TFT71. Importantly, after the bias-stress test we have only 

observed minor deterioration (~21%) in the ION when measured under illumination. 
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Supplementary Tables 

 

Supplementary Table 1. | Transistor performance of FACs/OSC HJPTs  

Composition 

(C8-BTBT:C16-IDTBT) 

Mobility 

(cm2V-1s-1) 

Threshold 

voltage 

VTH (V) 

Turn-on 

voltage 

VON (V) 

On/off 

ratio 

Subthreshold 

swing S.S. 

(dec/V) 

1:0 0.33 -4.1 -1.6 2.5×103 9.4 

3:1 0.05 -6.4 -4.0 2.0×103 6.5 

1:1 0.42 -7.3 -3.6 4.3×103 3.5 

1:3 0.57 -5.6 -2.8 9.2×103 4.1 

0:1 1.02 -6.6 -3.4 2.4×104 4.8 

 

 

 

Supplementary Table 2. | TRMC figure of merit. 

Sample ���TRMCTRMCTRMCTRMC (cm2/Vs) 

FACs 0.8 

FACs/C8-BTBT 0.61 

FACs/C16-IDTBT 0.15 

FACs/blend 1:1 0.2 

 

 

 

Supplementary Table 3. | HJPTs figure of merit from current noise characterisation 

composition R(AW-1) In(pA) NEP(W·Hz-1/2) D*(Jones) 

C8-BTBT 1.7×104 1.3 7.8×10-17 2.2×1014 

Blend 1:1 1.1×104 3.7 3.5×10-17 4.9×1014 

C16-IDTBT 3.2×103 1.5 4.5×10-16 3.8×1013 
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Supplementary Notes 

Supplementary Note 1; General discussion on perovskite-based photodetector 

Classification of photodetectors. Photodetectors can be classified in several ways in terms of 

materials, devices architecture and dominant mechanism1–3. From the perspective of input-

output signal gain, two subcategories of photodetectors can be identified, i) photodiodes with 

no photogain; and ii) photoconductors/phototransistors with photogain4. In conventional 

photodiodes, an absorbed photon can at maximum generate one electron-hole pair, 

corresponding to an EQE of 100%. In this ideal circumstance, this type of devices can generate 

a maximum photogain of unity. In photoconductors/phototransistors, the metal-semiconductor 

contacts allow continuous injection of charge carriers, and photodetectors of this kind can result 

in a high EQE level that exceeds 100%4. The reason is because the majority carriers in a 

semiconductor can be fast collected by the drain electrode under the conditions: i) delayed 

recombination (e.g., due to the trapping of minority carriers); and ii) the majority charge 

carriers can be (re)injected from the metal contacts to achieve charge neutrality. The process 

can continue until the carriers recombine. Therefore, photocarriers with the same polarity as 

the majority carriers in a given semiconductor can add to the circulating current between the 

two electrodes (e.g. from the source to drain contacts). This, in short, means that upon 

illumination a photon can trigger a current flow generated by the majority carriers to circulate 

for many cycles when the transit time is shorter than the carrier lifetime, resulting in high 

photogain. 

 

Difference between photoconductors and phototransistor. Photoconductors are usually 

constructed in a planar structure4, where photocarriers are transported between two parallel 

metal electrodes. This planar structure avoids the strict requirements of film quality and 

electrodes transparency in the vertical counterpart and enables direct electrical property 

modulation by light. Phototransistors, on the other hand, have a gate electrode and a dielectric 

layer added to the planar structure, forming a three-terminal structure. The electrical property 

of this type of device is determined by mobile charge carriers in the semiconductor channel, 

which can be modulated by either gate bias or incident light. Compared to two-terminal devices, 

this three-terminal structure provides an extra degree of freedom for device operation and 

tuneable optoelectronic properties. Having said that, one should note that there are many 

reports that show phototransistor-like photoconductor devices (i.e., three metal terminals and 

a gate dielectric)5–13. However, these devices still behave like a photoconductor, rather than a 
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phototransistor, because there are certain criteria that need to be fulfilled. We will address this 

in the following paragraph. 

Just identical to normal transistors, a phototransistor should possess two operation 

regimes, namely linear regime and saturation regime14. These two operation regimes determine 

two different operation modes in phototransistor circuit. In active mode, a phototransistor is 

working in linear regime and provide a response proportional to incident light intensity. In 

switch mode, a phototransistor operated in either cut-off regime or saturation regime exhibits 

different nonlinear current levels when varying illumination intensities. The non-linear 

response and saturation of channel current at high light intensity generate two output logic 

levels. Device working in this mode acts like a digital switch. The existence of such two 

operation modes distinguishes phototransistors from photoconductors in the aspect of circuit 

application.   

 

Photogain/dark current trade-off in photoconductive devices. The photogain mechanism 

for photoconductors and phototransistors working in the photoconductive regime is usually 

described as photoconductive gain15. It is defined as the ratio of photogenerated carrier life 

time to the carrier transit time as described by Equation 3 in Method. Photodetectors 

dominated by such mechanism are termed as photoconductive devices. Within these devices a 

high photogain is usually obtained using materials with high carrier mobility as the latter can 

result in a much shorter carrier transit time than carrier lifetime. However, these high mobility 

materials inevitably lead to a high level of current even when the devices are not exposed to 

light (i.e., high dark current). Such high dark current is undesirable for photodetectors in most 

of cases as it causes a high level of shot noise16 and limits the detectivity of the devices (see 

Supplementary Note 5 for detailed discussion on current noise). Therefore, a trade-off 

between photogain and dark current is commonly observed to exist in photoconductive devices. 

 

Perovskite-based phototransistors. The simplest way to construct perovskite phototransistors 

is using a single-component (i.e., perovskites) for both light absorbing and charge transporting. 

In order to achieve high performance, this single perovskite thin-film layer should fulfil both 

high field effect mobility and high photoresponsivity. However, there have been only a few 

reports on this type of structures so far9,17,18. For example, Li et al.17 reported a phototransistor 

based on a solution-processed polycrystalline CH3NH3PbI3 film with photoresponsivity of 320 

A W-1 and field-effect mobility of  0.1 cm2 V-1 s-1 when the device was under strong 

illumination of 10 mW cm-2. On the other hand, the performance of this phototransistor in the 
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dark is poor, exhibiting an extremely low drain current below 0.5 nA and small on/off ratio of 

less than one order of magnitude. These device performance parameters could largely limit its 

functionality as an electrical switch, especially in a low-light condition. The reason behind this 

could be attributed to strong defect recombination19.  To address this and improve the device 

performance research efforts have been put on optimising crystalline structure as well as film 

morphology9,18,20–22. For example, Cho et al.9 reported a perovskite phototransistor with an 

enhanced mobility of 2.1 cm2 V-1 s-1 using an orientationally pure crystalline CH3NH3PbI3 film 

with unique crystal orientation and low trap-state density. The enhancement in mobility is 

observed for charge transport along the crystal orientation. However, the resulting 

photoresponsivity is only 6.1 A W-1.   

As pointed out in the main text, adopting hybrid structure provides an alternative way 

to achieve high-performance phototransistors. In hybrid structure perovskites are often 

combined with other functional materials that possess excellent electronic transport 

properties23–26. Using this approach, the difficulty of getting a functioning perovskite-based 

transistor caused by the ionic movement in perovskite can also be mitigated27,28. 2D layered 

materials such as graphene6–8,10–13,29–31 and transition-metal dichalcogenides (TMDs)24,32–34 

have been demonstrated to form an effective charge transport channel in a hybrid structure with 

perovskite materials. Among various transistor materials, graphene has been extensively 

studied due to its ultrahigh carrier mobility (~104 cm2 V-1 s-1)35,36. The first graphene/perovskite 

heterojunction phototransistors was reported by Lee et al. and showed a photoresponsivity of 

180 A W-1 with a solution-processed CH3NH3PbI3 film6. The photoresponse in such 

graphene/perovskite structure is explained by a photogating effect that enhances 

photoconductive gain. To reduce bulk recombination in perovskite as well as to increase 

photoresponsivity, research efforts have been focused on micro/nanostructure engineering on 

perovskites layers. For example, Wang et al. reported a graphene/perovskite hybrid 

phototransistor by forming a thin layer of dispersive CH3NH3PbI3 island on top of the graphene 

layer7. The resulting devices showed a high photoresponsivity of 6.0 × 105 A W-1. Spina et al. 

employed CH3NH3PbI3 nanowire in a heterostructure with graphene8 and obtained a device 

with photoresponsivity as high as 2.6 × 106 A W-1. Shao et al. covered a graphene monolayer 

with a 2D multiphase perovskite film13, achieving a phototransistor with high 

photoresponsivity of ~105 A W-1.  

Although ultrahigh photoresponsivity can be achieved using a heterostructure 

composed of graphene/perovskite under extremely low illumination intensities at the level of 

nW~µW cm-2,8,30,31 this might result in this type of devices more suitable for low light 
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photodetection. Nevertheless, the most important message here is that these hybrid approaches 

have demonstrated devices with enhanced field-effect mobilities and current-voltage 

modulation. In combination with perovskite materials, most of the devices exhibited 

photoresponsivity of >104 A W-1, which is higher than that reported for single-crystalline 

silicon phototransistor38.  

 

Issues of phototransistor with highly conductive channel materials. Based on similar 

hybrid-structure design as aforementioned, several different attempts that combined perovskite 

with other high-mobility or high-conductivity materials (e.g., carbon nanotubes39,40 and 

PEDOT:PSS37) have been reported. For these approaches, high photoresponsivities >104 A W-

1 were achieved. Despite the promising values of photoresponsivity, devices based on such 

materials also induce several issues, which are not ideal for phototransistor operation. These 

conductor-like materials (e.g., graphene, metallic-like carbon nanotubes and PEDOT:PSS) 

possess high mobility at the expense of tuneability of channel conductivity41, causing poor 

current-voltage modulation42 and leading to a transistor channel that cannot be switched off. 

As a result, it is often observed a high level of dark current29 and/or limited detectivity6 from 

these approaches. More critically, devices based on conductor-like materials usually show no 

saturation for channel current. The latter constrains these devices to operate in active mode 

only. Therefore, we would like to stress the fact that a photoconductive device based on 

conductor-like materials should be termed as a photoconductor rather than a phototransistor, 

even if this device is configured in a three-terminal structure. 

Our heterojunction phototransistors (HJPTs) exhibit high photoresponsivity when using 

organic materials with field-effect mobilities in the range of 0.3 to 1 cm2 V-1 s-1. This result is 

particularly of interest as it demonstrates a new route towards high photoresponsivity. From 

Equation 1 (see Methods), photoresponsivity is defined as the ratio of photogenerated current 

to incident optical power. As such, increasing the level of photocurrent is the key to obtain high 

photoresponsivity. The concept of using high-mobility materials is to enlarge photocurrent by 

enhancing charge carrier circulation in a transistor channel for a given number of 

photogenerated charge carriers. In this scenario, devices with moderate mobility should only 

exhibit moderate photoresponsivity if there are the same number of photogenerated carriers 

involved in this circulation process. The demonstration of high values of photoresponsivity 

using our approach indicates that the enlargement in photocurrent is attributed to other factors, 

rather than enhanced photocarrier circulation through high-conductivity materials. Instead, this 

improvement is attributed to improved efficiency of preserving photocarriers that are involved 
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in carrier circulation. This process is realised by engineering a type-I straddling MHP/OSC 

heterojunction. To enable a direct comparison between phototransistors with different 

mobilities, a normalised photoresponse is proposed here by calculating the quotient of 

photoresponsivity and mobility. The comparison of phototransistor performance of our work 

and other perovskite-based phototransistors is then performed by plotting the normalised 

photoresponse as a function of illumination intensity (Supplementary Figure 1). Our work 

has demonstrated one of the highest normalised photoresponse values among the reported 

phototransistors (i.e. devices capable of operating in both active mode and switch 

mode)9,17,18,24,26,33,43,44. This value is even found to be comparable to those of gate-tuneable 

photoconductors11,30,31,34,40,45. 

 

Supplementary Note 2; Optoelectronic characterisations for HJPTs 

Supplementary Figures 4-8 show optoelectronic properties for FACs HJPTs with different 

OSC compositions, i.e. pristine C8-BTBT, three C8-BTBT:C16-IDTBT blends (3:1, 1:1 and 1:3) 

and pristine C16-IDTBT, measured in the dark and under illuminations of red, green and blue 

light with various optical power densities. In Supplementary Table 1, we summarise key 

transistor performance parameters for all the HJPTs when measured in the dark. Under 

illumination, the increase in ID was observed universally in all conditions, and the increment 

of ID is proportional to the incident power density.  

In the C8-BTBT based HJPT, the photoresponse appear to consist of two components, 

i.e. transistors turned on at more positive VG and a significant increase in the ID at the off-state. 

Especially, ID at the off-state was increased by an order of magnitude even under the 

illumination of the lowest power density. The observation of a more positive turn-on voltage 

(VON) is attributed to a change in the flatband voltage caused by the photogenerated carriers 

accumulated at the back channel side46. This phenomenon has been confirmed by our 

spectroscopic studies (Figure 3) and Mott-Schottky analysis (Figure 4). Moreover, the fact 

that an apparent increase was observed in the off-current is evidencing the back-channel charge 

accumulation. Similar to pristine C8-BTBT, the blend 3:1 HJPT shows photoresponse 

consisting of a positive shift of VON and an increased ID at the off-state. However, the increment 

in ID at the off-state is less significant as a maximum increase of one order of magnitude was 

observed under the highest incident power density of 705 µW cm-2.  

In the blend 1:1 HJPT, no significant increase in ID at the off-state is observed and the 

photoresponse can be mainly recognised by a shift of VON toward the positive VG. This 
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photoresponse is close to the phenomenon described in an ideal hybrid phototransistor 

consisting of a channel semiconductor and a light absorber47. Such a change in photoresponse 

indicates that the photogating effect48 becomes dominant with the increasing amount of C16-

IDTBT. In the blend 1:3 HJPT and the pristine C16-IDTBT HJPT, the ID modulation by light 

illumination becomes less prominent, suggesting poor photogenerated carrier circulation in the 

C16-IDTBT dominant devices. This inefficient photocarrier circulation in the C16-IDTBT HJPT 

could be attributed to the following two plausible mechanisms: one is nonradiative 

recombination losses at the FACs/OSC interfaces49; the other is mobile ionic defects in the 

FACs redistributing the electrostatic potential and screening the effect of photoelectron 

accumulation within the perovskite film50. Moreover, the injected carriers by applying large 

gate bias at transistor on-state is generally several orders of magnitude higher than the 

photoinduced carriers. This explains why the magnitude of the increased current levels (i.e., 

photoresponse) at transistor on-state is found to be less prominent compared to that in the off-

state for all the HJPTs. 

The photoresponse of all these five types of HJPTs also showed different wavelength 

dependence. In the C8-BTBT based HJPT a strong wavelength dependence was observed, with 

a more significant photoresponse under blue illumination and a less significant photoresponse 

under red illumination. This strong wavelength dependence of photoresponse could be 

attributed to the higher absorption coefficient of FACs film at shorter wavelengths (as shown 

in Figure 1c). In contrast, the wavelength dependence becomes less prominent with the 

increasing amount of C16-IDTBT. Such difference in wavelength dependence again confirms 

the inefficiency of photogenerated carriers transport and circulation in the C16-IDTBT 

dominated channel. 

 

Supplementary Note 3; Evaluation of time-resolved microwave conductivity figure of 

merit 

A schematic representation of the time-resolved microwave conductivity (TRMC) system 

employed in this study is shown in Supplementary Figure 10. The microwave detectors 

employed in our system output a voltage (V) that is linearly proportional to the incident 

microwave power (P). The change in sample conductance due to optical illumination ∆G, is 

related to the normalized change in microwave power (∆P/P) via Supplementary Equation 

151–53: 
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 ∆	 = − 1



Δ�
�  (1) 

where K is the sensitivity factor of the microwave cavity. Since ∆G is dependent on the 

normalized change in microwave power ∆P/P, it is not necessary to know the absolute values 

of microwave power, just the relative change under illumination. For this reason, with a 

knowledge of the detector voltage in the dark (i.e, V), and the change in detector voltage under 

illumination (i.e., ∆V), it is possible to determine the photo-induced conductance from 

Supplementary Equation 1. For the sensitivity factor of the microwave cavity (K), it can be 

evaluated from Supplementary Equation 252–54: 

 
 =
2� �1 + 1

���
�

��������  
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The parameters in Supplementary Equation 2 are as follows: R0 is the reflectivity of the cavity 

to microwaves at the resonance frequency f0. L is the length of the cavity, where the length 

corresponds to the dimension in the direction of propagation of the electromagnetic waves. β 

is the ratio of the two remaining cavity dimensions, with the numerator/denominator depending 

on the polarisation direction of the standing wave. In our case, β = 2.25. ε0 and εr are the vacuum 

permittivity and the relative permittivity of the medium of the cavity. Since our measurements 

are carried out in air, and the sample thickness is ~100 nm, and the cavity length is L = 7.62 

cm we have here approximated εr = 1. Q is the quality factor of the cavity. This is the ratio of 

the resonance frequency of the full-width at half maximum of the cavity reflectivity resonance 

curve, as expressed in Supplementary Equation 3: 

 � = − ��Δ� (3) 

The parameter K can be evaluated by measuring the reflectivity of the cavity as a function of 

frequency, and fitting the response to a Lorentzian function52, as expressed by Supplementary 

Equation 4: 

 � �! = �� + "2 � − ��!Δ� #$

1 + "2 � − ��!Δ� #$  (4) 
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An example cavity response is shown in Supplementary Figure 11. By fitting 

Supplementary Equation 4 to this data we are able to approximate the parameters f0, R0, ΔW, 

and hence K. For this example a sensitivity factor of 73 kΩ was measured. 

During a TRMC experiment, ΔV is measured as function of time, before and after the 

sample is hit with a pulse (~5 ns) from an optical laser (λ = 532nm). With knowledge of V and 

K, one can then evaluate the photo-induced conductance (ΔG) as a function of time. 

Supplementary Figure 12 shows some example data from a film of pristine perovskite on 

quartz. The peak observed value of ΔG (ΔGmax) can then be used to determine the TRMC 

figure of merit through Supplementary Equation 552,53: 

 %Σ'()*+ = Δ	,-.�/0�123 (5) 

Supplementary Equation 5 is used to determine %Σ'()*+ = % '4 + '5!, where % is the 

carrier generation efficiency, '4 is the electron mobility in the semiconductor, '5 is the hole 

mobility in the semiconductor, / is the magnitude of the fundamental unit of charge, 0� is the 

fluence of the incident light and 12 is the fractional absorption of photons of the sample at the 

excitation wavelength (between 0 and 1).  0�  can be measured by placing a calibrated 

photodiode / thermopile in the path of the excitation path. 12  can be measured using 

ultraviolet–visible spectroscopy. 3 is a parameter we define as the “masking parameter” and 

is the fraction (between 0 and 1) of the cross-sectional area of the cavity that is exposed to the 

incident light. 

Supplementary Equation 5 assumes that no recombination takes place at times < 

response-time of the measurement. The characteristic response time of the cavity (RC time) 

can be approximated via Supplementary Equation 6, and for our system is ~20 ns.  

 789 = 1
�Δ� (6) 

At low fluence this is a reasonable assumption, but at high fluence the carrier density is very 

high55. Under these conditions, bimolecular and Auger recombination can reduce the peak 

value of ΔG from what one would expect under ideal conditions56. This is manifest as a 

reduction in %Σ'()*+ as a function of fluence at high fluence (as observed in Figure 3c of the 

main text). Using a simple model based on recombination during the finite duration of the laser 

pulse, this behaviour can be modelled. Specific details of the model can be found elsewhere56, 
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but upon its application to our data we extract the representative values of  %Σ'()*+  as 

summarised in Supplementary Table 2.  

 

Supplementary Note 4; Perovskite-organic diodes 

To gain insight into the photogenerated charge transport in the FACs/OSC heterointerface, we 

fabricated three types of FACs/OSC heterojunction diodes with different OSC compositions 

including pristine C16-IDTBT, pristine C8-BTBT and organic blend in a ratio of 1:1. These 

diodes were constructed by sandwiching the FACs/OSC bilayer stacks by two Au electrodes 

with a thickness of 20 nm. The optoelectronic characterisation was carried out by applying a 

voltage sweep to the Au electrode next to the OSC and grounding the Au electrode in contact 

with the FACs to acquire the current-voltage characteristics in the dark and under green 

illumination (λpeak = 525 nm) of various intensities. The semi-transparent Au electrode resulted 

in a 55% loss of incident optical power, which was measured separately by a UV-Vis 

instrument and a power meter. The obtained current-voltage (I-V) characteristics are shown in 

Supplementary Figure 15.  

For both the FACs/C16-IDTBT and FACs/blend 1:1 devices, typical diode I-V 

characteristics are observed in the dark (Supplementary Figures 15a and 15b) whilst upon light 

illumination, significant photoresponses arise in the diode saturation current region. The 

rectifying I-V curves and the corresponding photoresponses further corroborate the formation 

of the type-II heterojunction between FACs and C16-IDTBT. On the other hand, the FACs/C8-

BTBT device exhibits less-rectifying I-V curves in the dark, signifying the formation of a 

bilayer dielectric stack rather than a diode (Supplementary Figure 15c). Upon light illumination 

the symmetric I-V curve persists with a rising current level under both positive and negative 

bias conditions. Again, this is further evidence of the straddling type-I heterojunction that forms 

the non-rectifying junction between the HOMO level of C8-BTBT and the VB edge of FACs. 

 

Supplementary Note 5; Discussion on current noise 

Relationship between dark current and noise level. Dark current plays an important role in 

determining the overall performance of photodetectors as it sets the sensitivity of a 

photodetectors by being a major source of electronic noise1. To quantify the sensitivity of a 

photodetector limited by noise, noise-equivalent power (NEP), which corresponds to the 

incident root mean square power required to produce a signal-to-noise ratio (SNR) of unity in 

a 1 Hz bandwidth, is a commonly used a figure of merit. It can be expressed as: 
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where Snoise is noise spectral density and R is photoresponsivity. The sources of electronic noise 

can be explained by many mechanisms such as thermal noise, dielectric noise or flicker noise4. 

Since all sources of noises are independent, their contributions to the total noise spectral are 

additive. However, a commonly-accepted assumption is that the shot noise from dark current 

is the dominant contribution16. Based on this assumption, the noise spectral density can be 

approximated as: 

 <=>?@4 =  2A0BC�D!E/$ (8) 

where q is electron charge and Idark is dark current of photodetectors.  

 

Characterisation of current noise in HJPTs. The shot-noise-based assumption provides a 

simple way to estimate the noise spectrum density but it might also lead to a severe 

underestimation2,57. The noise spectral density in this study therefore was obtained following a 

previously-reported approach58. This approach calculates the noise spectrum density based on 

Fourier analysis on the acquired device dark current waveform. In our work, the dark current 

waveforms of HJPTs with different OSC compositions were recorded when the devices were 

biased at a fixed VD of -40V. The waveforms acquired in a sampling rate of 1 kHz are shown 

in Supplementary Figures 18a-c. By applying a Fourier transform to the dark current 

waveform, the noise spectral density was obtained as shown in Supplementary Figures 18d-

f. The corresponding NEP can then be calculated via Supplementary Equation 7 and the 

specific detectivity (D*) can be obtained via Equation 4. The calculated NEP and D* values 

at a modulation frequency of 1 Hz for the devices with different OSC compositions are 

summarised in Supplementary Table 3. We note that the responsivity of our HJPTs under the 

illumination of three LED light sources (λpeak= 475, 525, 632 nm) can reach ~104 A W-1, which 

corresponds to a NEP of 10-17 W Hz-1/2 and a D* of 1014 Jones, such high D* value is two orders 

of magnitude higher than the value for Si photodetectors16.  

 

Supplementary Note 6; Discussion on response time and its limitation  

Differences in response time for perovskite-based phototransistors. Fast response to optical 

signal is critical for optoelectronic devices as it represents the efficiency of charge transport 

and collection within the devices. The response speed of photodetectors is usually characterised 

by response time. In general, intrinsic properties of a material, such as defect states, can 
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significantly affect the photogenerated carrier transition during the excitation and relaxation 

process, resulting in huge difference in response time between various materials5,59,60. When it 

comes to phototransistors, the complexity in device structures and the existence of multiple 

interfaces introduce extra factors that might significantly influence how photocarriers’ 

transition happens. As such, response time is found to vary from device to device even with 

the same photoactive and transport materials. Taking hybrid phototransistors based on 

graphene and CH3NH3PbI3 as examples, Lee et al. reported a bottom-gate bottom-contact (BG-

BC) phototransistor based on a graphene/CH3NH3PbI3 heterostructure with a response time of 

~600 ms6. Dang et al. reported a graphene field-effect transistor (GFET) in a bottom-gate top-

contact (BG-TC) configuration with a layer of CH3NH3PbI3 deposited on top of the GFET, and 

the completed device exhibited a response time of 5 s10. Spina et al.8 reported a similar BG-TC 

approach to the work by Dang et al.10, but instead of using CH3NH3PbI3 films the absorber was 

composed of CH3NH3PbI3 nanowires. The resulting phototransistor exhibited a response time 

of 80 s. The difference in response time ranging from milliseconds to seconds for hybrid 

phototransistors based on the same graphene/CH3NH3PbI3 combination is apparently 

influenced by other factors that are beyond materials’ intrinsic properties, such as parasitic 

capacitances due to different phototransistor architectures and connection resistance due to 

non-standardised measurement setups. 

 

Study of response time in HJPT via transient photoconductivity. The main task of this 

work is to elucidate how to efficiently transfer, transport and circulate photocarriers in a hybrid 

perovskite/organic based heterostructure, hence providing the design concept of the light 

absorber and the transport layer in a hybrid phototransistor system. Likewise, to understand 

what kind of a role the fundamental material property plays in the context of response time is 

critical to adopt our HJPT concept for system-level integration and engineering.  

In this section, transient photoconductivity (TPC, Supplementary Figure 13) was used 

to characterise how fast photogenerated carriers respond to an ultra-short light-pulse 

stimulation61,62. Photocarriers induced by the input laser pulse (FWHM = 3.74 ns) were 

collected by applying an in-plane voltage bias of 24 V to one electrode whilst keeping the other 

one grounded. The obtained results represent how long it takes for photocarriers to respond to 

illumination and to dissipate in the dark under the presence of an applied voltage using a setup 

that resembles transistor-like operation. Supplementary Figure 19 shows the normalised 

photocurrent measured for pristine FACs and three different FACs/OSC combinations using 

our TPC setup. The fast rise time and slow fall time resulted in all the detected photocurrent 
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present in a distorted Gaussian-like shape with significant difference in fall time levels for 

pristine FACs and FACs/OSCs. The reason for the fast rise time in all samples could be 

attributed to a rather fast trap-filling process, which has been reported in various material 

systems5,37,59,63.On the other hand, the slow fall time usually considered as the main limiting 

factor could be related to different photocarrier lifetime and/or a longer trap-release 

process5,37,59,63. The latter generally poses a serious challenge to mitigate the issue that causes 

slow response time.  

Clearly, pristine FACs and FACs/C8-BTBT exhibit a longer fall time than that of 

FACs/blend 1:1 and FACs/C16-IDTBT. This result reflects the fact that photocarriers have been 

taken away from FACs when FACs is in contact with C16-IDTBT as evidently shown in all the 

spectroscopic measurement carried out in this work (Figure 3). In this scenario, response time 

could be influenced by many factors, such as the mobility of OSCs and the built-in potential 

between FACs/OSCs. In the case of FACs/C8-BTBT, since the majority of photocarriers 

remain at the heterointerfaces of FACs and C8-BTBT, the photocurrent decay time of FACs/C8-

BTBT in Supplementary Figure 19 is similar to that of pristine FACs. As such, even for a 

HJPT device with large dimension of 4 mm by 5 mm (see Methods for transient 

photoconductivity), the ideal response time for the transistor to be turned off (i.e., to dissipate 

trapped photocarriers) can reach ~200 ns (i.e. the fall time for FACs and FACs/C8-BTBT in 

Supplementary Figure 19).  

As a final remark to conclude the section of response time, we would like to point out 

an often-used approach to reduce slow fall time is to input a short pulse to neutralise trapped 

charge carriers before turning a phototransistor off5,63. This could however increase the 

complexity of device operation. Otherwise, to truly achieve fast response time research focus 

will inevitably involve the study of advanced process engineering, such as a self-aligned gate64 

to reduce parasitic capacitances and a shrinking device dimension to reduce carrier transit 

time65. Therefore, engineering a fast-speed device is a topic beyond the scope of this work, 

which is mainly focusing on understanding device physics. 

 

Supplementary Note 7 | Discussion on opto-electronic circuit demonstration 

Limits of phototransistor evaluation based on traditional assessing metrics. 

Phototransistors performance is usually evaluated through the performance metrics such as 

photoresponsivity, photogain and detectivity. These figures of merit characterise the efficiency 

of photodetectors related to the process of photon conversion into electron. However, being an 
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active device, phototransistor enables not only photodetection but also controllable signal 

amplification.  Unique properties in phototransistors such as tuneability of photoresponse and 

current/voltage amplification cannot be assessed through those performance metrics set for 

traditional two terminal photodetectors. Therefore, a more comprehensive evaluation method 

that covers all aspects of the phototransistor as active photodetector is needed. Here we propose 

a simple circuit demonstration, i.e., a photo-inverter that could meet the requirements. 

 

Phototransistor performance evaluation based on photo-inverter circuit. Similar to normal 

PMOS inverters, the operation of the proposed photo-inverter can be simply explained by a 

voltage divider model66. The resistance difference between constituent phototransistors 

determines the voltages dropped on HJPT-1 and HJPT-2, hence changing the level of VOUT. 

The resistance of the depletion load HJPT-1 is controlled by the illumination intensity while 

for the electrical switch HJPT-2 this resistance is controlled by VIN. To fulfil the function of 

voltage inversion, HJPT-1 and HJPT-2 needs to possess pronounced photoresponse and good 

current-voltage modulation, respectively. Since the proposed photo-inverter configiration is 

composed of two identical HJPTs, the function of input signal inversion with high voltage 

amplification Ai in the circuit can only be realised by devices with both good electrical 

switching and high photoresponse. In this regard, this circuit demonstration can be seen as a 

unique method for evaluating the performance of phototransistors. 

 

Relationship between Ai and transistor electrical characteristics. The voltage amplification 

Ai, is defined as the slope of the inverter transfer characteristic (Figures 6b and 6c). The 

maximum voltage amplication Ai,max, corresponding to the point with the sharpest VOUT voltage 

swing,  means that a small change in VIN can result in a large variation in VOUT during a 

switching transient. From the viewpoint of microelectronic circuit, Ai,max is usually obtained 

when the two constituent transistors are simultaneously working in the saturation regions66. 

This figure of merit therefore can be used to distinguish phototransistors from photoconductors 

as high Ai value is unattainable for photoconductive devices due to the absence of saturation 

in channel current67.  In contrast, the high Ai, max of ~15 obtained in our photo-inverter can be 

attributed to the good output characteristics of HJPTs as shown in Supplementary Figure 20. 
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