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Abstract 

Wearable sensors and electronics for health and environment monitoring are mostly powered 

by batteries or external power supply, which requires frequent charging or bulky connecting 

wires. Self-powered wearable electronic devices realized by integrating with solar cells are 

becoming increasingly popular due to their ability to supply continuous and long-term energy 

to power wearable devices. However, most solar cells are vulnerable to significant power losses 

with decreasing light intensity in the indoor environment, leading to an errant device operation. 

Therefore, stable autonomous energy in a reliable and repeatable way without affecting their 

operation regime is critical to attaining accurate detection behaviors of electronic devices. 

Herein, we demonstrate, for the first time, a self-powered ion-sensing organic electrochemical 

transistor (OECT) using carbon electrode-based perovskite solar cells (CPSCs), which exhibits 

a highly stable device operation and independent of the incident light intensity. The OECTs 

powered by CPSCs maintained a constant transconductance (gm) of ~60.50±1.44 μS at light 

intensities ranging from 100 mW cm-2 to 0.13 mW cm-2. Moreover, this self-powered integrated 

system showed good sodium ion sensitivity of -69.77 mV decade-1, thereby highlighting its 

potential for use in portable, wearable, and self-powered sensing devices. 

Introduction 



 

2 

 

With the widespread use of wearable and conformable biomedical devices for bodily function 

monitoring, the integration of wearable functional sensor devices with reliable local power 

sources has become increasingly popular to attain uninterrupted detection of physiological 

signals. Energy harvesting from ambient energy sources that prevent the need to charge or 

recharge a battery offers an excellent path for self-power functionality. Many groups have 

demonstrated self-powered biomedical devices using environmental sources such as ambient 

light with solar cells[1–5], body heat with thermoelectric devices[6–11], and motion with 

triboelectric[12–17] or piezoelectric devices[18–22]. In particular, tapping into solar energy through 

photovoltaics (PV) has demonstrated many advantages such as easy deployability[23–26], and 

sufficient energy density[27] to meet the energy demands of wearable electronics for long-term 

usage. Various solar cell technologies have been implemented on autonomous devices such as 

arm bands[23], electrocardiogram (ECG) devices[24,25], and wearable global positioning system 

(GPS) tracking devices[26].  

However, there are several challenges in today's solar cells that hamper their use as 

viable energy sources for wearable applications. Unlike the conventional operation of solar 

cells under actual one sun irradiation conditions, wearable usages typically require indoor 

operation which has much weaker light intensity (~ 0.44 mW cm-2)[28]. However, the 

efficiencies of most solar cell technologies are limited at low light illumination and thus 

reducing the energy autonomy for indoor applications. It is therefore challenging to drive 

sensing systems that are complicated or have high power consumption in an indoor light (for 

example, fluorescent lamp) environment. Under the typical outdoor illuminating condition, 

there is a higher density of photogenerated charge carriers, and hence most of the electronic 

disorders, defects, or trap sites that are present in the solar cell can be filled easily. However, 

the density of photogenerated carriers is significantly reduced under indoor ambient lighting 

condition and thus the density of defects or trap sites cannot be filled efficiently, leading to 
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shunting effects and substantial power loss of the PV devices. Specifically, the open-circuit 

voltage (Voc) drops severely under low light illumination (< 1-10 mW cm-2), which limits the 

driving capability and reliability for the power source[29–31]. Furthermore, for indoor light-

harvesting, it is essential to note that the spectral content provided by light-emitting diodes 

(LEDs) or fluorescent lamps are significantly different from sunlight and only limited to visible 

wavelength range. 

Organic-inorganic halide perovskite solar cells, which employ low-cost solution-

processing and have demonstrated high open-circuit voltages over 1 V, may provide a way out 

of this energy autonomy deadlock[32–38]. In particular, methylammonium lead triiodide, 

CH3NH3PbI3,  perovskite solar cells have a relatively low bandgap of 1.55 eV, and its bandgap 

tunability between 1.2 eV to over 2 eV can also be achieved through materials chemistry[39–42]. 

It is therefore a suitable candidate for operation in an indoor environment, allowing sufficient 

spectra matching, as well as providing significant photovoltage to drive functional electronic 

devices. Indoor light-harvesting perovskite solar cells with conversion efficiencies as high as 

22.6% at 400 lux on a flexible glass substrate with CH3NH3PbI3 as light absorber has been 

recently reported[28]. Beyond high efficiencies, perovskite solar cells also offer additional 

benefits such as low-cost integration[43,44], mechanical flexibility[45], and ability to be 

manufactured on flexible substrates[46]. Among various kinds of perovskite solar cells, the 

carbon electrode-based perovskite solar cells (CPSCs) are regarded as a promising alternative 

architecture to address the stability and scalability challenges[47–51]. Moreover, the carbon 

electrode improves the device stability due to its highly hydrophobic nature that leads to the 

prevention of moisture penetration into the perovskite layer, even without additional 

encapsulation process[47,49,52]. However, all the previous developments of CPSCs have been 

targeted for operation under typical one sun testing conditions and their applicability for low 
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light intensity indoor applications and capabilities to function as self-power voltage or current 

source have not been explored. 

Organic electrochemical transistors (OECTs) are receiving substantial attention as a 

promising ion-to-electron transducer for bioelectronics and huge potential for detection of 

various ions[53], neurotransmitters[54], metabolites and glucose[55,56] have been revealed. OECTs 

are particularly attractive for sensing applications since the attained high transconductance 

translates to high sensitivity. Thanks to the biocompatible channel materials such as poly(3,4-

ethylenedioxythiophene): polystyrenesulphonate (PEDOT:PSS),  OECTs facilitate an amiable 

interface with cells and tissues[57,58]. Notably, PEDOT:PSS has also been reported to be 

rigorously tested under diverse measurement protocols in clinical settings[59]. Conformal 

OECTs integrated with natural and synthetic fibers for sweat, neurotransmitters, and glucose 

sensors, as well as wearable circuits, have also been demonstrated[60–62]. Although there has 

been rapid development of OECT technology and application, little work has been focused on 

self-powering solutions[25,63]. Recently, OECTs have been powered using biofuels and 

chemical reactions for glucose detection[63] and  high gain transduction of chemical reactions[64] 

respectively.  

In this work, we demonstrate, for the first time, a self-powered ion-sensing OECT using 

CPSCs. Notably, the CPSC functions constantly without noticeable loss under various incident 

light intensities. The Voc is invariant to irradiance and remains high (~ 0.77 V) at even 1 mW 

cm-2 and therefore highly suitable for indoor light energy harvesting and powering. The light-

intensity dependent Voc measurements signify that the Voc is not determined solely by 

photoexcited carrier density but rather limited by the surface states likely occurring at near the 

carbon electrodes. The ionic liquid doped PEDOT:PSS based OECT is fabricated to operate at 

a low voltage (<1V) with a high peak transconductance of 7.3 mS. The integrated OECT-CPSC 

system can work effectively and is demonstrated to be within the stable operation regime at 
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various intensities ranging from 0.13 mW cm-2 to 100 mW cm-2 and even under indoor lighting 

conditions. Finally, the ion sensing performance for this self-powered integrated system is 

compared against that for the external power source measurement mode, with good sodium ion 

sensitivity of -69.77 mV decade-1, thereby highlighting its potential for use in portable, 

wearable, and self-powered sensing devices. Specifically, the CPSC presented in this work 

suggests a good platform for powering smart devices that is compatible with low-intensity 

indoor light conditions. 

 

Results and Discussions 

 

Figure 1. (a) Photographs of the printed carbon perovskite solar cells (CPSCs), (b) Schematic 

of the CPSC, and (c) Cross-sectional field emission scanning electron microscopy, (d) JV 

characteristics of a CPSC at various light intensities, (e) Evolution of JSC with light intensity, 

and (f) Evolution of VOC with light intensity. Best working device was chosen for intensity 

dependent studies shown here. 

 

Figure 1a shows the photographic image of the printed carbon-electrode based perovskite solar 

cell (CPSC) screen printed on an FTO glass substrate. The device schematic consisting of a 

triple-layer scaffold of TiO2/ZrO2/C mesostructures infiltrated with perovskite and the 

corresponding cross-sectional field emission scanning electron microscopy (FESEM) image of 
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the representative cell is presented in Figure 1b and c, respectively. The TiO2 layer acts as the 

electron transport layer (ETL), while the carbon acts as the anode. The highly porous spacer 

ZrO2 between them serves to prevent short-circuit and allows easy infiltration of perovskite 

and subsequently, resulting in its crystallization with reduced grain boundaries[65]. The 

perovskite absorber, methylammonium lead halide (CH3NH3PbI3) is infiltrated into the 

insulating mesoporous layer by drop-casting the solution on top of the carbon electrode.   

Figure 1d presents the current density-voltage (J-V) curves of a CPSC under several 

light illuminations ranging from 0.13 mW cm-2 to 100 mW cm-2. Under one sun irradiation, the 

CPSC yields a VOC = 0.91 V, short-circuit current density (JSC) = 20.12 mA cm-2, fill factor 

(FF) = 60.29%, corresponding to a power conversion efficiency (PCE) of 11.13%, which is on 

par with published efficiencies for CPSCs[47,66]. A single batch of 3 nominally identical cells 

was prepared and tested. The standard deviation of efficiency was ≈ 10±0.51 %, stemming 

principally from fluctuations in JSC and FF (Figure S1). The highest PCE of 12.9% is observed 

at a light intensity of 12.3 mW cm-2, with a VOC of 0.86 V, JSC of 2.71 mA cm-2, and FF of 

68.09%. The light intensity dependence of VOC and JSC were further examined to understand 

the operations of the solar cell under different light conditions. The JSC as a function of light 

intensity shows a linear relationship with its power-law dependence factor equal to unity, as 

shown in Figure 1e. This indicates that the space charge limited effect in the CPSCs is nearly 

non-existent with efficient collection of photogenerated carriers.  

The dependence of VOC on light intensity has been found to be a useful measure of the 

recombination order in solar cells[67].  The obtainable VOC can be written as VOC = Eg/q− nkT/e 

ln(I/I0)
 [30], in which q is the elementary charge, T is the temperature in Kelvin, k is Boltzmann 

constant, I is radiation intensity, I0 is a constant, and n is the diode ideality factor. The value of 

ideality factor n can be determined from the slope of VOC versus the natural logarithm of the 

light intensity (I) and is found to be a useful measure of the recombination order in solar cells. 
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The value of n is typically 1.5-2.3 in most perovskite solar cells with metal electrodes[68,69] 

which reflects trap-assisted recombination processes. Interestingly in these CPSCs, the VOC is 

observed to remain nearly constant at high light intensity where it slightly drops from 0.91 V 

at 100 mW cm-2 to 0.89 V at 12.3 mW cm-2 (Figure 1f). This might be attributed to the high 

surface recombination,[70–73] likely occurring near the carbon electrodes and VOC approaching 

the built-in voltage[70,74]. The increased degree of surface states under sustained exposure to 

light illumination can lead to strong Fermi level pinning at the carbon-perovskite interface, 

resulting in photovoltage reduction, further contributing to the VOC loss and its saturation at 

higher light intensities[75–79]. Under lower light intensities (<12.3 mW cm-2), the CPSC exhibits 

an ideality factor of 1.59, attaining a VOC of 0.68 V at 1.3 mW cm-2. Nevertheless, the high VOC 

(~ 0.7 V) attained at low light intensities is attractive for powering devices for indoor 

applications. For effective integration and self-powered operation, the VOC must remain 

constant and within the devices' operating voltage window.  

Having established intensity independent performance of the solar cell, we next 

investigated a suitable OECT. Figure 2a shows the typical OECT with a PDMS well 

surrounding the polymer channel, and a water-based electrolyte (0.1 M NaCl solution) is used. 

The source and drain electrodes are protected using a thin poly(methyl methacrylate) (PMMA) 

insulating layer. In this work, the OECT channel is a mixture of an ionic additive, namely, 1-

ethyl-3-methylimidazolium chloride, ([EMIM][Cl], 1.1 wt.%) in poly(3,4-

ethylenedioxythiophene):poly(styrenesulfonate) (PEDOT:PSS). The addition of [EMIM][Cl] 

strongly enhances doping state of the PEDOT:PSS channel layer owing to ion exchange 

reactions and simultaneously improves the electronic and ionic transport, as detailed in our 

previous reports[80,81]. The highly conducting PEDOT:PSS based OECT works in depletion 

mode, in which the device normally shows ON state at zero gate voltage (Vg). An increasing 

positive Vg allows the Na+ ions to penetrate the active layer and dedope the PEDOT:PSS, 
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thereby switching off the device (OFF state), as demonstrated by the transfer and output curves 

(Fig. 2b-c). The OECT reaches a high gm of 7.3 mS (at a thickness of ~150 nm). The volumetric 

capacitance (C*) of this ionic-liquid doped PEDOT:PSS is also high, around 43.83 F cm-3, as 

measured through the electrochemical impedance spectroscopy, which is an indication of good 

ionic transport (Figure S2).  

 

Figure 2. (a) Schematic of the OECT, (b) transfer curve and (c) corresponding output curve of 

a PEDOT:PSS/[EMIM][Cl] based OECT (W/L = 250 µm/1000 µm), (d) geometry dependence 

of the transconductance of the thin film, (e) pulse response of the OECT when pulsed between 

VGS = -0.5 V, and VGS = 0 V, and (f) normalized UV-VIS absorbance (a.u.) response of the film 

w.r.to. applied bias. 

 

A linear relationship of the transconductance of the device with respect to the channel 

geometry (Wd/L) is also observed (Figure 2d), resulting from the distinct volumetric redox 

process, which determines the degree of doping in agreement with the literature[82,83]. It also 

implies that the OECT performance can be fine-tuned via the channel's geometry, which in turn 

modulates the power consumption to match the power output of the solar cells for the 

integration (to be discussed in the subsequent section). As shown in Figure 2e, the gate voltage-

induced volumetric doping (ON) and dedoping (OFF) process are highly repeatable with 
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negligible attenuation when Vg pulsed from -0.5 V to 0 V for ten cycles. Moreover, the doping 

mechanism is uncovered using the UV-Vis absorption spectra map of the active channel layer 

fabricated on an ITO substrate (Figure 2f). The thin-film displays a predominant absorption 

peak centered around 970 nm corresponding to the highly doped PEDOT+ polaron state at zero 

voltage bias. The absorption beyond 970 nm is indicative of the presence of an even higher 

doped bipolaron state (PEDOT2+), which necessitates an increased number of Na+ ions to 

dedope the channel by applying a positive bias at the counter electrode. With increasing 

potential to 0.2 V, the bipolaronic states gradually start to disappear. An absorption band 

centered in the visible region (~650 nm) corresponding to the π-π* of the neutral PEDOT0 starts 

to emerge. Finally, the existing polaron PEDOT+ is significantly switched to the neutral 

semiconducting PEDOT0 state, indicating its “switched off” state.  

Figure 3a shows the circuit configuration, which enables the CPSCs to power the 

OECT device. Note that an external biasing was applied at the gate electrode to collect the 

transfer response of OECTs. This is also similar to the reported self-powered organic solar 

cells/OECT[25]. Although the overall autonomy of the system is diminished, the self-powering 

concept still holds. Generally, OECTs exhibit very high channel currents (~mA) compared to 

gate leakage. In this case, the maximum gate leakage does not exceed 1 μA. Therefore, the 

overall power consumption at the gate electrode is below 0.4 μW (Figure S3). As mentioned 

earlier, the OECT performance can be fine-tuned via the channel geometry, and in this 

integration, a low-current device was chosen to demonstrate the intensity independent self-

powered mode of operation. The CPSCs simultaneously act as both a current source and a 

voltage source, supplying adequate drain current (IDS) and bias constant drain voltage (VDS) 

during the OECT operation. Therefore, the short circuit current (ISC) of the solar cell under low 

light illumination (~0.13 mW cm-2) must be at least equal to or more than the IDS required (~40 

μA) under forward bias, assuming the solar cell output impedance is negligible compared to 
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the channel resistance of the OECT. In this work, two CPSCs connected in parallel are 

integrated with the OECT. Under one sun illumination on two CPSCs in parallel, similar VOC 

(~ 0.77 V) of a single cell is attained, but less than doubled ISC (~ 22.08 mA) is achieved due 

to series resistance by two cells (Figure S4). The maximum power supplied by the CPSCs is 

determined to be ~7.5 mW at 0.48 V, much higher than the maximum power required by the 

OECT device (~24 µW) (Figure 3c). A drop in VOC is measured to be only significant at high 

loading conditions (Figure S5). The light intensity dependence of VOC and JSC of the two 

CPSCs in parallel also follows a similar trend as that of the single CPSC (see Figure S4). 

Further, lower VOC of CPSCs ensures that the potential between drain and gate electrodes 

(VGD<1 V) does not exceed the electrolysis voltage of water[84,85].  

 

Figure 3. (a) Schematic of the self-powered OECT integrated with two CPSCs in parallel, (b) 

equivalent circuit diagram of the self-powered OECT, where Rsh is shunt resistance, and Rs is 

series resistance, (c) total power output of the CPSCs in parallel configuration at 100 mW cm-

2, (d) transfer curves of OECT when powered by the solar cells at dark and 100 mW cm-2 

incident light, and when powered by an external voltage source, and (e) transfer curve of an 

OECT with a high current when self-powered under the ambient room light. 
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Figure 3d demonstrates the transfer curves of self-powered OECT in operation at dark and 100 

mW cm-2 incident light. The CPSCs can power the OECT consistently within the operating 

voltage window with a reproducible peak gm value of ~76.26 μS at one sun intensity (~100 mW 

cm-2). However, the OECT presents no transfer behaviors under dark as the overall current 

flow is limited by the huge internal resistance (Rs ≈ 794 Ω, and Rsh ≈ 8 kΩ) of CPSCs in dark 

conditions (Figure S6). Moreover, as shown in the equivalent circuit diagram in Figure 3b, 

under dark, there is no VOC developed across the CPSC to make the device capable of 

generating a drain current in response to the gate voltage. Besides, the self-powered OECT 

shows comparable gm to that of external voltage-source powered OECT (~82.39 μS), 

demonstrating the reliability of this self-powered system. Further, the CPSCs are also used for 

driving a higher current OECT with a maximum gm of 2.79 mS under indoor ambient lighting 

conditions (~0.4 mW cm-2) (Figure 3e), demonstrating the feasibility of operation at low light 

illumination for energy-efficient indoor applications.  

Next, we demonstrate the light intensity-dependent measurements of the self-powered OECT 

ranging from 100 mW cm-2to 0.13 mW cm-2. Figure 4a shows the transfer curves of a self-

powered OECT with a maximum gm of around 61.7 μS under different light intensities (Figure 

S7). The current levels of these transfer curves remain similar with decreasing light intensity 

as the VOC of the CPSCs remains nearly constant. Consequently, a nearly constant maximum 

gm value is maintained at 60.50±1.44 μS, as shown in Figure 4b. We also verified the 

dependence of gm on drain voltage, as shown in Figure 4c. The VOC attainable by the CPSCs 

at the lowest light intensity (0.13 mW cm-2) is 0.6 V. At this drain voltage (-0.6 V), the gm is 

dropped slightly to 58.4 μS (from 60.4 μS at VDS=-0.7 V) as the channel is likely near pinch-

off above VDS=-0.6 V. These results demonstrate that the self-powered OECT can retain the 

stable transconductance independence with the light intensity. Moreover, to verify the stability 

and durability of the self-powered OECT, the pulse response was measured by applying 
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repeated gate bias (from -0.5V to 0 V). As shown in Figure 4d, stable response to gate bias 

was observed in 12 cycles, and the magnified view of pulse response exhibits a rise and fall 

times of 508.4 ms and 612.4 ms, respectively (Figure S8). 

 

Figure 4. (a) Transfer curves of self-powered OECT operating from 100 mW cm-2 to 0.13 mW 

cm-2 light intensity, (b) variation of maximum transconductance under various light intensities. 

(c) Transconductance as a function of drain voltage. The error bar was obtained from five 

different devices with the same channel geometry. (d) pulsing response of the self-powered 

OECT to gate bias. 

Once the unique performance of self-powered OECT was established, the applicability in ion-

sensing is explored for NaCl aqueous solutions with ion concentrations ranging from 0.01 M to 

1 M. Figure 5a shows the transfer curves of the self-powered OECT measured at various 
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concentrations of NaCl at 100 mW cm-2 incident light intensity. In general, when the 

concentration of NaCl solution increases, more Na+ ions penetrate into the channel to de-dope 

the channel layer, resulting in a decrease of the overall current of self-powered OECT at a 

specific applied gate voltage. Consequently, the maximum gm of OECT reduces with the 

increase in ionic concentration, and the position of gm_max (VGS_max) shifts to more negative VGS 

(Figure 5a). In Figure 5b, the change in gm_max in self-powered mode is also compared against 

the standard external voltage source measurement at VDS= -0.7 V. The slope of gm_max as a 

function of ion concentration yields a value of -2.91 μS decade-1 for the self-powered mode, in 

close agreement with the measurements done using the external voltage source, which yields a 

value of -2.97 μS decade-1. The results show that self-powered OECT exhibits stable and 

reliable operation during ion sensing when powered by CPSCs. Furthermore, the rate of change 

of VGS_max with respect to ion concentration shows a better performance, attaining -69.77 mV 

decade-1 in the self-powered mode as compared to the -47.06 mV decade-1 in standard external 

voltage source measurement (Figure 5c). Once the unique performance of self-powered OECT 

was established, the applicability in ion-sensing is explored for NaCl aqueous solutions with 

ion concentrations ranging from 0.01 M to 1 M. In particular, sodium and chloride ions play a 

crucial role in physiological processes[86–88], where the miss-regulation of ion transport can 

cause serious disorders.  Therefore, sodium and chloride ion sensing is important in many fields 

such as clinical diagnosis[89–92], environmental monitoring[93–95], and various industrial 

applications[96,97].  Figure 5a shows the transfer curves of the self-powered OECT measured at 

various concentrations of NaCl at 100 mW cm-2 incident light intensity. In general, when the 

concentration of NaCl solution increases, more Na+ ions penetrate into the channel to de-dope 

the channel layer, resulting in a decrease of the overall current of self-powered OECT at a 

specific applied gate voltage. Consequently, the maximum gm of OECT reduces with the 

increase in ionic concentration, and the position of gm_max (VGS_max) shifts to more negative VGS 



 

14 

 

(Figure 5a). In Figure 5b, the change in gm_max in self-powered mode is also compared against 

the standard external voltage source measurement at VDS= -0.7 V. The slope of gm_max as a 

function of ion concentration yields a value of -2.91 μS decade-1 for the self-powered mode, in 

close agreement with the measurements done using the external voltage source, which yields a 

value of -2.97 μS decade-1. The results show that self-powered OECT exhibits stable and 

reliable operation during ion sensing when powered by CPSCs. Furthermore, the rate of change 

of VGS_max with respect to ion concentration shows a better performance, attaining -69.77 mV 

decade-1 in the self-powered mode as compared to the -47.06 mV decade-1 in standard external 

voltage source measurement.  

 

Figure 5. (a) Transfer curves (solid lines) of the self-powered OECT at various ionic 

concentrations and the corresponding change in transconductance (dotted lines), (b) 

comparison of gm_max in self-powered mode with standard external voltage source 

measurement, (c) gate bias position of gm_max at various ion concentrations, ranging from 0.01 

M to 1 M of NaCl aqueous electrolyte solutions and (d) gm_max at various ion concentration as a 
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function of light intensity. The ion concentration ranges from 0.01 M to 1 M of NaCl aqueous 

electrolyte solutions, while the light intensity is from 0.13-100 mW cm-2. 

 

Finally, at each particular ion concentration, devices exhibited almost identical gm_max values 

under various irradiance conditions (Figure 5d), further demonstrating the highly repeatable 

ion sensing in the self-powered OECT device. Thus, our work demonstrates, for the first time, 

a self-powered OECT that gives stable and reliable results independent of the light intensity, 

thus offering a way to realize fully self-powered wearable sensors for indoor, point of care 

health monitoring, and internet of things applications.  

 

Conclusions 

In summary, we report for the first time an intensity independent self-powered OECT device 

with the integration of CPSCs. The CPSC nearly preserves a constant VOC even at lower 

incident light intensities (0.13 mW cm-2), allowing for a stable and reliable OECT operation. 

Additionally, the device operation is nearly identical under ambient room lighting when 

compared to the operation under one sunlight illumination. The self-powered OECT is also 

demonstrated with a reliable and repeatable response to Na+ ion concentration under various 

irradiance conditions. This approach to constructing self-powered systems paves the way to 

integrating autonomous power sources with wearable functional electronic devices for 

accurate, continuous, and long-term operation in changeable light conditions.  
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Methods 

Materials: PEDOT:PSS (Clevios PH1000) was purchased from Heraeus and used as received 

in this work. PDMS (Sylgard 184) was purchased from Dow Corning Corp. 

Glycidoxypropyltrimethosxysilane (GOPS), and ionic liquid [EMIM][Cl] were obtained from 

Sigma-Aldrich.  

Films preparation: The PEDOT:PSS/[EMIM][Cl] composites were prepared by adding 0.5 

wt% of [EMIM][Cl] (0.1 mol/L in deionized water) to PEDOT:PSS solution, and stirred 

vigorously for 10 min to obtain uniform solution. GOPS (0.5 vol.%) was added as stabilizer to 

the solution and stirred overnight. Dodecyl benzene sulfonic acid (DBSA, 0.1 vol.%) was 

added to enhance the film uniformity. The thickness of the resultant films was carried out using 

an Alpha-Step profilemeter (KLA-Tencor). 

OECTs Fabrication: The OECTs were fabricated on the silicon/silicon dioxide wafers. The 

silicon substrates were first cleaned by sonication in soap water, deionized water, acetone and 

ethanol for 10 min successively, followed by drying with nitrogen air. The gold source and 

drain contacts (thickness of 100 nm) were evaporated through a shadow mask. A PMMA (10 

wt.% in toluene) thin film was spin coated on these substrates at 4000 rpm for 20 s. The PMMA 

film was then irradiated with ultraviolet-ozone (UVO) (Model No. 18-220, Jelight Company, 

Inc.) through a shadow mask for one hour, followed by rinsing with deionized water to remove 

residual PMMA in the patterned area. The patterned PMMA were then treated with UVO for 

another 5 min. The PEDOT:PSS/[EMIM][Cl] solution was further diluted to obtain thinner 

films by adding 50%, and 100% more water to the solution and spin coated onto the patterned 

PMMA substrates at 5000 RPM spin-speed to achieve ~20 nm thickness, followed by 

annealing at 130 °C for 30 minutes. After that, the sacrificial PMMA layer was removed by 

dipping the samples into toluene for 10 s and rinsed with deionized water. The 

poly(dimethylsiloxane) (PDMS) was used to confine the liquid electrolyte. PDMS was 

prepared by mixing base and cross-linker at a weight ratio of 10:1 and cured at 80 °C for 4h. 

After that, a small PDMS well was cut and fixed on top of the channel by epoxy glue, followed 

by curing the epoxy under UV light for 2 min. Impedance spectroscopy measurements were 

done using three electrode configuration to determine the capacitance of the thin films (Autolab 

PGSTAT 128N). The thin film was patterned on top of a gold electrode to use as the working 

electrode, a Pt mesh as a counter electrode, and an Ag/AgCl wire as reference electrode in a 

0.1 M NaCl aqueous electrolyte at an AC amplitude of 10 mV. 
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Carbon Electrode based Perovskite Solar Cell Fabrication: FTO substrates (≈14 Ω per 

square, 2.2 mm thick) were first etched with a YAG fiber laser to form the desired pattern and 

then cleaned. The cleaning process consisted of a three-step sonication cleaning process: first 

with decon soap, then with deionized (DI) water, and finally by sonication with ethanol. each 

sonication step is held for 30 mins. c‐TiO2 layer was printed by using a screen‐printer on the 

substrate with a suitable mesh design. The paste used was Dyesol BL-1 after printing, the film 

was relaxed before the substrates were annealed at 500 °C for 30 mins so that bubbles formed 

during the lift-off process will be removed. The substrates were then immersed in 100 mm 

TiCl4 solution as the post‐treatment. Finally, the substrates underwent another heat treatment 

of 500 °C for 30 min to finish the blocking layer processing. 

Following the c-TiO2 layer formation, a meso-TiO2 layer was printed onto the substrate. The 

standard TiO2 paste used was Dyesol 30 NRD diluted with terpineol in a weight ratio of 1:1.4 

to obtain a layer thickness of 500 nm. After the film was printed, it was relaxed for 15 min 

before it was annealed at 500 °C. Then, a layer of ZrO2 was printed onto the meso-TiO2 layer. 

The standard ZrO2 paste used was Solaronix ZT/SP paste, which gave a thickness of 1400 nm. 

The film was let to rest for 15 min before it was annealed at 500 °C for 30 min. The printing 

process was then finished with the carbon counter electrode printing. The carbon paste used 

was from Dyesol, which gave a print thickness of 10-15 μm. The process was followed by a 

heat treatment at 400 °C for 30 min. The perovskite solution used was a 40 wt % CH3NH3PbI3 

with 5-Ammonium valeric acid iodide (5‐AVAI) added in 3 % excess molar ratio in γ‐

butyrolactone (GBL). The perovskite solution (3.5 l) was infiltrated dropwise in device stack 

via carbon scaffold and subsequently held for 15 min to ensure complete wetting of the 

scaffold. The substrates were then heated on the hot plate gently to 50 °C over 2 h to crystallize 

the perovskite fully. The solar cell devices are completed with the painting of Ag contacts to 

ensure good contact, followed by device testing using a Keithley 2612A source meter under 

simulated AM 1.5 illumination of a solar simulator (SAN-EI Electric XEC-301S) calibrated 

using a standard silicon solar cell (Newport). The active area of each device was 0.7 cm2. 

Electrical characterization: The JV characteristics of the solar cells, and the output and 

transfer characteristics of the OECTs were measured under ambient environment at room 

temperature using a Keysight precision source/measure unit (B2900A Series) and a probe 

station (Karl Suss PM5). For the self-powered operation mode, the solar cells were connected 

via external wires to the OECTs. The devices operated in the common source configuration. 

Various concentration of NaCl in DI water was used as the gate electrolyte. An Ag/AgCl pellet 
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was used as the gate electrode and was completely immersed in the electrolyte. Light intensity 

dependent measurements were carried out with a variable intensity (5700 K), high-power LED 

source, Solis 3C purchased from Thorlabs. For indoor lighting measurements, an indoor 

fluorescent lamp Philips RC160X LED40S with a 4000 K color temperature was used.  
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