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As Hole Transport Layer (HTL) for perovskite solar cells (PSCs), Poly (3-Hexylthiophene) 

(P3HT) has been attracting a great interest due to its low-cost, thermal stability, oxygen 

impermeability and strong hydrophobicity. In this work, a new doping strategy has been 

developed for the P3HT as HTL in triple-cation/double-halide ((FA1-x-yMAxCsy)Pb(I1-

xBrx)3) mesoscopic PSCs. Photovoltaic performances and stability of solar cells show 

remarkable enhancement using a composition of three dopants Li-TFSI, TBP and Co(III)-

TFSI reaching power conversion efficiencies of 19.25% on 0.1 cm2 active area, 16.29% on 1 

cm2 active area and 13.3% on a 43 cm2 active area module without using any additional 

absorber layer or any interlayer at the PSK/P3HT interface. The results illustrate positive 

effect of cobalt dopant on the band structure of perovskite/P3HT interface leading to an 
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improved hole extraction and a decrease of trap-assisted recombination. Non-encapsulated 

large area devices show promising air stability through keeping more than 80% of initial 

efficiency after 1500 hr in atmospheric conditions (RH~60%, r.t.), while encapsulated devices 

show more than 500 hr at 85 °C thermal stability (>80%) and 100 hr stability against 

continuous light soaking (>90%). The boosted efficiency and the improved stability make 

P3HT a good candidate for low-cost large-scale PSCs.  

 

1. Introduction 

In less than a decade of research, the extensive studies performed on perovskite solar cells 

(PSCs) led to a dramatic increase in their power conversion efficiency (PCE) exceeding now  

25.2%.[1–4] This significant enhancement can be attributed to the superior properties of 

organo-metal halide perovskite, such as direct and tunable band-gap, high absorption 

coefficient, good charge carrier mobility, reasonable hole/electron diffusion lengths, solution 

processability, low-cost and abundant precursor materials.[5–9] In a typical mesoscopic n-i-p 

PSC structure, the perovskite layer is sandwiched between electron and hole transport layers 

(ETL and HTL, respectively).[10] Different types of scaffold ETLs have been used to fabricate 

high efficiency PSCs with mesoporous structure[11–13] even though TiO2 is the most common 

one.[7,14] On the other hand, 2,2’,7,7’-tetrakis(N,N-di-p-ethoxyphenylamine)- 9,9’-

spirobifluorene (spiro-OMeTAD) is the most used HTL. It has become a worthwhile goal to 

find alternative Hole Transport Materials (HTMs) to replace Spiro-OMeTAD, given the high 

cost of spiro-OMeTAD due to a complex synthesis[15], which could hinder commercial 

applications,[16,17] together with thermal and chemical instability[18–20] and low charge carrier 

mobility.[21] 

Several other compounds have been proposed as HTL, comprising inorganic material (NiO, 

CuSCN) and organic semiconducting polymers such as Poly(3-hexylthiophene) (P3HT) 

(PEDOT:PSS) and  poly(triarylamine) (PTAA).[22–25] Conductive polymers have attracted a 
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strong interest owing to their excellent charge carrier mobility, good processability and the 

possibility to scale up their production.[26]Among them,  PTAA[27] has shown to be very 

suitable for high efficient PSCs even though the high cost[28] may limit its use in real 

applications. Recently, many studies have been conducted on P3HT as HTL[29–31] due to its 

unique properties, such as high hole mobility (0.1 cm2V-1s-1), wide band gap, good solubility, 

thermal stability[32] and low cost (10 times cheaper than spiro-OMeTAD).[29,33] Moreover, 

optical, electrical and transport properties of P3HT can be easily tuned by changing the length 

of the side chains,[34] the molecular weight (MW),[35] the temperature[36] and by using 

directional crystallization techniques.[37] In addition, several reports on the environmental 

stability of organic HTLs have demonstrated that poly-thiophene derivatives showed better 

stability than small molecules due to their oxygen impermeability and robust 

hydrophobicity.[38] 

Very recently, Jung et al.[39] demonstrated that while a conventional use of P3HT in 

mesoscopic PSCs provide a reverse (forward) efficiency of 15.8% (11.7%), the addition of a 

Wide Band Gap (WBG) perovskite interlayer between perovskite absorber and P3HT HTL 

allows reducing interface recombination and improve cell efficiency above 22% without 

appreciable hysteresis. Even though this result is remarkable, a strong improvement of P3HT 

based PSCs could be achieved even without WBG interlayer, as it will be presented in our 

work. 

To improve HTL performances, various dopants have been used such as lithium bis 

(trifluoromethane sulfonyl) imide salt (Li-TFSI), pyridine-based additive such as 2,6-di-

tertbutylpyridine (D-TBP)[40] and 4-tert butylpyridine (TBP),[41] F4TCNQ[42] and carbon 

nanotubes (BCNs).[43] Accordingly, the presence of Li+ is known to influence the doping 

mechanism of the HTM[44,45] as well as the mobility of charges. Electrochemical Impedance 

Spectroscopy(EIS) results evidenced that PSCs without Li-TFSI in HTL show an additional 
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resistive element that is most likely related to the transport resistance in the HTL.[46] On the 

other hand, the addition of TBP increases the hole selectivity of the HTL/perovskite 

interface[41], improves the uniformity of the HTL and avoids accumulation of Li salt.[47] 

These doping strategies have been mainly developed for spiro-OMeTAD and may not be 

optimal for other HTLs. By applying the doping strategies the non-radiative recombination 

losses of PSCs can be mitigated. For example, Tavakoli et al. have been shown the potential 

of adamantylammonium iodide as the HTL dopant in order to improve the overall efficiency 

and stability of single and double cation perovskite solar cells, reaching 22% PCE and more 

than 500 hr stability.[48] Owing to the higher HOMO level of P3HT (-4.8 eV) with respect to 

spiro-OMeTAD (-5.1 eV), PSCs employing Li-doped P3HT have not been able to achieve 

high PCEs due to significant loss of the open-circuit voltage (VOC).[49] Therefore, a dopant 

that has the capability to lower the Work-function of the P3HT is also requested. 

Cobalt inorganic complexes,[50–54] induce, through an oxidative doping,[55]a lowering of Fermi 

level of the HTL resulting in an increase of VOC.[56] In addition, the Co-doped devices showed 

an improved stability under light.[49] Jung et al. successfully used a Cobalt complex as a 

dopant of P3HT in a MAPbI3-based flexible solar cells with PCE of 11.8%.[49] This Co 

complex led to an enhancement of the P3HT conductivity and to a downward shift of the 

energy levels. 

In our previous works, we evaluated the relationship between P3HT molecular weight (MW) 

and the PCE of PSCs.[31,57] The results showed that by increasing the P3HT’s MW the PCE 

improve mainly due to an enhancement in electron lifetime. Under these circumstances, by 

using Li-TFSI and TBP and the crystal engineering approach[58,59] for fabrication of MAPbI3 

based PSCs under ambient condition, the PCE of the PSCs containing 124 kDa P3HT as 



 ACCEPTED (PRE-PRINT) 

5 

 

HTM layer was improved up to 16 % for small area devices (active area 0.1 cm2) and 11.2 % 

stabilized efficiency for module (Active area 10.1 cm2).[58] 

In this work, a new doping strategy for the P3HT has been investigated. We consider the 

mixing Li-TFSI, TBP and FK209 Co(III)-TFSI as P3HT dopant in a mixed cation mesoscopic 

PSC to improve the photovoltaic performance and thermal stability of the fabricated devices. 

Mixed cation perovskites having methylammmonium (MA), formamidinium (FA), and Cs as 

cations with I and Br as halide tend to exhibit high efficiency and robust stability against light 

and heat stress.[60]At the same time, however, mixed cation PSCs still suffer from degradation 

of the fill factor, which can stem from decreased conductivity of degraded organic molecular 

HTMs, such as spiro-OMeTAD.[61,62] Indeed, replacement of molecular HTMs with thermally 

stable polymers like P3HT, not only could be favorable for up-scaling, but also could improve 

the life span of the devices. Following our previous investigation[31] we focus on P3HT with a 

MW of 124 kDa, employing our new doping strategy for the fabrication of cells and modules 

with different size, as shown in Figure 1. 

a) 
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b) 

 

c) 

 

Figure 1. a) Chemical structure of the P3HT and of its dopants used in this work. b) 

Schematic figures of the fabricated PSCs and modules using P3HT as HTL. The active area of 

the small area devices, large area devices and modules are 0.1 cm2, 1.0 cm2 and 43 cm2, 

respectively. c) Schematic figure that illustrate the deposition steps. 

 

2. Results and Discussion 

 

2.1. Doping Effect on P3HT Thin Film 

The effect of different dopants on the performance of the P3HT thin film has been evaluated 

by spectroscopic method. UV-VIS absorbance spectra of the P3HT layers with different 

dopant composition deposited on the triple cation perovskite layer and on the FTO substrate 

are shown in Figure 2(a), while normalized absorbance spectra of P3HT on FTO in Figure 

2(b). The well-defined onset of absorbance spectra around 730 nm clearly show the formation 

of the perovskite phase with a full surface coverage.[63] With respect to perovskite layers, 

samples covered by P3HT show higher absorbance values in the range of 500-650 nm, which 

could be attributed to the addition of P3HT absorption to the perovskite one (see dashed lines 

in Figure 2(a)).[31] In particular, the P3HT layer with cobalt complex dopant in addition to Li-

salt and TBP shows higher absorbance in this region with respect to the other P3HT layers. 

The absorbance spectrum of the non-doped P3HT layer shows a broad peak at 514 nm 
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containing two shoulders at 553 nm and 603 nm (see Figure 2(b)). The absorbance peak at 

514 nm provides information on the degree of conjugation of the P3HT chains, whereas the 

shoulders provide information on the degree of interchain order.[64–66] By adding dopants to 

P3HT we can see a clear variation in the absorbance spectra. The P3HT layer containing Li-

salt and TBP dopants shows a broad peak at 553 nm and a low marked shoulder at around 600 

nm. By adding the cobalt complex, a clear red shift of P3HT absorbance and enhancement of 

the shoulders can be observed. These results show that the dopants have positive effects on 

conjugation degree of the thiophene chains, with a consequent decrease of the band gap, and 

on the degree of interchain order.[64] Furthermore, in order to determine the direct band gap 

energy of the P3HT thin films, diffuse reflectance spectroscopy (DRS) has been used as a 

useful characterization tool for a wide variety of substrates.[67–70] Accordingly, DRS spectra of 

the P3HT thin films at FTO substrate have been collected and direct-allowed band-gap values 

have been extracted from Kubelka-Munk function.[67] As presented in Figure S1, direct band 

gap of P3HT layer is clearly decreased by dopping strategy. Band structure of the P3HT layer 

at both doped and no-doped states has been evaluated through cyclic voltametery analysis of 

diode structure (see Figure S1(b)). Accordingly, in the diode structure the P3HT layer (doped 

and no-dped) has been sandwiched between FTO and Au and the electrochemical propoerties 

has been studed under dark conditions. The HOMO level of the P3HT layer has been changed 

from –4.95 eV to –5.24 eV by addition of the dopants. 

Photoluminescence (PL) curves of the perovskite-based layers are presented in Figure 2(c). 

The PL emission peak at 759 nm quenched significantly in sample with PSK/P3HT with 

respect to the one with only PSK. Reduced PL intensity is mainly related to better charge 

extraction from the perovskite layer and this is well consistent with interfacial 

morphology.[58,71] We should point out that P3HT doped also with Cobalt complex shows a 

higher PL quenching with respect to the Cobalt-free sample. 
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 Figure 2. a) UV-Vis absorbance spectra of the P3HT with different composition of dopants 

on the perovskite (PSK) and on FTO substrate. b) Normalized absorbance of the P3HT on 

FTO in the range of 400-650 nm. c) Photoluminescence spectra of the perovskite and P3HT 

coated perovskite with different composition of HTM dopants. d) cross section SEM image 

from the thin film consist of FTO/mp-TiO2/PSK/P3HT:Li+TBP+Co. 

 

PSCs with a FTO/mp-TiO2/PSK/P3HT/Au stack (without c-TiO2) have been fabricated by 

using P3HT doped with Li-salt, TBP and Cobalt complex. The cross section SEM image of 

the stack (without Au) is presented in Figure 2(e). The thicknesses of the FTO, mp-TiO2, PSK 

and P3HT layers are ~360 nm, ~100 nm, ~430 nm and ~70 nm, respectively. 

2.2. Photovoltaic Performances 

PSCs’ photovoltaic performances have been evaluated by JV measurement under 1-sun 

AM1.5G solar simulator and the statistic results are shown in Figure 3. Full doped 

(Li+TBP+Co) small area devices (0.1 cm2 as active area) demonstrate a maximum power 

conversion efficiency of 19.25 %, with an average of 18.55 ±0.44 % for all the batch of 
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devices, and a stabilized PCE of 18.4 % (Figure 4(a)); at the same time, the devices without 

cobalt dopant reached a maximum PCE value of 15.62 % with an average of 14.23 ±0.72 %. 

The Co-doped large area devices (1.0 cm2 as active area) show a PCE statistical distribution 

in the range of 15.55-16.29 % with average of 15.93±0.30 %, and a stabilized PCE of 16.10 % 

(Figure 4(a)). Based on our knowledge, the presented PCEs are the highest reported 

efficiencies for the mesoscopic perovskite using P3HT as HTM without any interlayer at the 

PSK/P3HT interface. The full-doped PSCs show promising high photovoltage and 

photocurrent with around 70% fill factor and highly reproducible results. The J-V curve of the 

champion small area device at 1-sun is presented in Figure 4(b) by sweeping the voltage in 

both forward and reverse scan directions and the corresponding photovoltaic parameters are 

showed in Table 1. The J-V curves show a low hysteresis with a hysteresis index of 0.042.[72] 

The EQE curve of the champion device is also presented in Figure S2.  

 

a) 

 

b) 

 
0

2

4

6

8

10

12

14

16

18

20

Li+TBP+CoLi+TBP+CoLi+TBP

Large Area

 1 cm
2

P
C

E
 (

%
)

Small Area

 0.1 cm
2

0.0

0.2

0.4

0.6

0.8

1.0

1.2

V
o
c
 (

V
)

Large Area

 1 cm
2

Small Area

 0.1 cm
2

Li+TBP Li+TBP+Co Li+TBP+Co



 ACCEPTED (PRE-PRINT) 

10 

 

c) 

 

d) 

 
Figure 3. Statistical photovoltaic parameters of the small area and large area PSCs containing 

P3HT as HTM with different dopant mixture. a) PCE, b) Voc, c) Jsc and d) fill factor. 
 

 

a)  

 

 

b)  

 

 
 

Figure 4. a) Maximum power point tracking of selected small area and large area PSCs. b) J-V 

plot of the champion small area device with sweeping of the voltage in both forward and reverse 

scans. 

 

 

 

Table 1. Photovoltaic parameters of the best performance small area PSC in both forward and 

reverse voltage sweep. 

Voltage sweep Voc (V) Jsc (mA/cm2) FF PCE (%) 

Reverse 1.09 23.86 0.737 19.25 

Forward 1.14 23.82 0.680 18.51 

2.3. Electrochemical Properties 
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To investigate the electrochemical properties of PSC interfaces with or without cobalt 

complex doping of the P3HT layer, Electrochemical Impedance Spectrometry (EIS) of PSCs 

has been performed under dark conditions with a bias voltage range between 0.6 V and 1.0 V. 

As shown in Figure 5(a), Nyquist plots composed of two irregular semicircles, including the 

very small one at high frequency and the large one at low frequency (equivalent circuit is the 

figure inset). Rs is mainly related to the resistance of the FTO substrate.[73,74] The first 

semicircle is attributed to the hole transport resistance (R1) at the HTL/perovskite interface. 

The second semicircle in the low frequency range is associated to the recombination 

resistance (R2) at the HTL/perovskite interface.[31,58,75] The fitted values of the resistive 

elements are plotted in Figure S3. Both devices show almost the same series resistance, 

however the cobalt complex doped PSC shows markedly higher hole extraction and lower 

charge recombination compared to the cobalt-free layer. The EIS results clearly show the 

positive effect of the cobalt complex dopant on the P3HT/perovskite interface, which is in 

good agreement with the higher photovoltaic performance of this device with respect to the 

cobalt free PSCs. The cobalt complex can effectively intercalate between the thiophene 

backbones and led to dramatically change the HOMO level of P3HT to more negative values 

enhancing hole extraction and decreasing  the charge recombination at the perovskite/P3HT 

interface.[50]  

Electrochemical properties of the P3HT-based PSCs with different compositions of HTM 

dopants have also been investigated using Cyclic Voltametery (CV) in dark condition for a 

bias voltage between -1.5 and 1.5 V. The Tafel plots of the CV analysis are shown in Figure 

5(b). The comparison between Tafel plots evidences that, independently from the doping 

strategy, devices do not show any hysteresis between anodic and cathodic cycles, while the 

leakage current of the cobalt-free sample is lower than the one with cobalt doping. Dark JV is 
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also a powerful tool to analyse the recombination process in the solar cell. By applying a bias 

(dark condition), the current flowing through the device could be expressed as,[76] 

I = I01e
V−IRS
2kt/q + I02e

V−IRS
kt/q +

V − IRS
RSH

 (1) 

Where, I01 and I02 are diode saturation currents, RS and RSH are the series and shunt 

resistance of the device, respectively. According to Equation 1, and considering the 

experimental results shown in Figure 5(c), the IV characteristics can be divided into 4 bias 

regions: 1) V < V1, dark current will be related to the shunt resistance; 2) V1<V<V2, the 

dominant term is the first exponential of Equation 1 that is related to the recombination in the 

depletion zone; V2<V<V3, the dominant term is the second exponential of Equation 1 that is 

related to trap assisted and radiative recombination; V>V3 dark current is limited by the series 

resistance and will saturate.  

In our devices V1-V2 voltage range reduces when cobalt is added to the TBP+Li doped P3HT. 

This clearly shows a positive effect of the cobalt complex at the perovskite/HTL interface, 

enhancing the rate of hole extraction and reducing the direct recombination, which is the third 

term on the right-hand side of equation (1). 

At V2, when the bias voltage exceeded the kink point corresponding to Trap-Filled Limit 

voltage (VTFL),[77,78] the current quickly increased, indicating that the trap-states were 

completely filled. The dark JV results are in good agreement with EIS, demonstrating that the 

photovoltaic improvement by cobalt doping in the P3HT via notably decrease in charge 

recombination. 

In order to investigate the effect of dopants in the P3HT layer without considering the 

perovskite/P3HT interface, diode structure of P3HT in both no Co-doped and Co-doped states 

has been realized by sandwich the polymer film between FTO and Au electrodes (Figure S4). 
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In this diode structure, any electrode offers an ohmic response to the polymer/metal interface 

and the injected carriers from electrode leads to formation a space charge region consisting of 

a large number of injected carriers and equilibrium free carriers into the polymer layer. 

Because of low carrier mobility, more charges are injected before transferring of injected 

carriers from one to the other electrode. When an external electric field is applied, further 

charges will injected from low‐barrier electrode to the P3HT, and an equilibrium stage is 

reached when injected carriers are comparable to the free carriers concentration. Thus at this 

stage, the flow of current could be referred as space charge–limited current.[79] JV curves of 

P3HT based diodes (P3HT:Li+TBP layer compared to P3HT:Li+TBP+Co film sandwiched 

between FTO and Au electrodes) under dark condition have been presented in Figure S4(a). 

The applied bias potential sweep from -1.2 V to +1.2 V with 50 mV/s as scan rate. In order to 

evaluate the Space Charge-Limited Current behavior, the curves has been shown in 

logarithmic scale of both J and V (Figure S4(b)). Higher slop values of the Co doped P3HT 

shows the positive influence of the cobalt complex for improving of the carrier mobility of 

P3HT thin film.[79] This carrier mobility enhancement by cobalt complex could be attributed 

to formation of polarons (radical ions) or bipolarons (dication or dianions) in the P3HT layer 

due to oxidation/reduction process.[80] The movement of such charge carriers along polymer 

chains can produce more conductivity. 

Transient Photocurrent (TPC) and Transient Photovoltage (TPV) analysis have been also 

performed for PSCs with the different composition of dopants in P3HT. The extracted charge 

versus Jsc are evaluated from TPC analysis[81,82] and plotted in Figure 5(c). These results are 

in good agreement with EIS data showing a marked improvement of hole extraction in Co 

doped P3HT with respect to those without Co. In addition, the recombination time, evaluated 

from TPV[82] (Figure 5 (d)), is larger in Co-doped P3HT with respect to the one without Co 

doping. Considering that the combination of high carrier mobility together with high diffusion 
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Charge Extraction curves of the PSCs obtained from Transient Photocurrent Fall/Rise 
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2.4. Stability Results 

Life span analysis of the fabricated PSCs (large area device structures with 1.0 cm2 active 

area) containing (Li+TBP+Co) or (Li+TBP) dopant combination has been evaluated by shelf 

life analysis (no-sealed devices), thermal stress and constant 1-sun light soaking accelerated 

test (encapsulated devices). The tracking of devices’ PCE is reported in Figure 6. 
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Atmospheric shelf life span analysis is performed on non-encapsulated PSCs kept in ambient 

condition at a temperature of ~25 °C and a Relative Humidity of ~60%. The results show that 

the Co based devices retain more than 80% of their initial PCEs after 1500 hr. Furthermore, 

thermal stability analysis of encapsulated PSCs is performed by keeping the devices at 85 °C 

in an oven out of glove box. The results demonstrate that Co-doped devices retain 80% of 

their initial PCE after thermal stress for more than 500 hr. The same encapsulated large area 

devices have been tested against light soaking (Figure 6 (c)). The light soaking results also 

show that Co based PSC could keep about 90% of initial efficiency after 100 hr continuous 

irradiation. The accelerated stability results of the full-doped devices show amazing 

enhancement also compare to control P3HT-based device (without wide-bandgap interlayer) 

of recently published high efficiency P3HT-based wide-bandgap interlayer perovskite.[39] 

These promising shelf-life, thermal and light stability could be attributed to intrinsic 

characteristics of P3HT as oxygen impermeability and hydrophobicity[38] and to the high 

stability of triple cation perovskite in addition to better interfacial contact between perovskite 

and the HTM which led to facilitating hole transfer at the interface.[39] The Co-complex at the 

perovskite/HTL interface can suppress trap states,[83] so that there is less degradation of the 

device with the Co-complex dopant, which may contribute to the enhancement of interfacial 

polarity compatibility.[83] Indeed, our life span analyses show the promising enhancement of 

the P3HT-based PSCs by using Li+TBP+Co doping strategy in comparison with other P3HT 

dopants such as F4TCNQ and single walled carbon nanotubes (SWCNTs).[42,84] 
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Figure 6. a) Shelf Life stability analysis (under atmospheric conditions) of not sealed PSCs, b) 

thermal stability of encapsulated PSCs, and c) light stability graphs of the PSCs under constant 

1-sun light soaking accelerated test. Comparison between two P3HT’s dopants composite is 

shown. 

2.5. Up-scaling to Perovskite Solar Module 

To prove the up-scaling capability of the P3HT based PSCs, we realized a 10 cm x10 cm 

perovskite solar module with an active area dimension of 43.0 cm2, using triple cation 

perovskite as active layer and P3HT (fully doped with Li-TFSI, TBP and Cobalt complex) as 

HTL. The photovoltaic parameters of the fabricated module evaluated under AM1.5G 

simulated irradiation are presented in Figure 7 and Table 2. The structure of the module 

consists of 14 separate series-connected cells. Open-circuit voltage and short-circuit current 

density of the module are 15.1 V and 17.7 mA/cm2, respectively, while the module fill factor 
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is 69.8%. Due to series connection of the 14 cells we can calculate the power conversion 

efficiency under 1-sun illumination through following formula; 

𝑃𝐶𝐸 = (𝑉𝑜𝑐 𝑁𝑠𝑐⁄ ) × 𝐽𝑠𝑐 × 𝐹𝐹 (2) 

 which Nsc show the number of series connected cells. The module can generate 474 mW 

electrical power output at maximum power point, with a PCE of 13.3%. Owing to control the 

reproducibility, 8 batches of modules with same dimension have been realized and the 

statistic results have been shown good reproducibility with PCE mean of 12.9 ±0.67 %. 

a) 

  

Table 2. PV characteristics of the 

full-doped P3HT-based perovskite 

solar module.  
Module type 14 series cells 

Active Area 43 cm2 

Pmax 474 mW 

Vmp 11.9 V 

Imp 48.3 mA 

Voc 15.1 V 

Jsc 17.7 mA/cm2 

FF 69.8 % 

PCE 13.3 % 

 

b) 

 
Figure 7. Picture of the fabricated module (a). JV curve of the module under AM1.5G 

simulated 1-sun showing Pmax of 193 mW (b). 
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3. Conclusion 

In this work, we successfully used a new doping strategy for the P3HT as HTM of triple-

cation/double-halide hybrid perovskite ((FA1-x-yMAxCsy)Pb(I1-xBrx)3) mesoscopic solar cells, 

by mixing Li-TFSI, TBP and FK209 Co(III)-TFSI. The fabricated devices using the three 

HTM dopants (Li+TBP+Co) show remarkable enhancement of the photovoltaic performance 

and device stability, reaching a PCE of 19.25%, 16.29% and 13.3% for small area (0.1 cm2), 

large area (1.0 cm2) and perovskite solar module (43 cm2 active area), respectively. Non-

encapsulated devices show a promising (>1500 hr) shelf life stability in atmospheric 

conditions (RH~60%, r.t.). Furthermore, encapsulated devices show more than 500 hr thermal 

stability at 85 °C and more than 100 hr light stability against continues 1-sun irradiation. 

Results show that cobalt dopant can positively affect the perovskite/P3HT interface leading to 

an enhancement of hole extraction and a decrease of trap-assisted recombination phenomena. 

The dopant mixture can also positively enhance charge carrier mobility of the P3HT layer 

through formation of polaron or bipolaron charge carriers along polymer chains. 

4. Experimental Section 

Device fabrication: A raster scanning laser (Nd:YVO4 pulsed at 30 kHz average outputpower 

P=10 W) was used to etch the FTO/glass substrates (Pilkington, 8Ωcm-1, 25mm x 25mm). 

The patterned substrates were cleaned in anultrasonic bath, using detergent with de-ionized 

water, and 2-propanol, 5 minutes for each step. A compact TiO2 (c-TiO2) layer was deposited 

onto the patterned FTO by spray pyrolysis deposition using a previously reported 

procedure.[58] Briefly, temperature of the substrate was fixed at 450 °C, the distance between 

substrate and the autograph (tilted about 45° respect tothe substrate) was fixed to 20 cm. 

Around 15 successive spray cycles were made to reach a final thickness of 50 nm. Precursor 



 ACCEPTED (PRE-PRINT) 

19 

 

spray solutionwas consist of 0.16 M Disopropoxytitaniumbis(acetylacetonate) (TAA) and 0.4 

M Acetylacetone (ACAC) in ethanol. Patterning of the c-TiO2 was achieved using a screen 

printed metal mask which was removed afterthe c-TiO2 deposition using an acidic solution, 

de-ionized water and ethanol. A nano-crystalline mesoporous TiO2 layer (18NR-Tpaste, 

Dyesol), diluted with ethanol, with w/w ratio of 1:6, was spin coated onto the c-TiO2 surface 

and sintered using annealing program from roomtemperature to 120 °C for 5 min and remain 

5 min, 120 °C to 325 °C for15 min and stay 5 min, 325 °C to 375 °C for 5 min and stay 5 min, 

375 °C to 480 °C for 5 min and remain 30 min. Then Litsalt treatment was performed on the  

the mesoporous layer by deposition of  solution of  Bis(trifluoromethane)sulfonimide lithium 

salt in acetonitrile (34.8 mM) via spin coating at 3000 r.p.m for 10 second and another 

sintering  step same as was  mentioned above for mesopouors layer and kept at 150°C , then  

immediately were  transferred to the glove box to not absorb any water on the surface  before 

perovskite deposition. Then the perovskite layer was deposited on the scaffold layer. The 

perovskite solution was made by mixing the solutions of FAPbI3 (1.47 M) and MAPbBr3 

(0.18 M) precursor complexes in 1 ml of mixed DMF/DMSO solvent. Subsequently, 0.05 CSI 

solution was added to the mixed solution. Stock solution of CsI made by dissolving the 

389.71 mg CsI powder in 1 ml DMSO. 

The perovskite solution was spin coated in a two-step program, for 10 sec at 1000 r.p.m with 

a ramp of 200 r.p.m and 6000 r.p.m. with a ramp of 2000 r.p.m for 20 sec, respectively. 

During the second step, chlorobenzene was poured on the spinning substrate to form the 

perovskite. Then the substrates were annealed at 100 ºC for 60 min. 

0.15 mM of P3HT 124 MW solut ion in chlorobenzene doped with LiTFSI/ TBP/FK209 

Co(III)-TFSI (20:78:2 mol%)  was deposited by spin coating at 6000 for 60 second on top of 

the perovskite layer. Finally 100 nm gold deposited on the substrate in a vacuum metal 

evaporator system. 
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Diode Fabrication: In order to fabricate the diode structure, 0.15 mM of P3HT 124 MW 

solution in chlorobenzene doped with LiTFSI/ TBP/FK209 Co(III)-TFSI (20:78:2 mol%) and 

no Co-doped,  was deposited by spin coating at 6000 for 60 second on top of a patterned FTO 

layer and transferred to metal evaporator for deposition of Au back contact. 

Module Fabrication: In order to produce Perovskite Solar Modules, we adopted the P1-P2-P3 

patterning procedure.[85] FTO substrates were washed in the same way as small area ones, 

then the P1 process was realized by means of a Nd:YVO4 ns laser (λ = 1064 nm, Fluence = 

11.5 J/cm2) to insulate the FTO photoanodes of neighboring cells. Afterwards, the substrates 

were kept on a hot plate, reaching 460 °C in 40 min and the solution for spray (the same for 

small area) was deposited by spray pyrolisys. We deposited a blocking layer with a thickness 

of 50 nm. 

Mesopouros deposition: TiO2 paste was diluated by 1:6 w/w ratio (TiO2 paste: anhydrous 

Ethanol) and deposited for 20 second at 4000 r.p.m with a ramp of 2000 r.p.m, then substrate 

were annelid using same program mentioned in the small area. Then Li-salt treatment was 

performed on the  the mesoporous layer by deposition of  solution of  

Bis(trifluoromethane)sulfonimide lithium salt in acetonitrile (34.8 mM) via spin coating at 

3000 r.p.m for 10 second and another sintering  step same as was mentioned above for 

mesopouors layer and kept at 150°C, then immediately were transferred to the glove box 

before perovskite deposition to not absorb any water on the surface.  

Deposition: Firstly perovskite solution deposited on the substrate and immediately start the 

spin Step1000 rpm, 10 s, 200 rpm/s, and second step:4000 rpm, 20 s, 2000 rpm/s, finally in 

the last second step, chlorobenzene was spin cast on the substrate to form the final perovskite, 

annealed  at 100 for 1 hour. P3HT solution was spinned on the perovskite layer by spin 

coating at 4000 for 30 second, then 100 nm gold deposited on the substrate. After the 

deposition of Perovskite and P3HT layers, the P2 patterning process was applied to remove 

the ETM-Perovskite-HTM stack from the underneath FTO, in order to realize vertical 
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contacts between the latter and the subsequently deposited electrode. We operated the P2 step 

by means of a Nd:YVO4 ns laser (λ = 532 nm, Fluence = 157mJ/cm2). Finally, after the gold 

evaporation, the P3 laser patterning step was realized to insulate the counter-electrodes of the 

single cells, employing a Nd:YVO4 ns laser (λ = 532 nm, Fluence = 70mJ/cm2). 

Device measurement and instruments: Masked devices were tested under a solar simulator 

(ABET Sun 2000, class A) at AM1.5G and 100 mW cm–2 illumination conditions calibrated 

with a certified reference Si Cell (RERA Solutions RR-1002). Incident power was measured 

with a Skye SKS 1110 sensor. Microstructural investigation of cell cross section was 

performed by using a field emission scanning electron microscope (FE-SEM, SUPRA™ 35, 

Carl Zeiss SMT, Oberkochen, Germany).  IPCE was measured with a commercial apparatus 

(Arkeo-Ariadne, Cicci Research s.r.l.) based on a 300 Watts Xenon lamp and able to acquire 

spectrum from 300 to 1100 nm with 2 nm of resolution. The absorbance and Diffuse 

Reflectance spectroscopy analysis were measured with a BLACK-Comet UV-VIS 

Spectrometer. Dark JV measurement from fabricated PSCs and diode structures was done 

using cyclic Voltammetery module of AUTOLAB potentiostate instrument. Electrochemical 

impedance spectroscopy was done by AUTOLAB. TPV TPC was measured with a 

commercial apparatus (Arkeo, Cicci Research s.r.l.) based on a high speed Waveform 

Generator that drives a high speed LED (5000 Kelvin). 
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a) 

 

b) 

 

Fig. S1: a) Kubelka-Munk plots of the P3HT thin films coated on FTO substrate which are evaluated 

from DRS with representation of direct band gap. b) Energy diagram of P3HT layer at both doped and no-

doped states. 
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Fig S2: EQE curve of the champion small area device. 

 

 

 

1.7 1.8 1.9 2.0 2.1 2.2

 P3HT@FTO

 P3HT/(Li+TBP)@FTO

 P3HT/(Li+TBP+Co)@FTO

 

 

(F
(R

)h

)2

Energy (eV)
-6

-5

-4

-3

-2

1.87 eV

Eg

-3.37 eV

LUMO

-5.24 eV

HOMO

1.95 eV

Eg

-3 eV

LUMO

Doped

P3HT

No doped

 P3HT

E
v
a

c
 (

e
V

)

-4.95 eV

HOMO



 ACCEPTED (PRE-PRINT) 

31 

 

 

Fig. S3: Correlation between EIS fitted values of resistive elements and bias voltages. 

 

a

) 

 

b) 

 

Fig. S4: a) JV curves of P3HT based diodes (P3HT layer without cobalt dopant compare to full doped 

(Li+TBP+Co) film sandwiched between FTO and Au electrodes) under dark condition. Bias potential 

sweep from -1.2 V to +1.2 V with scan rate of 50 mV/s. In order to evaluate the Space Charge-Limited 

Current behavior, the curves has been shown in logarithmic scale of both J and V (b). 
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