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To date, the most efficient PSCs employ an n–i–p device architecture uses a spiro-OMeTAD-based 

hole transporting material (HTM), which achieves optimum conductivity with the addition of LiTFSI 

and air-exposure. However, this additive along with its oxidation process leads to poor reproducibility 

and is detrimental to long-term stability. Herein, a dicationic salt of spiro-OMeTAD, spiro-

OMeTAD(TFSI)2 has been employed as an effective p-dopant to achieve power conversion efficiencies 

of 19.3% and 18.3% (apertures of 0.16 and 1.00 cm
2
) with excellent reproducibility in the absence of 

LiTFSI and air-exposure. To the best of our knowledge, these are the highest performing n–i–p PSCs 

without LiTFSI or air-exposure presented. Comprehensive analysis demonstrates that precise control of 

the proportion of [spiro-OMeTAD]
+
 directly provides high conductivity in HTM films with low series 

resistance, fast hole extraction, and lower interfacial charge recombination. Moreover, the spiro-

OMeTAD(TFSI)2-doped devices show improved long-term stability, benefitting from well-retained 

HTM morphology in the absence of Li ions without forming aggregates or voids when tested under an 

ambient atmosphere. A facile approach is presented to fabricate highly efficient PSCs by replacing 

LiTFSI with spiro-OMeTAD(TFSI)2. Furthermore, this study provides insight into the relationship 

between device performance and the HTM doping level. 
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1. Introduction 

Over the past few years, metal halide perovskites have undergone an unprecedented 

rate of development due to their superb properties, such as excellent light absorption, 

high charge carrier mobility, long charge diffusion length and compatibility with 

solution-based fabrication processes, creating significant interests globally.
[1-7]

 

Benefiting from the careful modification of perovskite compositions, the delicate 

design of device configurations, and an in-depth understanding of interfacial 

interactions, the power conversion efficiency (PCE) of perovskite solar cells (PSCs) 

has been dramatically improved from 3.8% to over 23%.
[8,9]

 

First reported in 2012, the most prevalent architecture (n–i–p) for PSCs uses TiO2 

as the electron transport material (ETM) and 2,2’,7,7’-tetrakis [N,N-di(4-

methoxyphenyl)amino]-9,9’-spirobifluorene (spiro-OMeTAD) as the hole transport 

material (HTM).
[8-10] 

However, pristine spiro-OMeTAD has a low conductivity 

(~6×10
−5

 mS cm
−1

) and low hole mobility (~2×10
−4

 cm
2
 V

−1
 s

−1
),

[11-13]
 leading to high 

series resistances and poor photovoltaic performances in devices.
[14-16]

 Typically, 

additives and/or dopants are needed to improve the electronic properties and obtain a 

better device performance. Currently, bis(trifluoromethane)sulfonimide lithium salt 

(LiTFSI) and 4-tert-butylpyridine (t-BP) are frequently used as additives in hole 

transporting materials, including the state-of-the-art spiro-OMeTAD and PTAA 

(poly(triarylamine)), which are employed in highly efficient PSCs with efficiencies of 

over 21%.
[5,7,17]

 

 As shown in Eq.1 and 2, LiTFSI promotes the oxidation of spiro-OMeTAD by O2 

(oxygen), a reportedly slow reaction that is environment-dependent. 
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   (Eq.1) 

                
                                    (Eq.2) 

However, the necessity of air-exposure is likely to impact the stability of 

commercial PSCs. In particular, the air-exposure process has two detrimental 

consequences; (i) hygroscopic LiTFSI tends to absorb moisture from the air and 

maybe aggregate from the spiro-OMeTAD film, strongly affecting the interfacial 

energetics and morphology,
[18,19]

 and (ii) the presence of moisture and oxygen 

promotes perovskite degradation, with only a single water molecule capable of 

initiating a chain reaction.
[20]

 Moreover, this slow and environment-dependent 

oxidation lowers the reproducibility of device performance and hinders the 

commercial mass-production of PSCs.
[21]

 A strategy to accelerate spiro-OMeTAD 

oxidation is to use effective chemical p-type dopants, such as Co(III) complexes,
[22,23] 

Cu(II) complexes,
[24]

 CuSCN (or CuI),
[25]

 F4-TCNQ
[26]

 and molybdenum 

tris(dithiolene)s.
[27]

 These complexes pre-oxidise the spiro-OMeTAD in solution 

before deposition of the HTM film, which was reported to improve the device 

performance and reproducibility. Novel additives, such as H3PO4 
[28]

 and fluorine-

containing Lewis acid
[29]

 are also employed to enhance the HTM conductivity while 

reducing the hysteresis in devices due to the lack of  extrinsic ion migration such as Li 

ion. Unfortunately, LiTFSI and air-exposure are still necessary to achieve the desired 

electronic properties due to the low solubility of these p-type dopants in the HTM 

film.
[18,30]

 The by-products of the oxidation, such as reduced metal cations and counter 

ions, remain as impurities in the final devices with still undetermined effects on device 

performance.  
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Therefore, tremendous efforts have been dedicated to eliminating LiTFSI from the 

HTM in order to improve the stability of PSCs while maintaining high efficiencies. A 

promising solution for stabilizing n-i-p PSCs are dopant-free HTMs, however, the 

PCEs of pristine-HTM-based devices are consistently lower than what has been 

reported for conventional HTMs with additives or dopants.
[31-33]

 Another approach is 

the use of dicationic salts of spiro-OMeTAD, the mechanism of which is shown in 

Eq.3.
[34,35]

  

                                             (Eq.3) 

Initial work by Bach et al. introduced spiro-OMeTAD
2+

 as a p-dopant for spiro-

OMeTAD solutions, resulting in pure [spiro-OMeTAD]
+
 without any impurities, such 

as Li
+
, O2.

[34]
 Following this strategy, Nguyen et al. reported PSCs with ~6% 

efficiency without LiTFSI and air-exposure.
[35]

 Unfortunately, air-exposure was still 

needed in their work to achieve the highest reported efficiencies of 10%. Therefore, 

the need to develop a novel process for fabricating lithium-free high-efficiency 

perovskite solar cells in the absence of oxygen still remained an active area of 

research. 

Herein, highly efficient and reproducible PSCs were fabricated in the absence of 

LiTFSI and air-exposure through the successful control of the mole fraction of [spiro-

OMeTAD]
+
 in the HTM layer by using spiro-OMeTAD(TFSI)2 as a p-dopant. 

Through a series of electrochemical and time-revolved spectroscopy characterizations, 

i.e. impedance spectroscopy (IS), time-resolved photoluminescence (TRPL) and 

transient photovoltage (TPV) decay measurements, we are able to correlate the mole 
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fraction of [spiro-OMeTAD]
+
 in the HTM with the charge injection, extraction and 

recombination, which has been rarely discussed or analysed in previous studies. Long-

term stability tests were performed and resulted in a superior stability for samples 

containing spiro-OMeTAD(TFSI)2, which is attributed mainly to the absence of 

LiTFSI and air-exposure. Atomic force microscopy (AFM) and cross-section scanning 

electron microscopy (SEM) studies reveal a more robust perovskite/hole transporting 

layer interface in the LiTFSI-free devices. 

2. Results and Discussion 

 

Figure 1.(a) UV-Vis absorption spectra of HTM films doped with spiro-OMeTAD(TFSI)2 

(inset: absorption coefficient (α) of the spiro-OMeTAD(TFSI)2 doped spiro-OMeTAD films); 

(b)  Conductivity of HTM films in the presence (blue) and absence (red) of LiTFSI vs. the 
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mole fraction of spiro-OMeTAD(TFSI)2. None of the HTM films have been exposed to air 

during measurements. 

Figure 1a shows the absorption spectra of HTM films doped with spiro-

OMeTAD(TFSI)2 versus the mole fraction of spiro-OMeTAD(TFSI)2. In contrast with 

previous studies based on diluted solutions of spiro-OMeTAD (the results are also 

shown in Figure S1), results based on thin films better illustrate the speciation in the 

HTM layers.
[23]

 As shown in the inset of Figure 1a, the absorption coefficient (α) of 

the HTM films at 522 nm is linearly proportional to the mole fraction of spiro-

OMeTAD(TFSI)2, suggesting the formation of homogeneous solid solution. 

The conductivity (σ) of HTM films was measured using interdigitated gold 

microelectrodes arrays (IDAs, shown in Figure S2, further details can be found in the 

Supporting Information). As shown in Figure 1b, pristine spiro-OMeTAD has a low 

conductivity of 2.5×10
−5

 mS cm
−1

, which is in agreement with previous reports.
[11]

 A 

dramatic increase to 1.3×10
−1

 mS cm
−1

 was observed upon addition of 4 mol % spiro-

OMeTAD(TFSI)2, even in the absence of LiTFSI. Further increases in the mole 

fraction of spiro-OMeTAD(TFSI)2 resulted in a linear increase in the conductivity of 

the HTM films, indicating a direct relationship between the conductivity and the mole 

fraction of [spiro-OMeTAD]
+
. We clearly demonstrate that LiTFSI has a negligible 

influence on the conductivity of spiro-OMeTAD in the absence of air-exposure. The 

conductivity of spiro-OMeTAD films in the presence of LiTFSI and air-exposure 

(control HTM) increases by about two orders of magnitude after 24 h of constant 

storage in a dry box with monitored temperature and humidity.
[11]

 While the 

conductivity of spiro-OMeTAD(TFSI)2-doped HTMs is intrinsically high under 
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nitrogen, it shows no change within the timeframe being analysed (see Figure S3). 

The electronic properties of spiro-OMeTAD(TFSI)2-doped films were probed with 

ultraviolet photoelectron spectroscopy (UPS) (shown in Figure S4). Upon addition of 

spiro-OMeTAD(TFSI)2 , the ionization potential of spiro-OMeTAD was downshifted, 

suggesting successful p-doping. 

 

Figure 2. Photovoltaic parameters of PSCs as a function of the spiro-OMeTAD(TFSI)2 mole 

fraction in the presence (blue) and absence (red) of LiTFSI additives: (a) power conversion 

efficiency (PCE) , (b) open-circuit voltage (VOC), (c) short-circuit current density (JSC), (d) 

fill factor (FF). All devices were fabricated in the absence of air with encapsulation and 

measurement under AM 1.5G 1-sun illumination with a scan speed of 100 mV s
−1

 from 1.2 V 

to −0.1 V and an aperture of 0.16 cm
2
. 
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Devices based on an n–i–p architecture, i.e., FTO|cp-TiO2|mp-

TiO2|Rb0.05Cs0.05FA0.8MA0.07PbBr0.4I2.57|HTM|Au, were fabricated to investigate the influence 

of the [spiro-OMeTAD]
+ 

mole fraction on the device performance. The perovskite layer was 

deposited following previously reported procedures resulting in a film thickness of about 500 

nm.
[5]

 The quality of the perovskite film was confirmed by X-ray diffraction (XRD) and 

scanning electron microscopy (SEM) (Figure S5 and S6a), showing compact and uniform 

grains without unreacted PbI2 or pin-holes. The thickness of the HTM layer is around 150–

200 nm and the uniformity is demonstrated in Figure S6b, showing a smooth surface and full 

coverage on top of the perovskite layer. All devices were fabricated and encapsulated in a N2-

filled glovebox without exposure to ambient atmosphere. Current-voltage (J-V) 

measurements were undertaken under simulated AM1.5G 1-sun illumination. Figure 2a-d 

shows the device performance as a function of spiro-OMeTAD(TFSI)2 mole fraction in the 

HTM. Devices with pristine spiro-OMeTAD (0 mol %) were not functional, with a poor PCE 

of ~0.5 % and suffering from extremely low VOC, JSC and FF. In the absence of LiTFSI, all 

photovoltaic parameters are improved with an increasing mole fraction of spiro-

OMeTAD(TFSI)2, reaching optimum performance at 14 mol %. Device performance slightly 

decreases when the mole fraction of spiro-OMeTAD(TFSI)2 is higher than 16 mol %, which 

is mainly due to a drop in the FF, as shown in Figure 2d. We further analyse how LiTFSI 

influences the device performance by adding a standard 40 mol % LiTFSI to the HTM.
[17]

 

The maximum performance was achieved when adding 4 mol % spiro-OMeTAD(TFSI)2, 

while further increases in the mole fraction caused a drop in PCE, due to lower VOC. The very 

marginal difference between the devices in the absence or presence of LiTFSI without air-

exposure suggests that the device performance is more closely related to the proportion of 

[spiro-OMeTAD]
+ 

rather than the amount of LiTFSI for devices with more than 8 mol % of 
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spiro-OMeTAD(TFSI)2. The device performance measured from short-circuit (SC) to 

forward bias (FB) shows a similar trend and is shown in Figure S7. 

 

Figure 3. (a) Typical Nyquist spectra of a PSC with a low mole fraction of spiro-

OMeTAD(TFSI)2 in the HTM (Inset: General equivalent circuit used for the fitting of 

IS data, further details defined in Supporting Information); (b) Left axis (black): 

conductivity of the HTMs calculated as σHTM =h/(RHTM×A), where A is the active area 

and h is the HTM layer thickness. Right axis (red): PCE reduction in % calculated by 

correcting the voltage drop caused by the total series resistance RS= RFTO + RHTM, void 

triangle is the PCE reduction of a good sample (20 mol %) using the RS extracted from 

0 mol % (pristine spiro-OMeTAD) (c-d) Schematic illustration of the charge transfer 

mechanisms at the perovskite|HTM interface depending on the mole fraction of [spiro-

OMeTAD]
+
: (c) HTMs containing low mole fractions of [spiro-OMeTAD]

+
: with low 

conductivity, which reduces the extraction rate (1) (2) of  holes from perovskite 

through HTM and gold electrode to the external circuit. This creates a barrier for holes 

flowing from perovskite to the gold electrode and simultaneously enhances interfacial 
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recombination (3); (d) the HTM films containing sufficient (optimised) [spiro-

OMeTAD]
+
.  

In order to understand the impact of electrical parameters on device performance, 

the solar cells were analysed by impedance spectroscopy (IS). The IS spectra were 

fitted according to the equivalent circuit model displayed in the inset of Figure 3a, 

slightly modified for the 0 mol % device (detailed description can be found in 

Supporting Information). In general, the Nyquist spectra shows two arcs for the 

high-efficiency devices (Figure S8a).
[36, 37]

 An additional high frequency arc (~10
6
 

Hz) appears for devices containing low mole fractions of spiro-OMeTAD(TFSI)2, see 

Figure 3a. We attributed this extra arc to the charge transport resistance through the 

HTM (RHTM) containing low spiro-OMeTAD(TFSI)2 mole fraction. Indeed, the 

effective HTM conductivity in the solar cell, σHTM, calculated from the fitted RHTM 

around VOC, see Figure 3b, follows an increasing trend with the mole fraction of 

spiro-OMeTAD(TFSI)2 in the HTM, values are consistent with previous reports.
[11]

 

We have quantified the voltage drop effect by the total series resistance (RS = RFTO + 

RHTM) on the j-V curves of the devices, see Figure S9c-d, and obtained the internal 

voltage (VF) of the device at every point. Figure 3b, right axis, shows the calculated 

PCE reduction caused by RS as: (1-PCEVapp/PCEVF)×100, where PCEVapp is the 

original PCE and PCEVF is the theoretical PCE in the absence of Rs. The PCE drop is 

significant for the sample with 4 mol% of spiro-OMeTAD(TFSI)2 being 32% lower 

than what could be expected without RS. While RS is only affecting the FF, the lower 

JSC and VOC observed for the 4 mol % device could be caused by the lower Rrec 

obtained for this sample, see Figure S8b. For σHTM > 5×10
-5

 S cm
-1 

the PCE drop is 
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not significantly influenced by the RHTM, the constant ~3 % PCE loss seen for mole 

fractions over 10 mol % is solely attributed to RFTO. It is worth noting that the large 

RHTM of the pristine spiro-OMeTAD is not enough to explain the low PCE of the 

sample, see Figure S9d for extended analysis. The main mechanism limiting the PCE 

of the 0 mol % device is a large charge transfer resistance only observed for this 

sample (Figure S8b). We suggest that this large resistance is hindering hole extraction 

from perovskite to the external circuit, such as perovskite|HTM or HTM|gold 

interfaces,
[34, 35]

 significantly lowering the photocurrent. 

To illustrate how the spiro-OMeTAD(TFSI)2 content affects the charge transfer 

properties within the devices, we propose a working mechanism as shown in Figure 

3c and 3d. In devices with a low mole fraction of spiro-OMeTAD(TFSI)2, the holes 

accumulate between the perovskite and gold layer. This hole extraction hindrance has 

also been observed before, and is identified as a diode rectifying effect between HTM 

and gold.
[34]  

The accumulation of holes not only hampers the hole extraction speed, but also 

leads to significant recombination with electrons in the perovskite layer, which 

explains why the JSC, VOC and FF are poor with low doping ratios, as shown in Figure 

2. As a result, the hole extraction is reduced, promoting the interfacial recombination 

clearly seen for 4 mol % sample (Rrec, Figure S8b). Above 4 mol % mole fraction of 

spiro-OMeTAD(TFSI)2 in the HTM, the holes can be extracted efficiently from the 

perovskite to the HTM layer and transported to the gold electrode, resulting in a high 

device performance. Previous studies focused mostly on the oxidation function of 

spiro-OMeTAD(TFSI)2, while in this work, we not only report the fabrication of high 
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efficiency PSCs without LiTFSI or air-exposure, but also analyse the charge transfer 

processes such as hole extraction and charge recombination within the device. 

 

Figure 4. (a)  Current−voltage (J-V) characteristics (inset: steady-state power output (SPO)) 

and (b) incident photon to current efficiency (IPCE, black) and integrated current density 

(red) of the champion optimised (with 14 mol % spiro-OMeTAD(TFSI)2 but without LiTFSI 

or air exposure) device with small-area (aperture of 0.16 cm
2
); (c) J-V characteristics (inset: 

SPO) of the champion optimsed device with large area (aperture of 1 cm
2
) (d) histogram of 

PCEs for the control (red) and optimised devices (black) with large area (aperture of 1 cm
2
). 

Devices were measured under AM 1.5G 1-sun illumination with a scan speed of 100 mV s
−1

 

and the SPO was determined by holding the cell at a fixed voltage near the maximum power 

point; (e)Steady-state photoluminescence (PL) and (f) Time-resolved photoluminescence 

(TRPL) decay of neat Rb0.05Cs0.05 FA0.8 MA0.07PbBr0.4I2.57 perovskite (P, black), perovskite 

deposited with control (red) and optimised HTM (blue). The samples were prepared on glass 

slides and encapsulated in a glove box.  
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To further examine the spiro-OMeTAD(TFSI)2 doped devices, reference devices 

(named control) with standard oxidation procedures of LiTFSI addition and air-

exposure were fabricated. As shown in Figure S10, the best control device (aperture 

area of 0.16 cm
2
) shows a PCE of 18.1% with VOC = 1.07 V, JSC = 22.7 mA cm

−2
, FF = 

0.74 and a stabilised PCE of 17.1 %, which is consistent with a previous report.
[38]

 

Under equivalent measurement conditions, optimised spiro-OMeTAD(TFSI)2 doped 

devices performed better than LiTFSI-based devices, with VOC = 1.08 V, JSC = 23.9 

mA cm
−2

, FF = 0.75, PCE = 19.3 % and a stabilised PCE of 18.5 % (Figure 4a). 

Figure 4b shows the incident photon to current efficiency (IPCE) spectra of the 

champion device fabricated with spiro-OMeTAD(TFSI)2. The integrated current 

density is 22.0 mA cm
−2

, which is consistent with the results from the J-V curves. The 

method of fabricating spiro-OMeTAD films with spiro-OMeTAD(TFSI)2 as the p-

dopant were extended to fabricate large-area solar cells with an active area of 1.2 × 1.2 

cm
2
. The optimised device achieved a PCE of 18.3 %, with a VOC of 1.10 V, JSC of 

22.7 mA cm
−2

, FF of 0.73 and stabilised at 18.0 % (Figure 4c), which is higher than 

the control device as shown in Figure S11. To the best of our knowledge, these are the 

best performances reported for both small and large-area PSCs fabricated without 

LiTFSI and air-exposure (Table 1). Device performance statistics are displayed in 

Figure 4d. Among 22 control and optimised devices respectively, optimised devices 

have a narrower distribution for both small- and large-area (0.16 cm
2
 and 1.00 cm

2
) 

devices, indicating a higher reproducibility compared to the control devices (Table 

S1-S4). The narrower statistical distribution benefits the large-scale fabrication and 

commercialisation of PSCs. Statistical analysis on VOC, JSC and FF can also be found 

in Figure S12. In the previous study by Nguyen et al., the PSCs achieved 6% by using 
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spiro-OMeTAD(TFSI)2 as an oxidant and air-exposure was required to reach their 

highest efficiency of 10%. The significant device performance improvement in our 

work compared to previous studies is attributed to the largely improved photovoltaic 

parameters, such as JSC, VOC and FF, which can be explained by several factors such as 

an optimised ETM and HTM layer, a higher quality of perovskite layer and a robust 

perovskite|HTM interface. 

Steady state photoluminescence (PL) measurements were conducted for neat perovskite (P), 

perovskite films deposited with optimised or control HTM, as shown in Figure 4e. An intense 

emission was observed at 765 nm for the neat perovskite. As quantified in Figure S13, 97 % of the PL 

intensity was quenched using the optimised HTM, while the control HTM quenched the PL intensity 

by 86% (see Figure S13), indicating a more efficient charge transfer in the former.[39] The quenching 

of the PL intensity is also possibly attributed to increased interfacial recombination. According to 

previous reports, the  relevant timescale of interfacial recombination is from μs to ms.[40,41] 

Therefore, time-resolved photoluminescence (TRPL) measurements on a nanosecond timescale 

were performed to further analyse the charge-transfer kinetics. The decay curves are shown in 

Figure 4f and Figure S14. The PL lifetime of the perovskite show significant reduction after deposited 

with control and optimised HTM and obvious faster decay of the latter, which is consistent with the 

steady-state emission results.[42] 

To further study the charge recombination in devices with control HTM (with LiTFSI and 

air-exposure) and optimised HTM (with 14 mol % spiro-OMeTAD(TFSI)2 but without 

LiTFSI or air-exposure), transient photovoltage decays (TPV) were measured. When a device 

is kept under open-circuit condition, there is no current extraction and all photogenerated 

charge carriers will recombine, allowing the device properties to be dominated by 
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recombination processes. As shown in Figure S15, devices with optimised HTM present 

longer TPV lifetimes than that of the control HTM at all modulated light intensities, 

suggesting less recombination in the devices with optimised HTM.
[43]

 Given that the same 

perovskite and substrates were used for both kinds of devices, we suspect that the difference 

in the recombination lifetime is attributed to the differences in interfacial recombination at 

perovskite|HTM interface. As the TPV measurements were conducted at the open-circuit 

condition, the higher VOC for the optimised device compared to the control deivce can be 

explained by the reduced interfacial recombination in the former. One of the reasons for the 

increased recombination may be the presence of Li ions in the control device. It is reported 

that Li in the HTM can migrate into the perovskite lattice promoting the formation of metallic 

Pb and create recombination sites in the devices.
[26, 44] 

Table 1. Photovoltaic parametersa of the best performing devices with optimised HTM (with 14 mol 

% spiro-OMeTAD(TFSI)2 but without LiTFSI or air-exposure) and control HTM (in the presence of 

LiTFSI and air-exposure). The device structure is FTO|c-TiO2|m-TiO2 + 

Rb0.05Cs0.05FA0.8MA0.07PbBr0.4I2.57|HTM|Au. The devices were measured under 1-sun simulated 

irradiation with a scan rate of 100 mV s-1. 

Device  VOC (V) 
JSC (mA 

cm
−2

) 
FF PCE (%) 

SPO(
%)

b
 

Optimised 
FB to 

SC 
1.08 23.9 0.75 19.3 18.5 
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a
 Derived from the J-V curves recorded in the forward-bias (FB) to short-circuit (SC) and SC 

to FB direction at the; VOC - open-circuit voltage; JSC – short-circuit current density; FF – fill 

factor; PCE – power conversion efficiency. 
b
 Steady-state power output (SPO) was measured 

at the potential corresponding to the maximum power point in the J-V curve. 

(0.16 cm
2
) SC to 

FB 
1.05 23.8 0.73 18.1 

Control 

(0.16 cm
2
) 

FB to 
SC 

1.07 22.7 0.74 18.1 

17.1 
SC to 

FB 
1.04 22.6 0.73 17.3 

Optimised 

(1 cm
2
) 

FB to 
SC 

1.10 22.7 0.73 18.3 

18.0 
SC to 

FB 
1.07 22.6 0.72 17.5 

Control 

(1 cm
2
) 

 

FB to 
SC 

1.05 22.6 0.72 17.1 

16.3 
SC to 

FB 
1.02 22.1 0.64 14.3 
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Figure 5 (a) Evolution of photovoltaic parameters in a long-term stability test of control 

devices (in the presence of LiTFSI and air exposure) and optimised devces (with 14 mol % 

spiro-OMeTAD(TFSI)2 but without LiTFSI or air exposure). The initial PV parameters are 

PCE = 17.3 %, JSC = 22.4 mA cm
−2

, FF = 0.73 and VOC =1.06 V for the control device and 

PCE = 18.9 %, JSC = 23.0 mA cm
−2

, FF = 0.76 and VOC = 1.08 V for the optimised device. 

The devices were unencapsulated and aged under continuous 1-sun illumination at 40 % 

relative humidity (RH) and 50 °C device temperature for 300 h. (b) Cross-sectional SEM 

image of fresh and aged for the control and optimised devices, the emerged voids across the 

perovskite|HTM interface were highlighted with red circles. (c) Contact angle image of the 

control and optimised HTM films; (d) Atomic force microscope (AFM) image of the control 

and optimised HTM films after aging at ambient (1-sun illumination with a RH of 40 % and a 

temperature of 22 °C) for 48 h.  
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As shown in Figure 5a, the long-term stability of control and optimised devices were conducted 

under continuous illumination at 1-sun, 50 °C and 40 % RH. An improvement in the long-term 

stability was observed for the optimised device with respect to the control device, retaining 65 % of 

the initial performance after 300 h in comparison to 40 % for the control device. This improvement is 

mainly attributed to a more robust FF and VOC as shown in Figure 5a. As clearly shown in Figure 5b, 

voids emerged in the control device after ageing while the  

interfaces of the optimised device remained compact and uniform. It is interesting to 

note that no obvious perovskite decomposition was observed in both devices, which is 

consistent with previous reports that the stability of n-i-p PSCs is more dependent on 

the HTM layers rather than the perovskite.
[45]

 The thermal stability of devices at 85 °C 

with a RH of 10% has also been investigated and the results are shown in Figure S16. 

Similar to the performance at 50 °C, the optimised device shows superior 

performance, retaining 65% of the initial performance after 165 hours, whereas only 

44% of the initial performance is retained for the control device. As shown in Figure 

5c, the derived contact angle for control and optimised HTM films are 72.2° and 83.3°, 

respectively. We attribute the wider contact angle in optimised films to the increased 

hydrophobicity in the absence of the hydrophilic LiTFSI.
[14,46] 

After being aged at 

ambient conditions (1-sun illumination with a RH of 40 %, temperature of 22 °C) for 

48 h, the optimised HTM film remained ultra-flat and uniform (the RMS in an area of 

5×5 μm
2
 was 0.2 nm for both fresh and aged films), while a roughness increase of the 

control HTM was observed (0.3 nm fresh vs. 1.6 nm aged) (see Figure 5d). 

The optimised HTM shows a stronger resilience towards moisture and oxygen 

exposure with an almost unchanged surface morphology. However, clear segregations 
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appear in the control HTM film, which is attributed to the aggregation of LiTFSI or 

the formation of lithium oxides (Eq.2) as the by-product of doping in the presence of 

LiTFSI and air-exposure (morphology of fresh HTM films are shown in Figure S17). 

Furthermore, the aggregated LiTFSI can be hydrated by moisture in ambient 

conditions, leading to the decomposition of the perovskite surface.
[46]

 The change in 

morphology is clearly detrimental to the performance stability of the control device as 

shown in Figure 5a. This is consistent with previous reports where the FF is closely 

related to the quality of the perovskite|HTM interface hindering the charge extraction 

process or a current loss through shunts within the cells.
[47-49]

 Zhu et al. reported that 

Li
+
 migration from the HTM layer to the perovskite and TiO2 layer deteriorated the 

interfaces in the solar cells, which resulted in a reduction of the VOC and FF compared 

to the Li-free cells. However, the migration of TFSI
-
 has not been observed.

[50] 
In 

addition, Yanagida et al. demonstrated that the TFSI
-
 exhibited a charge delocalisation 

effect in the PEDOT HTM, which is beneficial to the device performance.
[51]

In 

summary, we conclude that the stability improvement of spiro-OMeTAD(TFSI)2-

doped devices is attributed to the robust perovskite|HTM interface and the HTM 

surface morphology.  

 

3. Conclusion 

We have demonstrated that a precise control of the [spiro-OMeTAD]
+
 in proportion to 

the spiro-OMeTAD based HTM delivers a highly conductive film with fast hole-

extraction and low interface charge recombination in the absence of LiTFSI and air-

exposure. Thereby, we successfully fabricated perovskite solar cells with highly 
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reproducible efficiencies of 19.3% (small-area cells, ~0.16 cm
2
) and 18.3% (large-area 

cells, ~1.00 cm
2
) avoiding LiTFSI or air-exposure, which are superior than the devices 

fabricated with standard procedures (18.1 and 17.1 %). To the best of our knowledge, 

these are the best performing PSCs fabricated without the LiTFSI additive or air-

exposure. More importantly, the optimised devices show an improved stability over 

the control devices due to a more robust perovskite|HTM interface morphology. This 

study offers a facile strategy to reproducibly fabricate highly efficient and robust PSCs 

with spiro-OMeTAD through dopant design.  

 

 

Experimental Section 

 

 

General Information 

 

Unless otherwise specified, all materials were purchased from either Alfa Aesar or Sigma-

Aldrich and used as received. Methylammonium iodide (MAI), formamidinium iodide (FAI), 

methylammonium bromide (MABr) were purchased from Greatcell Solar Ltd. 2,2′,7,7′-

Tetrakis [N,N-di(4-methoxyphenyl)amino]-9,9′-spirobifluorene (spiro-OMeTAD) was 

purchased from Luminescence Technology Corp. Glass substrates with a conducting layer of 

fluorine-doped tin oxide (FTO) of 8 Ω sq
−1 

sheet resistance were purchased from Zhuhai 

Kaivo Optoelectronic Tech. Corp. Elemental analysis was performed on a Carlo Erba 
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Elemental Analyser EA 1108l. The film thickness was determined by a Deltex optical 

profilometer. 

Synthetic procedures for Spiro-OMeTAD(TFSI)2 

Spiro-OMeTAD(TFSI)2 was synthesised according to the literature.
[35]

 Spiro-OMeTAD (1.22 

g, 1 mmol) was dissolved in 130 mL dichloromethane (DCM) in a 250 mL flask under N2 

and cooled to 0 °C with an ice bath. Silver bis(trifluoromethanesulfonyl)imide (AgTFSI) 

(0.78 g, 2 mmol) was then added to the solution slowly and stirred in the absence of light 

under a constant N2 flow for 24 h. The resultant silver precipitation was removed by filtration 

and the solution was dried by rotatory evaporation under vacuum to give a dark green powder. 

The powder was recrystallised from DCM/methanol and dried under vacuum overnight (1.64 

g, 92%). Anal. calculated for C85H68F12N6O16S4: C, 57.17; H, 3.84; N, 4.71; S, 7.18 found C, 

56.235; H, 3.945, N, 4.61; S, 7.445. Inductively coupled plasma atomic emission 

spectroscopy (ICP-AES) result showed no residual silver remained in the product. 

Preparation of the perovskite precursor solution 

The perovskite precursor solution was prepared in a N2-filled glovebox by mixing 1.1 M PbI2, 

0.2 M PbBr2, 0.09 M MABr, 1.05 M FAI, 0.0063M CsI and 0.0063 M RbI precursor 

solutions in a 1 mL mixture (4:1 v/v) of anhydrous N,N-dimethylformamide (DMF) and 

dimethyl sulfoxide (DMSO). The final composition of the perovskite solution was 

Rb0.05Cs0.05FA0.8MA0.07PbI2.57Br0.4. The perovskite precursor was stirred overnight until fully 

dissolved. 

Preparation of the hole transporting materials (HTM) 

Control HTM: 67.2 mM spiro-OMeTAD in chlorobenzene was added with 230 mM tBP and 

40 mol % LiTFSI (500 mg/mL) in chlorobenzene. 
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spiro-OMeTAD(TFSI)2 doped HTM: spiro-OMeTAD and spiro-OMeTAD(TFSI)2 with 

different mole fractions (0 mol % to 20 mol %) were mixed together in chlorobenzene while 

the total concentration remained at 67.2 mM. Then, t-BP was added to obtain a 230 mM in 

the final solution. The HTM solution was heated at 75 °C for 25 min to fully dissolve the 

chemicals and cooled to room temperature before spin-coating.  

Solar cell fabrication 

The FTO-coated glass substrates were laser patterned and cleaned in a sequence of ultra-

sonication baths with 2 % (volume ratio) Hellmanex solution, milliQ water (18 MΩ) and 

ethanol (each for 15 min). A 15 nm compact TiO2 layer was deposited at 500 °C with an 

automatic spray pyrolysis system using a titanium-diisopropoxide bis(acetylacetonate) 

solution in isopropanol (1:19, v/v). The substrates were sintered for 10 min at 500 °C after 

the spray and then cooled to room temperature. The substrate was then cut to 2.5 cm × 2.5 cm 

pieces and treated with UV plasma cleaning for 10 min. After spin-coating the diluted TiO2 

paste (NR-30: ethanol = 1:6, mass ratio) at 4000 rpm for 20 s with a ramping speed of 2000 

rpm, the substrates were sintered at 500 °C for another 30 min, resulting in a 150 nm 

mesoporous TiO2 layer. The substrates were treated again with a UV-plasma cleaner for 10 

min and immediately transferred to a N2-filled glovebox for perovskite deposition. 

For the perovskite film deposition, 35 µL cm
−2

 of perovskite precursor solution was spread 

onto the substrates, then spin-coated following a two-step program at 1000 rpm for 10 s with 

a ramping speed of 1000 rpm
−1 

and then 4000 rpm for 30 s with a ramping speed of 2000 rpm. 

110 L of chlorobenzene was poured onto the substrate 10 s prior to the end of the second 

step. The substrates were then annealed at 100 °C for 1 h.  
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After cooling, the HTM solution (35 µL cm
−2

) was deposited on the perovskite layer and spin 

coated at 3000 rpm for 30 s. To finalise the preparation of the devices, an 80 nm-thick Au 

electrode was deposited onto the HTM layer.  

The control devices with LiTFSI and air-exposure were fabricated according to literature 

procedures.
[52]

 In detail, the devices were aged in a dry box (<10% RH, room temperature) 

overnight to fully oxidise the spiro-OMeTAD. To avoid perovskite degradation, the control 

devices were encapsulated after the ageing for further characterization.  

 

Characterization method 

Conductivity measurements were performed on substrates with gold interdigitated 

microelectrodes arrays (IDAs) following the steps reported by Lin et.al
.[53]

 25 mm × 25 mm 

soda-lime glass substrates were cleaned in a sonication bath with acetone and 2-propanol 

solutions, sequentially, for 15 min each. After drying with nitrogen, a 2 μm photoresist layer 

was applied to the glass by spin coating. The substrates were annealed at 110 °C for 2 min 

and then cooled to room temperature. The substrates were exposed to UV light with a 

patterned mask to obtain the desired pattern where some part of the photoresist was protected. 

The desired features were achieved by immersing the substrates in the developing bath for 40 

s. Electron beam evaporation was employed to evaporate a 10 nm titanium layer, followed by 

a 60 nm gold layer. Lastly, the excess metal layer covering the photoresist was removed with 

a lift-off process by sonicating the substrates in acetone. The width between the adjacent IDA 

fingers is 9.5 μm and the length is 2 mm. The hole transporting material was spin coated on 

the effective area at 3000 rpm for 30 s in a nitrogen filled glovebox. The conductivity 

measurement was carried out with a Bio-Logic VSP potentiostat by applying a voltage from 

−1 V to +1 V. The conductivity of the HTMs was calculated according to a reported 
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method.
[54]

 The conductivity normalised to the device geometry was calculated according to 

the Equation 1: 

             
 

 

 

(    )  
      Eq. 1 

where I is the measured current, V is the applied voltage, d is the spacing between adjacent 

electrodes, n is the number of finger pairs, l is the length of the overlap area of the fingers and 

h is the thickness of the HTM film.  

UV-Vis spectra were collected with a Perkin Elmer Lambda 1050 fitted with an integrating sphere. The 

solid HTM films were spin coated onto FTO glass and encapsulated before exposure to air for 

measurement. The UV-Vis spectra for HTM solutions were measured using a quartz cuvette that can be 

fully sealed. 

Ultraviolet photoelectron spectroscopy (UPS) analysis was performed using an AXIS Ultra DLD 

spectrometer (Kratos Analytical Inc., Manchester, UK) with a helium discharge source optimised for 

He I radiation (21.22 eV), a hemispherical analyser operating in the fixed analyser transmission mode 

and the standard aperture (analysis area > 1 mm2). The total pressure in the main vacuum chamber 

during analysis was typically between 10−9 and 10−8 mbar. Each specimen was analysed at an 

emission angle of 0° as measured from the surface normal and samples were biased at –9 V. The bias 

serves to facilitate the observation of the secondary electron cut-off from the UPS spectra by 

separating sample analyser cut-offs and providing a higher secondary electron yield. Valence band 

spectra were acquired at a pass energy of 5 eV with a step width of 0.025 eV. 

X-ray diffraction patterns (XRD) were collected with a Bruker D8 Advance Diffractometer 

with a Cu Kα X-ray tube with a 40 KV and 40 mA with a step size of 0.02° and 0.5 s per step. 
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Scanning electron microscopy (SEM) images were obtained with a FEI NovaSEM 450 FEG microscope 

with a 5 KV voltage. 

Current–voltage characteristics were measured using a Keithley source meter and an Oriel 

solar simulator equipped with a xenon lamp (100 mW cm
−2

) and an AM 1.5G filter. A non-

reflective metal aperture of 0.16 cm
2
 or 1.00 cm

2
 was used to define the irradiation area. All 

the devices were encapsulated in a nitrogen-filled glovebox before taking out for 

characterization in ambient atmosphere (temperature 22 ºC, RH ~40±10%). The J–V scans 

were conducted at 10 mV steps with settling times of 100 ms (0.1 V s
−1

) both in reverse (1.2 

V → -0.1 V) and forward (-0.1 V → 1.2 V) scan directions. A stabilisation time of 3 s under 

illumination was performed prior to scanning. The stabilised efficiency of the devices has 

been conducted by holding at the potential corresponding to the maximum power point in the 

reverse J–V curve. 

Incident photon to current conversion efficiency (IPCE) spectra were recorded using a 

Keithley 2400 Source Meter under 300 W xenon lamp irradiation with an Oriel Corner-stone 

260¼ m monochromator. The monochromatic photon flux was quantified through a 

calibrated silicon cell (Peccell Technologies).  

The photoluminescence (PL) emission and time-resolved PL measurements were measured 

with a Picoquant Microtime 200 instrument using time correlated single photon counting 

(TCSPC) technique. A pulsed laser with 407 nm wavelength (repetition rate of 0.5 MHz) was 

used as the excitation wavelength and detection was obtained at 750/40 nm band-pass filter. 

Transient photocurrent/photovoltage decay (TCD/TVD) measurements were performed by 

illuminating devices with a constant background intensity high power white LED (Thorlabs 

MWWHL3). A small light perturbation was provided by a Kingbright L-7104VGC-H green 
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LED (465 nm wavelength) driven by a function generator (Agilent 33533A). A pulse width 

of 2 μs was chosen for the small perturbation with the rise and fall time of the LED to be 

<100 ns measured using a Thorlabs DET10A/M Si photo detector. The transient response of 

the cell under test was recorded on an Agilent Technologies Infiniivision DSO-X 3032A 

digital oscilloscope (DOSC). For transient photovoltage measurements, cells were connected 

to the DOSC with a termination of 1 MΩ to achieve open circuit condition. The intensity of 

the background white LED was changed to achieve different VOC conditions of the device. To 

measure the transient photocurrent response, the device was connected to the DOSC with a 

50 Ω termination to achieve a short circuit condition. 

Electrochemical Impedance Spectroscopy (IS) was measured with a Zahner Zennium 

potentiostat equipped with a frequency response analyser module, the AC perturbation of 

voltage was set to 10 mV and the frequency range scanned from 2 MHz to 0.1 Hz. The solar 

cells were illuminated using a white LED array with the output light intensity adjusted to 

provide similar photocurrent in the devices than under 1 sun in the solar simulator. The raw 

data was fitted using the software Z-View (Scribner Associates) modelling to the equivalent 

circuit described in the main text. 

Atomic Force Microscope (AFM) images were collected with a Dimension iCon AFM in tapping mode in 

air. 

Long-term stability was measured in a closed environmental chamber with controlled 

humidity (RH = 40%) and device temperature (T= 50 °C) under AM 1.5G 1-sun simulated 

illumination. 
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TOC abstract: Spiro-OMeTAD(TFSI)
2
 was successfully employed in the fabrication of 

highly efficient n-i-p perovskite solar cells as a p-dopant in the absence of LiTFSI and air 

exposure. With this approach, the proportion of [spiro-OMeTAD]+ was precisely controlled 

and the spiro-OMeTAD(TFSI)
2
-doped devices showed a remarkably improved long-term 

stability and well retained HTM morphology after aging for 300 h.  
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