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Photo-accelerated oxidation of spiro-OMeTAD for
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Metal halide perovskite thin film solar cell (PSC) technology demonstrates promising power conversion
efficiency and paves the way to commercialization. So far, the best device performance originates from
the n-i-p structure with FTO/SnO,/perovskite/Spiro-OMeTAD/Au device architecture. Traditionally, to
achieve high efficiency, several hours of oxidization of a Li-doped Spiro-OMeTAD hole transport layer
(HTL) is necessary, which hinders the application of Spiro-OMeTAD for rapid large-scale manufacturing.
In particular, the oxidization process significantly relies on ambient conditions, including oxygen and
moisture levels. In this work, we report a fast technique to accomplish rapid oxidation in several mins of
Spiro-OMeTAD HTL in perovskite solar cells by illuminating in visible light with one Sunlight intensity
(100 mW cm™?). Compared to the traditional approach, our photo-accelerated oxidization of Spiro-
OMeTAD approach can deliver a high-power conversion efficiency. We employ this photo-accelerated
oxidization for the planar carbon-based perovskite solar cell and achieve a champion device efficiency
of 17.47%. This strategy overcomes the barriers for a simple and rapid means toward mass
manufacturing and industrial applications by utilizing Spiro-OMeTAD as the HTL for the perovskite solar

rsc.li/energy-advances module.

1. Introduction

Metal halide perovskite solar cells (PSCs) have been gaining
increasing attention as promising candidates for next-
generation photovoltaic (PV) devices."”” The PSCs have rapidly
progressed, and have now achieved a remarkable power con-
version efficiency (PCE) of >26%.> A traditional PSC contains
the active perovskite layer embedded between an electron
transport layer (ETL) and a hole transport layer (HTL) in either
n-i-p or p-i-n architecture.*” Currently, the most efficient PSC is
based on the 2,2,7,7-tetrakis(N,N-di-p-methoxyphenylamine)-
9,9’-spirobifluorene (Spiro-OMeTAD) HTL in an n-ip
structure.>®’ Spiro-OMeTAD is one of the most popular HTLs
for PSCs due to its amorphous, non-volatile, and non-reactive
nature with perovskites, and it has a perfect bandgap matching
with perovskites.®™® However, it suffers from a lack of con-
ductivity, which is a required characteristic that a charge
transport layer should possess."* To address this issue, Spiro-
OMEeTAD is doped with additives such as bis(trifluoromethane)-
sulfonimide lithium salt (LiTFSI), which is a p-type dopant that
enhances the conductivity and hole mobility of Spiro-OMeTAD."*
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The doping process begins when the pristine Spiro-OMeTAD:LiTFSI
film is exposed to oxygen."® The oxygen oxidizes the Spiro-OMeTAD
film while LiTFSI acts as a mediator in the reaction between O, and
Spiro-OMeTAD, producing a TFSI-stabilized radical cation along
with lithium oxides as proposed by Abate et al. via a two-step
mechanism.'®"

Spiro — OMeTAD + O, < Spiro — OMeTAD*" 0,*~ (1)

Spiro — OMeTAD*" 0,*~ + LiTFSI — Spiro — OMeTAD*" TFSI~
+ Li, O, @

This conventional oxidation process relies on the slow ingress
of O, into and diffusion through Spiro-OMeTAD:LiTFSI, which
would usually take several hours or days and is heavily depen-
dent on ambient conditions, e.g., moisture and oxygen level.
The device performance heavily depends on the oxidation level
of the HTL.'®' Therefore, the conventional, time-intensive
oxidation process in dry air is too lengthy for mass production
and it is difficult to reproduce good results. Thus, it is in high
demand to drastically shorten the HTL oxidation process.

So far, several modified methods to shorten the oxidization
of Spiro-OMeTAD have been proposed. The introduction of
other dicationic salts in Spiro-OMeTAD (e.g., Co-TFSI, Zn-
TFSI, FeCl;),”°* non-contact electrochemical route,> pre-
fabrication CO, doping,'® and O; exposure under UV light**
have been studied to shorten the oxidation/doping period.

© 2024 The Author(s). Published by the Royal Society of Chemistry
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However, these alternative methods still require either time-
intensive oxidation of the doped Spiro-OMeTAD, a complicated
setup, or the UV treatment may even degrade the organic HTLs,
which could lead to more costs for manufacturing and long-
term stability issues of the HTLs. It has been demonstrated that
a short period of light soaking the perovskite cells can signifi-
cantly improve the device during measurement.>® This perfor-
mance improvement was attributed to the dopants, e.g., Li" ion
migration and Spiro-OMeTAD oxidation, which provides evi-
dence that photons (e.g., partial UV spectrum) in sunlight can
directly oxidize Spiro-OMeTAD.>® In response to the elevated
expense of noble electrodes such as Au and Ag for perovskite
solar cells, economical carbon materials have been utilized.’
The compatibility of carbon electrodes with perovskite solar
cells is due to their optimal work function (~5 eV) for band
alignment with Spiro-OMeTAD and perovskite, as well as their
potential for stability, scalability and flexibility.*

In this study, we systematically investigate the sunlight
photo-accelerated oxidization (PAO) of the Li-doped Spiro-
OMEeTAD by using a solar simulator for carbon based perovskite
solar cells. It is observed that sunlight illumination could
significantly accelerate the Spiro-OMeTAD oxidization to 5 mins,
which is on par with our traditional time-intensive oxidization.
We utilize this newly developed PAO-treated Spiro-OMeTAD and
accomplished a champion device performance of 17.49% on a
carbon-based perovskite, which is similar to the time-intensive,
traditional oxidization approach. This photo-accelerated oxidiza-
tion approach can be directly integrated into the perovskite
manufacturing line by shortening the Spiro-OMeTAD HTL oxidi-
zation process.

2. Materials and methods

2.1. Materials

Perovskite precursor compounds lead iodide (Pbl,) (Alfa Aesar,
99.999%), lead bromide (PbBr,) (Alfa Aesar, 99.98%), formami-
dinium iodide (FAI) (GreatCell Solar), methylammonium bro-
mide (MABr) (GreatCell Solar), cesium iodide (CsI) (BeanTown
Chemical, 99.9%), materials for charge transporting layers
(SnCl,-2H,0 (Acros Organics, 97%), thiourea (Alfa Aesar, 99%),
Spiro-OMeTAD (Sigma-Aldrich, 99%), LiTFSI (Sigma-Aldrich,
99.95% trace metals basis)), and solvents (N,N-dimethyl-
formamide (DMF) (Sigma-Aldrich, anhydrous, 99.8%), dimethyl
sulfoxide (DMSO) (Alfa Aesar, >99%), diethyl ether (DEE) (Sigma-
Aldrich, anhydrous, >99.7%), chlorobenzene (CB) (Sigma-
Aldrich, anhydrous, 99.8%), acetonitrile (ACN) (Sigma-Aldrich)
(anhydrous, 99.8%), 4-tert-butylpyridine (¢BP) (Sigma-Aldrich,
98%), ethanol (EtOH) (Sigma-Aldrich)) were purchased from the
stated chemical vendors and were used as received without
further purification.

2.2. Preparation of Spiro-OMeTAD and oxidation

The Spiro-OMeTAD solution was prepared by dissolving
72.6 mg of Spiro-OMeTAD in 1 mL of CB, 28.8 puL of tBP, and
17.5 pL of LiTFSI solution (520 mg of LiTFSI in 1 mL of ACN)

© 2024 The Author(s). Published by the Royal Society of Chemistry
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were added into the Spiro-OMeTAD solution. The solution
was then filtered with PTFE hydrophobic filters (pore size
~0.22 um) and used for HTL. For traditional oxidization (TO)
of Spiro-OMeTAD films, the films were kept in an oxygen-filled
dark chamber with R.H. <5% overnight. For photo-accelerated
(PA)-Spiro-OMeTAD films, the solution was kept for light-
soaking in sealed glass vials that were exposed to various gas
environments in a glovebox before being sealed, including
vacuum, N,, dry air, and O,.

2.3.
cells

Fabrication of planar carbon-based perovskite solar

Indium tin oxide (ITO)-coated glass substrates were cleaned
sequentially via sonication using detergent, deionized water
(DIW), acetone, and isopropanol (IPA). SnO, ETL was prepared
as explained in our previous work.” In short, a 0.15 M SnCl,-
2H,0 solution in DIW with thiourea was prepared and stirred
overnight until the solution turned yellow. The solution was
then filtered with a 0.45 um PTFE filter before use. The SnO,
ETL was then spin-coated at 3000 rpm for 30 s and then
annealed at 180 °C for 1 hour. The ETL-covered ITOs were then
transferred into a nitrogen-filled glovebox after 10 minutes of
UV-Ozone treatment. A Csg 04FAg g1MAg 15PbI, 55Br( 45 precursor
solution (1.4 M) was prepared in a 4:1 (v:v) solvent mixture of
DMF:DMSO. A two-step spin-coating procedure (1000 rpm 10 s
+ 6000 rpm 30 s) was applied for the formation of the perovskite
layer. 600 UL of DEE was then dropped 10 s before the end of
the spinning procedure. The films were then dried at 100 °C for
1 hour. After cooling the substrates to room temperature, Spiro-
OMeTAD HTL was then spin-coated on the perovskite layer at
3000 rpm for 30 s within a dry N,-filled glovebox. The tradi-
tional oxidization of Spiro-OMeTAD films was performed for
the Spiro-OMeTAD solution without PAO treatment, while the
PAO-treated Spiro-OMeTAD solution can be directly applied on
the perovskite film without further oxidization. Finally, 75 pm
of carbon was then hot-pressed on top of Spiro-OMeTAD to

form top contacts with an area of 0.08 cm?>.>’

2.4. Materials and device characterizations

Photocurrent density and voltage (J-V) were measured with a
solar simulator (Newport, Oriel Class AAA 94063A, 1000-Watt
Xenon light source) with a Keithley 2420 source meter under
simulated AM1.5G (100 mW cm >, calibrated with a standard Si
solar cell) solar irradiation. The masked active area was
0.08 cm?, and the current-voltage scan rate was 100 mV s .
The external quantum efficiency (EQE) was obtained using an
EnliTech QE measurement system. The capacitance-voltage
(C-V) measurement was performed in the dark at room tem-
perature using a Keithley 4200 semiconductor parameter ana-
lyzer (Tektronix 4200A-SCS, USA). The EIS measurement was
conducted by a Solartron Analytical 1260 impedance analyzer at
a bias potential of 0.5 V in the dark with the frequency ranging
from 1 Hz to 1 MHz. The hall measurement system was used to
characterize the hole mobility using an HMS-5000 Hall Effect
Measurement System.

Energy Adv,, 2024, 3,1054-1061 | 1055
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(a) Molecular structures of Spiro-OMeTAD and LiTFSI, (b) schematic of the proposed PAO mechanism of Spiro-OMeTAD, and (c) optical pictures

of the Spiro-OMeTAD solution illuminated under 1 sun sunlight after O, 1, 5, and 10 minutes of PAO treatment in O,.

3. Results and discussion

Spiro-OMeTAD has a large molecular weight as shown in
Fig. 1a, and LiTFSI is a reagent that is consumed during the
traditional, time-intensive oxidization reaction process, with
the existence of oxygen, as shown in eqn (2)," where the
molecular oxygens bond with the Li and generate a TFSI-
stabilized Spiro-OMeTAD. In the case of the photo-accelerated
oxidization process, when the pristine Li-TFSI mixed Spiro-
OMeTAD solution is oxidized under the AM1.5G spectrum,
the electrons are excited to the lowest unoccupied molecular
orbital (LUMO) of Spiro-OMeTAD, where they are then captured
by O,. These electrons are then responsible for reducing the
molecular oxygen to form a negatively charged O, (or radical
anion), which can then react with the lithium ions, producing
Li,O,. While this happens, Spiro-OMeTAD is oxidized, forming
a radical cation that is then stabilized by TFSI . The formation
of oxidized Spiro-OMeTAD radical cations in an O,-treated
Spiro-OMeTAD solution illuminated with a solar simulator with
1 sun light intensity (100 mW ¢cm™~?) was confirmed as shown in
Fig. 1(c). The light-yellow Spiro-OMeTAD solution gradually
changed into a reddish-brown color with increasing illumina-
tion time from 0 to 10 min, indicating that Spiro-OMeTAD
is significantly affected by the PAO process with sunlight
illumination.

In addition, ultraviolet-visible (UV-Vis) spectroscopy was
utilized to verify the PAO of the Spiro-OMeTAD solution.
All the PAO-treated specimens were exposed to AM1.5

1056 | Energy Adv, 2024, 3,1054-1061

illumination for 5 minutes, while the TO sample was kept in
an oxygen-filled dark chamber overnight. The oxidized Spiro-
OMeTAD has a sharp peak at ~400 nm and another broader
peak around 650 nm.”® Fig. 2(a) shows the influence of PAO on
Spiro-OMeTAD oxidation at 1 sunlight illumination. The
increasing intensity of the absorption peak from 600-800 nm
for Spiro-OMeTAD solution treated with O, (in dry air, O,,
and TO) implies the generation of oxidized Spiro-OMeTAD.
However, samples that were not exposed to oxygen (in vacuum
and N,) showed only very weak absorption peaks, suggesting
that our process does not have an unintentional oxidization
process and the oxidization of spiro-OMeTAD was dominated
by the ambient control under illumination. The increase in the
intensity of the peaks under different oxidation conditions
implies higher oxidation degrees of the HTL. Furthermore,
FTIR was also used to confirm the oxidation of the Spiro-
OMEeTAD films. As seen from Fig. 2(b), TO and PAO films in

dry air and O, show a series of conspicuous peaks at 1248 cm ™%,

1466 cm ™', and 1498 cm ™' that can be assigned to methoxy
phenyl of the Spiro-OMeTAD molecule.*® In addition, the peak
at ~1750 cm™ " shows the C=O stretch in the oxidized Spiro-
OMEeTAD in air and oxygen. Note that films PAO in vacuum and
N, do not show these peaks indicating a lack of oxidized Spiro-
OMeTAD.

Four-probe conductivity measurements of HTL films depos-
ited in a nitrogen atmosphere under dark conditions, and later
oxidized under different conditions were acquired, as shown in

© 2024 The Author(s). Published by the Royal Society of Chemistry


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d4ya00029c

Open Access Article. Published on 17 Aprilis 2024. Downloaded on 08/02/2026 22:47:52.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

View Article Online

Paper Energy Advances
(@) 9,025 (b) —T0
—— PAO in vacuum Increasing
3 0020{ n __ PAQInN, oxidation ——PAOINO
o —— PAO in dry air . 2
- — PAOin O = - .
8 0015 \—To0 ® |— PAO n dry air
c >
3] b=
£ 0.010 @ [—PAOinN,
[ [ M A bttt AN s abhittion, -
73 = N
Q [ .
< 0.005 1 = |——PAO in vacuum
b e
0 ) i T T T -
400 500 600 700 800 500 1000 1500 2000
Wavelength, nm Wavenumber, cm™
(c) (d) 1o R
* o o
® 5
n
>
b
2 102 9
=
g PAO i
° in vacuum
2 . @ > PAOINN,
o @ PAO in dry air
& ° PAOInO,
e TO
10° +— : : : ;
E £ 5 o 2
ass 3 £ > £
© (o] ° [e]
> < c <
£ o 6 o
2 £
o
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Fig. 2(c). Films that were PAO in dry air or pure O,, showed
comparable conductivity as that with TO film (Fig. 2(d)).
A significant drop in conductivity was observed for films PAO
in vacuum and N,. The increased conductivity of PAO films in dry
air and O, can be mainly attributed to increased hole mobility and
charge carrier concentration. The carrier mobilities are 5.15 x 107,
425 x 1072 and 1.75 x 10" cm® V' 57, respectively for the as-
deposited, PAO and TO Spiro-OMeTAD, respectively. The results of
the conductivity test are in excellent agreement with the UV-Vis
characterization; Spiro-OMeTAD films were oxidized under AM1.5
illumination in the presence of dry air or pure O,.
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Next, the devices with ITO/SnO,/Perovskite/Spiro-OMeTAD/
C were fabricated, incorporating PAO Spiro-OMeTAD in differ-
ent conditions (PAO in a vacuum, N,, dry air, and pure O,
ambient, respectively), and compared to devices using TO-
Spiro-OMeTAD that had undergone traditional oxidization in
dry air for a longer time in the dark. By varying the duration for
PAO of Spiro-OMeTAD in different conditions, the optimized
duration was observed to be 5 minutes as shown by the j-V
characteristics performed under the AM1.5G simulated sun-
light illumination in Fig. 3(a). As shown in Fig. 4(a), as the PAO
conditions are changed from vacuum to pure O,, the Vo, Jsc,

100
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(a) J-V characteristics and, (b) EQE spectra of PSCs using TO and PAO Spiro-OMeTAD in different conditions.
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and FF improve drastically. The solar cell containing Spiro-
OMeTAD that was PAO in either vacuum or N, showed
poor device performance, exhibiting a PCE of 3.63% (open-
circuit voltage Vo = 0.68 V, short-circuit current density Jsc =
17.02 mA cm 2, and fill factor FF = 31.28%) and 3.68% (Voc =
0.64V, Jsc =17.81 mA cm 2, and FF = 32.06%), respectively. The
solar cell with TO Spiro-OMeTAD film showed the best device
performance of 17.47% (Voc = 1.07 V, Jsc = 21.48 mA cm™2, and
FF = 76.02%). By contrast, the solar cells containing PAO Spiro-
OMEeTAD in dry air and pure O, showed comparable device
performance of 17.04% (Voc = 1.09 V, Jsc = 20.83 mA cm ™%, and
FF = 74.89%) and 17.17% (Voc = 1.07 V, Jsc = 21.01 mA cm 2,
and FF = 76.35%), respectively. For devices with TO Spiro-
OMeTAD, the films are exposed to air for several hours, or
sometimes even overnight depending on the ambient
conditions.*® For devices with PAO Spiro-OMeTAD films in
dry air and pure O,, the devices were found to be comparable
in terms of performance with that of TO film-based devices,
which can be mainly attributed to the increasing amount of
oxidized Spiro-OMeTAD.*"** This results in the improved con-
ductivity and hole mobility of Spiro-OMeTAD films as shown in
Fig. 2(d). Thus, by replacing the TO technique with PAO of films
in dry air or pure O,, the oxidation duration can be shortened
from several hours to a few minutes, which is a huge boost
towards the commercialization of this technology. Note that
our device performance is slightly lower than the recently
reported high PCE of perovskite solar cells. This is mainly
because of two reasons: (1) the precursor, Csgg4FAgg1MAg 15
PbI, 55Bry 45, has a bandgap of around 1.6 eV, which delivers

a short circuit current of approximately 20 mA cm 2

1058 | Energy Adv, 2024, 3,1054-1061

In comparison, the more popular perovskite precursor compo-
sition at FAPbI; has a bandgap of around 1.5 eV, and the J,. can
be 23-25 mA cm 2 (2) The carbon electrode has a high
resistivity of around 50 Q O, contributing to the low fill
factor of approximately 76%. In contrast, the Au electrode with
0.5 Q 0" possesses a high fill factor of around 80%.%

The EQE was measured to confirm the accuracy of the J-V
measurements, as shown in Fig. 3(b). The integrated current
densities are 15.69 mA cm ™2, 15.93 mA cm ™2, 19.41 mA cm ™ 2,
19.6 mA cm 2, and 19.93 mA cm™? for PAO films in vacuum,
N,, dry air, O, and TO cells, respectively. The Jsc values
obtained from the -V characteristic were well matched (within
5%) with those obtained by integration of the spectral
response. Nevertheless, the EQEs for devices with films PAO
in vacuum and N, exhibit lower responses due to the poor
conductivity and hole mobility in these films. On the other
hand, devices with films that were PAO in dry air, pure O,, and
TO showed EQE > 80% from 420-620 nm due to the increased
oxidation of Spiro-OMeTAD films. The EQEs for all the devices
exhibit lower responses at longer wavelengths mainly due to the
carbon contact. Unlike a metal electrode, the carbon electrode
absorbs the remanent long-wavelength transmission light
directly without reflection for second absorption.**’

The statistical optoelectronic parameters of the devices with
different modes of oxidation for Spiro-OMeTAD are demon-
strated in Fig. 4, illustrating the excellent reproducibility of
devices with the HTL PAO in dry air and pure O,. Compared to
other modes of oxidation, PAO in pure O, delivers devices with
high reproducibility that rivals that of devices with TO films.
The standard deviation (SD) for devices with PAO films in O,

© 2024 The Author(s). Published by the Royal Society of Chemistry


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d4ya00029c

Open Access Article. Published on 17 Aprilis 2024. Downloaded on 08/02/2026 22:47:52.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Paper

Table 1 For the device, the champion device performance and the
average performance in brackets

Samples Voe (V) Jsc (MAcm?  FF (%)  PCE (%)

PAO in vacuum 0.68 17.02 31.28 3.63 + 0.10
(0.42)  (14.51) (26.52)  (2.12)

PAO in N, 0.64 17.81 32.06 3.68 + 0.12
(0.46) (17.72) (25.6) (2.45)

PAO in dry air 1.09 20.83 74.89 17.04 £ 0.15
(1.05) (20.53) (71.5) (15.54)

PAO in O, 1.07 21.01 76.35 17.17 £ 0.05
(1.06)  (20.60) (75.32)  (16.12)

Control 1.07 21.48 76.02 17.47 £ 0.17
(1.04)  (20.05) (75.41)  (16.34)

was observed to be 0.13, while for devices with TO films it was
0.99. This is a clear indication that the oxidation degree of films
via TO can fluctuate in a wider range depending on the ambient
conditions, and this can affect the repeatability of the devices.
Over-oxidation of films can result in damage to the structure of
the HTL, and hence, it can adversely affect the device’s perfor-
mance. On the other hand, devices with PAO films in pure
O, had a very narrow data spreading, and this degree of
repeatability is highly desirable when it comes to the commer-
cialization of the technology (Table 1).

To understand the charge recombination mechanism, we
carried out the Jsc and Vo versus light intensity measurements.
The power-law dependence of Jsc upon the light intensity with a
slope approaching 1 is observed for devices with PAO films in

2 PAO in vacuum
oPAOinN,
N 2 PAO in dry air
£ °PAOinO,
(3} oTO
E
=, o =0.88
-’ a=0.89
o =0.98
o=0.98
o=0.99
7
40 100

Light intensity, mW/cm?
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dry air and O, and TO films, as shown in Fig. 5(a), implying
negligible bimolecular recombination in the devices.*® The
ideality factor (n) was obtained from the fitted curves of V¢
at various light intensities (1) (Fig. 5(b)) to elucidate the trap-
assisted Shockley-Read-Hall (SRH) molecular recombination
within the devices, according to the equation V¢ = nkTIn(1)/q +
constant, where T is the absolute temperature, k is the
Boltzmann constant, and ¢ is the elementary charge.*
As shown in Fig. 5(b), the ideality factor of devices with PAO
films in dry air and pure O, is similar to that of the films TO,
while those of the devices with films PAO in vacuum and N, are
higher. The lower ideality factor implies suppressed SRH
recombination and efficient extraction of charge carriers in
the devices with PAO films in dry air and 0,.***!

Fig. 6 shows the electrochemical impedance spectroscopy
(EIS) results of the devices with the ITO/SnO,/PVSK/Spiro-
OMeTAD/C structure. The most notable feature in Fig. 6
is the significant decrease of the impedance (three orders of
magnitude) over the full range of frequency for devices with
PAO-treated Spiro-OMeTAD under vacuum and in N,. The
impedance of the device could be satisfactorily modeled by
an equivalent circuit consisting of series resistance (Rg), a
parallel combination of charge recombination resistance (Ryec),
and a constant phase angle element (CPE) as shown in the inset
of Fig. 6(b).*> In this fitted circuit model, R; is equivalent to
the internal resistance, and R,.. is associated with the
charge transport process at the interface.*’ The fitting results

(b)
8T PAO in vacuum $
oPAOInN,
1.06 4° PAO in dry air
°PAOInO,
°TO
$1.04
2.40k,T/q
2.1k T/q
1.02 A 1.45k,T/q
1.43k_T/q
100 1.41k_Tlq
40 100

Light intensity, mW/cm?

Fig. 5 Light-intensity-dependent (a) Jsc, and (b) Vi of PSCs with TO and PAO Spiro-OMeTAD in different conditions.
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Fig. 6

(a) Nyquist plot for the devices with PAO Spiro-OMeTAD in vacuum and N, and (b) Nyquist plot for the devices with TO and PAO Spiro-OMeTAD

in O, and dry air. (c) Light soaking stability test for the TO and PAO Spiro-OMeTAD based perovskite solar cells with a carbon electrode.
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Table 2 Fitted values of R, R,ec, and CPE for devices with TO and PAO
Spiro-OMeTAD in different conditions

Samples Rs (Q cm™?) Rree (Q cm™?) CPE (F cm ?)
PAO in vacuum 125.1 1331 9.069 x 10°
PAO in N, 112.6 3124 4.487 x 10°°
PAO in dry air 98.24 244270 1.078 x 108
PAO in O, 94.84 250660 1.0125 x 108
Control 80.57 263290 1.3447 x 1078

are shown in Table 2. After simulation, we found that devices
with Spiro-OMeTAD PAO in dry air, O,, and TO, had the highest
Ry values, which suggests lower charge recombination at the
interface. This is attributed to the higher conductivity and
charge extraction capability of the HTL and hence the effective
suppression of the carrier recombination at the backside of the
device.** These devices were also found to have lower R, than
that of devices with HTL PAO under vacuum and in N,. After
analysis, we think that similar values of Ry and Ry, for PAO
films in dry air and O, and TO films are due to the optimized
oxidation conditions. If the oxidation activity of atomic oxygen is too
strong, then the structure of the HTL will be destroyed by excessive
oxidation resulting in a marked increase in the resistivity of the
devices."® The light soaking for the unencapsulated devices with TO
and PAO spiro-OMeTAD was tested under 1 sun light intensity at
room temperature. The cells show similar stability behavior within 4
days (96 hours) as shown in Fig. 6¢c, suggesting that the PAO treated
spiro-OMeTAD does not damage the stability of the perovskite cells.
However, the overall device stability using the spiro-OMeTAD needs
to be further improved.

4. Conclusion

In summary, we conducted a comprehensive study on the
oxidation mechanism of the Spiro-OMeTAD in a planar n-i-p
carbon-electrode-based PSC wusing sunlight illumination.
By combining the UV-Vis absorption, FTIR, and conductivity
measurements of the Spiro-OMeTAD films, we confirmed that
oxidation of the Spiro-OMeTAD layer was achieved via 1 sun
illumination in a matter of a few minutes as compared to
several hours for traditional oxidation in a dark and ambient
environment. The oxidized Spiro-OMeTAD possessed improved
conductivity and enhanced charge collection efficiency at the
HTL/C interface. Through this PAO Spiro-OMeTAD approach,
the device reproducibility and uniformity were significantly
improved. The champion device for a carbon-based perovskite
was achieved using the PAO-treated Spiro-OMeTAD with a
champion device performance of 17.17%. In particular, the
shortened oxidization process via a simple sunlight simulator
could significantly reduce the cost and time for the large-scale
manufacturing of perovskite solar modules.
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