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s of electrochemical oxidation of
Spiro-OMeTAD and Li+ ion migration for improving
the performance of n–i–p type perovskite solar
cells†
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Dongyu Zhang,b Qun Luo, ab Fangsen Li,c Ronald Österbacka*bd

and Chang-Qi Ma *abc

n–i–p Type perovskite solar cells generally require air oxidation of the Spiro-OMeTAD layer to achieve high

power conversion efficiency (PCE). However, the detailed oxidation mechanism is still not fully understood.

In this paper, oxidation of Spiro-OMeTADwas demonstrated via a non-contact electrochemical route using

UV-Vis absorption, laser beam induced current (LBIC) imaging and secondary ion mass spectrometry (SIMS)

profiling of the Spiro-OMeTAD films. At the cathode, oxygen is reduced to form OH� with the help of H2O,

while the anodic reaction is the oxidation of Spiro-OMeTAD to form Spiro-OMeTAD+. Diffusion of Li+

towards the surface of the Ag electrode completes the electrochemical cycle and increases the

conductivity of the hole-transporting layer. SIMS analyses of the completed devices demonstrate that

the oxidation of Spiro-OMeTAD also leads to migration of Li+ through the perovskite layer into SnO2,

which supposedly leads to an increase of the built-in voltage. We verify these results by incorporation of

the experimentally measured Li+ concentration into a numerical drift-diffusion simulation, to replicate

solar cell J–V-curves. This work provides a new insight into the oxidation of Spiro-OMeTAD in

perovskite solar cells, and demonstrates that Li+ migration is involved in the oxidation of Spiro-OMeTAD.
Introduction

Organic–inorganic hybrid perovskite solar cells (PSCs) have
recently drawn unprecedented attention due to their high effi-
ciency and low-cost solution processing compatibility.1–3 Over
the last decade, both n–i–p and p–i–n type cells have been re-
ported in the literature.4–7 In n–i–p type cells, Spiro-OMeTAD
doped with Li-TFSI and t-BP is generally used as the hole
transporting layer (HTL).8,9 Oxidation of the cells in an ambient
atmosphere results in higher device performance.10–13 Mobility
of Spiro-OMeTAD is low (�4 � 10�5 cm2 V�1 s�1), implying slow
charge extraction through the undoped Spiro-OMeTAD HTL.14,15
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It is widely accepted that oxidation of the Spiro-OMeTAD layer
leads to increased conductivity, which consequently improves
the device performance.16–18 Based on the above speculation,
pre-oxidized Spiro-OMeTAD species, including Co(III)
complexes,19,20 Zn-TFSI2,21,22 CuSCN (or CuI),23 2,3,5,6-
tetrauoro-7,7,8,8-tetracyanoquinodimethane (F4-TCNQ),24 and
Spiro(TFSI)2 (ref. 25 and 26), were used as replacements for Li-
TFSI doped Spiro-OMeTAD in perovskite solar cells, and
consistently good device performance can be achieved for those
cells without further oxidation in air.

The oxidation mechanism of Spiro-OMeTAD, however, is not
yet fully understood. Bach et al. studied the synergetic effect of
light soaking and air oxidation of Spiro-OMeTAD in solid-state
dye-sensitized solar cells.10 By comparing the concentration of
Spiro-OMeTAD+, determined from UV-vis absorption spectra,
oxidation of Spiro-OMeTAD by O2

� at the TiO2 surface under
light illumination was proposed (Scheme S1 in the ESI†). Snaith
et al. proposed that molecular oxygen is weakly bound to Spiro-
OMeTAD to form a donor–acceptor complex.27 Under light
illumination or thermal excitation, intermolecular electron
transfer between Spiro-OMeTAD and O2 leads to the formation
of Spiro-OMeTAD+O2

�. This electron transfer process is
promoted by doping with Li-TFSI, yielding Spiro-
OMeTAD+TFSI� and lithium oxides (Scheme S2 in the ESI†).
J. Mater. Chem. A, 2021, 9, 7575–7585 | 7575
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Although Spiro-OMeTAD does not absorb light of 450 nm
wavelength, Meng et al. demonstrated that photo-oxidation of
Spiro-OMeTAD by oxygen happened when samples were illu-
minated under light of 450 nm wavelength.11 Therefore, an
oxidation mechanism involving perovskite was proposed as
seen in Scheme S3 (ESI†). Qi et al. recently compared the
inuence of O2 and/or H2O exposure on photo-electronic spec-
troscopy and conductivity of Spiro-OMeTAD lm.17 They
concluded that H2O induced an irreversible conductivity
enhancement of Spiro-OMeTAD lm mainly ascribed to the
redistribution of Li-TFSI within the lm, while the O2 induced
reversible conductivity enhancement is mainly due to an O2

doping effect. It is worth pointing out that most of the oxidation
mechanism studies were done onmodel devices where nometal
electrode is included. However, the routine oxidation process
during solar cell fabrication was performed on a completed
cell,12,28,29 where the Spiro-OMeTAD layer is physically separated
from oxygen and/or moisture by a thermally evaporated metal
electrode. A full study of the oxidation process aer depositing
ametal electrode is still lacking in the literature. Understanding
the oxidation mechanism of the Spiro-OMeTAD layer in
a complete cell is therefore of great interest. In this paper, we
found that oxidation of the Spiro-OMeTAD layer is ascribed to
an electrochemical oxidation process, where oxygen is reduced
to OH� with the help of water and Spiro-OMeTAD is oxidized to
Spiro-OMeTAD+ simultaneously. In addition, we found that the
oxidation process is accompanied by migration of Li+ ions
through the perovskite layer and into SnO2. The synergetic
effects of the oxidation process and the Li+ ion migration on the
electronic structures of interlayers, as well as the photovoltaic
performance enhancement of the cells will be discussed in
detail to give a comprehensive understanding of the oxidation
mechanism of the Spiro-OMeTAD layer and consequences for
device performance. This paper provides a new understanding
of the oxidation process and the associated Li+ ion migration in
n–i–p type perovskite solar cells.
Experimental
Materials

The SnO2 colloid solution was purchased from Alfa Aesar (tin(IV)
oxide, 15 wt% in H2O colloidal dispersion). PbI2, PbBr2, CsI,
formamidinium iodide (FAI), methylammonium bromide
(MABr), lithium bis(triuoromethanesulphony)imide (Li-TFSI),
pyridine,4-(1,1-dimethylethyl)- (t-BP) and Spiro-OMeTAD were
purchased from Xi'an Polymer Light Technology Corp. Poly(3,4-
ethylenedioxythiophene):poly(styrene sulfonate) (PEDOT:PSS AI
4083) was purchased from Heraeus Precious Metals GmbH &
Co. KG. CsI was purchased from Sigma-Aldrich, and dime-
thylformamide (DMF, purity > 99%), dimethyl sulfoxide (DMSO,
purity > 99%), and chlorobenzene (CB, purity > 99%) were
purchased from J&K Scientic.
Instruments and characterization

The current density–voltage (J–V) characteristics of the solar
cells were measured with a Keithley 2400 source meter in a N2
7576 | J. Mater. Chem. A, 2021, 9, 7575–7585
glovebox under simulated sunlight (AM 1.5G, Newport VeraSol-
2 LED Class AAA Solar Simulator). Time-of-ight secondary ion
mass spectrometry (TOF-SIMS 5-100) was performed with
pulsed primary ions from a Cs+ (2 keV) liquid-metal ion gun for
sputtering and a Bi+ pulsed primary ion beam for analysis (30
keV). The absorption curves of the sample were analysed using
a UV-visible spectrometer (Lambda 750, PerkinElmer). Laser
beam induced current (LBIC) and photoluminescence (PL) of
the solar cells under different oxidation conditions were tested
using a home-built defect imaging system (LBIC). The PL maps
were collected using a laser with a wavelength of 532 nm, and
a scan step of 40 mm.

Preparation of the perovskite precursor and Spiro-OMeTAD
solution

The FA0.85MA0.15Pb(I0.85Br0.15)3 precursor solution (named
FAMA) was prepared by dissolving PbI2 (548.6 mg), PbBr2 (77.07
mg), FAI (190.12 mg), and MABr (21.84 mg) in a solvent mixture
of DMF/DMSO (1 mL, 4 : 1 v/v). Then, 34 mL CsI (2 M in DMSO)
was added to the FAMA mixed perovskite solution to obtain the
CsFAMA tri-cation perovskite precursor solution. The Spiro-
OMeTAD solution was prepared by dissolving 72.3 mg Spiro-
OMeTAD into 1 mL chlorobenzene followed by the addition of
17.5 mL Li-TFSI (520 mg mL�1 in acetonitrile) and 29 mL t-BP.

Solar cell fabrication

ITO glass was cleaned by ultrasonic cleaning with detergent, pure
water, acetone, and isopropanol for 30 min, respectively. Before
use, the ITO substrate was dried in a N2 gas ow, and cleaned by
UV–ozone treatment for 30 min. Then the substrate was spin-
coated with a thin layer of SnO2 nanoparticles from the SnO2

colloid solution at 3000 rpm for 30 s, and annealed in ambient air
at 150 �C for 30 min. Aer cooling down to room temperature, 40
mL CsFAMA solution was spin-coated onto SnO2 at 5000 rpm for
30 s, and 200 mL anti-solvent of ethyl acetate was dropped 10
seconds before the end of the spin-coating process. The lms were
then annealed at 120 �C for 45 min. Aer being cooled down to
room temperature, Spiro-OMeTAD solutionwas spin-coated on the
correspondingmixed perovskite lms at 3000 rpm for 30 s. Finally,
100 nmof silver was evaporated on the top of Spiro-OMeTAD as the
back electrode to complete the whole device.

Oxidation of Spiro-OMeTAD lms and complete solar cells

In general, oxidation of the Spiro-OMeTAD lms, the hole only
devices and the complete solar cells was performed inside
a glovebox with controlled relative humidity for a certain time.
The glovebox was covered with aluminium foil to ensure dark
conditions. The reference cell with Spiro-OMeTAD was
completed by thermal evaporation of the top electrode directly
aer the deposition of the Spiro-OMeTAD layer. For the pre-
oxidized device, the half-cell with the Spiro-OMeTAD layer was
kept inside the atmosphere-controlled glovebox in the dark for 5
hours before the deposition of the top electrode, while the post-
oxidation process was carried out by putting the complete
device with the top metal electrode inside the same glovebox in
the dark for the given amount of time.
This journal is © The Royal Society of Chemistry 2021
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Preparation of Spiro-OMeTAD lms for UV-vis absorption
measurement

The glass substrate was cleaned by the same procedure as for the
ITO glass. Glass/Spiro-OMeTAD lms were prepared by depositing
Spiro-OMeTAD on glass at 3000 rpm for 30 s. Glass/SnO2/Spiro-
OMeTAD was prepared by depositing SnO2 by the same proce-
dure as for solar cell fabrication, followed by depositing Spiro-
OMeTAD on SnO2 lms at 3000 rpm for 30 s. The UV-vis spec-
trum of the Spiro-OMeTAD lm was measured using a spectrom-
eter, and the oxidation process was performed in the atmosphere
(with RH�30%) within the spectrometer tomake sure that there is
no position variation during the measurement.
Preparation of hole only devices

The PEDOT:PSS (1 mL PEDOT:PSS solution in 2 mL deionized
water) solution was spin-coated on the top of the cleaned ITO at
2000 rpm for 45 s and then annealed at 130 �C for 10 min in air.
Aer cooling down, 35 mL Spiro-OMeTAD solutions with
different doping concentrations were spin-coated on the cor-
responding PEDOT:PSS lms at 3000 rpm for 30 s inside a N2

glovebox. Finally, 100 nm of silver was evaporated on the top of
Spiro-OMeTAD as the back electrode.
Results and discussion
J–V characteristics of n–i–p cells under oxidation in 30% RH
air

Fig. 1a shows the perovskite solar cell structure adopted in this
study, where Li-TFSI/t-BP doped Spiro-OMeTAD (Li-TFSI:Spiro-
OMeTAD, 50%, mol mol�1) and SnO2 are used as the hole
Fig. 1 (a) Solar cell configuration adopted in this study; (b and c) current
the as-prepared (b) and pre-oxidized (5 hours, (c)) Spiro-OMeTAD hole

This journal is © The Royal Society of Chemistry 2021
transporting layer (HTL) and the electron transporting layer
(ETL), respectively. To ensure a good reproducibility of the
oxidation of the Spiro-OMeTAD layer, we conducted the oxida-
tion processes in the dark in a synthesized air atmosphere with
30% relative humidity (30% RH). Fig. 1b shows the variation of
the current density–voltage (J–V) curves for the complete cells
oxidized in 30% RH air for different periods of time, with cor-
responding photovoltaic data listed in Table 1. Surprisingly, the
freshly prepared device showed almost no photovoltaic perfor-
mance without oxidation processes. We checked the J–V of
several freshly prepared cells with pristine Spiro-OMeTAD, and
they all showed very poor photovoltaic performance (see
statistical data in Fig. S1 in the ESI†). This can be ascribed to the
low conductivity of the pristine Spiro-OMeTAD lm (vide infra).
Aer exposure to the 30% RH air for 1 hour, the cell showed an
improved PCE of 3.19% with an open-circuit voltage (Voc) of
0.97 V, a short-circuit current (Jsc) of 11.47 mA cm�2, and a ll
factor (FF) of 0.29. The performance of the cells was further
improved to 11.66%, 14.18%, and 18.72% aer oxidation for 2,
3 and 5 hours in the dark (see full statistical data in Fig. S1†).
Note that no signicant J–V performance improvement was
found for the cells aer several rounds of J–V sweeping under
light illumination (see examples in Fig. S2†). Since the cells
were kept in the dark in 30% RH air in between the J–V
measurements during oxidation, we ascribed the device
performance enhancement to the oxidation process, rather
than the bias or light illumination effect during J–V sweeping.
Interestingly, oxidation of the cells mostly leads to the
enhancement of Jsc in the rst 2 hours, followed by improve-
ment of the FF in the later oxidation stage (Table 1), which is
ascribed to the decrease of the charge injection barrier and
density–voltage (J–V) curves of completed perovskite solar cells with
transporting layers exposed to 30% RH air.

J. Mater. Chem. A, 2021, 9, 7575–7585 | 7577
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Table 1 The photovoltaic performance data of the perovskite solar
cells exposed to 30% RH air for different periods of time

Pre-oxidation
timea (h)

Post-oxidation
timeb (h) Voc (V) Jsc (mA cm�2) FF PCE (%)

0 0 0.68 0.16 0.13 0.01
1 0.97 11.47 0.29 3.19
2 1.02 21.00 0.54 11.66
3 1.06 22.44 0.59 14.18
5 1.08 22.65 0.76 18.72
8 1.08 22.58 0.76 18.51

5 0 0.97 21.08 0.28 5.83
1 1.08 22.23 0.48 11.60
2 1.08 22.29 0.59 14.34
3 1.10 23.17 0.65 16.52
5 1.11 23.23 0.77 19.71
8 1.10 23.20 0.77 19.52

a Time for keeping the ITO/SnO2/PVSK/Spiro-OMeTAD in 30% RH air.
b Time for keeping the complete cell in 30% RH air.
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consequently the series resistance as supported by the simula-
tion results (vide supra). Further increase of the oxidation time,
however, showed a saturation effect of the oxidation process
(Table 1 and Fig. S2 in the ESI†).

To distinguish the inuence of oxygen and water in the
oxidation process on device performance, we compared the
device performance enhancement of cells oxidized in a N2

atmosphere with 30% and 50% relative humidity (RH), and in
an air atmosphere with RH ¼ 30% and dry air. Fig. S3† shows
the results. As seen here, device performance improved much
slower in dry air than in a moisture containing atmosphere.
These results indicate that water plays an important role in
rapidly improving the device photovoltaic performance. Oxygen
was also reported to be important for the performance
improvement in perovskite solar cells.18,27 The comparison of
the photovoltaic performance enhancement rates of the cells
oxidized in 30% RH air and 30% N2 conrmed that oxygen is
able to promote the oxidation processes (Fig. S3†). Therefore,
we concluded that both oxygen and water can oxidize the Spiro-
OMeTAD layer.

According to the literature,18,27,30 oxidation of Spiro-OMeTAD
will lead to the formation of Spiro-OMeTAD+, increasing the
conductivity of the Spiro-OMeTAD layer. We also prepared
a glass/Spiro-OMeTAD (50% LiTFSI, t-BP) lm and exposed it to
30% RH air. Fig. S4 in the ESI† shows the UV-Vis absorption
spectra of this lm with increasing exposure time. An increased
absorbance over 450–600 nm can be seen, which is ascribed to
the formation of Spiro-OMeTAD+,27 conrming that Spiro-
OMeTAD can be effectively oxidized when directly exposed to
30% RH air. We then fabricated n–i–p type solar cells with a pre-
oxidized Spiro-OMeTAD layer (before the deposition of the Ag
top electrode, the incomplete device was exposed to 30% RH air
in the dark for 5 hours) and checked the device performance of
this type of cell. Fig. 1c shows the J–V curves of a representative
cell under AM 1.5G light illumination. As seen here, the as-
prepared cell with the pre-oxidized Spiro-OMeTAD cell showed
an S-shaped J–V curve with a Voc of 0.97 V, a Jsc of 21.08 mA
7578 | J. Mater. Chem. A, 2021, 9, 7575–7585
cm�2, an FF of 0.28, and an overall PCE of 5.83% (Fig. 1c, black-
squared line). It is worth noting that we found that oxidation of
the half cells under light illumination will result in much better
device performance (Fig. S5†), which might be the reason for
the difference in initial device performance aer pre-oxidation
to reported results.31 In comparison with the cell without pre-
oxidation (Fig. 1b, black-squared line), the cell that underwent
the pre-oxidation process indeed showed improved device
performance, mainly in terms of Voc and Jsc. However, this cell
showed a low FF of 0.28, indicating that charge extraction is far
from satisfactory. Further oxidation of this cell in 30% RH air
(named the post-oxidation process) improved the device
performance (Fig. 1c and Table 1), which was mainly due to the
increase of FF. Eventually, a champion device with Voc, Jsc, and
FF of 1.11 V, 23.23 mA cm�2, and 0.77 was obtained aer
oxidation in air for 5 hours, yielding an overall PCE of 19.71%,
which is comparable with the reported performance for the cell
without modication on the SnO2 layer.28,32–34 Statistical data are
shown in Fig. S6.† These results indicate that, in addition to the
improved conductivity of the Spiro-OMeTAD upon oxidation,
some other indirect improvement to charge extraction, such as
an increase in the built-in voltage, may take place in the pre-
oxidized sample.
LBIC images of the cells during oxidation

To conrm whether the 100 nm Ag electrode can effectively
block the diffusion of H2O and/or O2, we checked the water
vapor transmission rate (WVTR) of PET (125 mm) foils with
different Ag thin lms (50–200 nm). TheWVTR wasmeasured to
be 22, 62, and 370 mg per m2 per day in a 100% RH atmosphere
for PET with 200, 100 and 50 nm Ag lms. TheWVTR of the PET/
Ag lms is much lower than that of PTE foil (2200 mg per m2 per
day, see ESI Fig. S7†), suggesting that 100 nm Ag is able to slow
down the penetration of water and oxygen through the Ag
electrode in the present experiment (few hours in 30% RH air).
We also checked the inuence of Ag layer thickness on the
performance enhancement of the cells under identical oxida-
tion conditions. As seen in Fig. S8,† there is no obvious differ-
ence in the performance improvement rate upon oxidation
when the thickness of the Ag electrode is increased from 50 nm
to 200 nm. In addition, we checked the PL mapping of a large
area perovskite solar cell (1.21 cm2) during oxidation, and
a homogeneous decrease of the PL intensity over 8 hours of
oxidation was measured with a simultaneous slow increase of
device performance (Fig. S9 in the ESI†). Both results indicated
that the oxidation of Spiro-OMeTAD should not be due to the
penetration of oxygen/water through the Ag lm, since diffusion
of oxygen/water requires a longer time with the increase of Ag
layer thickness and device area. So, if the oxidation of Spiro-
OMeTAD required the direct contact of Spiro-OMeTAD with
the oxidant, the only pathway for the oxidation process is
penetration of oxygen (and/or water) through the edge of the
metal electrode. To conrm whether edge penetration is the
path for the oxidation process, wemeasured the homogeneity of
the photocurrent of the cells during oxidation using the laser
beam induced current (LBIC) imaging method. Fig. 2 shows the
This journal is © The Royal Society of Chemistry 2021
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LBIC images of a representative cell oxidized for different
periods of time. As seen here, for the freshly prepared cell, there
is almost no photocurrent over the whole cell area, which is in
good accordance with the low measured Jsc of 0.16 mA cm�2

(Table 1). The increased current for the cell with increased
oxidation time corresponds very well to the J–V results (Fig. 1b
and Table 1). Importantly, we found that the increase of
photocurrent is spatially homogeneous over the active cell area,
conrming that the oxidation of Spiro-OMeTAD is probably
through a non-contact route, since otherwise a gradient
improvement from the edge to the centre of the cell would be
observed. Meanwhile, in order to study the impact of light on
the device performance during the LBIC test, we compared the
J–V curves of the cell before and aer the LBIC test, and no
signicant performance enhancement was measured for the
cells (Fig. S10†), conrming that light illumination is not the
main reason for the device performance enhancement.
Li+ ion migration and proposed electrochemical oxidation of
Spiro-OMeTAD

To gain a deep insight into the oxidation process of the Spiro-
OMeTAD lm, we conducted time-of-ight secondary-ion
mass spectrometry (TOF-SIMS)35,36 on a model device with
a structure of ITO/Spiro-OMeTAD (50% Li-TFSI:t-BP doping)/Ag.
Fig. S4b in the ESI† shows the UV-Vis absorption spectra of this
device upon air exposure. Increased absorption over 450–
600 nm can also be detected, indicating that oxidation of the
Spiro-OMeTAD happens in this device as well. Fig. 3a shows
elemental proles of Li, F and LiOH within the devices, before
and aer oxidation. Although TFSI� (as determined from the
distribution of F element) is almost homogeneously distributed
over the Spiro-OMeTAD layer, higher Li concentrations were
measured at the Ag/Spiro-OMeTAD and Spiro-OMeTAD/ITO
interfaces even for the freshly prepared sample. This result
indicates that Li+ is not compatible with the Spiro-OMeTAD
lms, which can be ascribed to the different hydrophilicities
of Li+ and Spiro-OMeTAD molecules. Pre-oxidation of the Spiro-
OMeTAD lm further increased the Li+ concentrations at the
Ag/Spiro-OMeTAD and Spiro-OMeTAD/ITO interfaces (Fig. 3a,
Fig. 2 LBIC images of the perovskite solar cell aged in 30% RH air for d

This journal is © The Royal Society of Chemistry 2021
red lines), indicating migration of Li+ ions towards the two
electrodes during the oxidation process. Qi et al. also reported
the accumulation of Li+ at the Spiro-OMeTAD surface and
ascribed it to the formation of LiOH during oxidation of Spiro-
OMeTAD in air.16,17 Additionally, oxidation of the device with the
pre-oxidized Spiro-OMeTAD lm (post-oxidation process)
further increased the Li+ and LiOH concentrations at the Ag/
Spiro-OMeTAD interface, with a decrease of Li+ concentration
within the Spiro-OMeTAD layer (Fig. 3a, blue lines), indicating
that the post-oxidation process further promotes Li+ ion
migration. More importantly, high Li+ and LiOH concentrations
were measured on the silver electrode surface (see Fig. S11† for
the distribution of Li+ in a 3D manner). These results indicate
that Li+ ions can diffuse through the Ag electrode to reach the
surface, which can be ascribed to the relatively high OH�

concentration at the Ag electrode surface originating from the
reduction of O2/H2O. To summarize these observations, elec-
trochemical oxidation of Spiro-OMeTAD is suggested as shown
in Scheme 1. The cathodic reaction is the reduction of water and
oxygen to form OH� (eqn (1) in Scheme 1), while the anodic
oxidation reaction is the oxidation of Spiro-OMeTAD to form
Spiro-OMeTAD+ (eqn (2) in Scheme 1). The diffusion of Li+

towards the surface of the Ag electrode completes the electro-
chemical cycle. The overall oxidation reaction is summarized in
eqn (3), similar to that reported in the literature.11,27 Note that
no signicant performance decrease was measured for the
optimized cell aer storage in the dark in a N2 glovebox
(Fig. S12†), which conrms that the oxidation process is not
reversible.
Ion migration within the complete perovskite solar cell

Fig. 3b depicts the measured Li, F (TFSI�), and LiOH distribu-
tions in the complete device before and aer oxidation.
Surprisingly, a very high Li concentration was detected within
the SnO2 layer, even for the freshly prepared device (Fig. 3b,
black line). A similar prole was also measured for LiOH but
with two orders of magnitude lower intensity. We also checked
the elemental distribution of glass/ITO/SnO2/PVSK lms, and
no Li was detected at the perovskite/SnO2 interface (Fig. S13 in
ifferent periods of time.

J. Mater. Chem. A, 2021, 9, 7575–7585 | 7579
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Fig. 3 (a) Elemental depth profile of the ITO/Spiro-OMeTAD/Ag films (a) and complete perovskite solar cell with a structure of ITO/perovskite/
Spiro-OMeTAD/Ag (b) with different oxidation treatments. Note that the ion intensity is in the logarithmic scale.
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the ESI†). These results indicate that in the complete perovskite
solar cell, the measured high Li concentration at the perovskite/
SnO2 interface must come from the Spiro-OMeTAD layer. In
other words, Li+ ions can migrate from the Spiro-OMeTAD layer
through the perovskite lm to the SnO2 layer during the prep-
aration of the solar cell. This nding is in agreement with Zhu
et al.37 who reported that Li+ ions could diffuse into the TiO2

during the preparation of perovskite solar cells. However, they
drew this conclusion based on the high F signals measured
within the TiO2 layer.37 Here, we use TOF-SIMS to directly
measure the distribution of Li atoms, providing solid evidence
Scheme 1 Proposed electrochemical oxidation of Spiro-OMeTAD.

7580 | J. Mater. Chem. A, 2021, 9, 7575–7585
for the Li+ ion migration into the SnO2 layer. It is worth noting
that no signicant performance improvement wasmeasured for
a cell upon multiple J–V sweeps (Fig. S2†), indicating that the
bias applied to the cell during the J–V sweeping should not be
the driving force for Li+ migration. It was reported that doping
the TiO2 electron extraction layer with an alkali salt is also able
to improve device performance.38 SIMS analysis showed a high
concentration of K+ in the SnO2 layer for the prepared cell
(Fig. S13 in the ESI†), similar to that reported in the litera-
ture.28,29,39,40 Interestingly, diffusion of K+ from SnO2 to the
perovskite layer can be clearly seen for the freshly prepared
This journal is © The Royal Society of Chemistry 2021
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perovskite cell. Further migration of K+ ions into the Spiro-
OMeTAD layer occurs upon oxidation treatment (see
Fig. S13b†). Since SnO2 has been considered as an excellent
cathode material for lithium batteries because of its high Li+

affinity,41 we considered the high Li+ affinity of SnO2 to be the
driving force for the Li+ ion migration. In the meanwhile, the
diffusion of K+ into the Spiro-OMeTAD layer provides an ion
balance within the cell, which is believed to be another
important driving force for the diffusion of Li+ ions.

Fig. S4c† shows the UV-Vis absorption change of the Li-TFSI
doped Spiro-OMeTAD lms deposited on the SnO2 layer upon
30% RH air exposure, and Fig. S4d† shows the comparison of
UV-Vis absorption enhancement over 450–600 nm. As seen
here, SnO2 promotes the formation of Spiro-OMeTAD+, which
can probably be ascribed to the fact that the diffusion of Li+ ions
into the SnO2 layer lowers the cation concentration within
Spiro-OMeTAD and consequently promotes the oxidation
process. It is also worth noting that TFSI� did not diffuse into
the SnO2 layer, probably due to the large molecular size of
TFSI�, since F element was mainly measured within the Spiro-
OMeTAD layer with a long tail over the perovskite lm.

In the cell with the pre-oxidized Spiro-OMeTAD lm, increased
Li concentration was found in the SnO2 layer. Accordingly, the Li
concentration in the Spiro-OMeTAD layer near the Spiro-OMeTAD/
perovskite interface is decreased, indicating thatmore Li+ ions close
to the Spiro-OMeTAD/perovskite interface diffused into the SnO2

layer during the pre-oxidation process. In comparison with the
freshly prepared cell, we measured a similar Li concentration in the
Spiro-OMeTAD lm near the Ag/Spiro-OMeTAD interface but with
a slightly increased Li concentration at the Ag/Spiro-OMeTAD
interface for the pre-oxidized cell. These results indicate that
oxidation of the ITO/SnO2/perovskite/Spiro-OMeTAD lm can cause
a relatively high Li+ concentration at the Spiro-OMeTAD surface,
corresponding well to the pre-oxidized Spiro-OMeTAD only lm
(vide supra). Furthermore, oxidation also drives the Li+ ions from the
Spiro-OMeTAD/perovskite interface to migrate into the SnO2 layer.

For the post-oxidized cell, we measured more Li+ diffusing
into the SnO2 layer from the Spiro-OMeTAD layer. However, we
also measured higher concentrations of Li and LiOH at the Ag/
Spiro-OMeTAD interface. This result indicates that post-
oxidation of Spiro-OMeTAD also drives Li+ ion diffusion into
SnO2. The distribution of F element, however, does not change
during oxidation, suggesting that TFSI� is rather stable within
the Spiro-OMeTAD lm, which could be due to the relatively
large molecular dimensions as well. The SIMS result of the
complete cell upon oxidation demonstrated that oxidation of
the complete cell in air, on the one hand, leads to the formation
of Spiro-OMeTAD+, and also promotes Li+ diffusion through the
perovskite to the perovskite/SnO2 interface. Knowing the ion
migration behaviors of the n–i–p perovskite solar cells upon
oxidation, we then studied the inuence of LiTFSI doping
concentration on the oxidation processes. To simplify the study,
we only compared the inuence of LiTFSI doping concentration
on the post-oxidation process. The results are shown in
Fig. S14.† As seen there, when the LiTFSI doping ratio is lower
than 50%, the perovskite solar cells showed poor device
performance with low FF of 0.30–0.45, similar to that of a 50%
This journal is © The Royal Society of Chemistry 2021
LiTFSI doped cell (vide infra). With the increase of oxidation
time, the device performance is gradually improved. Also, with
a higher LiTFSI doping concentration, the cell showed slightly
faster performance improvement and better saturated device
performance. When the LiTFSI doping ratio is increased to
70%, the device showed an initial PCE of 14.75% with an FF of
0.69. However, instead of further performance improvement,
a slight decrease of PCE was found for this cell upon further
oxidation. These results indicate that Li+ concentration within
the Spiro-OMeTAD layer plays an important role in determining
the device performance and stability.
Inuence of the oxidation process on charge extraction of the
Spiro-OMeTAD layer

Fig. S15† shows the J–V curves of the hole only devices with
a structure of ITO/PEDOT:PSS/Spiro-OMeTAD (undoped or 50%
LiTFSI:t-BP doped)/Ag exposed to a 30% RH atmosphere. As
seen here, an over three orders of magnitude increase of the
current density was measured for the doped device upon
oxidation (Fig. S15a†), which can be ascribed to the increased
conductivity of the Spiro-OMeTAD layer.25,27,42,43 In contrast, for
the undoped device, the measured current injected from the Ag
side stays low (�0.01 mA cm�2 at a bias of 5 V) and roughly the
same upon oxidation (Fig. S15b†), suggesting that Li-TFSI
doping can promote the oxidation of Spiro-OMeTAD, similar
to what was reported by Snaith et al.27

Fig. 4a shows the UV photoelectron spectroscopy (UPS)
spectra of the Spiro-OMeTAD lms with or without oxidation.
Together with the UV-Vis absorption spectra of the Spiro-
OMeTAD (Fig. S4†), we estimated the HOMO/LUMO energy
levels of the fresh and oxidized Spiro-OMeTAD lms to be
�4.96/�2.06 eV and �5.02/�2.81 eV, respectively. As seen here,
the LUMO energy levels of Spiro-OMeTAD are lower by 0.77 eV
aer oxidation, due to the formation of Spiro-OMeTAD+.
However, the HOMO energy level shis only 0.08 eV aer
oxidation. A similar trend was also reported by Qi et al.16 And we
expect that the HOMO energy will change only slightly aer the
post-oxidation process. The energy levels of the materials used
in this work are shown in Fig. 4b.

The inuence of the ion distribution on the J–V character-
istics of the solar cells was further claried using numerical
simulations using a dri-diffusion model.44 The simulation
parameters are found in Table S1 in the ESI.† We modelled the
oxidation of the Spiro-OMeTAD layer at a uniform p-type doping
concentration ranging from undoped to 5 � 1018 cm�3, shown
in Fig. 4c and d. Here, we assumed that the SnO2 layer is ideal to
single out the effect of the increasing doping concentration. The
device with an undoped Spiro-OMeTAD layer shows essentially
no photovoltaic effect, but as the doping concentration
increases, large Jsc and Voc are obtained rst, followed by
a steady improvement in the FF. The simulation results are
similar to those of the as-prepared device, suggesting that the
primary effect of the oxidation is the increased doping
concentration in the Spiro-OMeTAD layer. However, the slight S-
shape observed in the as-prepared sample 1 h aer fabrication
was not reproduced. In the pre-oxidized sample, the S-shape is
J. Mater. Chem. A, 2021, 9, 7575–7585 | 7581
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Fig. 4 (a) UPS spectra for the Spiro-OMeTAD films upon oxidation. The left part of each spectrum is the secondary electron cut-off region, and
the right part is the valence band (VB) region. The inset shows the enlarged spectra in the VB region to give the exact distance of the VB to the
Fermi energy level. (b) Energy-level scheme for the perovskite solar cell with different interfacial layers. (c) Simulated J–V curves of the cell using
a defined Li+ profile with changing the doping concentration of the Spiro-OMeTAD layer (d). (e) Simulated J–V curves of the cell using a defined
doping concentration with the realistic Li+ ion profile at the PVSK/SnO2 interface (f).
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muchmore pronounced, and here we would expect that the pre-
oxidation of the Spiro-OMeTAD layer has achieved a reasonably
large doping concentration. We then xed the doping concen-
tration in the Spiro-OMeTAD layer at 3 � 1018 cm�3 and
included the SnO2 layer in the simulation, using the Li+ ion
distribution obtained from TOF-SIMS (Fig. 3b). Fig. 4e and f
show the simulation results for a few different concentrations of
Li+ ions at the perovskite/SnO2 interface. When the concentra-
tion of Li+ ions is low, the simulated J–V curves exhibit a clear S-
shape, similar to that observed in the pre-oxidized sample. As
the Li+ ion concentration increases, the S-shape gradually
disappears until a good FF is obtained, and Voc improves
7582 | J. Mater. Chem. A, 2021, 9, 7575–7585
slightly. This highlights the importance of the Li+ ions for the
device performance: when we do not assume the SnO2 layer to
be ideal, a build-up of Li+ ions in the SnO2 layer is essential to
achieve excellent device performance. We also simulated the
effect of a change in the work function of the Ag electrode as it
becomes oxidized, shown in Fig. S16.† These simulations gave
rise to an S-shape but did not resemble the experimental data as
closely as the curves with the prole arising from Li+ diffusion
into the SnO2.

The mechanisms behind the improvements in device
performance seen in the simulations are two-fold. Due to the
low hole mobility of Spiro-OMeTAD, assumed to be 5 � 10�5
This journal is © The Royal Society of Chemistry 2021
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cm2 V�1 s�1 in the simulation, holes cannot travel through the
rather thick layer quickly enough. When the layer becomes
doped, the conductivity of the layer increases, and at a doping
concentration of around 3� 1018 cm�3, the conductivity is large
enough not to limit the device performance, as outlined by Le
Corre et al.45 The SnO2 layer is thin enough and has a high
enough mobility not to require doping for efficient extraction of
charge,46 and the improvement in performance due to the build-
up of Li+ can instead be explained in terms of an improved built-
in voltage. A low built-in voltage means that the electric eld in
the device becomes inverted even at small applied voltages and
prevents extraction of charge carriers from the perovskite layer,
which can result in an S-shape.45 When the concentration of Li+

ions at the perovskite/SnO2 interface is low, the built-in voltage
is determined by the difference in work function between the
(doped) Spiro-OMeTAD layer and the ITO substrate. When the
Li+ ion concentration in the SnO2 becomes sufficiently high, the
work function of the ITO aligns with that of the (now doped)
SnO2, thus increasing the built-in voltage. In addition, the built-
in voltages within the cell with different Li+ concentrations at
the SnO2 layer were simulated and the results are shown in
Fig. S17.† As seen here, with the increase of the Li+ concentra-
tion from 5 � 1015 cm�3 to 5 � 1017 cm�3, the built-in voltage
increased gradually from 0.79 V to 1.18 V, in good accordance
with the experimental result, where the S-shaped J–V curve
vanished aer oxidation in air for a certain time.

In order to further understand the effect of oxidation process
on charge extraction in the full device, photoluminescence (PL)
mapping of the fresh, pre-oxidation and post-oxidation solar
cells was conducted and the results are shown in Fig. 5a. As seen
Fig. 5 (a) Photoluminescence (PL) maps of the fresh, pre-oxidation an
resolved PL lifetimes of the active area with different oxidation states.

This journal is © The Royal Society of Chemistry 2021
here, for the fresh cell, the active area shows strong PL intensity,
indicating that carriers cannot be effectively extracted by the
fresh Spiro-OMeTAD layer. However, the pre-oxidation process
decreases the PL intensity for the solar area, which means that
the injection efficiency of photongenerated charge carriers to
the Spiro-OMeTAD layer was improved. The following post-
oxidation process further decreases the PL intensity of the
solar cell area (Fig. 5b), which means that the charge carriers
can be effectively injected into Spiro-OMeTAD layers. Both pre-
oxidation and post-oxidation treatments are benecial for the
extraction of carriers. To quantify this process, time-resolved
photoluminescence (TRPL) spectra were collected and tted to
a biexponential decay function. As shown in Fig. 5c and Table
S2,† the fresh device shows much higher lifetimes (s1 of 22.62
ns, s2 of 53.99 ns) than pre-oxidation (s1 of 7.46 ns, s2 of 35.46
ns) and post-oxidation (s1 of 4.77 ns, s2 of 29.86 ns) devices. The
decreased lifetime also conrmed that the interface contact was
enhanced during the oxidation process.

Synergetic effects of oxidation and Li+ ion migration on the
solar cell performance enhancement

Based on the results of the experiments described above, we
draw a complete oxidation process of the Spiro-OMeTAD as
shown in Fig. 6. We rst concluded that electrochemical
oxidation of Spiro-OMeTAD happens when a n–i–p type perov-
skite solar cell is exposed to humid air (Scheme 1). Oxidation of
the cell leads to the formation of Spiro-OMeTAD+ (Fig. S4†) and
increases the conductivity as seen from the J–V curves
(Fig. S15†). The (electrochemical) oxidation process also
changes the work function of the silver electrode. Both of these
d post-oxidation solar cells. (b) Steady-state PL spectra and (c) time-

J. Mater. Chem. A, 2021, 9, 7575–7585 | 7583
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Fig. 6 A complete figure of the oxidation of Spiro-OMeTAD for perovskite solar cells.
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effects are favourable for improving the charge extraction
through the Spiro-OMeTAD hole-transporting layer (Fig. S15†).
SIMS results of the completed cell aer oxidation demonstrated
that Li+ ions of the Spiro-OMeTAD layer migrate through the
perovskite layer into the SnO2 layer (Fig. 3b). The diffusion of Li+

from the Spiro-OMeTAD layer will increase the electron density
of the Spiro-OMeTAD layer and further promote the oxidation of
Spiro-OMeTAD (Fig. S4d and e†). The concomitant Li+ diffusion
into SnO2 increases the conductivity, facilitating better device
performance (Fig. 4d). Hence, the synergetic effects of Spiro-
OMeTAD oxidation and Li+ ion migration signicantly
improve the charge transport efficiency and device perfor-
mance, which explains the necessity of the post-oxidation
process of the cells, even when pre-oxidation of the Spiro-
OMeTAD was conducted.

Since the performance of the n–i–p type perovskite cells is
highly sensitive to the distribution of Li+ ions within the cell,
further oxidation of the cells in ambient air would lead to the
accumulation of Li+ at the SnO2 layer. Fig. S18a in the ESI† shows
the performance evolution of the n–i–p type perovskite solar cells
exposed to 30% RH ambient air for a long time. As seen here, the
PCE of the cell decreased to 16.89% aer oxidation in air for 108
hours, indicating that further diffusion of Li+ would lead to the
decrease of device performance. In other words, Li+ ion migration
is directly related to the stability of the cells.37 However, our results
showed that if we keep the optimized cell in an inert atmosphere,
the device performance can be stable for over 240 hours
(Fig. S18b†). In other words, the cell performance can be stable if
the Li+ migration can be successfully blocked, which is under
investigation by our research group.
Conclusions

In this paper, we conducted a comprehensive study on the
oxidation mechanism of the Spiro-OMeTAD layer of n–i–p type
7584 | J. Mater. Chem. A, 2021, 9, 7575–7585
perovskite solar cells. By combining the UV-Vis absorption of
the Spiro-OMeTAD lm, LBIC images of the perovskite solar
cells, and elemental distribution of the cells during oxidation,
we conrmed that oxidation of the Spiro-OMeTAD layer is
carried out through a non-contact electrochemical route.
Oxygen and water serve as the oxidant, Spiro-OMeTAD is the
reductant, and Li+ serves as the supporting ion to complete the
electrochemical cycle. SIMS analysis of the complete cell
demonstrated the Li+ migration within the cell during oxida-
tion. Such a Li+ ion migration was found to be able to promote
the oxidation of Spiro-OMeTAD and to reduce the LUMO energy
level of SnO2, which simultaneously improve hole and electron
extraction at the perovskite/Spiro-OMeTAD and perovskite/SnO2

interfaces. We could conrm the conclusions drawn from the
measurements by reproducing the measured J–V curves from
the prepared solar cells using numerical simulations where we
included the experimentally determined Li+ ion doping proles.
For the rst time, a complete scheme for the oxidation of Spiro-
OMeTAD of n–i–p type perovskite solar cells was provided.
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