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ABSTRACT

We propose a spectrum-dependent mechanism for the oxidation of 2,2'.7,7'-
tetrakis(N,N-di-p-methoxyphenylamine)-9,9'-spirobifluorene (Spiro-OMeTAD) with
Bis(trifluoromethane)sulfonimide lithium salt (LiTFSI), which is commonly used in
perovskite solar cells as the hole transport layer. The perovskite layer plays different
roles in the Spiro-OMeTAD oxidization for various spectral ranges. The effect of
oxidized Spiro-OMeTAD on the solar cell performance was observed and

characterized. With the initial long wavelength illumination (>450 nm) , the charge

recombination at the TiO,/Spiro-OMeTAD interface was increased due to the higher
amount of the oxidized Spiro-OMeTAD. On the other hand, the increased
conductivity of the Spiro-OMeTAD layer and enhanced charge transfer at the

Au/Spiro-OMeTAD interface facilitated the solar cell performance.
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1. Introduction

Hybrid organic-inorganic perovskite solar cells (PSCs) have gained increasing
attention as intriguing candidates for next-generation photovoltaic devices since
2010". Recently, 20.1% power conversion efficiency has been achieved through
intramolecular exchange reaction”. In addition to high efficiencies, PSCs are all-solid-
state devices with low cost, a tunable band gap, and a scalable fabrication process,
indicating its tremendous commercial prospects®®. The key components of PSCs
(which contains meso-porous TiO;) include the blocking layer, metal oxide
photoelectrode, perovskite layer, hole-transport material (HTM), and top electrode’.
When photons excite the electrons from the valence band (VB) to the conduction
band (CB) of the perovskite layer, excitons are generated. The excited electrons are
injected into the CB of the metal oxide photoelectrode, and the holes are captured by
the HTM in this charge separation process. The photogenerated electrons in the metal
oxide are collected by a transparent conductive oxide and go to the external circuit.
Electrons will recombine with holes at the top electrode to complete the circuit'’. The
photovoltage of the PSC is equal to the difference between the quasi-Fermi level of
the metal oxide photoanode and the redox potential of the HTM''. The high hole
collection efficiency at the perovskite/ HTM interface is one of the key factors needed

to achieve better efficiency in PSCs'%.

One of the major developments for PSCs in recent years is the substitution of the
liquid electrolyte to the solid-state HTM  2,2',7,7-tetrakis(N,N-di-p-
methoxyphenylamine)-9,9’-spirobifluorene  (Spiro-OMeTAD). This substitution
dramatically improves the stability and the efficiency of PSCs” . Unlike the liquid-

based electrolyte, which can dissolve the perovskite layer, the small organic molecule
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Spiro-OMeTAD, shown in Figure I(a), is nonreactive to perovskite and is less
volatile. The matched band gap with perovskite, amorphous nature, good conductivity
with dopants, and high melting point for Spiro-OMeTAD make it one of the most
adaptable HTMs in PSCs'*"7. Recent research demonstrates that a >400 nm thickness
of Spiro-OMeTAD HTM layer can guarantee a higher open-circuit voltage and hinder

the charge recombination at the TiO,/HTM interface'®.

Surprisingly, the pristine uncharged form of Spiro-OMeTAD has a relatively low hole
mobility and low conductivity before adding a p-dopant'®. Additives play a key role in
improving the hole conductivity of the Spiro-OMeTAD layer and ultimately increase
the efficiency of PSCs. Bis(trifluoromethane)sulfonimide lithium salt (LiTFSI) has
been reported as a p-dopant to enhance the conductivity and hole mobility of the
Spiro-OMeTAD'® 2°**, The function of LiTFSI in PSCs is quite similar to that in
solid-state dye-sensitized solar cells (ss-DSSCs). Some of the lithium ions can
intercalate into TiO, to downshift its conduction band, resulting in a higher
photocurrent25'27. The rest of the lithium ions can react with oxygen and Spiro-
OMeTAD to facilitate the generation of oxidized Spiro-OMeTAD. While the large
anion TFSI', as shown in Figure 1(b), can stabilize the oxidized Spiro-OMeTAD as
the counter-ion' "% 2%

There are two different proposed mechanisms in the literature on the generation of
oxidized Spiro-OMeTAD with the assistance of LiTFSI in DSSCs. Ute B. Cappel et
al. proposed a three-step mechanism where sensitizers are excited by photons and
then the excited electrons are captured by oxygen. The oxidized Spiro-OMeTAD is

created by regeneration of oxidized sensitizer. In the reactions, LiTFSI functions

either as a catalyst or a stabilizer of the oxidized Spiro-OMeTADzO. The mechanism is
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written as:

Dye+hv—> Dye*— Dye +e(TiO,) (1)
e (TiO,)+0, —> O,” 2)
Dye"™+Spiro — Dye+Spiro" 3)

Later, Antonio Abate et al. proposed a two-step mechanism: first, equilibrium
between Spiro-OMeTAD with oxygen and oxidized Spiro-OMeTAD (Spiro-
OMeTAD"0,") exists; the equilibrium is moved forward by adding LiTFSI, because
the superoxide radical O, reacts with Li" to form Li,O and Li,O,, and finally Spiro-

OMeTAD "TFSI is generated'®. The mechanism is written as:

Spiro-OMeTAD+0, ~<€———Spiro-OMeTAD-"0,~ 4)
Spiro-OMeTAD- O, +LiTFSI — Spiro-OMeTAD "TFSI+Li, O, (5)

The major difference between these two mechanisms is whether photons and
sensitizers participate in the reactions. In the three-step mechanism, photons trigger
the following reactions while the oxidized Spiro-OMeTAD is produced from the
regeneration of sensitizers. In the two-step mechanism, neither photons nor sensitizers
facilitated the formation of oxidized Spiro-OMeTAD. Moreover, initial illuminating
treatment, which means to illuminate a solar cell for a while before testing its
efficiency, also plays a key role on enhancing solar cell performance. It can be
attributed to the Li" migration and Spiro-OMeTAD oxidization®?, which supports the

photons participating in the generation of the oxidized Spiro-OMeTAD.

Due to the similar device structure between DSSC and PSCs, the above mechanisms
can be adapted to PSCs. Only few studies are focusing on the function of LiTFSI in
the PSCs up to now. Exploring the relations between these mechanisms and PSCs can
help understanding the function of photons, LiTFSI, and perovskite on the formation

of oxidized Spiro-OMeTAD. It would allow us to find rational ways to further
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improve the efficiency of PSCs.

Herein, we report a systematic study of the origination of oxidized Spiro-OMeTAD in
PSCs. With the combination of UV-Vis, a solar simulator equipped with longpass
filters, four-point probe conductivity measurement and electrochemical impedance
spectroscopy, a spectrum-dependent mechanism is proposed based on the wide
absorption range of perovskite. This mechanism that reconciles the difference in
previously proposed mechanisms is applicable for various visible spectrum ranges to
increase the amount of oxidized Spiro-OMeTAD and finally, improve the efficiency

of PSCs.

2. Experimental Methods
2.1 Reagents and Materials
All materials, unless stated otherwise, were purchased from Sigma Aldrich and used

as received. Spiro-OMeTAD was purchased from Merck KGaA.

2.2 Synthesis of CH3;NH;I

CH;NH;I was synthesized according to the reported procedure®®. 14 ml Methylamine
(40% in methanol, TCI) and 15 ml hydroiodic acid were mixed at 0 C and stirred for
an hour. The solution was evaporated at 90 °C for an hour to obtain the deep-brown
primary product. The product was re-dissolved in ethanol at 70C, precipitated and
washed with diethyl ether several times until the product turned to white color.

Finally, the product was dried at 60C in a vacuum oven for 24 h.

2.3 Device Fabrication
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Perovskite solar cells were fabricated using the sequential deposition method®. FTO
glasses (Pilkington, TEC-15) were cleaned by an ultrasonic bath with detergent water,
alkaline ethanol solution, and deionized water, sequentially; each cleaning step lasted
for 15 min. Then, the oxygen plasma cleaning step was applied for 10 min to remove

the last traces of organic residues on the slides.

The TiO; blocking layer (BL) was spin-coated on the FTO substrates at 800 r.p.m. for
one minute using 0.24 M titanium isopropoxide in 5 ml ethanol solution. The films
were annealed at 500°C for 30 min. After cooling down to room temperature, the
films were immersed in 0.03 M aqueous TiCly solution at 70 C for 40 min and then
gradually heated at 500 C for 40 min after washing with deionized water. Commercial
Ti0O, paste (Dyesol 18NRT, Dyesol) diluted in ethanol (2:7, weight ratio) was spin-
coated on the films at 5,000 r.p.m for 30 sec and the film was annealed at 450°C for

40 min to form the mesoporous TiO, layer.

Pbl, solution (1 M) was prepared by 462 mg Pbl, dissolved in 1 mL NN-
dimethylformamide (DMF) stirring at 80 ‘C. The solution was spin coated on the films
at 5000 r.p.m. for 90 sec. After spinning, the films were dried at 80 C for 30 min and
dipped in 2-propanol for 2 sec. Then the pre-wetted films were dipped in a solution of

CH;NH;] in 2-propanol (10 mg ml™) for 2 min and dried at 80 C for 30 min.

The 2,2°,7,7’-teterakis(V, N-di-p-methoxyphenylamine)-9,9-spirobifluorene  (Spiro-
OMeTAD) solution was prepared by 100 mg of Spiro-OMeTAD, 28.8 ul 4-tert-butyl
pyridine (tBP) and 17.7 pl lithium bis(trifluoromethanesulfonyl)imide (LiTFSI)
solution (520 mg LiTFSI in 1 ml acetonitrile) in 1 ml of chlorobenzene. The solution

was spin-coated on the CH3NH3Pbl; layers at 3,000 r.p.m. for 1 min. Finally, 80 nm
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of gold was e-beam evaporated on the Spiro-OMeTAD-coated film.

The full perovskite solar cell structure is displayed in Figure 1(c). The image was
taken by the bright field transmission electron microscope (BF-TEM). The sample
was thinned within 100 nm by focusing ion beam before taking the TEM image.
Devices for measuring the resistance of the hole conductor were fabricated as follows
with the Spiro-OMeTAD solution identical to that used for the PSC fabrication, the
solution spin-coated on glass substrates with/without perovskite CH;NH;Pbl; layer
(the perovskite CH3NH3Pbl; layer was prepared as the same procedure as the PSC) at
3,000 r.p.m. for 1 min, the Spiro-OMeTAD coated films covered with a 100 pm width

spacer, and finally 80 nm of gold e-beam evaporated on the sample.

2.4 Device Characterization

Photocurrent density and voltage (J-V) were measured with a solar simulator with a
150 W xenon lamp (Solar Light SL07265, equipped with an AM1.5G filter, calibrated
with a standard Si solar cell to simulate AM1.5 illumination (100 mW cm'z)) and a
Keithley 2400 source meter. Before the J-V test, the solar simulator was marked with
a 450 nm longpass filter to illuminate the perovskite solar cell for one hour and test its

efficiency at 0 min, 10 min, 30 min, and 1 h.

Electrochemical Impedance Spectra (EIS) were conducted using a Solartron 1287
electrochemical interface coupled with a Solartron 1455A frequency response
analyzer. A 10 mV perturbation was applied, and the frequency was from 1 MHz to 1
Hz. The solar cell was illuminated by the solar simulator which was integrated with
the 450 nm longpass filter for 1 h, and the solar cell was tested by the EIS at 0 min, 10

min, 30 min, and 1 h, respectively. Final results for EIS were fit with Z-View (The
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equivalent circuit of EIS fitting is shown in Figure S1, Supporting Information. The

fitting results are shown in Table S1 in Supporting Information).

Resistance of the hole conductor was tested by four-point probe (Jandel Four-Point
Probe with RM3000 Test Unit) measurement with the devices mentioned before in
dark condition. The curves on the devices, which were created by the 100 um spacer,
were set between the second and third probe during the test. Before testing, the
devices were illuminated on solar simulator with full light, 380 nm longpass filter and
450 nm longpass filter for 0 min, 10 min, 20 min, 30 min, 40 min and 1 h,

respectively.

2.5 UV-Vis Spectroscopy

UV—Vis spectra were carried out in an absorption mode on a Lambda 1050 UV—Vis
spectrometer. Measurements of the solutions were taken in a 10 mm quartz cuvette
placed in a cuvette holder was integrated within the setup. The concentration of Spiro-

OMeTAD for the UV-Vis test was 8§ uM in chlorobenzene.

3. Results and Discussion

The first aim of this study is to understand the function of photons on the generation
of oxidized Spiro-OMeTAD. According to the literature, the major UV-Vis peak for
Spiro-OMeTAD is a sharp peak at 395 nm, while oxidized Spiro-OMeTAD is a sharp
peak at 400 nm and an additional broad peak around 500 nm®'. However, as the signal
of Spiro-OMeTAD around 395 nm often shields the oxidized Spiro-OMeTAD 400
nm peak, the broad peak around 500 nm is usually considered as the indicator for the
generation of oxidized Spiro-OMeTADlg’ 2

9
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Figure 2(a) and 2(b) show the influence of illumination time on Spiro-OMeTAD with
LiTFSI in ambient condition at AM1.5 illumination (100 mW cm™). The increasing
absorption from 600-800 nm also implies the generation of oxidized Spiro-OMeTAD
as well, for the broad peak can extend to 800 nm*®. This illumination time-dependent
signal illustrates that photons are participating in the generation of the oxidized Spiro-

OMeTAD in ambient condition.

Figure 2(c) and 2(d) show the effect of the LiTFSI concentration on the generation of
oxidized Spiro-OMeTAD with the same illumination time; the samples are exposed to
AM1.5 illumination (100 mW cm'z) for 1 h. According to Figure 2(d), even without
adding lithium salt, after 1 h of illumination the broad 500 nm peak appears which
means that LiTFSI is unnecessary for the generation of oxidized Spiro-OMeTAD.
With only O, and light, Spiro-OMeTAD oxidation can occur. However, with an
increasing amount of LiTFSI, the amount of oxidized Spiro-OMeTAD also increased.
This phenomenon indicates that although LiTFSI does not function in the generation
of oxidized Spiro-OMeTAD, it can facilitate the Spiro-OMeTAD oxidation reaction
to move forward. Therefore, LiTFSI acts as a ‘secondary reactant’ to move forward

the primary Spiro-OMeTAD oxidation reaction.

We then investigated the effect of the incident light wavelength on the oxidation
reaction. Two different types of longpass filters are separately equipped to the solar
simulator to detect whether the reactions are spectrum-dependent. The function of the
longpass filter is to control the spectral range. It only allows the photons which have
longer wavelength to pass through and illuminate on sample. For instance, the 380 nm

longpass filter only allows the light with wavelength longer than 380 nm to pass.
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The Spiro-OMeTAD samples, as previously tested, are kept in ambient dark condition
for 30 min as the reference sample. According to Figure 3, no peak appears around
500 nm after 30 min when the sample was kept in ambient dark condition. This

supports our conclusion that Spiro-OMeTAD oxidization is optically activated.

As mentioned previously, the major absorption peak for Spiro-OMeTAD in UV-Vis
spectrum is 395 nm, so it is possible that lower-wavelength light can trigger the
following Spiro-OMeTAD oxidization. In contrast, at wavelength longer than 450
nm, no absorption peak appears. The photons in this range (>450 nm) may not be
energetic enough to overcome the activation energy for the oxidization reaction.
Meanwhile, perovskite has a wide absorption range; the absorption spectrum for
CH;3;NH;Pbl; extends to 800 nm while CH3NH3Sng sPby s[5 extends up to 1050 nm>2,
The wide absorption range indicates that in a long wavelength range (> 450 nm), it is
possible that Spiro-OMeTAD oxidization reaction can proceed with the assistance of
perovskite. Based on these assumptions, the solar simulator was equipped with 380
nm and 450 nm longpass filters to investigate the spectrum-dependent roles of

perovskite in the Spiro-OMeTAD oxidization.

As shown in Figure 3(a) and 3(b), when the wavelength is longer than 380 nm, after
30 min of illumination treatment, the oxidized Spiro-OMeTAD peak will appear
regardless of the presence of a perovskite layer. This shows that in this spectrum
range, it is unnecessary for perovskite to participate in the Spiro-OMeTAD
oxidization. When using the 450 nm longpass filter to illuminate the sample for 30
min, as shown in Figure 3(c) and 3(d), the oxidized Spiro-OMeTAD peak (around 500

nm) only appears in the sample which has perovskite. This result proves that in long
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wavelength range, the perovskite sensitizer participates in oxidization. As a result,
two mechanisms exist in the formation of the oxidized Spiro-OMeTAD: In 380 to 450
nm spectral range, perovskite is unnecessary for Spiro-OMeTAD oxidization. While
in >450 nm spectral range, Spiro-OMeTAD needs the assistance of the perovskite to
be oxidized.

We used liquid samples for UV-Vis because UV-Vis cannot rule out the spectral
disturbance of the perovskite layer in the solid state. To further prove the spectrum-
dependent hypothesis in solid state Spiro-OMeTAD, the conductivity of the hole

transport layer was characterized by four-point probe measurement.

The device structure for the four-point probe measurements is shown in Figure 4(a)
and 4(b). A 100 um space is set between the second and third probes on each device
to ensure the measurement of the hole transport layer conductivity. After the devices
were illuminated by the solar simulator equipped with longpass filters for a specific
period of time (from 0 min to 60 min), the conductivity was tested by four-point probe
in dark condition in case less current flowed through the perovskite layer. If the Spiro-
OMeTAD oxidization occurs, the total amount of ions in the hole transport increases,

enhancing the conductivity of the devices.

As shown in Figure 4(c), when the perovskite layer exists, the conductivity of all
devices increased. The only difference in Figure 4(c) is that the device which was
illuminated with the 450 nm longpass filter light has a conductivity that improves
slower than the other two. This can be attributed to the low illumination intensity
compared to the full spectral illumination. It indicates that with the assistance of a

perovskite layer, at a long wavelength range (>450 nm), Spiro-OMeTAD oxidization
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occurs. However, in the perovskite-free device, according to Figure 4(d), even after
60 min of illumination, the 450 nm longpass illumination treatment does not change
the device conductivity, which means little or no oxidized Spiro-OMeTAD is
generated. The results of the conductivity test are in excellent agreement with the UV-
Vis characterization: oxidized Spiro-OMeTAD is generated in the short wavelength
range without perovskite, while in the long wavelength range, the generation of

oxidized Spiro-OMeTAD is only possible with the assistance of the perovskite.

In order to understand the effect of long wavelength illumination on device
performance, we fabricated perovskite solar cells and tested the efficiency after >450
nm illumination initial treatment. As we stated before, in long-wavelength range,
photons cannot trigger the Spiro-OMeTAD oxidization without perovskite. If
perovskite did not participate in the reaction, no J-V curve change should be observed
as the exposure time increases. As shown in Figure 5 and Table 1 however, as the
illumination time gets longer, the short circuit current density, fill factor, and cell
efficiency improve within 30 min from 10% to 11.9%. This can be attributed to the
increasing amount of oxidized Spiro-OMeTAD. The oxidized Spiro-OMeTAD is
generated after the long wavelength illumination treatment, and with the assistance of
perovskite, more photo-induced electrons can be captured by oxidized Spiro-
OMeTAD. As a result, the charge recombination of the solar cell rises at the Spiro-
OMeTAD/TiO; interface. At the same time, the oxidized Spiro-OMeTAD improves
the conductivity and mobility of the hole transport layer. The balance of the negative
effect (charge recombination) and positive effect (conductivity improvement)

increases the solar cell efficiency in the first 30 min.

13
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After 30 minutes of long wavelength initial illumination treatment, the efficiency of
the solar cell slightly decreases. This phenomenon might be more attributed to charge
recombination caused by the higher concentration of oxidized Spiro-OMeTAD. The
short-term stability issues such as the migration/accumulation of LiTFSI in the hole
transport layer’', the moisture sensitivity, or the degradation of the perovskite layer>®
may cause the slightly decrease of the efficiency as well. In general, the oxidized
Spiro-OMeTAD will enhance the efficiency in a short term (< 30 minutes), with a
minor decrease in the efficiency afterwards. As shown in Figure S2, Supporting
Information, all the PSCs we fabricated are displaying the same behavior after >450
nm illumination initial treatment. We also tested the PSCs after full light illumination
initial treatment (Figure S3 and Table S2, Supporting Information). Quite similar
behavior compared to the >450 nm illumination initial treatment was observed
through the solar cell parameters. The only difference is that the full light treatment
cell reaches the maximum fill factor and the efficiency within 10 minutes instead of
30 minutes. This phenomena can be attributed to the oxidized Spiro-OMeTAD can
generate faster with the full light illumination treatment than with the >450 nm

illumination treatment.

To further investigate the long wavelength light illumination influence on the PSC,
electrochemical impedance spectroscopy (EIS) is applied to characterize the
interfacial charge transfer and charge recombination of PSCs at various long

wavelength illumination times.

The equivalent circuit of this model for PSC (Figure S1, Supporting Information) has

been reported34'35. R, represents the series resistance, while R, and R, correspond to
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the charge transfer resistance at the Au/Spiro-OMeTAD and Spiro-OMeTAD/TiO,
interfaces respectively. According to the Nyquist plot of Figure 6(a) and the fitting
results (Table S1, Supporting Information), in the first semi-cycle, which corresponds
to Ry, R; will decrease with increasing illumination time. It is attributed to the
increasing amount of the oxidized Spiro-OMeTAD that reduces the resistance at the
Au/Spiro-OMeTAD interface. By reducing R;, the oxidized Spiro-OMeTAD
improves on cell performance. Electrons are easier to transfer from the Au to the hole

transport layer with more oxidized Spiro-OMeTAD.

On the other hand, as Figure 6 (b) displays, the second semicircle corresponding to R,
increases with longer illumination time. It is attributed to the higher amount of
oxidized Spiro-OMeTAD which leads to more charge recombination at the Spiro-
OMeTAD/TiO; interface. Some of the photo-generated electrons in the conduction
band of TiO, can be trapped by the increasing amount of the oxidized Spiro-
OMeTAD. The increasing R, means that the oxidized Spiro-OMeTAD also
negatively affects the cell performance. Since both the positive and negative effects
co-exist for the oxidized Spiro-OMeTAD in the interfaces, the solar cell performance

might increase in the first 30 min followed by a minor decrease.

According to EIS, after the long wavelength light treatment, the Spiro-OMeTAD
oxidization reaction proceeds with the presence of perovskite. With the results shown,
we propose a spectrum-dependent mechanism for the generation of oxidized Spiro-
OMeTAD. Both the three-step mechanism®™ and the two-step mechanism'® are
applicable at different spectral ranges for the perovskite solar cells. In a short

wavelength range (380-450 nm), our proposed mechanism is similar to the two-step
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mechanism, and reactions can be written as:

hv . i
Spiro-OMeTAD+O, » Spiro-OMeTAD Oy
(380-450 nm)

Spiro-OMeTAD 0, +Li TFSI" — Spiro-OMeTAD "TFSI+Li, O,
While in a long wavelength range (> 450 nm), the three-step mechanism is more
suitable with perovskite participating in the oxidization. The reaction is described as

follows:

Perovskite+O , > Perovskite 'O,

Perovskite " O, +Spiro-OMeTAD—  Perovskite+Spiro-OMeTAD O, ~
Spiro-OMeTAD "0, +Li*TFSI"— Spiro-OMeTAD "TFSI+Li,0,
It is important to point out that we have not ruled out the possibility that both of the
mechanisms co-exist in a short wavelength range (380-450 nm), for perovskite is
active in this range as well. Future work will focus on whether these mechanisms co-
exist in a short wavelength range, and the percentage of Li,O, and/or Li,O in these
reactions will be characterized. Whether or not the presence of the lithium oxide

species has any effect on degradation of PSC is of also our interest.

Conclusion

We demonstrated a spectrum-dependent mechanism for the generation of oxidized
Spiro-OMeTAD in a perovskite solar cell and observed its influence on the solar cell
performance. Photons are participating in the reaction. In a short wavelength range
(from 380 to 450 nm), perovskite is unnecessary for the Spiro-OMeTAD oxidization
while in a long wavelength range (> 450 nm), the oxidization reaction can only
proceed with the assistance of perovskite. The product, oxidized Spiro-OMeTAD, can

improve the conductivity of the hole transport layer, and enhance the charge transfer
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at the Au/Spiro-OMeTAD interface. However, it also increases charge recombination
at the TiO,/Spiro-OMeTAD interface. As a result, the initial illumination of a

perovskite solar cell can enhance the efficiency, however longer illumination times

©CoO~NOUTA,WNPE

10 can reduce the efficiency of PSC. A better interfacial engineering method to hinder
12 charge recombination at the TiO,/Spiro-OMeTAD interface, while allowing increased
14 generation of oxidized Spiro-OMeTAD would ensure better perovskite solar cell

performance.
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Figure 1. Molecular Structures of (a) Spiro-OMeTAD and (b) LiTFSI; (¢) BF-TEM

image from cross section view of full Perovskite Solar Cell
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Figure 2. UV-Vis absorption spectra of Spiro-OMeTAD in chlorobenzene at:
different illumination time (0 min, 10 min, 30 min and 1 h, respectively) with 0.4
LiTFSI/Spiro-OMeTAD molar ratio (a) is at full spectral range (b) is at 450 nm-
600 nm range; and 1 h illumination with different LiTFSI amount (0, 0.2, 0.4 and 1
LiTFSI/Spiro-OMeTAD molar ratio, respectively) (¢) is at full spectral range (d) is

at 450 nm-600 nm range
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28 Figure 4. Effective conductivity of the hole transport layer (0.4 LiTFSI/Spiro-
30 OMeTAD molar ratio) at various illumination times and spectral ranges
32 measured by a four-point probe,(a) testing device structure with a perovskite
34 layer, (b) testing device structure without a perovskite layer, (c) effective hole
conductivity with perovskite layer, and (d) effective hole conductivity without
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Figure 5. J-V curves of the perovskite solar cells after >450 nm illumination initial
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18 Figure 6. Nyquist plots of the perovskite solar cell with > 450 nm illumination from 0
min to 60 min at a (a) high frequency range and (b) full frequency range. Inset (b) is

23 the equivalent circuit of the PSC
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Table 1. Cell parameters of the perovskite solar cells after an initial treatment of >

450 nm illumination

Efficiency
Voc (V) Jsc (mA/cm®) Fill Factor
(%0)
Omin 0.867 20.52 0.56 10.0
10min 0.870 19.68 0.66 11.3
30min 0.862 19.51 0.71 11.9
60min 0.860 18.72 0.71 11.5
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Associated Content

Supporting Information

The detailed information on EIS fitting (equivalent circuit and fitting results) is shown
in Supporting Information (Figure S1 and Table S1). More J-V curves and cell
parameters are displayed in Supporting Information as well (Figure S2, Figure S3 and

Table S2). This material is available free of charge via http://pubs.acs.org.
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