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Perovskite (PS) solar cells have emerged as a promising technology for low-cost and efficient photo-
voltaics. However, the main limiting factors are related to their low long-term stability. The loss of
performance of these devices is commonly attributed to degradation of the PS itself. In order to further
explore the origins of such limited stability, we have developed UV–vis spectroscopy studies that clearly
demonstrate that PS layers remain unalterable under the working conditions. On the contrary, significant
variations in the absorption spectra of the Spiro-OMeTAD layer (Spiro), a commonly used hole trans-
porting material (HTM), indicate that the loss of performance over the irradiation time are attributed to
the degradation of Spiro. UV–vis measurements evidence a photo-induced oxidation of Spiro, both under
air and inert atmosphere. This photo-oxidation is accelerated by the commonly employed additives of
the Spiro (LiTFSI and tBP), as well as by the interfacial contact with the electron injecting layer (TiO2).
Therefore, our results point to the Spiro degradation as the main mechanism that induces the limited
functioning of the PS solar cells. Consequently, focusing on the development of alternative HTMs stable
under the working conditions is one of the critical issues to be overcome for a suitable progress of PS
solar cells and related opto-electronic devices.

& 2016 Elsevier B.V. All rights reserved.
1. Introduction

In the last few years, hybrid lead halide perovskite (PS) have
revolutionized the photovoltaic research at the laboratory scale,
mainly due to the relative low-cost techniques required for the PS
based solar cells preparation and their outstanding photon-to-
current conversion efficiency (PCE); which have reached compar-
able values to the silicon technology (E20%) [1]. Despite the
promising results obtained so far and the encouraging future
expectations, several issues and limitations must be overcome in
order to make the PS photovoltaics a competitive and convenient
technology for the development of high performance large-scale
solar panels and their inclusion in the market scenario.

PS based solar cells have shown unprecedented phenomena;
such as hysteretic behavior [2–5], slow dynamic processes [6], and
photo-induced giant dielectric constant [7,8], which seem to play a
significant role on the ultimate performance of the devices and
whose exact origin and implications remain still unclear. Addi-
tionally, the stability of these devices is considered to form the
bottle-neck for a direct application and commercialization of this
technology. Although the device stability issue is well-known by
emas@uji.es (E. Mas-Marza).
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the scientific community, only few contributions are focused on
the elucidation of the mechanisms that induce the sometimes
dramatic drop of the solar cell performance over time. This is a
direct consequence of the great variety of external parameters, i.e.
illumination, humidity, atmospheric conditions during the pre-
paration, storage and working conditions, which have severe
implications on the behavior of this type of devices. In this work,
the stability of the materials employed for the preparation of PS
based solar cells has been investigated, through a series of electro-
optical experiments, when exposed to those conditions required
for the characterization and functioning of the complete devices.
2. Experimental details

2.1. Materials preparation

Solvents and reagents are commercially available and were
used as received from commercial suppliers. CH3NH3I was syn-
thesized by reacting 0.273 mol of CH3NH2 with 0.223 mol of
aqueous HI. The reactions were carried out in a round bottom flask
for 4 h. After this time, the volatiles were removed using a rotary
evaporator at 50 °C. The remaining solid was crystallized from
ethanol/diethyl ether, filtered, washed with diethyl ether and
dried under a vacuum to give CH3NH3I as a white crystalline solid.
effects on Spiro-OMeTAD films and hybrid lead halide perovskite
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Fig. 1. (a) UV–vis absorption evolution of a complete device without the top metal contact (FTO/cl-TiO2/PS/Spiro) and (b) of a PS film on glass, at different illumination
intervals under the solar simulator (AM1.5G, 100 mW cm�2). It is worth mentioning that all the film samples were illuminated from the glass side, for analogy with the
illumination of a complete solar cell.
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2.2. Films deposition

2.2.1. Substrate preparation
Fluorine doped tin oxide (FTO) coated glass substrates

(25�25 mm, Pilkington TEC15, �15Ω�2 resistance) were cleaned
with soap (Hellmanex) and rinsed with milliQ water and ethanol.
Then, the sheets were sonicated for 15 min in a solution of acet-
one: isopropanol (1:1 v/v), rinsed with ethanol and dried with
compressed air. After that, a UV/ozone treatment was performed
for 15 min.

2.2.2. Compact TiO2 layer (cl-TiO2) deposition
When needed, a TiO2 blocking layer was deposited onto the

substrates by spray pyrolysis at 450 °C, using a titanium diiso-
propoxide bis(acetylacetonate) (75% in isopropanol, Sigma-
Aldrich) solution diluted in ethanol (1:39 v/v), with oxygen as
carrier gas. After the spraying process the films were kept at
450 °C for 5 min.

2.2.3. Nanostructured TiO2 layer (NS-TiO2) deposition
When needed, a nanostructured TiO2 layer was deposited by

spin coating at 4000 rpm during 60 s using a TiO2 paste (Dyesol
18NRT, 20 nm average particle size) diluted in terpineol (1:3,
weight ratio). After drying at 80 °C, the TiO2 layers were heated at
470 °C for 30 min and cooled to room temperature.

2.2.4. Perovskite deposition
100 ml of the perovskite precursor solution (2.64 mmol of

CH3NH3I and 0.88 mmol of PbCl2 in 1 mL of DMF) was spin-coated
inside the glove box at 2000 rpm for 60 s. After the deposition, the
substrate was kept at 100 °C for 10 min. Next, the substrate was
heated at 100 °C during 1 h in an oven under air stream.

2.2.5. Spiro deposition
The Spiro-OMeTAD was deposited by spin coating 100 μL of

Spiro-OMeTAD solution at 4000 rpm for 30 s under air conditions.
The Spiro-OMeTAD solution was prepared by dissolving 72.3 mg of
(2,20,7,70-tetrakis(N,N0-di-p-methoxyphenylamine)-9,90-spirobi-
fluorene), 28.8 μL of 4-tert-butylpyridine and 17.5 μL of a stock
solution of 520 mg/mL of lithium bis(trifluoromethylsulphonyl)
imide in acetonitrile, in 1 mL of chlorobenzene.

2.3. Spiro solutions for UV–vis measurements

20 mg of Spiro were diluted in 2 mL of toluene. When needed,
the additives 4-tert-butylpyridine (tBP, 8 mL) and lithium bis(tri-
fluoromethylsulphonyl)imide (LiTFSI, 4.8 mL of a stock solution of
520 mg/mL of in acetonitrile) were added. Then, 2 mL of the
Please cite this article as: R.S. Sanchez, E. Mas-Marza, Light-induced
solar cells, Solar Energy Materials and Solar Cells (2016), http://dx.d
resulting Spiro solution (with or without additives) were diluted in
3 mL of acetonitrile to give a 10�5 M solution of Spiro.
3. Results and discussion

Most of the studies focused on the stability of PS based devices
point to the degradation of the PS itself as the main mechanism
responsible for the loss of the devices performance [9–11]. How-
ever, previous works oriented to the characterization of devices
using Spiro-OMeTAD as HTM, including solid-state DSSC, demon-
strate that Spiro suffers from photo-induced alterations that have a
direct impact on the ultimate performance of the devices [12,13].
To further extend these studies to PS based devices, we have
developed a series of experiments with the aim of elucidating the
origins of the Spiro modifications and their implications on the
solar cells performance. The analysis follows the sequence:
(1) Demonstration of stability of PS films under illumination.
(2) Degradation of Spiro in solution. (3) Degradation of Spiro films.
(4) Correlation between the Spiro degradation and the perfor-
mance of complete PS solar cells.

3.1. Absorption studies of a PS device and PS film

In order to study the stability of the materials present in PS
solar cells, we exposed under 1 sun (using a solar simulator in air
conditions) a complete device without the metal contact (FTO/cl-
TiO2/PS/Spiro) and the evolution of the absorption signals over the
irradiation time was monitored by means of UV–vis spectro-
photometry (Fig. 1a). It is worth mentioning that the Spiro film
was prepared by adding the typical additives (LiTFSI and tBP)
employed for increasing its conductivity and doping levels, which
is a typical procedure employed to enhance the performance of
the devices.

It is clearly observed in Fig. 1a that for the complete device, the
intensity of the absorption signal comprised between 400 and
550 nm increases over the time of light exposure. However, the
absorption bands exclusively ascribed to the PS film do not suffer
from significant variations. To further demonstrate that the
changes observed cannot be related to a light induced processing
of the PS itself, we prepared a PS film onto a glass substrate and
the film was light-soaked under the same conditions (Fig. 1b). As it
was expected taking into account the previous evidences, the PS
absorption signals do not show any significant change along the
entire spectral window with the illumination time, thus suggest-
ing that the PS film is stable during the course of the experiment.
Therefore, the variations observed in Fig. 1a must be ascribed to a
effects on Spiro-OMeTAD films and hybrid lead halide perovskite
oi.org/10.1016/j.solmat.2016.03.024i

http://dx.doi.org/10.1016/j.solmat.2016.03.024
http://dx.doi.org/10.1016/j.solmat.2016.03.024
http://dx.doi.org/10.1016/j.solmat.2016.03.024


0 1 2 3 4 5 6

0.4

0.5

0.6

0.7

0.8

0.9

1.0
Dark, air, no additives
Dark, air, tBP and LiTFSI 
Light, air, no additives
Light, air, tBP and LiTFSI 

A
bs

or
ba

nc
e@

37
7 

nm

time (h)

300 400 500 600 700 800
0.0

0.2

0.4

0.6

0.8

1.0
fresh sample
0.5 h
1 h
1.5 h
2 h
2.5 h
3 h
3.5 h
4 h
4.5 h
5 h
5.5 h
6 h

A
bs

or
ba

nc
e

Wavelength (nm)

CH3CN
No additives

Air, 1 sun

0 1 2 3 4 5 6

0.4

0.5

0.6

0.7

0.8

0.9

1.0 Air, no additives
Air, tBP and LiTFSI 
Argon, no additives
Argon, tBP and LiTFSI 

A
bs

or
ba

nc
e@

37
7 

nm

time (h)

Fig. 2. (a) UV–vis absorption evolution of a Spiro solution (10�5 M) in acetonitrile
illuminated under 1 sun (AM1.5G, 100 mW cm�2) in air. (b) Evolution of the
absorbance (λmax¼377 nm) in the dark (hollow) and under 1 sun (solid) with the
absence (black) or presence (red) of additives in air. (c) Evolution of the absorbance
(λmax¼377 nm) under 1 sun with the absence (black) or presence (red) of additives
in air (circle) and in Argon (star). Samples under air and inert atmosphere were
measured and irradiated after bubbling during 2 min with dry air and Argon,
respectively, using a quartz cuvette with a threaded cap and silicone septum. (For
interpretation of the references to color in this figure legend, the reader is referred
to the web version of this article.)
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photo-induced modification or degradation of some other material
present in the complete device.

Photo-oxidation is one of the main chemical degradation pro-
cesses when the materials are exposed to intense illumination
conditions, especially in the presence of oxidizing agents. In fact,
Spiro, which is an organic molecule widely employed as a HTM in
solution processed solar cells, is prone to be oxidized from the
neutral form (Spiro) to the corresponding radical cation (Spiroþ)
due to the withdrawal of an electron, which was confirmed by
spectro-electrochemical experiments (see Appendix A, Supporting
info. S4). This oxidation process can indeed continue by the
sequential loss of a second or even a third electron if the sufficient
energy is applied. Additionally, it is broadly accepted in the field of
solid state DSSC and PS photovoltaic that a partial oxidation of the
Spiro film induces a significant enhancement of the efficiency of
the devices due to an increase of the film conductivity and to a
doping effect that lowers the Fermi level, thus contributing ben-
eficially to the charge extraction [14]. These advantageous effects
are generally induced by adding additives to the Spiro film, i.e.
lithium salts, tBP and/or iridium or cobalt based catalysts [15–18].

3.2. Absorption studies of Spiro solutions

In order to study the behavior of Spiro under different condi-
tions, we have observed the evolution of a Spiro solution under
illumination and dark, in the absence or presence of additives
(LiTFSI and tBP) and under oxidizing (air) and inert atmosphere
(Argon) conditions.

Fig. 2a shows the UV–vis absorption spectra of a Spiro solution
in acetonitrile at different illumination times in air and without
additives. The fresh sample shows an intense absorption signal
from 300 to 400 nm (λmax¼377 nm), which is characteristic of the
neutral Spiro. When the sample is exposed to light, the absorption
band of the neutral species decreases exponentially, while a new
signal appears in the visible range comprised between 400 and
700 nm, which has been already observed in previous works and it
was ascribed to the oxidation of the neutral Spiro towards the
formation of the radical cation Spiroþ [12,13].Most of the works
reporting on these observations attribute the formation of the
radical cation to the addition of the additives LiTFSI and/or tBP
[15,19], or even to an oxygen-induced effect [12]. Nevertheless, up
to our knowledge, only few manuscripts report on the effect of
light on the oxidation of the Spiro [13].

Fig. 2b shows the evolution of the absorption band of the
neutral Spiro (λmax¼377 nm) in the dark and under 1 sun, with or
without additives in air atmosphere. Here, we clearly demonstrate
that the addition of additives even in air conditions does not
induce any observable oxidation of the Spiro molecule when the
sample is stored in the dark, at least in the course of our experi-
ments. However, when the sample is exposed to light, the for-
mation of Spiroþ is promoted, thus observing a decrease of the
absorption band intensity of the neutral state. In any case, the
presence of additives (LiTFSI and tBP) accelerates the kinetics of
the oxidation reaction, probably due to the stabilization of the
Spiro radical cation. Fig. 2c shows the evolution of the same
absorption band under inert atmosphere (Argon), and as it can be
seen, the oxidation also occurs, although this process is sig-
nificantly slower. Therefore, from these results it can be concluded
that the oxidation of Spiro is exclusively a photo-induced phe-
nomenon that is accelerated by the presence of oxidizing agents,
e.g. oxygen, and/or additives. It is worth remarking this statement,
since the working conditions of a solar cell involve relatively
intense illumination levels, thus implying a continuous evolution
that might have a deep impact on the performance of devices over
the time.
Please cite this article as: R.S. Sanchez, E. Mas-Marza, Light-induced
solar cells, Solar Energy Materials and Solar Cells (2016), http://dx.do
3.3. Absorption studies of Spiro films

In order to obtain information on the behavior of Spiro in
conditions comparable to a solid state solar cell, we designed a
series of experiments on films.

Fig. 3a shows the evolution of the delta absorbance (ΔAbs.) of a
Spiro film deposited onto a FTO substrate with the illumination time
(1 sun, in air). As it can be observed, the behavior of the Spiro film
resembles the trend observed in solution. In this case, the λmax of the
absorption band of the neutral specie is red-shifted and centered at
395 nm, which is consistent with the enhanced intermolecular
effects on Spiro-OMeTAD films and hybrid lead halide perovskite
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interactions due to the formation of a film. Since Fig. 3a plots the
ΔAbs., the neutral Spiro absorption band appears in the negative
region as long as the oxidation takes place. However, those bands
ascribed to the Spiroþ species are positive and are observable over
the entire visible range (400–750 nm). This experiment demon-
strates that the oxidation of the Spiro film is significantly observed
even at short illumination intervals (1 min). Fig. 2b shows the evo-
lution of the ΔAbs. at 395 nm over the illumination time of the Spiro
films deposited on FTO, compact TiO2 (cl-TiO2) and nanostructured
TiO2 (NS-TiO2), respectively (see Appendix A, Supporting info. S2 for
the corresponding spectra). As it can be clearly observed, the photo-
oxidation kinetics of the Spiro molecules is accelerated by the TiO2

[12], which is especially notable for the NS-TiO2 (see Appendix A,
Supporting info. S3), probably due to a larger surface contact effect.
These evidences correlate with the importance of preparing PS films
with a good surface coverage, i.e. pin-hole free films, for producing
high performance solar cells, since direct contact between the Spiro
and TiO2 films might not only induce an enhancement of the charge
recombination pathways but also a faster degradation of the Spiro
film. In fact, our PS films do not show a complete surface coverage
from SEM images (see Appendix A, Supporting info. S5).

The extinction coefficients of the Spiro and Spiroþ species were
determined in previous works, being 75,000 M�1 cm�1 for the
neutral Spiro at 385 nm [20], 51,000 M�1 cm�1 for the Spiroþ at
385 nm [19] and 33,000 M�1 cm�1 for the Spiroþ at 500 nm [21].
By using these values and Eq. (1), we have roughly estimated the
molar ratio Spiroþ/Spiro at the different illumination intervals for
the FTO/Spiro film (Fig. 4).

Spiroþ½ �
Spiro½ � ¼

Absλ ¼ 500nm Uϵλ ¼ 385nm
Spiro

Absλ ¼ 385nm Uϵλ ¼ 500nm
Spiroþ

� �
� Absλ ¼ 500nm Uϵλ ¼ 385nm

Spiroþ

� �

ð1Þ
It is widely accepted that doping the Spiro film, by adding

lithium salts, metal catalysts or by inducing a partial oxidation,
results in a downward shift of the Fermi level (Ef), which enhances
the conductivity of the film [14,22] and allows adjusting the
energy levels for an optimum charge extraction [19,23]. Some
precedent works found in the literature emphasize the crucial role
of controlling the doping level of the Spiro films with the aim of
enhancing the overall performance of the devices [14,19]. In fact, it
has been demonstrated that low doping levels of Spiro layer
contribute beneficially to the device functioning in solid-state
DSSC; however, after reaching a threshold the performance
drops mainly due to a decrease of the Jsc [13].

Fig. 4 shows the evolution of the Spiroþ/Spiro molar ratio of a
FTO/Spiro film at different illumination intervals, achieving sig-
nificant values of molar ratio (E10% in 3 h). Here we demonstrate
that the oxidation of the Spiro film evolves exponentially with the
Please cite this article as: R.S. Sanchez, E. Mas-Marza, Light-induced
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illumination time. Therefore, it is expected that a complete device
will suffer a similar photo-induced evolution in the working con-
ditions, thus making difficult a precise control of the Spiro doping
level. In fact, a related phenomenon has been recently reported for
PS based LEDs, where an initial partial oxidation of the Spiro film
provokes an enhancement of the device performance; however
after reaching an oxidation threshold, the performance starts
dropping dramatically [24]. Therefore, such oxidation has direct
consequences on the device functioning and stability. The con-
tinuous alterations of the HTM film might have some implications
on the hysteretic behavior of J/V curves and/or slow dynamic
processes observed in PS based solar cells. To demonstrate the
effect of the Spiro photo-oxidation on the solar cell performance
effects on Spiro-OMeTAD films and hybrid lead halide perovskite
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and stability, we have irradiated a NS-TiO2/PS/Spiro/Au solar cell
under 1 sun conditions at different irradiation times in air, and the
corresponding J/V curves were analyzed. Fig. 5 shows the evolu-
tion of the J/V curves under the solar simulator measured in both
scan directions; scanþ from 0 to þ1 V (forward) and scan� from
þ1 to 0 V (reverse), respectively. The efficiency of the fresh sample
calculated from the scan-was 12.1%, and 9.2% from the scanþ ,
which yields an average value of 10.7%.

Table S1 (see Appendix A, Supporting info.) shows the mean
values between the scanþ and scan� of the cell parameters and
the hysteresis index (HI) extracted from the J/V curves at the dif-
ferent illumination times. The HI values have been calculated fol-
lowing the definition reported in our previous contribution [6];
this dimensionless index is comprised between 0 for a solar cell
without hysteresis and 1 for a device in which the hysteresis is as
high as the photocurrent.

With the aim of clearly analyzing the influence of the photo-
aging on the solar cell performance, the normalized relative evo-
lution (%) of the solar cell parameters at different illumination
times are shown in Fig. 6a. As it can be clearly observed, the
overall efficiency of the solar cell drops gradually as the irradiation
time increases. While the Voc and FF do not vary significantly, the
Jsc experiences a very significant decrease, thus being the main
reason for the efficiency deterioration.

We have demonstrated in this work that illumination of the
samples promotes the gradual oxidation of the Spiro film and a
very significant loss of the extracted charges in the complete
device. Therefore, the decrease of the Jsc of the device and the
molar ratio increase of the oxidized Spiro estimated above could
be correlated. Fig. 6b clearly suggests a direct influence of the
amount of the Spiroþ on the Jsc of the device, and consequently on
the overall efficiency. In fact, two differentiated regions can be
identified: i) the low Spiroþ molar ratio region, for molar ratios
comprised between 0% and E4%, and ii) the high Spiroþ molar
ratio region, for molar ratios comprised between 4% and E8%.
Note that for low concentrations of Spiroþ the loss of photocurrent
is not very pronounced and the efficiency even increases slightly
in the first two minutes (see Appendix A, Supporting info. S6),
which is in agreement with the general trend previously reported
in the literature that affirms that low concentrations of Spiroþ are
beneficial for the device functioning; however for higher con-
centrations the photocurrent drops abruptly, which is accom-
panied with the strong loss of efficiency.

Moreover, the HI at different irradiation times extracted from
the J/V curves can be also correlated with the oxidation of the
Spiro film (Fig. 6b). Once again, two differentiated regimes can be
observed; the one for low concentrations of Spiroþ in which the HI
values increase softly, and the one for high concentrations in
which the HI increase brusquely. Therefore, the oxidation of the
Spiro present in the PS solar cells seems to play a significant role
Please cite this article as: R.S. Sanchez, E. Mas-Marza, Light-induced
solar cells, Solar Energy Materials and Solar Cells (2016), http://dx.do
not only on the performance of the devices but also on the stability
and the hysteretic behavior of the PS based opto-electronic
devices.
4. Conclusions

In summary, we have demonstrated that Spiro-OMeTAD suffers
from a photo-induced oxidation not only in solution but also on a
film. This oxidation is facilitated in an oxidizing environment (air)
but being also significant under inert atmosphere (Argon). In
addition, the use of LiTFSI and tBP additives accelerates this photo-
oxidation process. Our results also highlight the essential role of
improving the PS deposition methodologies with the aim of
avoiding a direct contact between the Spiro and TiO2 films to
deactivate an additional photo-oxidation pathway and subsequent
loss of performance of the devices. Therefore, we conclude that the
photo-degradation of Spiro seems to be, at least, one of the lim-
iting factors for achieving long-term stable PS solar cells. Despite
some other reasons cannot be excluded, the Spiro photo-oxidation
seems to contribute, to some extent, for the origin of the hysteresis
broadly observed in PS solar cells. Consequently, focusing on the
preparation of alternative materials with good charge selective
properties as HTM and enhanced photo-stability seems to be a
crucial limitation to be overcome for the preparation of high
performance and long-term stability solar cells.
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