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ABSTRACT: CH3NH3PbI3 perovskite solar cells have rapidly
risen to the forefront of emerging photovoltaic technologies. A
solution-based, two-step method was reported to enhance the
reproducibility of these solar cells. In this method, first a
coating of PbI2 is applied by spin-coating onto a TiO2-coated
substrate, followed by a dip in a methylammonium iodide
solution, leading to conversion to CH3NH3PbI3. The
concentration of PbI2 in the spin-coating solution is a very
important factor that affects the infiltration of the perovskite
and the amount deposited. The best solar cell performance of
13.9% was obtained by devices prepared using 1.0 M of PbI2 in
dimethylformamide. These devices also had the longest electron lifetime and shortest carrier transport time, yielding lowest
recombination losses. Rapid quenching of the perovskite emission is found in device-like structures, suggesting reasonably good
efficient carrier extraction at the TiO2 interface and quantitative extraction at the spiro−OMeTAD interface.

KEYWORDS: CH3NH3PbI3, recombination, emission lifetime, hybrid photovoltaics

Evolving from dye-sensitized solar cells (DSSCs),1 organo-
metal halide perovskites solar cells promise to deliver one

of the lowest cost technologies that is capable of converting sun
light to electricity at the highest efficiencies.2 The most efficient
perovskites used in solar cells to date are CH3NH3PbX3(X = I−,
Br−, Cl−). In this compound, each [PbX6]

4− octahedron is
connected with six neighbors at the iodide to form a multiple
quantum well structure, with [PbX6]

4− functioning as the
quantum well and the CH3NH3

+ layer as the barrier.3,4

Substitution of the organic cations, that is, (HC(NH2)2
2+),5−7

CH3CH2NH3
+,8 and a mixture of CH3NH3

+ and (HC-
(NH2)

2+),9 metal cations, that is, Sn2+,10 and halide anions,
that is, Br−,11,12 and a mixture of Cl−, Br−, and I−13−15 have
been applied in perovskite solar cells. Although a higher open-
circuit voltage (Voc) or short-circuit current (Jsc) has been
achieved from such trials, the overall solar cell device
performances still lag behind the ones made from CH3NH3PbI3
or CH3NH3PbI3−xClx. The highest power conversion efficiency
(PCE) of perovskite solar cell has been approached to17.9%
within two years.16 The fast pace is mainly due to improve-
ments of the deposition method for perovskites.
Much of the initial work on CH3NH3PbI3 and

CH3NH3PbI3−xClx solar cells utilized spin-coating to deposit
perovskites from a single solution onto a mesoporous metal
oxide substrate.17−20 When spin-coating, the excess solution on
top of the film can act as a reservoir. The infiltration of the
perovskite depends critically on film thickness, solvent, solution
concentration, and spin-coating speed.21 The crystallization
tendency of the perovskite films could lead to rough surface

morphologies which could introduce shunts into the solar
cells.22 The perovskite was found to work very well not only on
mesoporous semiconductors, such as TiO2

17 and ZnO,20 but
also on insulator scaffolds such as Al2O3

18 and ZrO2.
28 Aiming

to improve the film morphology and the infiltration of
perovskite, various other methods have been applied. Efficient
planar perovskite solar cells (15.4%) formed by dual source
evaporation of PbCl2 and CH3NH3I were first demonstrated by
Snaith and co-workers.23 Bolink and co-workers obtained
efficiencies of 12.0% using dual source evaporation of PbI2 and
CH3NH3I.

24 A vapor-assisted solution process (VASP)
reported by Yang et al. was used to obtain planar solar cells
with an efficiency of 12.1%.25

A significant development in solution based deposition is the
two-step method originally developed by Mitzi and co-
workers26 to make perovskite solar cells.27,28 Up to now, a
two-step method has been reported to be an effective way to
make highly reproducible and efficient Au/spiro-OMeTAD/
CH3NH3PbI3/m-TiO2(mesoporous)/d-TiO2(dense)/FTO
solar cells.27 It is likely that the PbI2 layer deposited on top of
mesoporous substrates has increased roughness that allows the
conversion reaction to proceed faster. Considering the volume
expansion (∼75%)25 occurring due to the conversion of PbI2
into CH3NH3PbI3, it can be expected that the mesoporous
scaffold layer would be better filled using the two-step method.
Recently, it has been reported that the presence of PbI2 can
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retard the charge recombination29 and that the addition of
DMSO into the PbI2 solution can retard the PbI2
crystallization.30 The concentration of PbI2 (CPbI2) in the
spin-coating solution is an important factor that affects the
infiltration of the perovskite into the mesoporous layer and the
amount of perovskite that is deposited. Here, we have
investigated the effect of PbI2 concentration on the solar cell
performance, and use transient photovoltage, photocurrent
decay and time correlated single photon counting (TCSPC) to
unravel the charge recombination mechanism and charge
carriers kinetics in these systems.

■ RESULTS AND DISCUSSION

To investigate the effect of CPbI2 on CH3NH3PbI3 film
morphology, we first prepared CH3NH3PbI3 films on
mesoporous TiO2 (m-TiO2) films by spin-coating PbI2
solutions in DMF with concentrations of 0.1, 0.4, 0.7, 1.0,
1.3, and 1.6 M. Scanning electron microscopy was used for
analysis of the samples. Top view of PbI2/m-TiO2/d-TiO2/
FTO samples (Figure 1, first row) shows the gradual filling of
pores in the TiO2 film as the concentration is increased from
0.1 to 0.7 M. The 0.1 M sample looks similar to the unmodified
mesoporous TiO2 film, but clear evidence of filling is seen at 0.4
M. For 0.7 M, most pores appear to be filled, while for
concentrations of 1.0 M and higher, an overstanding layer of
PbI2 on top of m-TiO2 is apparent. Top and cross section views
of the resulting CH3NH3PbI3/m-TiO2/d-TiO2/FTO samples
(Figure 1, second and third row) demonstrate that the surface
coverage of perovskite on m-TiO2 increases with CPbI2, that is, it
changes from sparse particles on top of the mesoporous TiO2
film to a complete densely packed layer of crystalline perovskite
particles, with a size of about 500 nm as CPbI2 increases from 0.1
to 1.6 M. The thickness of the mesoporous TiO2 layer (250−
300 nm) was kept constant in this study.
Figure 2a shows diffuse reflectance spectra of CH3NH3PbI3/

m-TiO2/d-TiO2/FTO samples. The reflectance decreases
significantly from sample 0.1 to 0.7 M, while there is no big
difference for sample 1.0, 1.3, and 1.6 M. This shows that the
fraction of absorbed light reaches a plateau when CPbI2 is 0.7 M.
Higher concentration will lead to more deposition of

perovskite, but not to much more light absorption, but may
affect the morphology of the resulting film. The transformed
Kubelka−Munk spectrum is shown in Figure 2b, and the
optical absorption coefficient (α) is calculated using reflectance
data according to Kubelka−Munk equation,31 F(R) = (α) = (1
− R)2/2R, where R is the fraction of reflected light. The
incident photon energy (hν) and the optical band gap energy
(Eg) are related to the transformed Kubelka−Munk function,
[F(R)hν]p = A(hν − Eg), where Eg is the bandgap energy, A is
the constant depending on transition probability, and p is the
power index that is related to the optical absorption process,
equal to 2 or 1/2 for direct or an indirect allowed transition,
respectively. Herein, a direct transition is found and Eg of the
perovskite samples are determined to be ∼1.6 eV for all,
indicating a similar electronic structure of the perovskite
samples prepared from different CPbI2.
Figure 3a shows photoluminescence spectra of the perovskite

samples. A strong emission peak around 775 nm was observed
for all the samples, except for the samples prepared form the
lowest PbI2 concentration that displayed only a weak and
clearly blue-shifted emission. By increasing CPbI2 from 0.1 to 1.0
M, the emission peak is shifts more to the near-infrared. At low
CPbI2 almost all of the perovskite is formed inside the
mesoporous TiO2 structure, where it has to form small crystals,
which may show some quantum confinement effects. At higher
CPbI2, the photoluminescence is likely to be dominated by the
large perovskite crystals on top of the mesoporous structure
that do not have quantum size effects. The 0.1 M sample shows

Figure 1. SEM top views of PbI2/m-TiO2/d-TiO2/FTO (the first row), CH3NH3PbI3/m-TiO2/d-TiO2/FTO (the second row), and cross sectional
views of CH3NH3PbI3/m-TiO2/d-TiO2/FTO (the third row).

Figure 2. Diffuse reflectance spectra (a) and transformed Kubelka−
Munk spectra (b) of CH3NH3PbI3/m-TiO2/d-TiO2/FTO samples
using different CPbI2.
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very weak emission, indicative of the lower amount of
perovskite that is formed and the effective electron injection.
The reflectance measurements (Figure 2a) show that the other
samples except for 0.1 M show more or less the same diffuse
reflectance; however, 1.3 and 1.6 M samples have a stronger
photoluminescence, indicating a poorer electron injection,
probably resulting from an impurity of PbI2 in the perovskite or
a perovskite layer that is thicker than the electron diffusion
length, as will be discussed below.
Figure 3b shows the X-ray diffraction (XRD) pattern of the

perovskite CH3NH3PbI3 using different concentrations of PbI2.
When PbI2 is deposited on TiO2, it shows four peaks that are
attributed to the (001), (100), (110), (111) lattice planes of a
hexagonal (2H polytype; Inorganic Crystal Structure Database,
collection code 68819). The predominant peak of (001)
indicates that PbI2 grows in a preferential orientation along the
c-axis of the TiO2 film. After dipping the PbI2 into the
CH3NH3I solution, we observe a series of new diffraction peaks
that are in good agreement with literature data on the
tetragonal phase of CH3NH3PbI3 perovskite.32 Comparing
the perovskite samples, we can see that the 1.3 and 1.6 M
samples have a small peak (indicated by an arrow in Figure 2)
attributed to the (001) lattice plane of (2H) PbI2, indicating the
existence of PbI2 in this perovskite. The existence of PbI2 may
be caused by incomplete reaction of PbI2 with CH3NH3I, as the
PbI2 layer becomes more compact when the PbI2 concentration
is higher than 1.0 M. We were not able to analyze the exact
location of the residual PbI2 in the film. Considering the two-
step conversion process from PbI2 to MAPbI3, it is most
probable that residual PbI2 appears on positions where access
to MAI is most limited in the second step, that is, at the center
of large crystals, or near the TiO2 surface. This is in stark
contrast to the work by Chen et al.,29 where PbI2 was formed
upon annealing of fully converted MAPbI3, which was found to
have a positive effect on photovoltaic performance. As PbI2 has
a higher conduction band than that of perovskite, the unreacted
PbI2 may in our case prevent electron injection from the
perovskite into TiO2. This is consistent with the stronger
emission found for these samples, as shown in Figure 3a.
In the J−V measurement of perovskite solar cells, an

anomalous hysteresis has been reported by Snaith33 and
Graẗzel.34 It is reported that the anomalous hysteresis is
affected by many factors, including solar cell structure,
preparation condition, film thickness, and so on. The scanning
speed and direction and light soaking can affect the resulting J−
V measurement of perovskite solar cells significantly. In this
work we investigated the effect of scan direction in the most
efficient solar cell, prepared using 1 M PbI2. We do not see any
large hysteresis effect, see Figure 4a. The J−V curves and IPCE
spectra of Au/spiro-OMeTAD/CH3NH3PbI3/m-TiO2/d-

TiO2/FTO using different concentrations of PbI2 are shown
in Figure 4. By using 0.1 M PbI2, the solar cell performance is
extremely poor (1.4%), but by increasing the concentration to
0.4 M, the solar cell efficiency increases to 9.6%. A further
increase of the PbI2 concentration results first in an increase of
the solar cell performance, followed by a decrease. The best
performance of 13.9% was obtained using a PbI2 concentration
of 1.0 M. The IPCE shows a broader absorption when the PbI2
concentration is increased from 0.1 to 0.4 M. The IPCE
increase from 0.1 to 1.0 M is partially due to enhanced light
harvesting, but is also affected by slower recombination, as will
be discussed later. The decrease in IPCE from 1.0 to 1.6 M can
be attributed to a decrease in charge injection efficiency due to
residual PbI2, which may act as a barrier for electron injection at
the TiO2/perovskite interface From a whole view of the UV−
vis, SEM, XRD, J−V, and IPCE, we can see that a concentration
of 0.1 M PbI2 is not enough to obtain sufficient pore filling in
the TiO2 by the perovskite and insufficient light is harvested in
this system. A 0.4 M PbI2 concentration increases the light
harvesting in this system, while an increase of PbI2 to 1.0 M
enhanced light absorption further by the overstanding layer of
perovskite crystals.
Small-modulation transient Voc decay experiments were used

to measure the carrier lifetime. (Figure 5 a) In the device

configuration used, we may assume that the measured lifetime
is the electron lifetime (τe) in the mesoporous TiO2. This
lifetime depends on the concentration of electrons and holes in
the solar cell. Therefore, the electron lifetime is strongly
influenced by the applied voltage or the light intensity. The
measured τe is shown as a function of open-circuit potential of
the cells, obtained by varying the light intensity. The results
shown are representative for typical devices for each condition.
A decrease in τe at higher light intensity (higher Voc) is
attributed to faster recombination due to the increase in carrier
concentration. Shortest lifetimes are found for the solar cells
with the lowest perovskite coverage. In these cells, there will be

Figure 3. Photoluminescence spectra (a) of CH3NH3PbI3/m-TiO2/d-
TiO2/FTO samples using different CPbI2, and XRD (b) pattern of

CH3NH3PbI3/m-TiO2/d-TiO2/ITO samples using different CPbI2.

Figure 4. J−V curves under AM 1.5 illumination of 100 mW/cm2

(using 50 mV/s to scan from Voc to Jsc or Jsc to Voc after a waiting time
of 20 s at Voc or Jsc) and IPCE spectra of Au/spiro-OMeTAD/
CH3NH3PbI3/m-TiO2/d-TiO2/FTO solar cells using different CPbI2.

Figure 5. Electron lifetime and charge transport time of Au/spiro-
OMeTAD/CH3NH3PbI3/m-TiO2/d-TiO2/FTO solar cells.
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insufficient perovskite form complete coverage of the m-TiO2
film, resulting in direct contact between TiO2 and the HTM,
which will lead to increased carrier recombination. The results
suggest that coverage is already nearly complete for the 0.7 M
device. Further increasing the PbI2 concentration from 1.0 to
1.6 M leads to faster recombination. This confirms that the
residual PbI2 in the devices does not lead to a passivation effect,
as contrast to findings by Chen et al.29

In Figure 5b, the small-modulation transient photocurrent
decay is monitored under short-circuit conditions. The time
constant is observed to decrease with increasing light intensity.
Such dependence is normally observed in mesoporous TiO2-
based DSSCs, as is explained by a multiple trapping/detrapping
process. Interestingly, the transport time is longest for the 0.1
M devices, while the best performing solar cell (1.0 M) had the
shortest transport time. As the mesoporous TiO2 layer
thickness is identical in all devices, it can be concluded that
additional perovskite material can speed up the carrier
transport. This can be attributed to the higher mobility in the
perovskite compared to m-TiO2. Probably, electrons can hop
back and forth between TiO2 and perovskite. Further increasing
the PbI2 concentration from 1.0 to 1.6 M leads to longer
electron transport times. This may be explained by a barrier of
PbI2 between the perovskite and the TiO2. This blocking layer
may confine electron transport more to m-TiO2 only, yielding
slower transport. Such a barrier is, however, not consistent with
the smaller electron lifetimes found for these devices. The
lifetime and transport time measurement show that that when a
higher or lower concentration than 1.0 M PbI2 is used more
serious carrier recombination and slower charge transport
occurs, resulting to a lower values of Voc and Jsc, as was found
shown in the analysis of the J−V curves.
Time correlated single photon counting (TCSPC) measure-

ments were used to study the emission lifetime of perovskite on
mesoporous TiO2 and ZrO2 using different CPbI2 before
(Figures 6 and 7a) and after (Figures 6 and 7b) coating with

the HTM spiro-OMeTAD. In all cases, there was a dense TiO2
underlayer. The emission decays were fitted using a multi-
exponential function. About 90% of the total amplitudes of the
lifetimes for the samples are mainly associated with the first two
lifetimes. For the sake of clarity and simplicity, we will use an
amplitude-weighted lifetime (τ) as shown in Table 1 and refer
to this as the emission lifetime.35 A marked increase of the
emission lifetime of perovskite on mesoporous TiO2 is found
for the 1.3 and 1.6 M PbI2 samples, in accordance with a
decrease in electron injection due to a PbI2 barrier at the
perovskite/TiO2 interface or to the increased thickness, larger

than the electron diffusion length. Mesoporous ZrO2 was used
as a reference “inert” substrate for the perovskite samples. No
electron injection from the perovskite into the conduction band
of ZrO2 can take place, because it is located at a much higher
energy than the conduction band of perovskite. The emission
lifetime of the perovskite on ZrO2 was found to increase with
PbI2 concentration up to about 40 ns at 0.7 M. The shorter
emission lifetimes found on the mesoporous TiO2 substrates
demonstrate electron injection from the perovskite to the
TiO2

36 competing with radiative recombination. TCSPC
emission measurements of perovskite samples reported
previously gave mono or biexponential decays with a time
constants of 5.6 ns37 and 9.6 ns36 for CH3NH3PbI3 and 283 ns
for CH3NH3PbClxI3−x.

38 The reason for different values found
here can be attributed to different perovskite preparation
procedures or measurement conditions (in vacuum or in air).
As can be seen in Table 1, the electron injection time (τ = 1/
kinj, kTiO2/perovskite = kinj + kemission, kemission = kZrO2/perovskite),
calculated from the emission lifetimes of perovskite on TiO2

and ZrO2 increases with CPbI2, from about 1 ns for the 0.1 M
sample to 50 ns for the 1.6 M sample. The slower injection may
be attributed to the difference in the amount of perovskite that
is deposited and, thus, the longer electron diffusion length in
the perovskite for thicker samples. The presence of a PbI2
barrier layer between TiO2 and perovskite, which may be
present in samples prepared from higher PbI2 concentrations,
will also slow down electron injection. The quenching
efficiency of the emission by TiO2, presumably equal to the
electron injection efficiency, is about 70% for all samples,
except for the 1.6 M sample for which it is lower (34%).

Figure 6. Normalized TCSPC measurements for CH3NH3PbI3/m-
TiO2/d-TiO2/FTO samples before (a) and after coating spiro-
OMeTAD (b). Excitation was 404 nm. Data are in symbols and
fitting are in solid lines.

Figure 7. Normalized TCSPC measurements for CH3NH3PbI3/m-
ZrO2/d-TiO2/FTO samples before (a) and after coating spiro-
OMeTAD (b). Excitation was 404 nm. Data are in symbols and
fitting are in solid lines.

Table 1. Measured Lifetimes for the Emission Decays of
Perovskite Samples on Mesoporous TiO2 and ZrO2 with and
without Spiro-OMeTADa

0.1 M 0.4 M 0.7 M 1.0 M 1.3 M 1.6 M

TiO2/CH3NH3PbI3 0.89 3.2 5.0 7.9 17.0 17.3
ZrO2/CH3NH3PbI3 3.4 10.2 38.9 27.4 54.3 26.4
τinj,TiO2/CH3NH3PbI3 1.2 4.7 5.7 11.1 24.7 50.2

ϕinj,TiO2/CH3NH3PbI3 74% 69% 87% 71% 69% 34%

TiO2/CH3NH3PbI3/
spiro

0.56 0.61 0.23 0.19 0.10 0.085

ZrO2/CH3NH3PbI3/
spiro

0.60 0.45 0.22 0.32 0.31 0.28

ϕinj,ZrO2/CH3NH3PbI3/spiro 82% 96% 99% 99% 99% 99%

aEmission lifetimes are in ns. Also shown is the calculation electron
injection time into TiO2 (ns) and the injection efficiency.
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Addition of the spiro-OMeTAD adds another quenching
interface to the system, due to hole injection from the
perovskite. From the data of samples with mesoporous ZrO2,
the quenching efficiency of spiro-OMeTAD is calculated to be
close to 100%, but somewhat lower for the 0.1 M sample
(82%). This suggests that hole injection from the perovskite
into spiro-OMeTAD is very efficient. The lower value the 0.1
M sample can be ascribed to incomplete pore filling of spiro-
OMeTAD inside the mesoporous structure. Overall, carrier
extraction from the perovskites at the contacts is thus expected
to be very efficient in solar cell devices. For the 1.6 M device
the p-contact appears to be the dominant active interface, while
for the other devices both contacts are probable equally active,
considering that illumination takes place from the TiO2 side.
That said, emission quenching does not give direct information
on charge separation and should be treated with care.

■ CONCLUSION
By using different concentrations of PbI2 in the spin-coating
step for a two-step method to fabricate CH3NH3PbI3
perovskite solar cell, a best solar cell performance of 13.9%
was obtained using 1.0 M of PbI2. Electron lifetime and
transport time studies show slowest recombination and best
carrier transport in these devices. Rapid quenching of the
perovskite emission is found in device-like structures,
suggesting reasonably good efficient carrier extraction at the
TiO2 interface and quantitative extraction at the spiro-
OMeTAD interface.
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