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Fig. 1 Molecular structure for form
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xyquinolinato)aluminium) as
a selective n-type contact for FAMAPIBr perovskite
solar cells with efficient energy transfer to increase
the solar cell photocurrent†

Maria Méndez a and Emilio Palomares *ab

We investigated the use of tris(8-hydroxyquinolinato)aluminium, known as Alq3, as a selective contact for

electrons in functional FAMAPIBr (formamidinium/methylammonium lead iodide bromide) solar cells. The

solar cells with Alq3 interfacial layers show excellent photocurrent upon standard 1 sun illumination (100

mW cm�2@1.5 AM G sun simulated light) due to efficient energy transfer from the selective contact layer

to the perovskite.
Solar cells based on solution processed perovskite materials are
currently receiving much attention due to their rapid preparation,
and light-to-energy conversion efficiencies as high as 22.1% 1,2

under standard measurement conditions have been reported.
Much of the progress has been possible through composi-

tion tuning of the perovskite.3,4 One of the highest and most
stable perovskite solar cells uses a combination of for-
mamidinium and methylammonium cations (Fig. 1). Yet, the
exploration of suitable selective contacts, either n-type or p-type,
is less investigated and oen, despite changing the perovskite,
the contacts remain the same.5

In this communication, we have prepared formamidinium/
methylammonium lead iodide bromide (FAMAPIBr)3,4,6 as
photoactive semiconductor. Moreover, we have used a well-
amidinium (a), methylammonium
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hemistry 2017
known n-type material as interfacial layer and electron selec-
tive contact, the tris(8-hydroxyquinolinato)aluminium7,8 (Alq3
in Fig. 1). The deposition of Alq3, using thermal evaporation
under high vacuum, allowed us to careful control the interfacial
layer thickness between the compact TiO2 layer (c-TiO2) and the
FAMAPIBr perovskite. The solar cells structure used was FTO/c-
TiO2/Alq3/FAMAPIBr/spiro-OMeTAD/Ag, where FTO is uorine
doped tin oxide, the spiro-OMeTAD is the hole transport
material (HTM) and Ag is silver metal.

In Table 1 we have listed the parameters for the different
solar cells having different Alq3 thickness (see S1† for statistical
data).

As can be seen, the best efficiencies were achieved with Alq3
thicknesses of 50 nm. Interestingly, increasing the Alq3 thick-
ness leads to better device photocurrents. Yet, the overall effi-
ciency is similar to the standard cell due to the lower ll factor.
The hysteresis effect on the measured JV curves (forward/reverse
sweeps) is also comparable. Fig. 2 illustrates the best JV (current
density vs. voltage) curves for the devices containing the Alq3
interfacial layer and the reference solar cell (forward/reverse
sweeps).
Table 1 Summary of the best efficiencies obtained with different Alq3
thickness evaporated as interfacial layers

Device – ETL Scan Jsc (mA cm�2) Voc (V) FF PCE (%)

TiO2-c/Alq3-10 nm Fw 23.0 0.775 0.43 7.71
Rev 22.85 0.909 0.53 11.02

TiO2-c/Alq3-25 nm Fw 22.45 0.853 0.44 8.51
Rev 22.36 0.950 0.53 11.45

TiO2-c/Alq3-50 nm Fw 24.93 0.793 0.41 8.13
Rev 24.24 0.954 0.53 12.48

Ref cell Fw 24.87 1.020 0.42 10.76
Rev 24.30 1.065 0.53 13.83
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Fig. 2 The JV curves measured at 1 sun (1.5 AM G sun simulated light)
under forward (dashed line) and reverse (solid line) bias.

Fig. 4 Measured charge accumulated at the c-TiO2 and c-TiO2/Alq3/
FAMAPIBr perovskite solar cells under different light bias.
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We would like to point out that in both type of solar cells we
observed the hysteresis phenomena, which has been recently
associated to the accumulation of ionic species and the cell
voltage.9 We carried out PIT-PV (Photo Induced Transient
Photo-Voltage) measurements that consist onmeasuring photo-
voltage transient upon a short perturbation of the equilibrated
Voc.10 As can be seen (Fig. 3), the PIT-PV decay results are almost
identical for the different solar cells, which implies that, in
principle, there are not differences in the accumulation of
charges at the interfaces and, moreover, in the carrier recom-
bination kinetics.

To understand if the presence of the interfacial Alq3 layer
effects a change over the accumulation of ionic charges at the
interface between the perovskite and the Alq3 surface we
measured PICE (Photo-Induced Charge Extraction) and PIDC
(Photo-Induced Differential Charging). Although both experi-
ments allow the estimation of the accumulated charge at the
device under illumination,11,12 the main difference is that PIDC
allows measuring the accumulated charge when the PICE decay
is much slower than the carrier recombination lifetime and,
thus, carriers can recombine before extracted. We have previ-
ously shown that, for example, in MAPI (methylammonium lead
Fig. 3 Comparison between PICE (black square) and PIT-PV (red
square) decays at 1 sun for perovskite solar cells with c-TiO2 (bottom)
and c-TiO2/Alq3 (top) as selective contacts.

35526 | RSC Adv., 2017, 7, 35525–35527
iodide) perovskite solar cells both measurements lead to
considerable differences for charges measured.13

As shown in Fig. 4 the measured charge is alike on both types
of devices.

Indeed, it seems evident that the presence of the Alq3 layer
does not affects the extraction of charges and, in fact, in all cases
the charge extraction was much faster than the PIT-PV (Fig. 3).

Once we have evaluated the transient photo-voltage and the
charge extraction processes in the solar cells containing the
interfacial layer of Alq3 and the reference cell we turned onto
the differences observed in photocurrent. As listed in Table 1,
the increase in Alq3 thickness leads to an increase in
photocurrent.

We measured the absorption and uorescence emission of
an Alq3 lm (Fig. 5). As shown in Fig. 5 (top), the emission of
Alq3 overlaps with the FAMAPIBr absorption (Fig. S2†), which in
principle will favour efficient energy transfer from the Alq3 to
the perovskite. The normalized EQE measurements showed an
increase in the incident photon-to-electron conversion effi-
ciency in the region between 400 to 600 nm corresponding to
the absorption and emission regions of Alq3 (Fig. 5 bottom).
Hence, we postulate that the increase in device photocurrent is
due to efficient energy transfer between the Alq3 thin lm and
Fig. 5 The absorption and fluorescence emission for a thick film of
Alq3 deposited on glass (top) and the normalised EQE spectra for two
FAMAPIBr containing Alq3 and c-TiO2 as selective contacts (bottom).

This journal is © The Royal Society of Chemistry 2017
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Fig. 6 The PL decays for a film of FAMAPIBr, Alq3 and Alq3/FAMAPIBr
(top), and the PL decays for a film of Alq3 and Alq3/FAMAPIBr
measured with a fixed acquisition time (bottom, the inset corresponds
to the Alq3/FMAPIBr). All the films were excited at 405 nm, monitored
either at 540 or 780 nm, and illuminated through the Alq3 layer, except
the FAMAPIBr film.
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the FAMAPIBr perovskite. To further ascertain the energy
transfer process we carried out photoluminescence emission
lifetime measurements. As can be seen, the emission lifetime
and the signal amplitude changes for the Alq3 lm when used
as selective contact (Fig. 6).

The Alq3 thin lm has an emissionmaximumat 540 nmwhen
excited at 405 nm. The measured Alq3 thin lm uorescence
lifetime is of s ¼ 10.7 ns. In contrast, the emission of the
perovskite at the same excitation wavelength (405 nm) but
monitoring at 780 nm is of s ¼ 0.1 ms (S3† shows the perovskite
PL emission). When both layers are in contact, the emission
lifetime for the former is reduced to s ¼ 1.7 ns and also the
emission of the later is reduced to s ¼ 19.9 ns. In the case of the
Alq3 contact is due to the efficient energy transfer to the perov-
skite while in the case of the perovskite is due to the efficient
charge injection into the Alq3. Furthermore, measuring the
uorescence lifetime at the same acquisition time for the Alq3/
perovskite thin lm and comparing to a standard Alq3 thin
lm it is clear that the emission is quenched almost at 100% due
to the energy transfer to the perovskite (Fig. 6 bottom).

In conclusion, we have studied Alq3 as selective contact for
electrons in FAMAPIBr perovskite solar cells. The decrease in
photovoltage for the FTO/c-TiO2/Alq3/FAMAPIBr/spiro
OMeTAD/Ag is not signicant. Studies in depth of the factors
that affect the Voc namely, charge accumulation and carrier
recombination lifetime also show that there are not remarkable
This journal is © The Royal Society of Chemistry 2017
differences. The measurement of the luminescence emission in
Alq3 lms and the EQE spectra of the different solar cells lead
us to conclude that the increase in photocurrent is due to an
efficient energy transfer process between the Alq3 interfacial
layer and the perovskite lm. Further efforts to increase the ll
factor in these solar cells having the Alq3 interfacial layer are
being carried out to achieve higher efficiencies through efficient
energy transfer from the selective contact.
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