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With close to 100% internal quantum efficiency over the absorption spectrum, photocurrents in perovskite
solar cells (PSCs) are at their practical limits. It is therefore imperative to improve open-circuit voltages
(Voc) in order to go beyond the current 100 mV loss-in-potential. Identifying and suppressing
recombination bottlenecks in the device stack will ultimately drive the voltages up. In this work, we
investigate in depth the recombination at the different interfaces in a PSC, including the charge selective
contacts and the effect of grain boundaries. We find that the density of grain boundaries and the use of
tunneling layers in a highly efficient PSC do not modify the recombination dynamics at 1 sun illumination.
Instead, the recombination is strongly dominated by the dopants in the hole transporting material (HTM),
spiro-OMeTAD and PTAA. The reduction of doping concentrations for spiro-OMeTAD yielded Vc's as high
as 1.23 V in contrast to PTAA, which systematically showed slightly lower voltages. This work shows that a
further suppression of non-radiative recombination is possible for an all-low-temperature PSC, to yield a
very low loss-in-potential similar to GaAs, and thus paving the way towards higher than 22% efficiencies.

Perovskite-based solar cells have emerged as a promising technology for highly efficient and low-cost photovoltaics. The high efficiencies so far reported go

beyond 20% and have started to approach their practical limitations. Hence, efforts need to be made to improve recombination dynamics in order to push

forward the Vo c. In this work, we investigate the interfacial recombination and show that for optimized systems the electron selective layer (i.e. SnO, in a planar

perovskite solar cell furnishing over 20% power conversion efficiency) is not limiting the Vo¢. Similarly, no change in the Vi is detected when modifying the

grain size from <100 to ~400 nm, suggesting no change in the recombination with an increase in grain boundaries. We then conclude that dopants in the

organic hole transport layer limit the Voc. Modifying dopant concentration can significantly boost the V¢ to achieve values of up to 1.23 V. This study sheds

light on the importance that the hole transport layer has on the recombination dynamics and suggests further work to improve hole conductors that do not rely

on dopants (i.e. metal oxides).
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Introduction

Perovskite solar cells (PSCs) composed of organic-metal-halide
structures have made impressive progress in just a few years
with power conversion efficiencies (PCEs) jumping from 3.8%"
in 2009 to a certified 22.1% in 2016.> The general formula of
the commonly used perovskite is ABX; containing an organic
cation A, such as methylammonium (MA) or formamidinium
(FA),"* a divalent metal B, such as Pb or Sn,” and a halide X,
such as bromine or iodine. The impressive performance achieved
to date has been attributed to the exceptional material properties
such as high defect tolerance® along with low charge recombina-
tion, high light absorption over the visible spectrum including
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a sharp absorption onset and charge carrier diffusion lengths
in the micrometre range.”® In addition, PSC modules have
potential for rapid energy payback, which is essential for large-
scale application as a solar energy harvester.'*

Currently, only a few reports exist with efficiencies above
20% and high open-circuit voltages (Voc). All, except for that
reported by Anaraki et al,"” use mesoporous layers."*™"> The
use of a simplified, low-temperature planar structure avoids the
effects of the mesoporous infiltrated perovskite which has a
different morphology to the capping layer of dense large grains.
All the high voltage and efficiency PSCs have been prepared with
mixed Pb-based perovskites, composed of MA, FA, Br and I.
More recently, we have demonstrated that the addition of cesium
(Cs) and rubidium (Rb) as monovalent cations helps suppress
the detrimental yellow phase in the MA/FA mixed perovskite,
yielding more reproducible PCEs close to 22%.'%"”

In our earlier study,'® using a SnO,-based planar configuration
(FTO/SnO,/perovskite/spiro-OMeTAD/gold), we have shown a high
Voc of 1.19 V, for a 1.6 eV bandgap PSC. More recently we reported
on a Voc of 1.20 V by way of organic cation stoichiometry
modification'® and of 1.24 V by Rb incorporation, which further
suppressed phase defects in the perovskite material. With photo-
currents at their practical limits of 24 mA cm ™~ (1.6 €V bandgap),”***
we can only make further efficiency gains by improving the Vo and
in turn the fill factor. Therefore, in order to go beyond these voltages,
it is important to understand the recombination mechanisms in
these devices to formulate a strategy approaching the thermo-
dynamic limit, which is calculated to be 1.32 V for our perovskites
with a bandgap of about 1.6 eV.’

In this work, we investigate in depth the recombination
mechanisms at the different interfaces in a PSC, including the
charge selective contacts and the effect of grain boundaries in
the perovskite. By employing simple SnO, planar devices with
efficiencies above 20% and Vo¢’s of up to 1.23 V, we investigate
the device layers that induce non-radiative recombination. We
find that the recombination dynamics are strongly dominated
by the dopant concentration in the hole selective layer (HSL)
spiro-OMeTAD. Spiro-OMeTAD without Li-TFSI yields a high
Voc of 1.22 V decreasing monotonically as the dopant concen-
tration increases. Low dopant concentrations also yield low fill
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factors (FF), suggesting a low conductivity in the HSL, and thus
affecting the power conversion efficiency of the devices. This
issue was overcome by exposing the doped-HSL devices to
a nitrogen atmosphere, which boosted the Vo without com-
promising much on FFs. This effect is believed to be due to the
dedoping of the HSL by oxygen desorption, which reduces
recombination centers, detrimental to a high Voc.

Results

Fig. 1a shows a schematic of a device composed of fluorine-
doped tin oxide (FTO), a 15 nm-thin, conformal SnO, by atomic
layer deposition (ALD), a ca. 500 nm mixed ion perovskite layer,
topped by a hole selective layer (either 30 nm PTAA or 200 nm
spiro-OMeTAD) and an 80 nm gold electrode. The cross-
sectional scanning electron micrograph (SEM) in Fig. 1b shows
the relative flatness of the interfaces which makes it easy to
study each component of the solar cell stack. Such devices
reach an efficiency of >20% as shown by a representative
current-voltage (JV) curve in Fig. 1c. The V¢ close to 1.2 V is
remarkably high, but still more than 100 mV away from its
thermodynamic limit, indicative of a considerable amount of
non-radiative recombination. To identify its source, we vary the
interfaces to the charge transport layers and the perovskite
morphology and investigate the effects on Voc.

One possible source of the interfacial recombination is the
SnO, electron contact which might not be perfectly selective
or defect free. To check whether considerable recombination
occurs at the perovskite/SnO, interface, a thin, conformal Ga,03
interlayer is introduced by atomic layer deposition. This widegap
material has been shown to passivate surfaces of crystalline
silicon solar cells.>* Due to the high conduction and low valence
band edges, Ga,0O; is supposed to block both electrons and holes
(Fig. 2a). However, a sufficiently thin layer can allow for tunneling
of an electron in the conduction band from the perovskite to
the SnO, as indicated by the horizontal arrow in the sketch,
while suppressing the interfacial recombination. The JV curves
in Fig. 2b indeed show that the solar cells with thin (<1 nm)
Ga,0; interlayers work well. The fill factor is slightly reduced as

\
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Fig. 1 Device configuration and a representative current—voltage curve. (a) Schematic of a typical device configuration. (b) A cross-sectional scanning
electron microscopy image of a planar SnO, PSC (scale bar is 200 nm) and (c) current—voltage characteristics for a typical planar PSC with reverse and
forward sweeps (10 mV s7%), measured with a 0.16 cm? mask (0.25 cm? electrode area) at 1 sun illumination (AM 1.5G). The Voc is 1.17 V, the current
density is 23 mA cm~2 and the fill factor is 71% (68% for the forward scan) and the stabilized efficiency reaches 20%.
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Fig. 2 Effect of tunneling layer (Ga,O3) thickness on the photovoltaic parameters of PSCs. (a) Schematic of the energetics of the SnO, electron selective
layer'® followed by sub-nanometer layers of Ga,Os as tunneling layers,? and the perovskite absorber.*® (b) Current-voltage characteristics normalized at

Jsc (backward scan, 10 mV s™%)

and (c) Vo evolution over time of devices with different Ga,Os3 layer thicknesses (10 cycles = 1 nm). (d) Voc as a function

of the short-circuit current, which is proportional to light intensity, for a planar device illuminated with blue and red light.

expected from a highly resistive interlayer. Once the layer gets
too thick (1 nm), the fill factor suffers from the hindered
electron extraction through the Ga,03, and the jV curves show
the features of a solar cell with increased series resistance.

Interestingly, the Vo¢ is not affected by the Ga,O; layer,
indicating that the Voc is not limited by the recombination
at the SnO,/perovskite interface. For the 1-nm-thick Ga,0;,
the Vo decreases, possibly due to the enhanced recombination
in the perovskite or the interface with the spiro-OMeTAD, when
the electrons are not extracted efficiently and the electric field
peaks in the Ga,O; layer.

In order to shed light on the role of the SnO, layer in the
recombination dynamics, we investigated the V¢ as a function of
illumination intensity, represented by the short-circuit current
and shown in Fig. 2d. Exploiting the strong absorption of the
perovskite material for high energy photons, the devices were
tested using blue (460 nm) and red (630 nm) LEDs. The use of two
wavelengths allows for the identification of recombination close
to the ESL (when illuminated from the glass/FTO/ESL side and
surface recombination is comparably faster than charge carrier
redistribution) as more charge carriers are generated within the
first 150 nm for blue light, compared to red light (Fig. S1, ESIT).
Lower Voc values for blue illumination, when compared to
red illumination would mean that this interface is limiting the
Voc.>?* However, for our planar devices no Vo difference is
observed for blue and red illumination and the slope of the fitted
line is around 110 mV decade ™', indicating that the ESL is not the
dominant limiting factor. This finding is consistent with the
conclusion from the above investigation of Ga,Oj; interlayers.

This journal is © The Royal Society of Chemistry 2017

Grain boundaries are known to be a source of recombina-
tion in photovoltaic materials. That is why they are also
suspected to be detrimental to the Vo¢ in PSCs,****™>” although
contrary results have been reported in the literature.>***7*> To
tune the density of grain boundaries, PSCs are prepared using
precursor solutions with different concentrations, yielding grains
with average sizes ranging from <100 nm to ~400 nm, as
deduced from the SEM top views in Fig. 3a—c (Fig. S2 for a full
range, ESIT). Concomitantly, the thickness of the layer changed
from roughly 80 nm to 400 nm (Fig. S3 shows the cross-sectional
SEM images, ESIt). The JV curves normalized at the short circuit
are shown in Fig. 3d. As we have reported earlier for mesoporous-
TiO, based PSCs,?' the fill factor decreases for films with a
smaller grain size, pointing to inhibited charge transport from
grain to grain. However, the Vo does not show any systematic
trend, and variations can be attributed to the variability from
device to device. This is confirmed by the stabilized Vo vs. time
plotted in Fig. 3e, where the V¢ is between 1.18 and 1.20 V for
all devices, with the smallest grains exhibiting the higher Voc.
To further confirm that the recombination under charge carrier
densities relevant for solar operation is unaffected by grain
boundaries, the external electroluminescence yield EQEg;, is
detected during a voltage sweep and plotted as a function of the
injection current in Fig. 3f. The EQEg;, quantifies the ratio
between radiative and total (including non-radiative) recombi-
nation. It shows a slight hysteresis, and increases with the
injection current as expected for a diode limited by Shockley-
Read-Hall recombination.®® Once the currents are in the order
of the short circuit current under solar illumination, all curves

Energy Environ. Sci., 2017, 10, 1207-1212 | 1209
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Fig. 3 Relationship between grain boundaries and photovoltaic parameters. Scanning electron microscopy of samples with grain sizes of (a) <100 nm
(b) ~200 nm and (c) ~400 nm. (d) Current-voltage curves (backward scan, 10 mV s™%) of PSCs with different perovskite grain dimensions and (e) Voc vs.
time of the same devices. (f) External quantum efficiency of electroluminescence (EQEg,) as a function of current and (g) the respective spectra.

coincide, proving that non-radiative recombination rates are
independent of this grain size variation. As bandgaps depen-
dent on the crystal/grain size have been reported for these
perovskite materials,** we investigate the bandgap using the EL
spectra, which do not shift significantly, as shown in Fig. 3g.
Therefore, for a highly efficient PSC, the density of grain
boundaries in the investigated range does not modify signifi-
cantly the recombination rate under solar illumination.

So far recombination at the ESL/perovskite interface and
due to grain boundaries (small vs. large grains) could not be
manipulated nor identified as a major bottleneck for V¢ in this
device configuration at 1 sun illumination. Therefore, this
prompted the study of the role of the HSL in recombination
dynamics in PSCs. PTAA and spiro-OMeTAD were employed as
the HSL in all the PSCs with record efficiencies, as they are
capable of yielding efficiencies above 20% and record high
voltages, and are therefore ideal to study recombination. It
is important to note that PTAA and spiro-OMeTAD exhibit
relatively similar current-voltage characteristics, with one
exception being Voc. Importantly, the difference between these
two materials that serve as HSLs highlights the importance that
this layer has on V. On the other hand, when using different
ESLs, be it mesoporous TiO,'®*' or planar SnO,,"* no signifi-
cant difference in Vo (yielding above 1.2 V) has been shown.

We used intensity modulated photovoltage spectroscopy
(IMVS) to estimate the recombination lifetime at the SnO,

1210 | Energy Environ. Sci., 2017, 10, 1207-1212

and the spiro-OMeTAD interfaces.>*® Fig. 4a displays a signifi-
cantly slower recombination lifetime at the same open circuit
voltage when the perovskite film is illuminated with blue light
(460 nm) from the SnO, compared to the spiro-OMeTAD side
(employing semitransparent electrodes). As the charge density
is higher at the interface under illumination, the extracted
lifetimes provide direct information about the recombination
taking place at the SnO, and the spiro-OMeTAD interfaces.
Hence, in line with what we discussed so far, the spiro-OMeTAD
might be the limiting interface.

The work by Abate et al.®” explored the role of dopants,
including oxygen due to air exposure and voluntary insertion
of Li-TFSI, on the V¢ of solid-state, spiro-OMeTAD-based dye-
sensitized solar cells. There, it was found that increasing the
concentration of Li-TFSI leads to a decrease in the Vyc. The
effect of oxygen-free conditions on the V¢ of state-of-the-art
devices with high Vy¢’s and efficiencies above 20% was studied
to understand the effect of oxygen doping/dedoping on the
Voc. Oxygen has been widely studied as a dopant in organic
electronics, and therefore it is important to understand its role
in the PSC performance.’’*® PTAA PSCs with 1.183 V in air
showed a slight increase to 1.193 V upon exposure to N, for
only 15 min and showed no further increase after additional
hundreds of minutes as shown in Fig. 4b. Given that PTAA
devices consistently exhibit relatively low Vp¢’s, it is very likely
that the oxygen dedoping effect, which affects trap states,*® is

This journal is © The Royal Society of Chemistry 2017
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Fig. 4 Perovskite solar cell interfaces limiting Voc. (a) IMVS measurements presenting the recombination constant as a function of Voc (light intensity)
for a device as measured from the SnO, and spiro sides, (b) Voc vs. time with nitrogen exposure for top-performing devices using PTAA and (c) spiro-
OMeTAD as HSLs. Devices are kept in nitrogen in the dark and measured after a defined time under 1 sun illumination. (d) Voc vs. Li-TFSI dopant

concentration for spiro-OMeTAD, measured in air.

masked by the already disordered nature of this HSL. Therefore,
the effect of oxygen dedoping on the V¢ is negligible.

On the other hand, the effect of oxygen dedoping on high
performance spiro-PSCs is remarkable. Fig. 4c shows a device
furnishing 1.2 V before nitrogen exposure and up to 1.23 V after
840 min of N, exposure. To further understand the effect of
dopants, we modified the concentration of Li-TFSI in spiro-
OMeTAD and measured the respective Vo in air, as shown in
Fig. 4d. Remarkably, the Voc of undoped devices reached a
value of 1.22 V, and this value decreased as the concentration
of Li-TFSI was increased. Devices containing 25% Li-doping
(or 1:4 mol:mol) yielded 1.21 V, whereas high-performance
devices (“Control”, 50% doping) with an optimized trade-off
between Voc and FF yielded 1.20 V. Increasing the concen-
tration further led to poorer performance, where 75% and
100% (1:1 molar ratio) doping yielded 1.11 and 1.02 V, respec-
tively. This demonstrates that doping concentration, be it via Li
addition or environmental oxygen, dramatically affects the
recombination dynamics in the device and therefore is a
significant factor affecting the Voc of PSCs with state-of-the-art
perovskite films. Therefore, dopants act as recombination centers
at the HSL interface and dominate recombination dynamics over
e.g. the energetics of the HTM which is secondary as shown in a
recent study by Belisle et al.**

On the other hand, when aiming for Vo larger than 1.25 V,
further optimization of the perovskite film and the overall
device architecture are also expected to be required.

Conclusion

We investigated open-circuit voltage changes due to recombi-
nation at the interfaces of PSCs, including the charge selective
contacts and the effect of grain boundaries. We found that the
density of grain boundaries in a highly efficient PSC does not
modify the recombination dynamics at 1 sun illumination, for

This journal is © The Royal Society of Chemistry 2017

grains larger than 100 nm. Instead, the recombination is
strongly dominated by the dopants in the hole transporting
material, spiro-OMeTAD and PTAA. The reduction of doping
concentrations for spiro-OMeTAD yielded Vpc’s as high as
1.23 V; a significant boost from 1.2 V. This work reveals the
important role that dopants play in recombination dynamics
in PSCs and suggests that better hole transport materials with
more selective properties need to be developed, in particular
regarding the choice and concentration of additives.
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