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Abstract
We demonstrate open-circuit voltages exceeding 1.26 V for CH3NH3Pbls solar cells by careful
process optimization of the perovskite and its interfaces to the electron and hole transport layers.
This open-circuit voltage is the highest reported so far in a full MAPI cell stack and only 64
mV below the maximum open circuit voltage that is possible for this material. We confirm these
values for the open circuit voltage by independent measurements of the external
photoluminescence quantum efficiency reaching values of 5 % for the fully processed solar cell.
We further find exceptionally long photoluminescence lifetimes in full cells and in layer stacks
involving one or two contact layers. Numerical simulations reveal that these long
photoluminescence lifetimes are only possible with extremely low interface recombination

velocities between absorber and contact materials.
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For mature photovoltaic technologies the biggest challenge when improving their power
conversion efficiencies is approaching the radiative limit of the open-circuit voltage by
minimizing non-radiative recombination processes in the bulk, at surfaces and at contact
layers.1? This statement also holds for the rapidly developing class of lead-halide perovskite
solar cells. From the beginning of their development this type of solar cells has demonstrated
astonishingly high open-circuit voltages in relation to their band gap energy. Already the first
paper on CH3NH3Pbls (MAPI) based solar cells with > 10% efficiency®, showed an open-circuit
voltage Voc ~ 1.1 V. Nowadays, photovoltaic power conversion efficiencies of MAPI have risen
above 23 %* and open-circuit voltages of perovskites with band gaps Eq = 1.6 eV are now
approaching or sometimes exceeding 1.2 V (with the radiative limit for the Voc in MAPI being
~1.32 V>®). It has recently been shown that a quasi-Fermi level splitting corresponding to an
internal open circuit voltage of 1.28 V is possible in MAPI films on glass proving that the bulk
material has the potential to come within 40 to 50 mV of its thermodynamic limit.° However,
the presence of contacts has so far limited the open-circuit voltage Vo achievable in a completed
device. The lowest values of Vqc-loss relative to the radiative limit correspond to the highest
values of external luminescence quantum efficiency (Qewm) at injection conditions
corresponding to one sun.’®!! Saliba et al.!?2 showed record values for Qeum ~1 %
corresponding to voltage losses of about kT/qIn(100) = 120 mV in Rb-containing perovskites
with a band gap slightly above 1.6 eV. Any progress beyond this value towards lower non-
radiative recombination losses requires careful control of all non-radiative recombination
pathways, in the bulk and at the interfaces towards the electron and hole extracting layers.

Here, we prepare and characterize MAPI solar cells that include 10 mol% PbCl: of the total
Pb during fabrication but incorporate no other cations or anions in the crystal lattice. We use
the organic charge extraction layers Poly(triaryl amine) (PTAA) for the hole extraction and

[6,6]-phenyl-Cs1-butyric acid methyl ester (PCBM) for the electron extraction and show how a
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variety of small processing improvements allows us to suppress recombination at interfaces and
in the bulk substantially to achieve open-circuit voltages around 1.26 V. This results
substantially outperforms the open circuit voltages previously reported for other halide
perovskites with similar band gaps and approaches the levels previously shown to be only
possible in films on glass® that were lacking charge extracting contacts. We use steady state
photoluminescence (PL) spectroscopy to connect the properties of full solar cells to the ones of
films with different contacts as introduced by Sarritzu et al.'®. Furthermore we combine the
steady-state PL with transient photoluminescence (tr-PL) of different layer stacks to correlate
the kinetics of the decay with the absolute intensity of the luminescence.

Figure 1a shows a schematic of the full solar cell stack as used in this study, featuring ITO
(150 nm) as the transparent conductive oxide, PTAA (~30 nm) as the hole conductor, MAPI
(~280nm) as the absorber, PCBM (~45 nm) as the electron transport material as well as BCP

(~8 nm) and Ag (80 nm) finishing up the cathode.

Glass substrate

Figure 1: Schematic drawing of the layer stack used in this study combined with a SEM cross
section of a solar cell.*

In this study we aimed at optimizing simple MAPI layers grown on PTAA for highest
possible open-circuit voltage. The process to deposit the MAPI layers by spin coating involved
a solution of Pb(Ac)2 (0.54 M), PbCl> (0.06 M) and MAI (1.8 M) in DMF combined with a very
short annealing time of 2 min at 75 °C. Lead acetate based precursors have previously been
shown to yield smooth®® high quality pinhole-free layers'® and were therefore chosen to achieve

highest open-circuit voltages.



Since high open circuit voltages require well passivated surfaces, the optimization also had
to include the right choice of processing conditions for PCBM. There are various degrees of
freedom in processing the PCBM layer that we can use to optimize the MAPI/PCBM interface
for lowest possible recombination rates. These degrees of freedom are - apart from spin-coating
parameters itself - the choice of solvent, the post deposition annealing treatment and the
atmosphere during spin-coating and subsequent annealing. As shown in ref.!” higher boiling
point solvents can lead to more ordered layers, because the solvent has more time to evaporate
than for lower boiling point solvents. In addition, by annealing or by solvent annealing, layer
crystallization can be accelerated or slowed down. As part of device optimization, we tested
chlorobenzene (CB) and 1,2-dichlorobenzene (1,2-DCB) as solvents for PCBM. Using CB
which has a lower boiling point (130 °C) results in a less ordered PCBM layer than in the case
of 1,2-DCB having a higher boiling point (180.5 °C). Unlike reported by Shao et al.!8, we found
that less ordered PCBM films deposited on our PTAA/MAPI stack lead to substantially higher
open-circuit voltages. During our studies we also noted that the ideal processing conditions for
the PCBM did vary depending on the choice of hole transport material and depending on the
MAPI processing conditions. If we use 1,2-DCB as solvent for PCBM, substantial losses in Voc
occur and only open-circuit voltage less than 1.2 V are achievable, revealing how sensitive the
process window is to achieve these high open circuit voltages. The opposite trend of Voc with
PCBM processing conditions is observed when choosing another HTL layer (PEDOT:PSS) on
which the perovskite crystallizes differently (see Supplementary Information (SI), Fig. S1). We
therefore assume that the ideal process parameters must always be considered holistically and
have to be individually adjusted to each other in order to achieve the best possible results. The
process leading to the highest open circuit voltages on PTAA is therefore described in detail in

the method section.
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Figure 2: (a) Current density J as a function of voltage V taken at 100 mV/s scan speed
measured under a class AAA solar simulator for a representative MAPI solar cell in this study.
(b) Open-circuit voltage Voc and efficiency # tracking for 300 s measured with a white LED
resulting in a stabilized value >1.26 V and around 18 %. (c) Histogram of the open-circuit
voltage for the number of devices in this study. (d) Quantum efficiency Qegir as a function of
photon energy E with the accumulated short-circuit current density Jsc of the cell.

Figure 2a shows the current density-voltage (JV) curve of a typical device recorded at a
scan speed of 100 mV/s under a class AAA solar simulator under forward and reverse scan
conditions. The efficiency is around 18 % but the most remarkable feature is the high open-
circuit voltage Voc of ~1.26 V. Figure 2b shows the open-circuit voltage as well as the efficiency
measured as a function of time under white light provided by a white LED adjusted to one sun
conditions (see Sl Fig. S4) confirming that the open-circuit voltage stabilizes above 1.26 V at
an efficiency of ~ 18 %. Furthermore, as illustrated by the histogram in Fig. 2c, this high Voc
value is reproducible for a series of different devices. In order to reach these high open-circuit

voltages, the cell has to be photoactivated either by measuring several current voltage curves



for ~10 mins or by being kept under open-circuit condition by the white light LED (Fig. S4).
There have been various reasons proposed to explain the improvement of electronic properties
by light soaking such as defect passivation by redistribution of halide ions,'*% lattice expansion
reducing local strain in the crystal?! and doping of the fullerene based electron contact layers.?
Here, we do not aim at further elucidating the mechanisms for light induced improvements in
performance, but we note that while we observe improvements in Vo similar to the ones
presented by Tsai et al.?l, we do not observe any changes in band gap (based on
photoluminescence data shown in Fig. S7) that were suggested to be a result of photoinduced
lattice expansion.?! In contrast, the observations of defect passivation and fullerene doping
reported e.g. in refs.1%20:22 gre completely compatible with our results of improved fill factor
and Vo after light soaking.

Figure 2d shows the photovoltaic quantum efficiency Qeqir Of the same solar cell as a
function of photon energy E providing further evidence for the measured short-circuit current
density. The absorber thickness is around 280 nm implying that the quantum efficiency at the
band gap is not perfectly sharp due to the kink in the absorption coefficient of MAPI. Higher
thicknesses however typically lead to slightly reduced open-circuit voltages because of the
larger volume available for recombination.?*? Thus, in order to explore the limits to Voc, we
intentionally focused on optimizing the process conditions for fairly thin cells that are not

optimized for maximum short-circuit current densities.
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Figure 3: (a) Electroluminescence spectrum geLqir and quantum efficiency Qe,qir from (EQE
and FTPS) of the same cell measured to determine the radiative open-circuit voltage Voc rad by
using the optoelectronic reciprocity relation. The calculation gives a thermodynamic limit for
the open-circuit voltage of 1.324 V for the respective device stack. (b) Overview of the open-
circuit voltage of lead halide perovskite solar cells as a function of bandgap energy Eg,
comparing current state in literature to the Vo in this work. This comparison demonstrates the
outstanding record value we have achieved by device optimization. The surface plot illustrates
the radiative limit for different external quantum efficiencies (1-10°) calculated with a step-
function like absorptance.

Based on the quantum efficiency shown in Fig. 2d, we may calculate the thermodynamic
limit for the open-circuit voltage. Figure 3a shows the electroluminescence spectrum ¢er qir Of
the cell as well as the photovoltaic quantum efficiency Qe,qir On a logarithmic scale. Using the
optoelectronic reciprocity theorem,*! we calculate the solar cell quantum efficiency for the low
energy range from the electroluminescence spectrum ¢ecqir and combined it with Qeqir to an

overall Qepv, Which then is used to determine the radiative saturation-current density

Jorad = qJQe,PV(E)%b(E)dE . 1)

where q is the elementary charge,

P S . 5 (—E)
o hc? [exp(E/KT)-1]  h? PUkT ) @)




is the black body spectrum at temperature T (of the solar cell), h is Planck’s constant and C is
the speed of light in vacuum. From Jo,rag, We may calculate the open-circuit voltage Voc,rag in the

limit that there is only radiative recombination via

Voc,rad = % In {L +1j . (3)

Oyrad
Using the values Jsc = 18.18 mA/cm? and Joag = 9.498-1022 mA/cm? as calculated from Eq.
(1), we obtain a radiative open-circuit voltage Vocrad = 1.324 V, i.e. similar to the values that
have been obtained for MAPI in refs.>% 8, If we compare this radiative open-circuit voltage with
the actual open-circuit voltages obtained in this study, we estimate the luminescence quantum
efficiency Qe,ium as a measure of the non-radiative loss using the theory developed originally by

Ross'? and refined and used by many others.t* 2628 We obtain from

qvoc,rad - qvoc = CIAVOC,nr =—KTIn (Qe,lum) ) (4)

a value of 64 mV for the voltage loss AVocnr due to non-radiative recombination. This voltage
loss corresponds to an external luminescence quantum efficiency Q,,,, =8.4%. This external

luminescence quantum efficiency while not being measured directly, is substantially higher
than the highest one reported so far, which was ~1% at one sun conditions.*? Figure 3b shows
a comparison between measured values of the open-circuit voltage of lead-halide perovskite
solar cells as a function of band gap Eq4 and the Shockley-Queisser (SQ) limit for Voc. The SQ
and radiative limit for different external quantum efficiencies is calculated for simplicity with
a step-function like absorptance as opposed to the measured photovoltaic quantum efficiency
used for Fig. 3a. While the datapoints used for Fig. 3b are certainly a non-exhaustive
representation of the literature, we took care to include the results which reported particularly
high open-circuit voltages relative to their band gaps (for additional information in Fig. S11
and Tab.SII). Figure 3b shows that so far only one datapoint in the literature has reached a Voc

that corresponds to ~1 % external luminescence quantum efficiency. The present work shows



that this level can be substantially overcome in working devices of pure MAPI (with PbCl»
being used during fabrication) without the inclusion of molecules and elements such as K,

Rb,'2 or Cs* that have previously been used to achieve the highest open-circuit voltages.
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Figure 4: (a) Steady state PL measurements on different interlayer stacks as a function of laser
excitation, converted into the quasi-Fermi-level splitting AEr and the external PLQE Qe,ium. (b)
PL-image of the perovskite layer on PTAA and (c) PL image of the complete cell. The data
points in (a) were measured in Jilich and the images in (b) and (c) were measured in Berlin to
provide independent confirmation.

As has recently been shown by Stolterfoht et al.®! in a similar device stack, interface
recombination between the perovskite absorber layer and the electron and hole transport layers
PCBM and PTAA is a critical factor in achieving the highest possible open-circuit voltages. In
order to study interface recombination, we use steady state and transient photoluminescence on
completed cells and on different layer stacks with only one contact layer (PTAA) or with both
contact layers (PTAA and PCBM) but without metal back contact. We additionally show the
PL of a MAPI layer grown on PTAA passivated with the molecule TOPO allowing us to
evaluate the quality of the perovskite itself as well as its interface to PTAA and the uncovered
surface. Figure 4a shows the steady state photoluminescence as a function of laser fluence used
for sample excitation for the four investigated stacks (passivated perovskite, hole contact only,

9



both contacts, full cell). We show the data for samples that were exposed to light soaking before
the measurement. The left y-axis is proportional to the photoluminescence counts but is already
expressed as an external luminescence quantum efficiency as discussed in the methods section
in the SI. The right y-axis shows the quasi-Fermi level splitting that corresponds to the
luminescence quantum efficiency on the left y-axis. The quasi-Fermi level splitting AEs of the
solar cell at one sun corresponds to the Vo of the cell and all other quasi-Fermi level splittings

are calculated from

o
AEf = Voc sun KTIn| ——
q (¢ ) * " ( ¢PL,ceII (¢sun )\J , (5)

assuming flat quasi-Fermi levels where ¢pL cen is the photoluminescence intensity of the solar
cell and ¢pL is the photoluminescence intensity of any of the four types of samples. Thus, any
difference in PL intensity of a factor of 10 relative to the PL intensity of the solar cell at an
excitation corresponding to one sun would correspond to kTIn(10) = 60 meV change in the
quasi-Fermi level splitting. We find that the TOPO-passivated sample (grey) has the highest
guantum efficiency and a Fermi-energy splitting of ~1.27 eV at 1 sun, which is comparable to
the 1.28 eV one previously reported by Braly et al.°. However, as an electrically insulating
interface minimizing recombination, TOPO does not meet the key requirement for a functional
solar cell with reasonably low resistive losses. However, using TOPO as a passivation
experiment, it is demonstrated that our bulk material can be prepared in such a way that non-
radiative recombination is already very low. When comparing the passivated sample to the other
samples, it stands out that the quasi-Fermi-level splitting in the solar cell (red) and in the other
layer stacks is only about 10 to 20 meV smaller. This very small difference demonstrates how
well our interlayers are adapted and that there are only small non-radiative losses due to surface
recombination. We find that the solar cell actually has a slightly higher quasi-Fermi level
splitting then their two respective layer stacks without metal. This apparent superiority of the

device relative to the other two samples may at first seem surprising. The presence of contacts
10



should lead to additional surface recombination relative to the typically well passivated bare
surfaces of MAPI.32 Thus, in previous publications,!3 2% 3! the addition of contacts always led
to reduced luminescence and quasi-Fermi level splitting. This is no longer the case in the MAPI
samples presented here at least if the detectable luminescence emitted through the front surface
is compared. The reason for this observation may be that photon recycling has to be a strong
factor in devices being that close to the radiative limit. Thus, the presence of a back reflector
which increases reabsorption of light relative to outcoupling towards the back may increase the
concentration of charge carriers in the device as well as the luminescence that can be detected.

We get the same result for the PL images of the layer systems measured on a hyperspectral
absolute photoluminescence imaging setup which are shown in Fig. 4b and c. Since this setup
is calibrated to provide absolute quantum yields, the data give us an additional and independent
confirmation of the high quasi-Fermi level splitting we observe in our samples. Here we obtain
an external quantum efficiency of 5% for the cell, which is smaller than the results from Figure
4(a), but still the highest value reported so far for a full lead-halide perovskite cell solar cell
device. Deviations could be explained, for example, by aging and degradation during sample
storage and transport. The image section shows one solar cell of the four existing on the
substrate. In the case of the layer system without ETL and silver a contrast between the areas

without and with ITO is visible.
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Figure 5: (a) Transient photoluminescence (tr-PL) measurements on different layer stacks,
namely the full solar cell (red) and MAPI grown on PTAA without (green) and with
PCBM/BCP (blue) as ETL. (b) Differential lifetime z obtained by taking the derivative of the
curves in (a) for every time t. To obtain a smoother derivative, the data in (a) was first fitted
(thin lines shown in (a)) and then the derivate was computed from the fitted data according
Eq.6. (c) Tr-PL simulations to model the ITO/PTAA/Perovskite stack for different surface
velocity S demonstrating that the experimentally measured decay (green) only fits the
simulations for very small S.

Contact layers typically quench the luminescence and so should also be clearly visible in

transient photoluminescence experiments with the expectation being that the transient becomes
12



substantially faster in the presence of a contact. In the past, the longer time decay of
luminescence of samples with at least one electron or hole accepting layer have been analyzed
and interpreted in terms of surface recombination velocities.: 33-** However, in the present
case, the contacts did not lead to any substantial quenching of the steady state luminescence.
Thus, it is not surprising to see that the transients of the three types of samples shown in Fig.
5a decay quite slowly after a quick initial decay. Figure 5b shows the differential lifetimes that

follow from

dt

. _(MJ ©)

The lifetimes increase for longer times and saturate for long times in the low ps range for
all three scenarios. The quantitative interpretation of PL transients of layer stacks involving
charge extracting contacts is complicated by the multitude of competing mechanisms that have
to be taken into account. Here, we therefore performed numerical simulations with the software
TCAD Sentaurus as discussed in more detail in ref.®® to obtain a more quantitative
understanding of the surface recombination velocity at the perovskite/PTAA interface. Based
on the parameters given in the Sl, we performed simulations for different values of the surface
recombination velocity that show that these long transients are most compatible with values of
S~ 1 cm/s or smaller in which case the shape of the transient is to a large degree determined by
the recombination parameters assumed for the bulk material. Thus, the long transients are fully
compatible with the absolute luminescence measurements and provide evidence for the
extremely low levels of interfacial recombination.

In conclusion, we have shown that by process optimization of the perovskite film and the
contact layers, the open-circuit voltage of simple MAPI can be tuned up to 1.26 V without any
addition of passivating alkali metals such as Cs, K or Rb. In addition, extremely low surface
recombination velocities have been measured and are required in order to rationalize the high

open-circuit voltage. While the current study focusses on eliminating and characterizing losses
13



due to bulk and interface recombination, future improvements in open-circuit voltage will
require optimizing the layer stack for minimum parasitic absorption and maximum efficiency
of photon recycling®-" in a similar way as efficiency optimization in GaAs solar cells has been

achieved in the past.®
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