FULL PAPER

'.) Check for updates

ADVANCED
ENERGY
MATERIALS

www.advenergymat.de

Interface Optimization via Fullerene Blends Enables
Open-Circuit Voltages of 1.35 V in CH;NH;Pb(l; 3Brg )3

Solar Cells

Zhifa Liu, Johanna Siekmann,* Benjamin Klingebiel, Uwe Rau, and Thomas Kirchartz*

Nonradiative recombination processes are the biggest hindrance to
approaching the radiative limit of the open-circuit voltage for wide bandgap
perovskite solar cells. In addition to high bulk quality, good interfaces and
good energy level alignment for majority carriers at charge transport layer-
absorber interfaces are crucial to minimize nonradiative recombination path-
ways. By tuning the lowest-unoccupied molecular-orbital of electron transport
layers via the use of different fullerenes and fullerene blends, open-circuit
voltages exceeding 1.35 V in CH3NH;Pb(l, sBr ;)3 device are demonstrated.
Further optimization of mobility in binary fullerenes electron transport layers
can boost the power conversion efficiency as high as 18.9%. It is noted in
particular that the V, fill factor product is >1.096 V, which is the highest value

reported for halide perovskites with this bandgap.

1. Introduction

One of the main reasons why halide perovskite solar cells have
attracted so much interest over the past years is their ability to
generate high open-circuit voltages relative to their respective
bandgaps.['?! Using simple solution-based processing, open-
circuit voltages within = 60 mV of the radiative limit have been
experimentally realized in solar cells with efficiencies exceeding
20%.5371 Approaching the radiative limit that closely requires
nonradiative recombination processes to be very slow compared
to most other semiconductors. This requirement of slow recom-
bination must be valid in the bulk of the material® but also at
grain boundaries and at interfaces to charge-transport layers.
The fact that recombination can be extremely slow even when
charge-transport layers are attached to the absorber layer(*°-12
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is most remarkable and allows combining
high open-circuit voltages and thereby
high luminescence quantum efficiencies
with good fill factors and efficient charge
extraction.¥) As shown in Figure 1a,
high open-circuit voltages relative to
the bandgap have been shown in halide
perovskite solar cells so far mainly for the
range of bandgaps of 1.5 to 1.65 eV. For
wider bandgaps, approaching the radiative
limit has so far been less successful due to
increased recombination losses.*!] This
is unfortunate, because in particular the
bandgaps around 1.7 to 1.8 eV are highly
relevant for making efficient tandem cells
based on low bandgap absorbers such as
S1,16-19 Cu(In,Ga)Se,?*2! or Sn-based low
bandgap perovskites.?223] One reason for the increased recom-
bination losses for wider bandgap absorbers is halide segrega-
tion that leads to stability problems for perovskites containing
higher concentrations of Br than about 20%.2*%] Another
obvious but less discussed challenge is the choice of electron
and hole transport materials that have to be adapted to the
energy levels of the absorber material.[10:12.28:29]

Achieving high open-circuit voltages in perovskite solar cells
not only requires well passivated surfaces but also the right
choice of charge transfer layer (CTL) for a good energy level align-
ment.’?l In inverted (anode-illuminated) perovskite solar cells,
fullerenes are nearly always used as electron transport layers and
high efficiency solar cells with fullerene electron transport layers
based on Cg**3! and [6,6]-phenyl-C¢;-butyric acid methyl ester
(PCBM) have been demonstrated for a range of bandgaps.[*32-3]
However, fullerenes have also restrictions in so far that their
energy levels cannot easily be tuned over a wide range. The elec-
tron affinity of fullerenes changes with the number and type of
adducts attached to the Cg, cage with multiadducts leading to
lower electron affinities relative to monoadducts such as PCBM
or even Cy.13>*! For instance, for the classical MAPbI; composi-
tion, PCBM provided a good band alignment, while Cg, (higher
electron affinity) leads to additional recombination losses.*!l For
higher bandgap perovskites with lower perovskite electron affini-
ties, the lowest-unoccupied molecular-orbital (LUMO) of PCBM
becomes too low (electron affinity too high) to achieve a perfect
band alignment.®}l However, alternatives such as the indene-Cq
bisadduct (ICBA) with higherlying LUMOZS#I suffers from
increased energetic disorder due to the high number of iso-
mers (i.e., there are many different ways of attaching two indene
groups to one Cg, cage). This increased disorder leads to a lower
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Figure 1. a) Open-circuit voltages V. versus bandgap. The gray spheres giving an overview of the broad spectrum of different bandgap perovskites.
The bandgaps were calculated by the inflection point of the external quantum efficiency. The lines show the external luminescence quantum efficiency
(10°-1) calculated with a step function. The red star represents the result of Liu et al.l the blue star is the device with the highest V,. of our series
with electron transport layer of CMC:ICBA. b) Product of the fill factor and open-circuit voltage FF x V. versus bandgap. We used the down sweep for
our best cell with FF = 81.2% and V. =1.35 V leading to a product of FF x V . =1.096 V.

mobility**! and has previously led to a generally worse electronic
properties in organic polymer:fullerene solar cells.l**] Therefore,
it is currently unclear how to design the electron transport mate-
rial for perovskite absorbers with a wider range of bandgaps.

Figure la shows the V,. versus the bandgap of a variety of
perovskite solar cells. The colored lines represent the external
luminescence quantum efficiency Q.. that the solar cells
need to have to fulfil the relation®"

q (Vi = Ve ) =0A Vo =—kT 1 (Qc um ) (1)

with Vi the radiative open-circuit voltage, g the elementary
charge, k the Boltzmann constant, and T the cell tempera-
ture. The bandgaps were all calculated by the inflection point
of the external (photovoltaic) quantum efficiency to enable
better comparison between the data points.P>2 The most
notable achievements among wide bandgap perovskites are
cells based on compositions such as Csg,FAggPb(I;7Brq )3,
CSOOS(FAxMAy)OQSPb(IO.7GBrO,24)3’[53] Cs0.17FAg83Pb(I0.6Bro.4)3,*"
and CsPb(Iy75B1g45)3.5>! The bandgaps vary from 1.69°% to
1.845 eV with efficiencies up to 20.1%, at a bandgap of 1.69 eV
and a V,. = 1.21 V.P3 The V, fill factor (FF) product, a proxy for
the voltage at the maximum power point, plotted as a function
of E, for the same devices is shown in Figure 1b. The device by
Zhang et al.>! shows a high V,. and high V,. FF product, but
a large voltage loss AV,.. By applying Equation (1) we can esti-
mate the external luminescence quantum efficiency of the solar
cell® to be Qg jym = 0.25%. It is important to stress that due to
additional recombination at interfaces to charge transfer layers,
the calculated Qg of the devices is much smaller than the
external luminescence quantum efficiency of well passivated
perovskite films, exceeding Q. 1,m = 35%.5°¢)

In contrast to Zhang et al.,® the champion device that is
reported in this work (blue star) shows low voltage losses
leading to high luminescence quantum efficiency Q. jym = 5%
which is comparable with low bandgap devices like Jiang et al.l¥
(violet) and Liu et al.¥ (red star) (see Figure 1a). Furthermore,
the champion device shows a high V,. FF product exceeding
1.09 V (see Figure 1b). The corresponding solar cell is based on
a methylammonium lead iodide-bromide absorber prepared
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using lead-acetate (Pb(CH;3;COO),), methylammonium iodide
(MAI), and methylammonium bromide (MABr) as precur-
sors. This absorber layer is combined with poly(triaryl amine)
(PTAA) as a hole transport layer (HTL) and different combi-
nations of fullerenes with varied LUMO as electron transport
layers (ETLs). We test three different fullerenes, namely, PCBM,
CMC (Cgo-fused N-methylpyrrolidine-m-C;,-phenyl),”%8l and
ICBA and all binary combinations of these as ETLs. ICBA is
known to have a roughly 200 meV® lower electron affinity as
compared to PCBM and has therefore previously been used
in higher bandgap perovskites.?l CMC is also a monoadduct
fullerene but with a longer side chain and has been reported to
have a slightly higher electron affinity (40 meV) than PCBM.D®!
While we find high open-circuit voltages >1.29 V for all of these
ETLs, substantial differences in all device parameters are still
observed. We find that the best efficiencies up to 18.9% and
open-circuit voltages up to 1.35 V are possible using a combina-
tion of CMC and ICBA to form a binary layer.

2. Results

2.1. Device Performance

For optimizing wide bandgap CH;NH;PDb(I,gBrj,); layers
grown on PTAA for highest possible open-circuit voltage, lead
acetate-based perovskite precursors were chosen because they
have been shown*% to yield smooth, low defect-density perov-
skite layers which enable the highest reported V, for perovskite
layers with a bandgap around 1.6 eV. In order to increase the
bandgap of the perovskite layer, we doped 20% MABr into
CH;NH;PbI; (MAPI) layer to produce perovskite absorber
layers with a wide bandgap of 1.72 eV. For bulk passivation,
previous studies have shown that addition of MAI into the
perovskite precursor solution can lead to passivation of grain
boundaries and substantially increased photoluminescence life-
times.[!) Furthermore, studies on MAPI-based solar cells have
shown that excess MAI results in a smaller electron affinity at
the surface of MAPI, which led to better energy alignment and
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Figure 2. a) Schematic of the device stack. The electron transport layer (ETL) varies between different fullerene derivates and combination of those
b) structures of PCBM, CMC, and ICBA. c) llluminated current-voltage curves of the best device measured four days after production. d) External
quantum efficiency Q. py of a device on the same sample as our champion cell (Figure S11, Supporting Information). The external quantum efficiency
is corrected by the reflection of the cover glass of the sample holder. The integrated J,. = 18.2 mA cm=2 is by 1 mA cm~2 higher than the measured J,.

due to current loss during activation (Figure S9, Supporting Information).

likely an increased built-in voltage in finished devices.®2 Our
study shows a continuous improvement in open-circuit volt-
ages when the excess concentration of MALI is increased from
1.67 to 3.33 mol% in CH3;NH;Pb(I,3Br,); precursor solution
(Figure S4, Supporting Information).

Figure 2a shows a schematic of our device composed of
indium tin oxide (ITO), a 16 nm thin PTAA as the hole con-
ductor, CH3NH;Pb(IgBr,); (=280 nm) as the absorber, fuller-
enes shown in Figure 2b (=25 nm) as the electron transport
material, as well as bathocuproine (BCP) (=8 nm) and Ag
(80 nm) finishing up the cathode. Figure 2c shows the cur-
rent-voltage curve (JV) of the champion device, with the blend
of CMC and ICBA (111, by weight, sic passim) as electron
transport layer. The measurements were recorded at a scan
speed of 100 mV s with a class AAA solar simulator under
forward (dashed line) and reverse (solid line) scan conditions.
As reported before, in order to reach the high open-circuit
voltages, all devices have to be photoactivated either by meas-
uring several current—voltage curves or by being kept under
open-circuit conditions for 10-40 min depending on the choice
of fullerenes by the white light LED (Figures S2 and S3, Sup-
porting Information). There could be many reasons for the
improvement by light soaking. Possible reasons could be strain
reduction in the crystal ®l electronic doping of the fullerene
ETLs® or movement of the halide ions, leading to defect pas-
sivation in the perovskite.l®>® In this paper we will not fur-
ther analyze the cause of the activation effect but focus on the
electrical and optical characterization of the activated cells and
layer stacks. Figure 2d shows the external quantum efficiency
of a device on the same sample and with the same short-circuit
current as our champion device (Figure S11, Supporting Infor-
mation). During activation, the J . slightly decreases causing a
1 mA cm™? difference between the [, computed by inte-
grating the external quantum efficiency (Figure S9, Supporting
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Information) and the J; measured with the solar simulator.
It is important to mention that all our cells show an increase
in V,. if measured again two days after the first measurement
(Figure S5, Supporting Information). Our best cell shows a
Vi = 1.35 V measured on day four after production. Cells meas-
ured after 4 days lose mostly in J. (Figure S5, Supporting Infor-
mation) which could be due to MAI excess of the cells.[b%

2.2. Electron Transport Layer Variations

In order to achieve the high V, ., we varied the type of fullerenes
used as ETL. In the following we want to show the impact of dif-
ferent fullerenes and their blends on the characteristic values of
the cells. Figure 3a,c shows the illuminated JV-curves of the best
devices, all reaching V,. > 1.29 V. The statistical data in Figure 3b
gives a brief overview of the impact of different ETLs on the cell
performance, divided in (from left to right, top to bottom) J¢., Vi,
FF, and 7 for the pure fullerenes and blends. The box contains
50% of the data points, the antenna shows minimum and max-
imum value, the bar gives the median, and the point is the mean
value. The J is highest for the cells with PCBM and decreases by
mixing with CMC or ICBA. While the cells with pure CMC and
ICBA have lower [, the CMC:ICBA blend shows a similar high
Jsc as pure PCBM. The V,. shows the opposite trend, PCBM and
its blends reach V.. > 1.33 V while CMC, ICBA, and their blend
increase the V,. up to 1.35 V. With regard to J. and V,. CMC and
ICBA behave similar, but looking at the FF we notice a reduced
performance for ICBA and PCBM:ICBA blend. Surprisingly, the
blend of CMC and ICBA results in an increase of FF compared to
both pure materials, the difference between the mean fill factor
for CMC, AFF = 3.4%, and for ICBA is even AFF = 12.4%. Thus,
the V,. FF product is highest for CMC:ICBA and—combined with
the good J,—this ETL leads to the highest efficiency n = 18.9%.

© 2021 The Authors. Advanced Energy Materials published by Wiley-VCH GmbH
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Figure 3. a,c) Illuminated current-voltage curves of cells with different ETLs. Measured on an AAA sun simulator after activation with an LED.
b) Jsoo Voo FF, and 1 statistic of the four cells on one sample. The box contains 50% of the data, the antenna shows minimum and maximum values,
the bars give the median (in case of 4 cells the mean value of both median values) and the point gives the mean value.

The other devices reach efficiencies of =17% with the exception
of the ICBA-based device, where the poor FF leads to a low effi-
ciency of 17 < 16%.

Thus, to summarize the findings from Figure 3, we find that
the relatively high electron affinity of PCBM indeed leads to the
lowest open-circuit voltages in the series, verifying the need for
looking into alternative electron transport layer materials. The
substitution of PCBM by ICBA enables higher open-circuit volt-
ages thereby verifying the assumption that the energy level align-
ment at the perovskite—PCBM interface leaves room for improve-
ment.2l The cells based on ICBA, however, also show a drasti-
cally reduced FF consistent with the observed charge transport
problems of fullerene multiadducts encountered in the past in the
context of polymer:fullerene solar cells.*®l The apparent solution
for this dilemma is found to be the use of the fullerene monoad-
duct CMC blended in 1:1 ratio with either PCBM or—with even
higher efficiencies—ICBA. Thus, the use of binary blends of dif-
ferent fullerenes allows combining their advantages rather than
being limited by the shortcomings of the respective molecules.
This is an observation that has also previously been made in the
context of organic solar cells, where ternary blends using, e.g.,
two different acceptor molecules combined with one donor have
efficiencies that exceed those of the binary blends. /-]

2.3. Loss Analysis

In the following, we will briefly study the key loss mechanisms
in our solar cells by comparing the performance indicators
Jsoo Voo FF, and efficiency to the values of a cell with the same
bandgap in the Shockley-Queisser model. We use the meth-
odology that has been introduced by Guillemoles et al.’®l and
Kriickemeier et al.5?

In Figure 4a the power density of our champion device is
shown as a function of voltage (blue) and is compared with the
power density of a cell with the same bandgap (1.72 eV) with
an ideal FF (red), ideal V,. and ideal FF (green) and finally
the power density—voltage curve of the cell in the Shockley—
Queisser model (yellow). Figure 4a emphasizes that we
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optimized the cells for high V,. and high FF. Thus, the differ-
ence between ideal [ and measured J, is the highest but can
be explained by the low absorber thickness of 280 nm that gives
the best electronic quality and highest open-circuit voltages.
Note that if we use a more highly concentrated precursor solu-
tion, the layer thickness increases, but also the crystal growth
changes and very rough layers are formed, which are detri-
mental for the performance of device. The V,. is close to the
Shockley—Queisser limit (green curve) for a bandgap of 1.72 eV.
As described by Kriickemeier et al.”? a better way to compare
the quality of the V,. is by comparing the measured and the
radiative open-circuit voltage V. We calculated Vv, by fitting
an Urbach tail to the external quantum efficiency®? (Figure 4b).
The difference AV, =V -V, =70 mV confirms the good V.
comparable to Liu et al. (AV,. = 64mV) and Jiang et al.!
(AVoe = 67mV). Notably, this loss is the smallest reported
value in the bandgap region around 1.7 eV. Using Equation (1)
we can compute an external luminescence quantum efficiency
Qs um = 6.56%.

Figure 4c shows the ratio of different losses for our cham-
pion device with a 1:1 blend of CMC and ICBA and 5 other
fullerenes or fullerene blends as ETL. The percentage of SQ
efficiency is plotted on a logarithmic axis, i.e., the relative size
of the boxes is independent of their position in the total loss
bar. The normalized efficiency can be written as

r’real _ J sc ‘/orce A FFO (Vo"ceal) F Freal
& VR FR (ViR) PR (V)

(2)

77SQ sC

Note that the FF depends on the V,.. Hence, the loss in FF is
divided in the loss in maximum fill factor that is due to the loss
in V.., i.e., FFy (Ve )/FFy(Vs?) (lilac Figure 4c), and the loss in fill
factor that is due to the series resistance and the ideality factor
FF,.. | FE, (Vorfa]) (red Figure 4c). Regardless of the fullerene, the
photocurrent loss [ /Js2 (vellow Figure 4c) is the highest loss,
which can be partly explained by the small thickness (280 nm) of
the absorber layer and no additional light management. All cells
show a small loss in calculated FF due to a small difference in

© 2021 The Authors. Advanced Energy Materials published by Wiley-VCH GmbH
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Figure 4. Analysis of losses. a) Power density P of the best cell (blue) compared to the ideal cell in different steps of ideality, ideal fill factor (red),

Shockley—Queisser V.. (green), and complete SQ model (yellow). The biggest improvement could be achieved by increasing J..

b) The radiative limit

Ve2d =142 Vis calculated from the product of photovoltaic quantum efficiency and black body spectrum as described, e.g., by Rau.[*l The photovoltaic
quantum efﬁaency is extended by fitting an Urbach tail of £, = 16 meV to the measured quantum efficiency QEQFas explained by Kriickemeier et al.?2
Because the Vo2 should be independent of the ETL, we show the data from the ceII with the CMC:ICBA blend as ETL. c) The percentage of Shockley—
Queisser efficiency for cells with d|FFerent ETLs separated in current loss (Jsc/Js), fill factor losses (FFreal/FFo(VS&'), FFo(Vye)/FFo(Vee?)), and radia-
tive and nonradiative voltage loss (Vo2 /Voi2, vorcea'/Vorcad). d) Percentage of Shockley-Queisser efficiency for perovskite cells with different bandgaps.

VsQ and measured V,.. The resistive loss in FF varies for the dif-
ferent ETL. In case of ICBA FEeal/FFO(VJC“I) is particularly high
suggesting a reduced conductivity of the ICBA layer. The loss in
V,,c can be divided in the difference between the actual absorption
coefficient and the assumed step function in SQ (blue Figure 4c)
and nonradiative loss (green Figure 4c). The perovskite and thus
the bandgap and shape of the external quantum efficiency spec-
trum in the region close to the bandgap is not severely affected
and hence the ratio V2 / V.2 is nearly the same for all cells. The
ratio Vo' / Vi is highest for cells which contain PCBM in the
ETL and lowest for cells with either ICBA, CMC or ICBA:CMC
as ETL. Our champion device based on the CMC:ICBA blend
ETL shows a moderate normalized efficiency 7yeq/7sq = 0.66,
but our nonradiative V, loss is comparable with high efficiency
devices based on much lower bandgaps, e.g., Jiang et alll
Figure 4d illustrates the exceptionally low voltage losses of our
solar cells compared to the voltage losses in other wide bandgap
perovskite devices that typically exceed those of lower bandgap
perovskites.[15571.72]

2.4. Interfacial Recombination

The most obvious finding from our previous analysis of
device data is the observation of high open-circuit voltages
and low nonradiative recombination losses. This implies that
our process yields a high-quality bulk material which only
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shows minimal losses due to interface recombination. Inter-
face recombination is affected both by the energy-level align-
ment”37! at the interface between absorber and both charge
transport layers and by its kinetics that are typically expressed
in terms of surface- or interface-recombination velocities.”®!
Here, we will first study the kinetics of recombination using
transient photoluminescence measurements and subsequently
the energy-level alignment of the different fullerenes by a com-
bination of ultraviolet photoelectron spectroscopy (UPS) and
photothermal deflection spectroscopy (PDS).

2.4.1. Recombination Kinetics

We measured transient photoluminescence with time-correlated
single-photon counting on half cells without the BCP and silver con-
tact with the decays being shown in Figure 5a and b. This was done
to reduce the impact of capacitive effects that would be expected
from electrode charging and discharging in complete devices.”! In
order to analyze the data, we calculate the differential decay time by
first fitting the Ti-PL decays and then differentiating the fits using

T giff HLL = — Z(M]_ 3)

dt

where ¢ is the luminescence. The factor of 2 originates from
the assumption of high-level injection (HLI), i.e., ¢ o< n?l’8l

© 2021 The Authors. Advanced Energy Materials published by Wiley-VCH GmbH
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where n is the charge-carrier concentration. The resulting
differential decay times are plotted as a function of the quasi
Fermi-level splitting AEp which is proportional to In(¢) as
computed in Equation (S5) of the Supporting Information.
Note that early times after the pulse correspond to high AEg
and late times to low AFg. The differential decay times as
shown in Figure 5c,d. show a rapidly decreasing decay time
toward high quasi Fermi-level splitting (short times), and
a small decrease at intermediate values of AEp. At smaller
values of AEp (long times) the decay times differ for the dif-
ferent fullerenes. Decay times for CMC:ICBA (green) and
PCBM:ICBA (gold) nearly saturate in a slightly sloped plateau,
PCBM (gray) and ICBA (lilac) continue decreasing but with
a smaller slope, PCBM:CMC (red) saturates after a steep rise
and CMC (blue) increases fast. It should be mentioned that
the steady-state PL shows a peak shift (Figure S13, Supporting
Information) for PCBM:CMC, which could be the reason for
the difference to the other mixed fullerenes. The peak shift
could be related to phase segregation during the activation of
the sample.**?] The decays are generally comparably slow as
those measured on similar MAPI samples as presented, e.g.,
by Liu et al. and Haddad et al.l”®]

www.advenergymat.de

The first regime of the decay time versus AEp plot (short
times) can be affected by charge extraction to the charge
transport layers and the ITO electrode as well as by radiative
and Auger recombination, leading to relatively short decay
times.”®7% The intermediate and late regime should be domi-
nated by either bulk or interface recombination with an approx-
imately constant lifetime, i.e., some type of defect-assisted SRH
process.®% In contrast to the other fullerenes and blends the
differential decay time of CMC increases even further toward
lower values of AEg (long times), representing the flat parts of
the Tt-PL decays shown in Figure 5a. These regimes are repre-
sentative of the part of the original data with the lowest signal-
to-noise ratio, where the Tr-PL data approaches its background
(noise) level. For the other ETLs, we cut off the regime with
lowest signal-to-noise ratio as described in Figure S16 of the
Supporting Information. In addition, the long-time regime can
be affected by slow processes such as capacitive discharges of
electrodes or contact layers that reinject charge into the perov-
skite absorber.”7# Therefore, we conclude that the region most
representative of the information of interest, namely, all types
of SRH recombination, is the flat or intermediate region. If we
analyze the data of the 1:1 blend of CMC and ICBA at the point

Fermi-level splitting AE¢ (eV)

g 10° (b)]
210" 1
=
8 1072 1
C
8107 1
3
£10* CMC PCBM:ICBA ]
E PCB PCBM:CMC
0.5 1.0 15 0.5 1.0 15
time t (us) time ¢t (us)
> —_
g 210t
o=
© &
=N
(O] -7 L
©
s 10%
T@
T .
5 § 10%}
5o
210k _ L
¢ £10 e AN V]
!
ftct)s [ ) ) ) _.Tbulk=1(.) MSp . . . .
a 1.40 1.45 1.50 1.55 1.60 1.40 1.45 1.50 1.55 1.60
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Figure 5. a) Normalized transient photoluminescence ¢ of glass/ITO/PTAA/perovskite/ETL samples with pure and b) mixed fullerenes measured with
time correlated single-photon counting (TCSPC). In order to analyze the data, we fit two exponential functions to the normalized data (darker lines).
¢,d) We computed the differential decay time 74y, by using Equation (3) and plotted the result versus Fermi-level splitting AEz. Samples using an
ETL made from a (1:1) blend of CMC and ICBA show the highest lifetime of 7> 1 us. e,f) Surface-recombination velocity S computed with Equation (3)
for bulk lifetime 7., = 10 us (dotted line), 5 us (dashed line), and 1 us (solid line).
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where the derivative of the differential decay time has a min-
imum, we obtain differential decay times of 7y = 0.75 Us at
AEp = 146 eV. As described in Section S5.2 of the Supporting
Information, we can estimate surface-recombination velocities
from these decay times via

S(AEF):Zd[;— ! ] (4)

Tdiff HLI (AEF) Tbulk

and obtain values ranging from S =17 up to 67 cm s, We vary
the assumed bulk recombination time from 7, = 1, 5, and
10 psP® and use a thickness d = 280 nm (Figure 5e,f). Espe-
cially for ICBA and CMC:ICBA, a bulk lifetime 7, < 1 us
would be inconsistent with the long differential decay times,
which therefore implies that the value for S computed from
Equation (4) becomes extremely low or even negative. In the
latter case, the assumed bulk lifetime must be unphysical
and a longer lifetime has to be assumed. The values of the
surface-recombination velocity presented here are slightly
higher than what was previously estimated for the PTAA/
MAPI interfacel based on Tr-PL measurements but slightly
lower than previous estimates’®7°! for recombination at the
MAPI/PCBM interface. The surface-recombination velocity
of PCBM in the assumed bulk lifetime range is nearly one
order of magnitude higher than S for CMC:ICBA. Fur-
thermore the combination of PCBM and CMC results in a
similarly high S while the ICBA in PCBM:ICBA seems to
compensate the PCBM. Note that the effect of the variation
of the bulk lifetime is particularly important for cases, where
the differential decay time is rather long. Thus, for ICBA and
CMC:ICBA, there is a substantial variation in the estimated
value of S with 7, while for the other ETLs, there are only
minor variations.
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2.4.2. Energy Level Alignment and V,, Losses

In addition to surface quality the energy alignment between
perovskite and CTL limits the V,.["27% Large offsets, e.g., in
the conduction band at the absorber—ETL interface would lead
to an interfacial bandgap at this interface that is substantially
lower than the bulk bandgap. If recombination is efficient via
the interface (i.e., electrons in the ETL can efficiently recom-
bine with holes in the perovskite), the interface may strongly
deteriorate the V,.[% Therefore, characterization of energy
levels is crucial for a complete understanding of interfacial
recombination in a solar cell. Typically, UPS is used to measure
the work function @ and the valence-band edge E, at the sur-
face of the samples. Given that we are interested in the LUMO
positions of our ETLs, we have to combine UPS data with data
from optical spectroscopy to obtain the bandgap and thereby
the electron affinity y.

We derived the work function and the valence-band edge with
UPS measurements as shown in Figure S19 of the Supporting
Information for all fullerenes and blends on glass/ITO/PTAA/
perovskite/ETL stacks. We activated the half cells before the
UPS measurement by illumination under a white LED lamp as
described in the Supporting Information. Figure 6¢ illustrates
the difference between the ionization energy E; = E,,. — Ey of
PCBM and the other fullerenes. We determined a smaller F; for
ICBA of 160 meV, which is in good agreement with the offset
(200 meV) measured by Faist et al.’” The relevant quantity for
band alignment with the perovskite is however the electron
affinity as it determines electron extraction and recombination
of electrons in the ETL with holes in the perovskite. However,
fullerenes do not show a clear absorption onset that could be
used to determine the bandgap but feature a weakly absorbing
absorption feature at around 1.75 eV and then a slow rise
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Figure 6. a) Schematic band diagram of PCBM compared to the other ETLs. b) Bandgap difference AE; between PCBM and the other ETL materials,
measured with PDS and total transmittance and reflectance spectroscopy. c) lonization energy E; = E,,. — Ey relative to the ionization energy of PCBM.
The work function @ and the valence band energy relative to the Fermi-level energy E¢ = 0 eV were derived from UPS measurements. d) Difference
between electron affinity of PCBM and the other ETLs. The electron affinity was computed with the PDS measurements and UPS measurements and
the median V. with the error bar representing the datapoints within 1.5 X IQR (Figure S12, Supporting Information).
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until strong absorption is visible in the blue and UV parts of
the spectrum. This has led to substantial variations of elec-
tron affinities determined by combining UPS and absorption
spectroscopy in literature.*>5881-84 [n order to circumvent this
challenge, we again only compare relative changes in bandgap
that we determine from PDS measurements analyzed at three
different constant absorption coefficients & = 1 x 10*cm™,
o =5 x100cm™, and @ = 1 x 10°cm™. The arithmetic
means of the three optical bandgap differences with respect
to PCBM are shown in Figure 6b. We observe that the optical
bandgap of CMC is = 40 meV bigger than the bandgap of
PCBM while the other fullerenes show slightly lower bandgaps
than PCBM.

Figure 6d shows the relative position of the LUMO of the
different ETLs compared to PCBM determined from the values
in Figure 6b,c and the median V,. from the solar cell charac-
terization. The error bars of V. represent the datapoints within
1.5 x IQR (interquartile range), where the IQR represents the
region of 50% of the data points (Figure S10, Supporting Infor-
mation). PCBM and PCBM:CMC share the same electron
affinity, while the other blends and fullerenes have a lower elec-
tron affinity. The LUMO of ICBA is closest to vacuum, fitting to
the high V.. However, the correlation between V. and Ay is not
distinct enough to solely explain the high V.. Instead, we pro-
pose that the combination of the optimization of the energy level
alignment and slight improvements in the interface passivation
suggested by the Tr-PL measurements qualitatively explain the
trends in V.. A quantitative prediction of the trends of V,. with
ETL may be a target for future studies but has so far not been
attempted due to the difficulties in the numerical simulations of
Tr-PL decays and the experimental uncertainties in measuring
energy level alignment with accuracies of a tens of mV.

2.5. Fill Factor Losses

As observed in Figure 4c,d, the fill factor losses are still substan-
tial and even at fill factors = 80% generally exceed the losses
in V. in the cells discussed here. The same is true for most
high efficiency perovskite solar cells reported in literature and
stands out relative to more mature technologies such as Si or
GaAs where these losses are substantially lower.”? These losses
partly originate from the high ideality factors observed even in
high efficiency perovskite solar cells®#5 and from the resistive
losses induced by the relative low conductivity and low permit-
tivity of the organic charge transport layers.[®%l In the following,
we will therefore study the general distribution of FF losses in
more detail and analyze in particular resistive losses due to low
mobilities in the ETLs via space-charge-limited current (SCLC)
measurements.

2.5.1. Analysis of Current—Voltage Curves

In order to distinguish between resistive contributions to the
fill factor loss and those based on an ideality factor ny higher
than one, we use a simple method to determine the series
resistance Ry by comparing illuminated and dark JV-curve in
the 4th quadrant.l¥”# When neglecting the parallel resistance

Adv. Energy Mater. 2021, 11, 2003386 2003386 (8 of 13)
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and assuming the superposition principle®®? holds, the
diode equation

_ aWi-JR)) |
Jl—JoX(eXP( e ] 1] J )

with k the Boltzmann constant and T the cell temperature and
Jo=Jsc xexp (— qVy/kT) describes the JV-curve of a solar cells.
In the dark the diode equation is reduced to

Ja=1To X[exP(q(V;;k?RS))_l] (6)

where the JV-curve is independent of light induced effects. The
Jsel Voo curve, ie., Jo. and V,. measured at different illumination
intensities is independent of R

Je=1Jo x[exp[%) —1] )

since the current is zero at V.. Figure 7a shows the illuminated
JV curve (blue) the dark JV curve shifted by J,. (yellow), the
Jsc/ Voo curve shifted by J,. (red) and the ideal JV curve (green),
i, Ry= 0Qcm? and nyg = 1 for a PCBM cell. For equal cur-
rent densities J, the difference between illuminated JV curve
and dark JV curve divided by J. leads to the series resistancel®!

Rs=(Va=W)/(Ja=]1) = (Va=V1)/Jsc ®)

as long as the series resistance is independent of illumi-
nation intensities (Figure 7c). The mean series resistance
for the PCBM cell is Ry = 5.4 Q cm?in a voltage range of
Va=1.24t0 1.36 V (being very similar for forward and reverse
scan) and increases toward lower voltage due to the increased
internal resistance of the semiconducting layers making up
the device.”’] Note that the series resistance can as well be cal-
culated by the difference between illuminated JV curve and
Jse/ Vi curve, dark JV curve, and Ji/ V. curve,®’] respectively.
The latter two approaches are however more prone to hyster-
esis effects as discussed in more detail in Section S72 of the
Supporting Information. According to Green’s equation for
the fill factor,® it depends not only on the series resistance
but also on the ideality factor n;q. Therefore, we determine
the ideality factor by calculating the slope of the short-circuit
current plotted against the open-circuit voltage at different
illumination intensities (Figure 7b; Figure S26, Supporting
Information). The ideality factor for PCBM is in the range of
roughly n;y = 1.7 to 1.9 for the reverse scan direction and even
higher in the forward scan. In Figure 7d we plotted the power
density versus voltage for the different JV curves in a similar
manner to Figure 4a. The maximum of the power density
curve gives us the efficiency of our solar cell. The difference
between illuminated and J,/V,. curve reveals the fill factor
loss AFFy, =FF,_y, —FF = 3.7% due to the series resistance in
the cell. The difference between J ./ V,. curve and ideal power
density curve gives us the loss due to nonideal diode behavior,
i.e., an ideality factor n;q > 1.3 The fill factor loss due to non-
ideal diode behavior is slightly larger than the loss due to Ry
AFF,, =FFq —FF,_y, =5.9% (see Table 1).

© 2021 The Authors. Advanced Energy Materials published by Wiley-VCH GmbH
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Figure 7. a) llluminated current-voltage curve (blue) forward (dashed line) and reversed (solid line) scan direction, of a PCBM cell measured with an
AAA sun simulator. Short-circuit current density versus open-circuit voltage measured on a white LED subtracted by the short-circuit density at 1 sun

M5 (red). Dark JV curve subtracted by JAM'® (green) and ideal JV curve following Equation (5). b) Short-circuit current plotted against open-circuit
voltage of the PCBM cell at different light intensities. The upsweep (low intensity to high intensity) is shown in purple and the downsweep (high inten-
sity to low intensity) in red. c) The difference between illuminated JV and dark JV leads to the series resistance R following Equation (8). The open
symbols represent the difference between the forward scans of illuminated and dark curves, the filled symbols the reverse scan, respectively. d) Power

density of the illuminated, Js/V,. and ideal curve. The maximum power density is equal to the efficiency of the solar cells.

2.5.2. Space-Charge-Limited Current Measurements

The observation of improved FF for the binary ETLs com-
pared to pure fullerene ETLs as shown in Figure 3d, sug-
gests that the choice of fullerene or fullerene blend affects
the conductivity of the ETL which in turn could modulate
the resistive losses caused by the ETL. Hence, we studied
the difference in electron mobility i, across the different
ETLs using SCLC measurements. Therefore, we constructed
electron only devices, similar to the cell stack. As shown in
Figure 8a, we used ZnO nanoparticles and the standard BCP/
Ag contact also used in the solar cells as electron injecting
and extracting contact for the electron-only devices. In SCLC

Table 1. Ji, V.., FF, and 1 for a solar cell based on an PCBM ETL com-
pared to FF and 1 from an ideal JV curve with the same J,. and V,. but
Rs =0 and niy =1 and a curve with zero series resistance (but nonideal
ng), derived from the measurement of the Ji./V,.. curves shown in
Figure 8a,b.

Je o Vee FR FRaae FFg 0 Muwee g AFFe AFFn,
mAcm? V] (%] [%] (%] [ [% % %] (%]

PCBM 16.4 130 811 848

90.7 173 181 194 37 59
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measurements, the current should follow the Mott-Gurney
law(®4

2

9
] = g Sognue ? (9)

where g, is the vacuum permittivity, & = 3 is the assumed
relative permittivity, and d is the thickness of the fullerenes
and fullerene blends if certain conditions are met. These con-
ditions include most notably the absence of diffusion—an
assumption that is typically violated if there are either charged
defects or asymmetric injection barriers present in the device.
In order to distinguish between both effects, we measured the
dark JV curve from —4 to 4 V with the difference between for-
ward and reverse bias being indeed substantial (see Figure S21,
Supporting Information).”>%l To minimize the influence of
diffusion on the data, we use the curve obtained by injecting
electrons at the BCP/Ag electrode and extracting them at the
ZnO electrode and limit ourselves to voltages V>1V.

Figure 8a shows a double-logarithmic representation of
this part of the data shown as ] x d* versus voltage showing a
transition from a region affected by diffusion to a region that
is approximately following the Mott-Gurney law for higher

© 2021 The Authors. Advanced Energy Materials published by Wiley-VCH GmbH
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Figure 8. a) Space-charge-limited current (SCLC) J x d® versus voltage for the bias direction where electrons are injected from the BCP/Ag and extracted
at the ZnO interface. (Comparison between forward and reverse direction can be found in Figure S21, Supporting Information.) For high voltages,
the curve should follow the Mott-Gurney law (Equation (4)) Inset: schematic of the electron-only device stack using BCP/Ag und ZnO as the electron
injecting materials. b) Electron mobility from ASA simulation (see the Supporting Information) plotted against the median FF of all cells measured
with AAA sun simulator on day four. The error bar for the mobility represents the uncertainty in thickness due to surface roughness. The error bar of
FF represents the datapoints within 1.5 X IQR (Figure S12, Supporting Information).

voltages. Note that assuming constant permittivity among the
different fullerenes, higher values of | x d* should always cor-
respond to higher mobilities according to Equation (9). The
Mott—-Gurney law can only be applied in the region where the
slope in the double log plot is close to two.[l All samples except
the ICBA-based sample show a transition from a high slope at
lower voltages (diffusion limited region) to a smaller slope at
higher voltages that approaches the value of 2 expected from
the Mott—Gurney law. The curves for the different fullerenes
are approximately parallel suggesting that they differ essentially
in mobility. On the contrary the ICBA-based sample shows a
substantially higher slope than 2 throughout the whole voltage
region suggesting that energetic disorder affects charge trans-
port.’®! Figure 8a leads to the conclusion that PCBM:CMC and
CMC have the highest mobility while ICBA shows the lowest
mobility of all six fullerenes and—given the higher slope of cur-
rent versus voltage—is affected by energetic disorder.%®!

To extract the mobility, we simulated the complete JV curve
with the drift-diffusion simulation solver Advanced Semicon-
ductor Analysis (ASA) to compute the mobility as described in
Section S71 of the Supporting Information. Figure 8b shows the
result of numerically fitting the curves and extracting the elec-
tron mobility g, for the different ETLs. This electron mobility is
then plotted as a function of FF. The ZnO nanoparticles form a
rough layer which leads to uncertainties in the thickness of the
fullerene layers that are reflected in the error bar of the mobility.
The fill factor is the median of all measured cells at an AAA sun
simulator on day 4 after activation, while the error bars represent
1.5 X IQR. With the exception of the CMC sample that shows a
fairly good mobility relative to a modest FF, we observe a monoto-
nous increase of FF with electron mobility from ICBA (worst FF)
to PCBM:CMC (best FF). 1D-drift-diffusion simulations of JV
curves (Figure S23, Supporting Information) confirm the electron
mobility trend shown in Figure 8b for all ETLs but CMC. Note
that the CMC sample is inhomogeneous (Figure S24, Supporting
Information), thus the thickness measurements may have a
larger error bar, or the material properties could be different to
those properties present in a cell with much thinner CMC layer.

Adv. Energy Mater. 2021, 11, 2003386 2003386 (10 of 13)

3. Conclusion

Reaching high open-circuit voltage is one of the main chal-
lenges for wide bandgap perovskite solar cells. Using
CH;3NH;3Pb(IygBry )3 with a bandgap of E, = 1.72 eV and a
blend of CMC:ICBA as electron transport layer we managed
to fabricate solar cells with a high V.. = 1.35 eV leading to
a nonradiative loss of only AV,. = 70 mV without compro-
mising in FF = 81.2%. Using transient photoluminescence
spectroscopy and a combination of ultraviolet photoelectron
spectroscopy and photothermal deflection spectroscopy, we
were able to assign the high V. to low interfacial recombina-
tion and partly improved energy alignment. In addition, we
studied the losses in fill factor, which are substantial given
that corresponding FF in the SQ model is nearly 91% for a V,,
of 1.35 V. By using a comparison of measured current-voltage
curves and suns-V,. measurements, we find that the FF
losses are distributed approximately equally between losses
due to the ideality factor n;g > 1 and due to resistive losses.
The resistive losses most likely originate from the finite con-
ductivity of the charge transport layers. Space-charge-limited
current measurements show that the electron mobility in the
ETL materials varies for all fullerenes and fullerene blends,
showing a monotonic correlation between FF and electron
mobility that holds for all samples but one. This suggests that
further pathways toward higher efficiencies can be based on
higher conductivities and mobilities in the electron transport
layers combined with a better understanding of ideality-factor
losses. The latter losses may be reduced by either further
approaching the radiative limit for example by better surface
quality or by moving the most recombination active parts of
the device into low level injection.

Supporting Information

Supporting Information is available from the Wiley Online Library or
from the author.
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