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In this study, we quantify the impact of C60-passivation layers in Cs0.15FA0.85PbI2.75Br0.25 double-cation perov
skite solar cells. We apply a combination of impedance spectroscopy, photoluminescence (PL) spectroscopy, and
X-ray diffraction (XRD) to identify the origin for the increase in power conversion efficiencies and operational
stability for solar cells fabricated with C60/ZnO electron transport layer (ETL) versus reference cells with a ZnO
ETL. XRD reveals an increase in PbI2 while PL spectroscopy reveals an increase in Br-rich regions in the
perovskite bulk in devices containing C60 interlayers. We apply impedance spectroscopy to quantify the elec
trochemical dynamics in both solar cell architectures. Solar cells with C60/ZnO ETL demonstrate less pronounced
and slower electrochemical dynamics in the impedance spectra than solar cells with ZnO ETL. We conclude that
C60 leads to the formation of PbI2-rich and Br-rich domains in the perovskite absorber layer, resulting in reduced
recombination losses and improved operational stability.

1. Introduction
Perovskite solar cells (PSCs) have attracted much attention in the last
decade, following the pioneering application of methylammonium (MA)
lead-halide perovskites in dye-sensitized solar cells in 2009 [1–3]. Since
then, increases in efficiency have been achieved in planar, thin-film
solar cell architectures using mixed cation and mixed anion perovskite
absorber layers [4,5]. In light of the impressive improvements in per
formance witnessed in the last few years, the main challenge towards
real applications is now to improve the operational stability and lifetime
of PSCs [6–12]. Further optimization of PSCs is targeted by reducing
charge trapping and surface recombination, through passivation of de
vice interfaces, as well as improving bulk crystallinity and perovskite

stoichiometry [11,13,14]. The replacement of the volatile MA cation
with other (inorganic) cations has further resulted in improved stability
[15–18]. Double-cation mixed-anion perovskites such as CsxFA1-xPbI3-y
(1-x)Bry(1-x) (FA=formamidinium) have demonstrated promising results
for achieving thermally stable perovskite layers [16,17,19–21]. Mixed
I-Br halide perovskite absorber layers have resulted in improved per
formance [22]. This has been attributed to the superior stability as well
as the larger bandgap due to the Br-rich content, which is correlated
with higher open-circuit voltage (Voc) [13,22]. In addition to perovskite
composition, it has been recognized that electrical losses at the PSC
interfaces are a crucial factor for improving perovskite solar cell per
formance and stability [10,13]. In this context, recent reports have
highlighted the urgency to develop strategies to reduce interfacial
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recombination losses as well as prevent ion migration towards the de
vice electrodes [10–14,23–25].
Metal oxides such as TiO2, SnO2 and ZnO are obvious choices for the
electron transport layer (ETL) in PSCs [10,26], as they are n-type ma
terials with suitable energetics for electron extraction from the perov
skite absorber, and can be processed at low temperature and cost [26].
Early work in the field of perovskite photovoltaics (PV) focused on TiO2
ETLs, resulting in reasonable stability and performance [27]. However,
ZnO may be a more suitable choice than TiO2, due to the combination of
high electron mobility with low-temperature, flexible processing
methods [26,28,29]. For example, mobility values of 205 - 300 cm2 V− 1
s− 1 have been reported for bulk ZnO [26,28,29] vs. 0.1 - 4 cm2 V− 1 s− 1
for bulk TiO2 [29,30]. Further, the alignment of the conduction bands
between ZnO and perovskite absorber layers for electron extraction re
duces losses in carrier energy during extraction [26,28,31,32]. Howev
er, reports of decomposition of methylammonium lead-iodide (MAPbI3),
i.e. the first generation perovskite absorber layer, upon direct contact
with ZnO (particularly after annealing) [28,33,34], resulted in less focus
on ZnO ETLs in PSCs [26]. In addition, a major challenge associated with
ZnO is the complex defect chemistry [28], which depends strongly on
the fabrication process [28,35]. Miyasaka et. al., demonstrated
ZnO-based triple-cation (Cs, FA, MA) perovskite PV yielding a
power-conversion efficiency (PCE) of 18.9% [36], but in this study,
low-temperature annealing of the perovskite layer was applied, which is
not compatible with processes required for fabricating highly crystalline
layers with reduced grain boundaries [36,37]. These challenges have
inspired much research into strategies to improve the ZnO-perovskite
interface [26,32,38]. Interface engineering using passivation layers
has been applied to prevent non-radiative recombination losses due to
defects at the contact interfaces, as well as preventing unwanted changes
in the physical and chemical properties of the perovskite-contact inter
face [13,17]. Interface engineering with organic molecules, ranging
from Lewis acids, to small molecules, to non-fullerene acceptors have
been reported to increase the photoluminescence (PL) quantum yield of
the perovskite absorber, correlated with decreased non-radiative
recombination losses [13,17,37]. However, insulating passivation
layers result in a drop in the cell potential at the contact and prevent the
extraction of carriers from the device, and therefore the challenge is to
develop chemically inert, conductive ETLs for PSCs [10]. Zheng et. al.
demonstrated PSCs based on ZnS-passivated ZnO and a triple-cation
perovskite absorber with good stability and a PCE of 20.7% [39]. Sub
sequent studies suggested that interfacial passivation with organic ma
terials offers even greater potential to improve the quality and stability
of ZnO/perovskite architectures [17,40-42]. For example, insulating
polymeric buffer layers, such as polyethylene glycol (PEG) and poly
ethylenimine (PEI), have been used to passivate the ZnO ETL to achieve
thermally stable cathode interfaces in PSCs [43]. C60 has good electron
mobility and the LUMO level is suitably aligned with the ZnO conduc
tion band, which, together, prevent potential difference losses at the
contact interface [44]. The use of C60 passivation layers in PSCs has been
widely investigated due to reports of increased photovoltaic perfor
mance, decreased hysteresis, and improved device stability [45–47].
While C60 has been associated with reduced ion migration and interfa
cial chemical reactions, the underlying physical and chemical mecha
nisms, in particular in combination with ZnO, leading to increased PSC
performance are unknown [48].
In this study, we elucidate the origins for performance improvement
in PSC containing C60 layers. We compare PSC containing C60/ZnO ETLs
with reference devices containing ZnO ETLs in the model system
Cs0.15FA0.85PbI2.75Br0.25. We find that the C60 passivation layer results in
higher Voc and fill factors (FF), leading to higher PCE than devices
without the C60 layer, consistent with previous reports [45–47]. Further,
the C60 layer also decreases the hysteresis index and significantly im
proves the operational stability of the PSC [17,45,46]. We additionally
observe a slight decrease in the short circuit current density (Jsc). Using a
combination of photoluminescence (PL) spectroscopy and X-ray

diffraction (XRD), we show that perovskite/C60 samples demonstrate a
blue shift in the PL and the emergence of PbI2 in the perovskite. This is
consistent with the local formation of PbI2 and Br-rich domains. We
apply impedance spectroscopy (IS) to correlate the changes in PSC
composition with photovoltaic performance. This allows us to quantify
relevant dynamics, and relate this to PSC performance [49–53]. In this
context, we apply a generalized equivalent-circuit model (ECM) for PSCs
[53] to model the electronic and electrochemical dynamics [46,53–55].
Solar cells with a C60/ZnO ETL demonstrate less pronounced electro
chemical dynamics than solar cells with ZnO ETL. We conclude that the
formation of PbI2 and Br-rich domains improves PSC performance and
operational stability through trap passivation and suppression of elec
trochemical degradation.
2. Results
2.1. The influence of C60-interlayers on solar cell performance and
stability
PSCs were fabricated with either ZnO or C60 / ZnO ETLs according to
the procedure described in the methods section. Briefly, ZnO was spin◦
coated onto ITO substrates and then thermally annealed at 350 C for
20 min, using a previously published protocol [28,56]. For some sam
ples, a thin layer of C60 was subsequently thermally evaporated on top of
the ZnO. The perovskite absorber was spin-cast onto the ETL, and the
devices were completed by spin-casting doped Spiro-OMeTAD and then
subsequently thermally depositing Au electrodes (100 nm) to complete
the stack.
Fig. 1 (a) and (b) show the SEM cross sections of the Spiro-OMeTAD/
perovskite/ZnO/ITO and the Spiro-OMeTAD/perovskite/C60/ZnO/ITO
structures, respectively. The thickness of ZnO is 55 nm, the thickness of
C60 is 25 nm and the thickness of the perovskite is approximately 300
nm. For samples with the C60 interlayer, the morphology of the perov
skite layer was visually smoother and with less grain boundaries, sug
gesting an improved crystal quality [57]. Fig. 1 (c) and (d) show the
current-density - voltage (J-V) characteristics of freshly prepared
champion cells with either a ZnO ETL or a C60/ZnO ETL in the dark
(black) and under illumination (blue), respectively; J-V characteristics
of an aged sample under illumination is shown in red. The label “fresh”
designates the first measurement on the sample prior to the stability test,
while “aged” designates the measurement after 30 min from stability
test without stress conditions in the dark. The J-V measurements were
performed in reverse-scan configuration at a scan rate of 180 mV/s in
the dark (black line) and under AM 1.5 standard illumination (red and
blue lines). Fig. 1 (c) and (d) clearly illustrate the performance im
provements enabled by the C60 interlayer: first, the series resistance is
improved, yielding higher FF and PCE in freshly prepared sample. Sec
ond, and importantly, the stability is much improved; while the sample
without C60 displayed strongly deteriorated diode characteristics after
aging, suffering even complete break-down at reverse biases of -0.4 V
(see Fig.1c), the sample with the C60 interlayer retains its superior diode
characteristics even after aging (see Fig. 1d).
More specifically, the C60 interlayer improves the initial “fresh” solar
cell performance, leading to an increase in PCE from 12.09% to 15.38%,
due to an increase in the Voc from 0.98 V to 1.04 V and in the FF from
64.39% to 77.23% in the champion cells. However, we observe a lower
short-circuit current density (Jsc) (19.21 mA/cm2 versus 19.26 mA/cm2)
in the PSC with the C60 interlayer. More interestingly, the C60 interlayer
improves the stability of the solar cell parameters: upon aging, the PCE
decreases from 15.39% to 13.96% in the sample with the C60 interlayer,
while the decrease is significantly larger, from 12.09% to 5.64%, in the
sample without a C60 interlayer. We observe a similar trend in all solar
cell parameters. In the device containing the C60 interlayer, the Voc, FF,
and Jsc decrease from 1.04 V to 1.02 V, from 77.23% to 72.74%, and
from 19.21 mA/cm2 to 18.74 mA/cm2, respectively. In contrast, the Voc
significantly decreases from 0.98 V to 0.82 V, the FF from 64.39% to
2
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Fig. 1. (a) and (b) The SEM cross-section images of the Spiro-OMeTAD/perovskite/ZnO/ITO and the Spiro-OMeTAD/perovskite/C60/ZnO/ITO structures, respec
tively. The J-V characteristics of champion cells for the (c) PSC with the ZnO ETL and the (d) PSC with the C60/ZnO ETL in the dark (black), under AM1.5 illumination
on the fresh (blue) and aged (red) samples, respectively.

47.26%, and the Jsc from 19.26 mA/cm2 to 14.52 mA/cm2 in the device
without C60 interlayer. The hysteresis index is also lower in the devices
containing the C60 layer, consistent with previous reports (see supple
mentary information in Figure S1c) [45,46,47]. The solar cell parame
ters of the champion cells (fresh and aged) are summarized in Table 1.
Fig. 2 shows the distribution in the values of (a) PCE, (b) Jsc, (c) Voc
and (d) FF for 21 PSC devices either with the ZnO ETL (red) or with the
C60/ZnO ETL (blue), obtained from J-V scans in reverse-scan direction.
A total of 21 samples were measured for each device architecture. On
average, addition of the C60 interlayer leads to an increase in PCE from
11.68 ± 2.51 % to 13.02 ± 2.93 %, in Voc from 0.99 ± 0.05 V to 1.03 ±
0.03 V, and in FF from 61.69 ± 6.34 % to 72.00 ± 5.95 %. However, we
note a slight decrease in Jsc from 19.19 ± 0.99 mA/cm2 to 18.92 ± 1.47
mA/cm2 in devices with C60/ZnO ETLs compared to devices prepared
with ZnO ETLs.
Fig. 3 shows the device stability under constant AM 1.5 illumination,
reporting over 1000 min the evolution of the normalized (a) PCE, (b) Jsc,
(c) Voc, and d) FF. The PCE of the device with the C60/ZnO ETL decreases
to 84 % of the initial value, while the PCE of the device with the ZnO ETL

decreases to 44 % of the initial value under the same stress conditions.
These results are consistent with previous reports that have shown C60
ETL interlayers to enhance perovskite solar cell stability [45]. The PSC
with the ZnO ETL shows a rapid burn-in followed by slower degradation,
while the PSC with the C60/ZnO ETL exhibits slow degradation without
pronounced burn-in. Burn-in is well-documented in PSC but the exact
mechanism are unknown [58,59]. We find that the improved stability of
the PSC with the C60 layers can be traced back to well-sustained charge
generation and collection, inferred from the stable Jsc (see Fig. 3b), and
to the lack of formation of non-radiative loss channels, as inferred from
the constant Voc (see Fig. 3c).
We extracted the saturation current (Jo), the series resistance (RS)
and the shunt resistance (RSH) from the J-V curves (see methods section
for details). Fig. 4 show the change in (a) Jo, (b) RS, and (c) RSH, during
the stability test. Compared to the devices with the ZnO ETL (red), the
devices with ZnO/C60 ETL (blue) consistently exhibit a lower Jo, lower
RS, and higher RSH. The decrease in RS indicates less electrical losses at
device contacts, while the increase in RSH correlates with improved
current rectification in the dark J-V characteristics (see also Fig. 1).
Further, the Jo values increase significantly over time in the sample
with the ZnO ETL, while Jo values are relatively stable over time in the
PSC with the C60/ZnO ETL. A similar trend is observed in the RS values.
Finally, the C60 layer leads to higher RSH values than in PSC with ZnO
ETL.

Table 1
Parameters from champion cells (fresh and aged) with the ZnO ETL and with the
C60/ZnO ETL in the dark and under AM 1.5 standard illumination.
Sample Name

Sample
Condition

Jsc (mA
cm− 2)

Voc
(V)

FF
(%)

PCE
(%)

PSC with ZnO ETL

Fresh
Aged
Fresh
Aged

19.26
14.52
19.21
18.74

0.98
0.82
1.04
1.02

64.39
47.26
77.23
72.74

12.09
5.64
15.38
13.96

PSC with C60/
ZnO ETL

2.2. The influence of C60 on the perovskite-ETL interface
To gain more insight into the impact of the C60 interlayer on the
quality of the perovskite-ETL interface, we performed PL spectroscopy
3
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Fig. 2. Distribution of solar cell parameters (a) PCE, (b) Jsc, (c) Voc and (d) FF prepared with C60/ZnO ETLs (blue) and ZnO ETLs (red), respectively. A total of 21
samples were measured for each device architecture.

and XRD experiments. Fig. 5 shows the PL spectra of three different layer
stacks on glass substrates, i.e. a simple perovskite thin film (black), a
perovskite/ZnO stack (red), and a perovskite/C60/ZnO stack (blue),
respectively. The samples were excited at 2.64 eV and the PL spectra
were obtained either under front illumination (FI), i.e. the perovskite
layer faces both excitation source and PL detector, or under back illu
mination (BI), i.e. both the excitation light and the collected perovskite
PL pass through the glass substrate at the back of the sample.
The PL signal is highest for the perovskite-only layer, while perov
skite layers interfaced with the ETLs show PL quenching. This is
consistent with previous reports suggesting non-radiative recombina
tion losses at the PSC ETL [46]. Interestingly, however, we note that the
PL signal is significantly higher in the perovskite/ZnO structure
compared to that of the perovskite/C60/ZnO structure. Since the
absorbance of both stacks is quasi-identical (see Figure S7), we exclude
photon-propagating effects such as absorption and reflection of excita
tion or emission light as the origin for the observed differences in PL
quenching. Likewise, strong PL quenching in the perovskite/C60/ZnO
stack is inconsistent with the C60-mediated passivation of interfacial
losses, as suggested by the PSC data in Fig. 2. Furthermore, we observe
that the PL peak of the perovskite/C60/ZnO structure (1.58 eV) is
blue-shifted compared to the peak of the perovskite/ZnO structure (1.57
eV). This may be an indication of the formation of the Br-rich wider

bandgap perovskite [17]. We also note spectral asymmetry in the PL of
the perovskite/C60/ZnO structure for spectra recorded via back illumi
nation (see Figure S8). This may indicate phase segregation that perhaps
to leads to the formation of Br-rich and I-rich domains at the device
interfaces, known to correlate with solar cell stability [60–62].
To investigate this further, we performed XRD. Fig. 6 shows the XRD
pattern of perovskites/ZnO/ITO (red), and perovskites/C60/ZnO/ITO
(blue) on glass substrates, respectively. The characteristic perovskite
peaks were observed at 14.03º (001), 19.85º (011), 24.42º (111), 28.25º
(002), 31.61º (012), 35.22º (112), 40.33º (022), and 42.94º (003),
respectively [5,15,63,64]; the peaks labelled with an asterisk (*) are
attributed to the ITO substrate [28]. While we cannot distinguish
whether the perovskite is I-rich or Br-rich, the XRD pattern of the per
ovskite/C60/ZnO/ITO structure indicates the formation of PbI2, inferred
from the peak at 12.63º [5]. Since no major PbI2 content is detected in
the perovskite/ZnO/ITO structure, it is conceivable that there is a causal
relationship between the appearance of the PbI2 and the decreased PL in
the C60-containing sample [10,22,57]. Together, the PL and XRD results
confirm the positive impact of C60 on the structural and opto-electronic
properties of the PSC/ETL interface [10,22,57]. Interestingly, however,
the non-radiative recombination losses are higher in the per
ovskite/C60/ZnO structures, which may correlate with the lower Jsc
values in PSCs with C60/ZnO ETLs, possibly related to the conversion of
4
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Fig. 3. The change in the solar cell parameters (normalized), (a) PCE (b) Jsc (c) Voc (d) FF during constant AM 1.5 illumination of PSC devices with the ZnO ETL
(red), and with the C60/ZnO (blue) ETL, respectively.

Fig. 4. (a) Jo, (b) RS, and (c) RSH versus time under constant AM 1.5 illumination for the PSC with ZnO ETL (red) and C60/ZnO ETL (blue), respectively.
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tential difference offset of 0.9 V (close to Voc). IS was performed at Voc,
as this operational point results in the most reliable and stable spectra,
and yields data that are relevant for both performance and stability.
Fig. 7 shows the Nyquist plots of the experimental data (blue) and the
ECM fits (red) for PSCs fabricated with either (a) ZnO, or (b) C60/ZnO
ETL, respectively. The ECM used here consists of a series resistance R0 to
account for parasitic resistances at the device contacts, a capacitorresistor (RC) element to model fast electronic dynamics, and an RC
element to describe slow electrochemical processes. We modified the
generalized ECM to include constant-phase elements (CPEs) instead of
capacitors in the RC elements to account for possible time dependence
(dispersion) in the relaxation times of the dynamics related to in
homogeneity in the sample [49]. The impedance of the CPE (ZCPE) is
given by
ZCPE =

1
Q(iω)α

(1)

where ω is the angular frequency, Q is a coefficient and α is a unit-less
parameter between 0 and 1 that accounts for dispersion in the system.
If α = 1, CPE reduces to an ideal capacitor with Q = C, and if α = 0, the
CPE reduces to an ideal resistor with Q = 1/R.
The time constant (τ) of the relaxation process is given by
√̅̅̅̅̅̅̅̅
(2)
τ = α R.Q

Fig. 5. PL spectra of a perovskite layer (black), a perovskite/ZnO stack (red),
and a perovskite/C60/ZnO stack (blue) on glass substrates, obtained either via
front illumination (FI, solid lines) or back illumination (BI, dashed lines).

where, for α=1, the time constant is given as τ = R.C [55].
While the generalized ECM (R0, R1-Q1, and R2-Q2) allows for a good
fit to the IS data of the PSC with the C60/ZnO ETL (see Fig. 7b), the fit
quality is reduced for the case of the PSC with the ZnO ETL, and one RQ
element (R2-Q2) is not sufficient to model the dominant LF signature.
Therefore, we expanded the LF component of the ECM (Fig 7 a) to
include two RQ elements, R2-Q2 and R3-Q3. The difference in the LF
signature between the two PSC architectures indicates that the C60 layer
impacts either the nature of the electrochemical processes at the ETL
and/or their timescales. The values of the circuit elements from the ECM
for both device architectures are summarized in Table 2. We discuss the
physical interpretation of these circuit elements in more detail below.
R0 corresponds to the series resistance (Rseries) that arises due to
parasitic losses at the contacts. We compared the values of Rseries
extracted from the ECM to the values for the series resistance extracted
from the J-V curve (see Fig. 4b), and find that these values agree well.
For the PSC with the ZnO ETL, we find Rseries values of 9.47 Ω and 11.29
Ω for the ECM and J-V data, respectively. For the PSC with the C60/ZnO
ETL, we find Rseries values of 5.45 Ω (ECM) and 7.11 Ω (J-V curve). We
note that the decrease in Rseries in the PSC with C60/ZnO ETL corre
sponds to an increase in the FF, indicating that the C60 layer facilitates
efficient carrier extraction from the PSC.
The R1-Q1 element corresponds to fast electrical (HF) dynamics in
the PSC, while the R2-Q2 (and R3-Q3) element(s) correspond to the slow
electrochemical (LF) dynamics in the PSC. It has already been reported
in several studies that the fast electrical and slow electrochemical dy
namics are interdependent, as ion rearrangement results in a change in
the electrostatic environment, thereby impacting electrical transport in
the PSC [53–55]. However, it has been shown that because the HF and
LF dynamics are separated by several orders of magnitude in frequency,
they can be independently modelled in a linear ECM [53].
It was shown that the geometric capacitance (Cgeo) of the PSC
dominates the HF signature, resulting in a slowing and a merging of all
HF transport and recombination dynamics into a single relaxation in the
Nyquist plot [53]. Therefore, the HF R1-Q1 element models the cumu
lative electrical dynamics (transport and recombination) in the PSC. We
find that Q1 is comparable between the PSC with ZnO and the PSC with
C60/ZnO ETL (81.39 nF and 74.04 nF, respectively) while α1 is close to
one in both cases (0.88 and 0.93, respectively), indicating that Q1 has
nearly ideal capacitive character, and that the C60 layer has minimal
impact on this parameter. Therefore, we propose that Q1 approximates

Fig. 6. XRD pattern of perovskite/ZnO/ITO (red) and perovskite/C60/ZnO/ITO
(blue) structures on glass substrates. The peaks labelled with an asterisk (*)
originate from the ITO substrate.

photo-active perovskite into insulting PbI2 [17,57]. On the other hand,
the formation of PbI2 may stabilize grain boundaries and interfaces,
thereby contributing to the increased device stability (see Figs. 3 and 4)
[57].
Next, we applied IS to quantify the electrochemical dynamics at the
ETL interface [49,53]. It was recently shown that the impedance spectra
from PSCs can be modelled with a generalized ECM that accounts for fast
electrical dynamics resulting in high frequency (HF) signatures, and
much slower electrochemical dynamics that result in low frequency (LF)
signatures [53]. The linear circuit is appropriate because the HF and LF
signatures are separated in the frequency domain by several orders of
magnitude. While LF signatures are ubiquitous to IS on PSCs, the form of
the signature varies between cell architectures, as these depend on the
nature of the electrochemical process in the device, i.e. ionic transport or
a chemical reaction. Therefore, the analysis of the LF signature can be
very insightful in order to understand specific loss mechanisms in
different PSC architectures.
The IS data was measured under illumination at an applied DC po
6
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Fig. 7. Nyquist plots with experimental data (blue symbols) and fits using the generalized ECM (red lines) for a PSC with (a) a ZnO and (b) a C60/ZnO ETL. The IS
data was measured under illumination at a DC offset of 0.9 V. The insets show the employed ECM.
Table 2
Parameters extracted from the fits using the generalized ECM for PSCs with the ZnO (R0, R1-Q1, R2-Q2 and R3-Q3) and C60/ZnO ETL (R0, R1-Q1, and R2-Q2),
respectively.
Sample Name

R0 (Ω)

R1 (Ω)

Q1 (nF)

α1

τ1 (µs)

R2 (kΩ)

Q2 (mF)

α2

τ2 (s)

R3 (kΩ)

Q3 (mF)

α3

τ3 (s)

PSC with ZnO ETL

9.47
R0 (Ω)
5.45

49.75
R1 (Ω)
82.43

81.39
Q1 (nF)
74.04

0.88
α1
0.93

0.69
τ1 (µs)
2.59

-5.47
R2 (Ω)
62.11

-2.59
Q2 (mF)
8.85

0.11

6.84×1010
τ2 (ms)
264.65

17.84

2.79

0.11

8.33×1014

PSC with C60/ ZnO ETL

α2

0.45

dynamics. The very long timescales τ2 and τ3 (1010 - 1014 s) suggest very
slow and/or irreversible processes, such as mass transport or chemical
reactions. The inductive nature of the LF signature arises when the
current signal from the IS measurement leads the voltage excitation,
which has been attributed to the interaction of ionic species with trap
states [53].
In contrast, the PSC with the C60/ZnO ETL demonstrates a less pro
nounced LF signature with faster timescales, on the order of ms. There is
evidence of dispersion, i.e. α is 0.45, consistent with a mix of conduc
tivity and capacitance. This behavior is consistent with reversible pro
cesses, such as ion-induced trap passivation [53]. In combination with
the difference in burn-in trends observed in the solar cell parameters
(Fig. 3), the IS analysis strongly suggests that the C60 layer suppresses
irreversible electrochemical dynamics at the ETL interface.

Cgeo very well. R1 is an effective electrical resistance that models the
(change) in transport and recombination processes. We observe that the
R1 is larger in the PSC with C60/ZnO ETL (82.43 Ω) than the PSC with
ZnO ETL (49.75 Ω). Generally, an increase in R1 may be attributed to
increased recombination losses (increase in recombination resistance), a
decrease in photoconductivity (lower photocurrent), and/or a voltage
drop in the PSC with C60 interlayers due to the relatively low carrier
mobility in C60 compared to the perovskite and ZnO layers, and or
insulating PbI2 domains in the active layer. From the J-V characteristics,
however, we observe that the C60 layer leads to an increase in both Voc
and FF, which correlates with a decrease in recombination losses and
does not indicate any voltage losses in the PSC. The PSC with C60/ZnO
ETL additionally demonstrate higher shunt resistances (see Table S1),
which is consistent with reduced recombination and increased FF and
Voc. We do observe a slight loss in Jsc due to the increase in the perov
skite bandgap, which is correlated with lower carrier density. Therefore,
the larger R1 observed in the PSC with C60/ZnO ETL may be due to the
lower photocurrent density in these devices. The increase in R1 in PSC
with C60/ZnO ETL is correlated with an increase in the effective relax
ation time τ1 from 0.69 µs to 2.59 µs. However, since the HF dynamics
are limited by the geometric capacitance of the PSC, it is not possible to
assign τ1 to specific electrical processes in the PSC.
The HF signatures are associated with electrical transport and
recombination processes and are therefore comparable between PSC. In
contrast, the LF signature arises due to electrochemical dynamics that
are highly sample-specific. Here we observe that the LF signatures show
markedly more pronounced differences between the PSC architectures
than the HF signatures. Specifically, two RQ (R2-Q2 and R3-Q3) elements
were required to model the LF signature in the PSC with the ZnO ETL, in
contrast to one RQ (R2-Q2) element for the PSC with the C60/ZnO ETL.
Further, in the case of the PSC with the ZnO ETL, we observe that both α2
and α3 are much smaller than 1, which indicates highly dispersive

3. Discussion
The C60 layer increases the Voc and FF, and therefore the power
conversion efficiency of the solar cells, indicating reduced recombina
tion losses at the ETL/perovskite interface [13,17,37]. Additionally, the
C60 layer improves the operational stability of the PSC.
We attribute the improvement in PSC performance and stability to
microscopic segregation of the PSC into PbI2-rich and Br-rich domains,
as observed in the PL (Fig. 5) and the XRD (Fig. 6), respectively. In the
context of the device performance, local segregation of the perovskite
into PbI2 and Br-rich domains is consistent with the slight decrease in Jsc
resulting from reduced light absorption in the PbI2 and Br-rich domains.
While an increase in the bandgap is correlated with increased Voc, excess
PbI2 has been associated with reduced defects at surface, interfaces, and
grain boundaries, as well as improved operational stability [17,48,57].
Based on these results, we propose that C60 layers increase PSC ef
ficiency and stability by promoting the local formation of PbI2 and Br7
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rich domains, leading to (1) passivation of interfacial trap states, (2)
increase in bandgap and therefore Voc, (3) reduction in I2 dissociation
and I diffusion over time, and/or (4) reduction of slow Br-I segregation
[17,21,31,37,65]. The passivation of interfacial states and increased
bandgap are correlated with increased FF and Voc. This effect compen
sates slight losses in Jsc due to the wider bandgap. More significantly, the
reduction in electrochemical degradation (as evidenced by the sup
pression of the electrochemical dynamics in the IS) correlates with more
stable solar cell parameters, i.e. a decrease in solar cell burn-in.

5.4. Preparation of mixed-cation and mixed-halide lead perovskite layers
The perovskites (Cs0.15FA0.85PbI2.75Br0.25) were prepared using 760
mg of CsI, 2850 mg of FAI, 8259 mg of PbI2, and 895 mg of PbBr2 in 13.5
mL of DMF and 1.5 mL of DMSO. The solutions were stirred at room
temperature for few hours in an N2 environment. A film was deposited
by spincoating 60 µL of the solution on top of either ZnO or C60/ZnO at
6000 rpm for 60 s. 25 s after start of the spincoating process, 210 µL of
chlorobenzene was sprayed on the films. The obtained films were
thermally annealed at 100 ◦ C for 30 min in an N2 environment.

4. Conclusions

5.5. Deposition of doped Spiro-OMeTAD as the hole-transport layer

We systematically investigate the impact of C60 interlayers on PSC
performance and stability using a combination of J-V, IS, PL and XRD.
We observe that PSCs with C60/ZnO ETL demonstrate higher FF and Voc
and better operational stability and less burn-in than PSCs with a ZnO
ETL. We correlate this improved performance to segregation of the
perovskite layer. The XRD and PL reveal that the C60 layer leads to an
increase in PbI2 as well as an increase in Br-rich PSC, correlating to a
slight decrease in the Jsc in PSC with C60/ZnO ETLs. We applied a gen
eral ECM to analyse the IS data from both PSC structures and show that
the C60 interlayers suppress the electrochemical dynamics.

80 mg of Spiro-OMeTAD was dissolved in 1 ml of chlorobenzene. The
solution was then stirred overnight. 28.5 μl 4-tert-butyl pyridine, fol
lowed by 17.5 μl of lithium bis(trifluoromethane)sulphonimidate solu
tion (520 mg lithium bis(trifluoromethane)sulphonimidate /1 ml
acetonitrile) were then added to the solution. The solution was then
stirred for 10 min. 50 µL of the solution was deposited on top of the
perovskite layer by spincoating at 2000 rpm for 60 s. The sample was
purged in N2 for 30 min. The samples were then exposed for at least one
night to ambient conditions in the dark.

5. Experimental section

5.6. Deposition of the Au electrode

5.1. Materials

100 nm of Au was deposited with a rate of 1 Å/s onto the structures
in a thermal evaporation chamber at 1×10− 6 mbar.

Zinc acetate dihydrate (analysis grade) was purchased from Merck
Chemicals and used as received. Cesium iodide (CsI), Spiro-OMeTAD
(HPLC grade, purity 99%), Bis (trifluoromethane) sulfonimide lithium,
Chlorobenzene, Ethanolamine (ACS reagent grade, purity >99%), N,NDimethylformamide/DMF, Dimethyl sulfoxide/DMSO, 4-Tert-butylpyr
idine (purity 96%), Acetonitrile, Acetone were purchased from Sigma
Aldrich and used as received. Formamidinium Iodide/FAI (purity 99.99
%) was purchased from Greatcell Solar (formerly Dyesol). Lead(II) Io
dide/PbI2 (purity 99.99 %), Lead(II) Bromide/PbBr2 (purity > 98 %)
were purchased from TCI. Ethanol (absolute) was purchased from VWR
CHEMICALS. C60 (99.5%) was purchased from Solene.B.V and used as
received. Au (purity 99.99%) was purchased from Cookson Drijfhout B.
V.

5.7. Current density-voltage (J-V) characterization
Current density-voltage (J-V) measurements were performed in an
N2 environment in the dark and under AM 1.5 of sun (100 mW/cm2)
illumination with a LOT solar simulator combined with a Keithley 2400
source meter controlled by a LabView program. We measured at a scan
rate of 180 mV/s in reverse scan . Under illumination, an illumination
mask was used, and the effective active area was 0.16 cm2 for these
measurements. 21 solar cells (for each device architecture) were
measured.

5.2. Synthesis of ZnO nanostructure by a sol-gel process

5.8. Impedance spectroscopy

ZnO seed layers were prepared using a sol–gel method on ITO
sputtered glass substrates (Praezisions Glas & Optic GmbH) with a size
of (25 ± 0.5) mm × (25 ± 0.5) mm and a thickness of (1.1 ± 0.1) mm.
ITO substrates were cleaned for 15 min in acetone, then 15 min in
ethanol, and finally 15 min in milli-Q water (18 MΩ cm). All cleaning
steps were performed in an ultrasonic bath at room temperature. Finally,
the substrates were dried under nitrogen and subsequently exposed to
UV/ozone (ProCleaner 220, Bioforce Nanoscience Inc.) for 15 min. For
the fabrication of ZnO seeds, solutions with concentrations of 0.5 M of
zinc acetate dihydrate and ethanolamine with a molar ratio of 1:1 in
ethanol were used. The mixture was put in an ultrasonic bath at 40 ◦ C for
20 min and was kept stirring at 40 ◦ C for an additional 20 min. This step
was repeated until a clear solution was obtained. The precursor solution
was then allowed to cool to room temperature and 200 µL of this solu
tion was subsequently deposited on ITO glass substrate by spin-coating
at 2000 rpm for 30 s. The obtained film was thermally annealed using a
precision hot plate at 350 ◦ C for 20 min in air.

Impedance spectroscopy measurements were performed using a
PGSTAT302N (Auto lab, Metrohm) equipped with an impedance
analyzer (FRA32M). The frequency range used was 100 kHz–1 Hz, and a
AC potential (VAC) amplitude of 10 mV was applied. The employed DC
offset was 0.9 V and measurements were performed under AM 1.5
illumination from a solar simulator.
5.9. Operational stability tests under illumination
The operational stability tests were performed under constant AM
1.5 (100 mW/cm2) illumination of a LOT solar simulator using a
Keithley 2400 source meter controlled by a LabView program with the
setup at a scan rate of 180 mV/s, where the J-V measurement was started
from the initial value of maximum power point (MPP) toward 1.2 V, and
then continued in a reverse scan from 1.2 V to -1 V, followed by a for
ward scan from -1 V to at MPP, after which it was held at this point for
ten minutes. The procedure was repeated every 10 min continuously.
We extracted the Jo, RS, and RSH values shown in Fig. 4 from the J–V
curves, which were taken during the stability tests under constant illu
mination. The RS and RSH value were extracted from at the 1st, 9th, 19th,
29th, 39th, 49th, 59th, 69th, 79th, 89th and 99th measurement (see in
Figure S3a and S3b).

5.3. Deposition of C60 on ZnO
C60 was deposited on ZnO in a thermal evaporation chamber at
1×10− 6 mbar at a source temperature of 450 ◦ C. The sample was kept at
room temperature. The recorded thickness of the C60 layer was 25 nm.
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5.10. Photoluminescence spectroscopy
[5]

PL measurements on perovskite/ZnO and perovskite/C60/ZnO
structures were performed with excitation at 2.64 eV (470 nm) using a
Cary Eclipse Varian fluorescence spectrometer with a Xe lamp. The
excitation light was rejected using a long-pass filter in the detection
path. The measurements were performed under both “front illumina
tion” (with the perovskite layer facing the excitation source) and “back
illumination” (with excitation light first passing via the glass/ZnO and
the glass/ZnO/C60 layer, and emission collected via the same layer
stack).

[6]
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