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ABSTRACT: We demonstrate highly efficient, stable, and flexible perovskite
solar cells of large areas, utilizing a carbon back-contact electrode in a p−i−n
cell configuration. We enabled good electronic contact at the interface with
carbon by inserting an ultrathin buffer layer before the carbon coating. Solar
cells of such structure reach a power conversion efficiency of 15.18% on PET
foil (device area of 1 cm2). We performed impedance spectroscopy and
transient decay measurements to understand the electron transport character-
istics. Furthermore, we demonstrate excellent operational (maximum power
point) and thermal (85 °C) stability of these devices over 1000 h of aging.
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Perovskite solar cells (PSCs) over the years became a
frontrunner of emerging photovoltaic technologies and

attracted a lot of attention from researchers across various
disciplines.1 The reported power conversion efficiencies
(PCEs) underwent a steep rise, reaching a certified value of
25.2% in 2019.2 Such a prolific pace of technological
advancement can be linked with extraordinary optoelectronic
properties of this class of semiconductors, including high
absorptivity, large carrier diffusion lengths, mixed ionic/
electronic conductivity, and peculiar defect chemistry taking
place in thin films of these materials.3−7 Additionally,
perovskite polycrystalline films can be solution-processed
with a low temperature annealing step, which opens attractive
new value propositions for industrial applications. There is an
increasing interest in the thin-film PV technologies capable of
offering new, disrupting solutions, such as simple and low cost
manufacturing, high mechanical flexibility, and high specific
power (lightweight with high power output).8 However, the
long-term stability remains one of the major concerns for the
large-scale utilization of the perovskite technology.9,10

Recently, a consensus on the procedures for testing the PSC
reliability between multiple research groups working on this
technology was reported.11

Metallic layers, such as gold or silver, are typically used as
back-contact electrode materials in the state-of-the-art perov-
skite solar cells. Domanski et al. found that a considerable
amount of gold from the back-contact can diffuse across the
hole transport layer (HTL) into the perovskite material,
resulting in a dramatic loss of device performance.12 In another

work, Li et al. showed the direct evidence of the PSC
degradation due to the ion migration from the perovskite layer
to the silver electrode.13 This results in the formation of an
insulating silver halide, which eventually hampers the charge
extraction properties.13,14 Moreover, gold and silver are
expensive for mass production and require highly energy-
demanding and vacuum-based deposition steps.
Carbon was demonstrated as an effective back-contact

electrode material for the perovskite solar cells, a possible
alternative to metallic layers.15−18 Carbon pastes are typically
composed of graphite flakes and carbon black powder. The
blends of these materials display a relatively deep work
function (ca. 5.0 eV); hence, they were predominantly used for
hole collection in perovskite solar cells and so were applied as a
back-contact in the standard PSC configuration (mesoscopic
and planar n−i−p architecture). The first utilization of the
carbon electrode in a perovskite PV stack was done by Ku et al.
in a hole transporter-free, mesoscopic device structure, yielding
a PCE of 6.6%.19 Since then, the HTM-free architectures
became quite popular; they are typically composed of multiple
metal oxides (compact TiO2, mesoporous TiO2, and insulating

Received: March 30, 2020
Accepted: June 2, 2020
Published: June 2, 2020

Letterwww.acsaem.org

© 2020 American Chemical Society
5126

https://dx.doi.org/10.1021/acsaem.0c00702
ACS Appl. Energy Mater. 2020, 3, 5126−5134

This is an open access article published under an ACS AuthorChoice License, which permits
copying and redistribution of the article or any adaptations for non-commercial purposes.

D
ow

nl
oa

de
d 

vi
a 

18
5.

23
2.

13
3.

69
 o

n 
Ju

ly
 1

, 2
02

0 
at

 0
7:

50
:2

4 
(U

T
C

).
Se

e 
ht

tp
s:

//p
ub

s.
ac

s.
or

g/
sh

ar
in

gg
ui

de
lin

es
 f

or
 o

pt
io

ns
 o

n 
ho

w
 to

 le
gi

tim
at

el
y 

sh
ar

e 
pu

bl
is

he
d 

ar
tic

le
s.

https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Vivek+Babu"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Rosinda+Fuentes+Pineda"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Taimoor+Ahmad"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Agustin+O.+Alvarez"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Luigi+Angelo+Castriotta"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Aldo+Di+Carlo"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Aldo+Di+Carlo"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Francisco+Fabregat-Santiago"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Konrad+Wojciechowski"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/showCitFormats?doi=10.1021/acsaem.0c00702&ref=pdf
https://pubs.acs.org/doi/10.1021/acsaem.0c00702?ref=pdf
https://pubs.acs.org/doi/10.1021/acsaem.0c00702?goto=articleMetrics&ref=pdf
https://pubs.acs.org/doi/10.1021/acsaem.0c00702?goto=recommendations&?ref=pdf
https://pubs.acs.org/doi/10.1021/acsaem.0c00702?goto=supporting-info&ref=pdf
https://pubs.acs.org/doi/10.1021/acsaem.0c00702?fig=tgr1&ref=pdf
https://pubs.acs.org/toc/aaemcq/3/6?ref=pdf
https://pubs.acs.org/toc/aaemcq/3/6?ref=pdf
https://pubs.acs.org/toc/aaemcq/3/6?ref=pdf
https://pubs.acs.org/toc/aaemcq/3/6?ref=pdf
www.acsaem.org?ref=pdf
https://pubs.acs.org?ref=pdf
https://pubs.acs.org?ref=pdf
https://dx.doi.org/10.1021/acsaem.0c00702?ref=pdf
https://www.acsaem.org?ref=pdf
https://www.acsaem.org?ref=pdf
http://pubs.acs.org/page/policy/authorchoice/index.html
http://pubs.acs.org/page/policy/authorchoice_termsofuse.html


mesoporous spacer, like ZrO2) sequentially deposited on FTO
glass. Subsequently, the carbon layer is coated on top, and the
whole stack is infiltrated with a perovskite precursor solution.
Perovskite material crystallizes within the pores of the
mesoscopic oxides. Grancini et al. reported the HTM-free,
carbon-based modules with the impressive operational
stability, obtaining 10 000 h without any loss in performance.20

However, these structures typically require a high temperature
(400 °C) sintering step for the preparation of metal oxide and
carbon layers. An important development was achieved by the
demonstration of carbon pastes processable at low temper-
atures (below 100 °C), which enabled the use of flexible,
polymeric substrates.21 Another shortfall of the hole trans-
porter-free PSC architecture is poor carrier selectivity at the
carbon interface, which leads to a significant charge
recombination and in turn poor device performance. It
seems advantageous to have an additional charge selective
layer between the perovskite and carbon electrode, which
could reduce recombination losses and improve carrier
selectivity at that contact. Recently, Chu et al. fabricated
carbon-based planar PSC (n−i−p configuration) using
graphene-doped P3HT as an HTL, delivering 18.1% efficiency
for glass, and 12.4% for a flexible substrate, which was
combined with improved ambient stability.22 In addition to the
stability aspects, carbon is cheap and abundant; these are are
very attractive features from an industrial point of view. As
mentioned earlier, all the efficient perovskite solar cells with a
solution-processed carbon electrode reported to date were
fabricated in the device architectures where holes were
extracted at the carbon contact.
A so-called “inverted” perovskite solar cell architecture (p−

i−n configuration) has attracted sizable interest over the years,
mainly due to its ease of fabrication (facile solution-based
processing without high temperature annealing steps) and a
large selection of cost-effective charge transport materials,
many of them working effectively without the need of
doping.23,24 Historically, p−i−n PSCs lagged behind a
standard cell configuration in reported efficiencies, but
recently, multiple examples of inverted devices over 20%
PCE were demonstrated, with a record performance as high as
22.3%, and over 16% at the module level.25,26 However, the
best reported p−i−n devices use metallic layers for the back-
contact electrode (thermally evaporated silver or copper),
which can pose limitations to the long-term stability, especially
at elevated temperatures, as discussed above.
In this work, we are demonstrating an effective use of carbon

as a back-contact electrode material in planar heterojunction
perovskite solar cells of p−i−n architecture (electron
collection at the back-contact). This is achieved by introducing
an ultrathin buffer layer of chromium (Cr) between the ETL
and carbon electrode, which enables Ohmic contact between
these layers and effective collection of electrons. We selected a
carbon paste processable at low temperatures to be able to
apply it on top of perovskite material and to use plastic foil
substrates. We fabricated large-area (1 cm2) flexible perovskite
solar cells, reaching the PCE of 15.18%. To the best of our
knowledge, this is the highest reported efficiency for a flexible
perovskite solar cell embedding a carbon back-contact
electrode. We applied impedance spectroscopy and transient
photocurrent and photovoltage decay measurements to study
the electron extraction through the Cr/C interface. In addition
to p−i−n structures, we are also demonstrating that Cr can be
used as a buffer layer in the n−i−p PSC configuration, yielding

the PCE of 12.06%. Furthermore, we are showing stability
results from the maximum power point and thermal (85 °C)
aging tests, demonstrating excellent reliability of carbon-based
devices.
We deposited carbon films with a blade-coating technique

using a commercial carbon paste supplied by Dyenamo. We
varied processing parameters to optimize thickness and
annealing conditions of the coated layers. We obtained the
film thickness of 20 μm (recommended by the supplier) by
adjusting a gap between the blade and the substrate (50 μm)
and the coating speed (5 mm/s), as shown in Figure S1a. For
the curing step of deposited carbon films, we applied a gas
blowing method using a heat gun (Figure S1b). This is
advantageous over a conventional hot plate or oven annealing,
as the heat flows from the top which is less aggressive for the
underlying layers and the substrate. This can be particularly
important for the perovskite material, which has a relatively
low thermal stability.27 For the annealing optimization, the
distance between the gun tip and the sample was kept at 5 cm,
and the temperature of the heat gun was set to 200 °C. We
monitored variations in the bulk resistance of the carbon layer
as a function of annealing time. The initial drop in the bulk
resistance we assign to the removal of solvent and binders
present in the paste. We reached the bulk resistance of 55 Ω
after 5 min of annealing in these conditions and calculated the
sheet resistance to be around 10 Ω/□. The graph displaying
optimization of the annealing time and images presenting the
setup are shown in Figure S1c.
We blade-coated the optimized carbon layer as a back-

contact electrode in a flexible planar heterojunction perovskite
solar cell of p−i−n configuration. We used the following device
structure: PET-IZO/poly(tr iary lamine) (PTAA)/
Cs0.04(MA0.17FA0.83)0.96Pb(I0.83Br0.17)3/[6,6]-phenyl-C61-buty-
ric acid methyl ester (PCBM)/carbon. We applied the state-of-
the-art perovskite composition, Cs0.04(MA0.17FA0.83)0.96Pb-
(I0.83Br0.17)3, which was processed by spin-coating on top of
PTAA with a solvent engineering method.28 We carried out all
the device processing using a flexible PET foil as a substrate.
The cross-section FIB-SEM (focused ion beam scanning
electron microscopy) image of the described layer stack is
shown in Figure S2a. We observed that large carbon flakes
present in the formulation paste (sizes reaching 5−10 μm) can
penetrate through the soft, organic layers and lead to a
significant drop of shunt resistance. The example of the current
density−voltage (JV) characteristics of one of the shunted
devices is shown in Figure S2b. The device exhibits a large
injection current at a low voltage bias, i.e., very low shunt
resistance. The mechanical damage can be particularly severe
when the screen-printing method is used for carbon
deposition, as this technique exerts substantial pressure on
the substrate being coated during the process.
In order to mitigate the mechanical damage, we tested

different buffer layers, which when deposited on the surface of
the device stack could act as a mechanical shield, protecting
the underlying layers from carbon damage. For that purpose,
we tried metal oxides deposited by atomic layer deposition
(ALD) (SnO2 and Al2O3), solution-processed metal oxide
nanoparticles (NPs) (SnO2 and ZnO), and thermally
evaporated chromium. Cross-section FIB-SEM images (Figure
S3) of the structures with different buffer layers indicate that
some of these materials indeed can safeguard the perovskite
stack.
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Then, we measured dark JV curves of the solar cells with
different buffer layers to probe the current flow ability (Figure
1a). In the graph, we marked four different regions, A, B, C,
and D, which correspond to the shunt current region,
recombination current in a diode space-charge region, diffusion
current, and diffusion current limited by a series resistance,
respectively.29 We observe that the cells with different metal
oxides display a very low diffusion current (region C and D),
pointing at the insulating character of the interface with these
buffer layers. Interestingly, the solar cell with a Cr interlayer
exhibits no significant leakage current (high enough shunt
resistance) and no significant series resistance, which could
impede the current flow. This suggests that the evaporated Cr
thin film, thanks to its high ductility, could provide good
mechanical protection for the perovskite device stack during
carbon processing. Additionally, it facilitates electron transfer
between PCBM and carbon. We are showing the cross-section
microscope image of this device structure in Figure 1b. The
SEM image shows carbon flakes very well separated from the
perovskite device stack with an ultrathin Cr layer, proving its
shielding effect. The evaporated film was 5 nm thick, and the
carbon of 20 μm was processed according to the optimized
conditions described above. A photo of such a perovskite solar
cell with the Cr/C back-contact, processed on a flexible
substrate, is shown in Figure S4. After the Cr thermal
evaporation process, the cells were exposed to air before
carbon printing. This could lead to partial chromium oxidation
and formation of a dense bilayer structure of Cr/Cr2O3, as
demonstrated previously by Kaltenbrunner et al.30

In the next step, we tested the photovoltaic performance of
fabricated flexible p−i−n perovskite solar cells with the Cr/C
back-contact electrode and compared it with the reference cells
utilizing an evaporated Cr/Ag (100 nm) electrode. Schematic
structures of such devices are shown in Figure 2a,b. Figure 2c
shows the JV characteristics of the champion devices with an
active area of 1 cm2 under AM 1.5G illumination (100 mW/
cm2). We present two scan directions, forward bias (FB) to
short circuit (SC) and short circuit (SC) to forward bias (FB).
All the cells display very small hysteretic behavior. The best cell
with the Cr/C yields the efficiency of 15.18% (RS), with VOC

of 1.05 V, JSC of 20.93 mA/cm2, and FF of 68.97%. This is very
similar to the best reference device (Cr/Ag) performance,
which features the PCE of 15.71%, VOC of 1.01 V, JSC of 20.13
mA/cm2, and 77.09% FF. All the photovoltaic parameters
extracted from the JV curves are listed in Table 1.
The reduction in FF in the carbon device could be explained

by the limitations in carrier transport through the carbon layer
(sheet resistance above 10 Ω/□) when compared to the silver
layer (sheet resistance below 2 Ω/□). Additionally, the
contribution of series resistance can be more pronounced in
devices with larger active areas, such as 1 cm2 we used here.
Galagan et al. demonstrated a 7% drop in FF when the cell
width was increased from 0.5 to 1 cm for a 10 Ω/□
transparent electrode.31 Therefore, it is important to optimize
the cell dimensions for reducing the FF drop. Nevertheless, we
observed a small increase in voltage and current densities for
the champion Cr/C devices.
To corroborate the performance derived from the JV

characterization, we present a stabilized power output (SPO)
close to the maximum power point, which reflects the true
sustainable power conversion efficiency of the solar cell. In
Figure 2d, we can observe a stable SPO for over 30 s exhibited
by both of the device types. We also measured the external
quantum efficiency (EQE) of these cells; the spectra are shown
in Figure 2e. The shape with an onset at 780 nm is the same
for the reference and carbon-based device. We extracted the
bandgap value of 1.58 eV for the Cs0.04(MA0.17FA0.83)0.96Pb-
(I0.83Br0.17)3 perovskite. We integrated the current density in a
spectral range from 350 to 800 nm, obtaining 19.74 and 19.14
mA/cm2 for the carbon and silver devices, respectively. The
integrated values from EQE were comparable to the current
densities obtained from the JV curves, 20.09 mA/cm2 for the
carbon cell and 19.33 mA/cm2 for the silver cell. Photovoltaic
parameters of a large set of samples (30 individual cells) are
shown in Figure 2f and Figure S5. We obtained good
reproducibility of photovoltaic parameters for these cells,
with an average efficiency close to 13% for both carbon and
silver contacts. Table S1 contains average values of all the
photovoltaic parameters (PCE, JSC, FF, VOC).

Figure 1. (a) Dark JV curves of flexible p−i−n perovskite solar cells with different buffer layers and a carbon back-contact electrode, marked A−D.
The regions are mainly determined by a shunt current, recombination current in a diode space-charge region, diffusion current, and diffusion
current limited by a series resistance, respectively. (b) Cross-section FIB-SEM image of a PSC with Cr used as a buffer layer and carbon electrode.
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Figure 2. Schematics of p−i−n perovskite solar cell device structures, with (a) Cr/C and (b) Cr/Ag back-contact electrodes. (c) JV characteristics
of the best devices (1 cm2 area), fabricated on a flexible substrate, measured in reverse and forward scan directions. (d) Stabilized power output of
the same cells monitored over 30 s. (e) EQE spectra and integrated current densities of the same cells, measured in a spectral range from 350 to
850 nm. (f) Histogram of 30 individual cells with Cr/C and Cr/Ag back-contacts.

Table 1. Photovoltaic Parameters of Cr/C and Cr/Ag Devices under Reverse (RS) and Forward (FS) Scan Directions

p−i−n PCE[%] JSC [mA/cm2] FF [%] VOC [V] integrated JSC [mA/cm2] (EQE)

Cr/carbon RS 15.18 20.92 68.97 1.05 20.56
FS 13.94 21.18 63.07 1.04

Cr/silver RS 15.71 20.13 77.09 1.01 19.94
FS 14.63 20.34 71.05 1.01
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The Cr interlayer plays a crucial role in facilitating effective
electron transfer to the back-contact material. To the best of
our knowledge, this is the highest reported efficiency for the
flexible PSC with a carbon electrode. Additionally, it is the first
demonstration of the use of carbon electrode in the p−i−n cell
configuration.
To compare the interface characteristics of the cells with the

Cr/C and Cr/Ag back-contact variations, we carried out
impedance spectroscopy measurements (EIS) of these devices,
in the dark and under illumination conditions. This technique
has been widely used as a powerful tool to study the
electrochemical and solid-state devices in operational con-
ditions. We performed the measurement by applying a
sinusoidal voltage perturbation (VAC) with different frequen-
cies (ω) over a direct applied voltage (Vapp) set to the sample
and measured the AC current response (IAC).

32 The
impedance (Z) is calculated by eq 1:

ω =Z
V
I

( ) AC

AC (1)

For each Vapp, we obtained a spectrum which was fitted with
the equivalent circuit model. Figure S6a shows the impedance
spectra of the Cr/C and Cr/Ag devices under illumination
with the Vapp close to VOC. The proposed circuit model with
the fitting parameters and their description is provided in
Figure S6b. We found that the series resistance (Rseries) was a
key parameter to analyze the differences in the response of our
devices. In Figure 3a, we show that the obtained Rseries for the
Cr/C devices was in the range 8−9 Ω, while that for Cr/Ag
presented a value around 0.7 Ω.
We calculated the corrected voltage (VF), corresponding to

the removal of the effect of Rseries in the device at each applied
voltage, following the method reported by Fabregat-Santiago et
al.32 Then, we recalculated the parameters of the JVF
characteristics of the cells from Figure 2a (reverse scan), and
present it in Figure 3b. This plot makes evident that the
carbon-based device performance is limited by its high series
resistance. From the comparison with the impedance response
of the Cr/Ag device, we can conclude that the lower
conductivity of the carbon layer is the main contributor to
the Rseries. The recalculated JVF curves for both device types

show very similar FF values, 77.22% and 77.21%, for the Cr/C
and Cr/Ag, respectively. The PCE of the Cr/C device without
series resistance would increase from 15.18% to 17.14%. In
Table S2, we show the corrected parameters for both cell
types. We note that the higher JSC obtained for the Cr/C
sample in comparison with the Cr/Ag cell also contributes to
the small improvement in VOC. The analysis we provide here
shows the potential of the p−i−n perovskite solar cell with the
Cr/C back-contact electrode. The strategies to reduce the
limiting series resistance can include increasing carbon paste
conductivity or optimization of a device design to shorten the
traveling path of charge carriers (smaller device width).31

We performed transient photocurrent (TPC) and transient
photovoltage (TPV) measurements to further corroborate the
analysis of interface characteristics with different back-contact
electrode materials in the studied devices.33,34 The TPC
measurement was performed in a high perturbation regime,
which means that the cell went from dark to a specific
illumination set by an LED source. The cell was kept in the
short-circuit condition during the entire measurement. The
decay of current density was monitored over time after
switching off the light. Figure S7 shows the transient decays for
the Cr/C and Cr/Ag devices obtained with the perturbation
light intensity corresponding to 1.5 suns. We integrated the
current density time decay to obtain the extracted charge
density. Figure 4a shows the charge density values derived at
different perturbation light intensities (from 0.1 to 1.5 suns).
From the plots, we can deduce that both of the back-contact
types, Cr/Ag and Cr/C, exhibit very similar charge extraction
properties. Interestingly, at higher light intensities, the Cr/C
device shows even superior extraction efficacy than the
reference Cr/Ag cell.
The TPV measurement was performed in a small

perturbation regime. The cell was kept at open circuit, with
a specific background illumination applied from the LED
source. Then, a small overcurrent was sent to the LED to
create a voltage perturbation (20 mV), with a decay that was
subsequently monitored. In Figure 4b, we show the extracted
recombination lifetimes derived from fitting voltage decay
curves for different light intensities. Both solar cell types
exhibit similar recombination dynamics at higher light

Figure 3. (a) Rseries parameter derived from the impedance measurements at different applied voltages (Vapp) of the Cr/C and Cr/Ag perovskite
cells. (b) Calculated JV characteristics using the corrected voltage (VF) with no series resistance contribution, corresponding to the Cr/C and Cr/
Ag device types.
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intensities (inset in Figure 4b), while at low light bias the Cr/C
device displays noticeably slower recombination, which
corresponds to the longer carrier lifetimes.
So far, we have shown the effect of using an ultrathin Cr

interlayer for enabling efficient electron extraction in the p−i−
n carbon-based perovskite solar cells. To check the universality
of this material, we also fabricated PSCs utilizing Cr as a back-
contact buffer layer in an n−i−p cell configuration. We used
the fol lowing device structure: PET-IZO/SnO2/
Cs0.04(MA0.17FA0.83)0.96Pb(I0.83Br0.17)3/PTAA/Cr/carbon (de-
vice scheme is shown in Figure S8a). The cross-section FIB-
SEM image documenting the 5 nm thick Cr interlayer between
the PTAA hole transporter and the carbon electrode is shown
in Figure S8c. Figure S8d displays the JV curves of the best
devices (cell area of 1 cm2, flexible substrate), with and without
Cr. The champion Cr/C device featured a JSC of 19.49 mA/
cm2, FF of 60.72%, and VOC of 1.02 V, altogether resulting in
the PCE of 12.06% when measured in the reverse scan
direction. The reference carbon device without any buffer layer
delivered the PCE of 10.68%, with JSC of 19.44 mA/cm2, FF of
55.64%, and VOC of 0.99 V. All the perovskite parameters in
both scan directions are shown in Table S3. We can observe
negligible hysteresis in both device types. The use of a Cr
interlayer resulted in an 8% increase of FF. Figure S9 shows the
statistics of photovoltaic parameters (based on 10 individual
cells). From these results, it is evident that Cr can effectively
work in both cell configurations, facilitating either electron or
hole transfer to the electrode.
As we discussed above, perovskite layers due to their ionic

character are susceptible to electric field-driven movement of
charged species and various redox reactions, including an
oxidation of metallic back-contact material with halide ions.
Many of these processes can lead to the rapid decrease of
photovoltaic performance, which is further accelerated at
elevated temperatures.14 In order to analyze the long-term
stability of our flexible perovskite solar cells with different
back-contact materials, we carried out an aging test at the
maximum power point, under constant illumination (LED
source; intensity, 600 W/m2), inside the nitrogen-filled
glovebox at the temperature of 35−40 °C. Figure 5a displays
the PCE, JSC, FF, and VOC evolution of p−i−n devices utilizing

different back-contact electrodes (Ag, Cr/Ag, and Cr/C), and
an n−i−p device with the Cr/C electrode. Each data point was
obtained by removing the cell from the glovebox and
measuring JV characteristics at the solar simulator. The p−i−
n device with the Ag electrode recorded a 20% drop of
performance after 600 h of aging. From all the photovoltaic
parameters, the short-circuit current density undergoes the
largest decline. The p−i−n cell with the Cr interlayer shows
significantly enhanced stability, which preserved over 90% of
the initial performance after 1000 h. This suggests that the
primary origin of the observed performance deterioration is
caused by the reaction between halide ions and silver material,
which leads to the silver halide formation and impedes the
charge collection at the interface.14 Chromium can provide an
effective barrier for halide diffusion, suppressing this reaction.30

The p−i−n device with the Cr/C contact shows a very stable
performance with a negligible drop in efficiency over the
studied time window. Interestingly, the n−i−p cell with the
Cr/C contact exhibited a sizable increase in JSC and FF, leading
to the rise of PCE from 11.25% to 12.71% after 1000 h of
aging. This effect can originate from the improved interface
characteristics at the PTAA/Cr/C contact.
Furthermore, we studied a thermal stability of flexible

perovskite solar cells with different electrodes. We kept the
devices on a hot plate at 85 °C inside the glovebox and
monitored the evolution of the solar cell performance over
time. We show the changes in the PCE, JSC, FF, and VOC values
for the Cr/C and Cr/Ag devices in Figure 5b, plotted over the
period of 1000 h. We observe a remarkable thermal stability of
the device with the Cr/C back-contact, showing a very small
effective drop of performance in the studied time window. The
cells with the Cr/Ag electrode deteriorated much faster, losing
nearly 20% of the initial PCE after only 30 h. The drop of
performance is primarily affected by the losses in current
densities. Additionally, we noticed a clear visual change in the
silver layer, from a shiny appearance before the test to a matte,
darker look after the test (see Figure S10). Enhanced ionic
mobility at higher temperatures seems to diminish the Cr
barrier effect, which results in the degradation of the Ag layer
and the drop in performance, whereas the Cr/C device
remains unaffected. Overall, it is evident that the Cr/C layer

Figure 4. Analysis of TPC/TPV measurements of PSCs with the Cr/C and Cr/Ag back-contact electrodes: (a) charge density extracted from the
photocurrent decay measurements, plotted as a function of a short-circuit current density corresponding to varied perturbation light intensities; (b)
recombination lifetimes derived from the photovoltage decay fitting, plotted as a function of an open-circuit voltage at varied background light
intensities.
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stack used as a back-contact electrode significantly enhances
the stability of a p−i−n perovskite device structure.
In summary, we have demonstrated a solution-processed

carbon layer as an effective back-contact material for the
flexible p−i−n perovskite solar cells. By modifying the
interface between the n-type collection layer and carbon with
the carefully selected Cr buffer layer, we obtained an Ohmic
contact with a good electron (and hole) extraction efficacy.
Detailed analysis of the character of that interface has been
provided with the impedance spectroscopy and transient
photocurrent/photovoltage decay measurements. Additionally,
the Cr interlayer preserves the solar stack from a mechanical

damage which can occur during the carbon processing. The
best Cr/C device, fabricated on a PET foil with the large active
area (1 cm2), reached 15.18% of power conversion efficiency.
We have also shown the applicability of the Cr buffer layer in
n−i−p PSC configuration, obtaining 12.06% efficiency for the
flexible, large-area device with the Cr/C back-contact.
Additionally, we are showing exceptional operational (max-
imum power point, 1000 h) and thermal (85 °C, 1000 h)
stability of the flexible perovskite solar cells with the Cr/C
back-contact, with minimal losses in the studied time window.
This work reveals that the carbon-based film can be used as

the back-contact electrode in highly efficient perovskite solar

Figure 5. (a) Time evolution of normalized photovoltaic parameters (from the top: efficiency, short-circuit current density, fill factor, open-circuit
voltage) of the perovskite solar cells of p−i−n and n−i−p architectures and different back-contact electrodes, kept at the maximum power point
inside the nitrogen-filled glovebox (LED light source; intensity, 600 W/m2; temperature, 35−40 °C). (b) Evolution of normalized photovoltaic
parameters of p−i−n devices with the Cr/C and Cr/Ag back-contact electrodes, aged inside the glovebox at 85 °C.
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cells. Few considerations should to be taken into account to
maximize the achievable power output, including the electronic
contact at the interface with the carbon layer and its series
resistance. Both factors should be well-balanced to avoid
limitations to the optimal solar cell operation. The develop-
ment of the solution-processable buffer layer, which would
exhibit similar functionality to the Cr interlayer, provides an
interesting outlook for future work. Highly conductive, two-
dimensional materials (graphene, MXenes) constitute an
attractive group of compounds to be considered for such
purpose.
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