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Reducing damage caused by sputtering of transparent conductive oxide (TCO) electrodes is critical in

achieving highly efficient and stable perovskite/silicon tandem solar cells. Here we study the sputter

caused damage to bathocuproine (BCP), which is widely used in highly efficient p–i–n structure single

junction perovskite solar cells. While the BCP buffer layer protects the underlying layers from damage, it

itself can be damaged by sputtering of TCOs at a wide range of target–substrate distances, supported by

molecular dynamics simulation. More intriguingly, it is observed that TCO easily peeled off after

sputtering when the sputtering target is close to the substrate. This is ascribed to the formation of stress

during the cooling down process after sputtering due to different thermal expansion coefficients of the

layers. Our studies explain why tin oxide (SnO2) made by atomic layer deposition can replace BCP for

a much better tandem device performance. SnO2 has high affinity with the sputtered TCO electrode to

suppress the peeling-off issue and has higher bond energy to resist sputter induced damage, thus

allowing a wider window of target–substrate distances than BCP during TCO sputtering. Ultimately, we

demonstrate an efficient perovskite/silicon monolithic tandem solar cell with an efficiency of 26.0% to

illustrate the beneficial effects of reduced stress and damage.
1 Introduction

Metal halide perovskite/silicon tandem solar cells are prom-
ising for achieving efficiency beyond that of single-junction
solar cells, potentially resulting in lower levelized cost of elec-
tricity.1–9 In these solar cells, transparent conductive electrodes
are required to transmit the incident sunlight. Transparent
conductive oxides (TCO) such as indium zinc oxide (IZO) have
been widely used as top electrodes in semitransparent solar
cells and tandem solar cells.10–13 Magnetron sputtering is the
most widely used industrial technique to deposit IZO.14

However, some challenges may arise when IZO sputtering is
applied to perovskite top sub-cells. The rst one is that the
mismatch of thermal expansion coefficients between layers may
introduce stress in lms, since the sputtering process could
involve a large temperature change. The second is that high-
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energy sputtered atoms, ions, electrons, or ultraviolet light
produced during sputtering processes may damage the perov-
skite or organic layers in perovskite solar cells by changing their
chemical bonding.15,16

The typical single-junction p–i–n structure perovskite solar
cells have a structure of ITO/poly(triaryl amine)/perovskite/ETL/
BCP/Cu, where ETL is the electron transport layer such as
phenyl-C61-butyric acid methyl ester, Indene C60 Bis Adduct
(ICBA), C60, or a double fullerene layer.17,18 The BCP buffer layer
is very important for high-performance solar cells, because it
reduces charge recombination at the ETL/Cu interface.19–21 But,
as a so organic material, BCP suffers from damage when the
thermally evaporated Cu electrode is replaced with sputtered
TCO. Several studies employed perovskite top cells with SnO2,
which is deposited by atomic layer deposition (ALD), as the
buffer layer to reduce sputter damage during TCO deposi-
tion.22–25 However, there is no study yet about the stress in the
sputtered IZO electrode and corresponding peeling-off issue
when the stress is out of the tolerance range. It is yet unclear
how the sputtering process actually damages BCP, and why
SnO2 can resist the damage. It is also unknown whether the
sputtering process would damage layers underneath BCP, such
as C60 and perovskite lms. Moreover, whether SnO2 can
tolerate the sputter induced stress and avoid sputter damage
under any sputtering condition needs to be investigated as well.
Clarifying these issues will help us to determine sputtering
J. Mater. Chem. A, 2022, 10, 1343–1349 | 1343
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parameters for TCO of perovskite/silicon tandem solar cells,
which is vital for balance between the fabrication cost and
materials properties.

In this work, we investigate the stress related damage issue
induced by sputtering IZO when different buffer layers of BCP
and SnO2 are used. We present mechanisms and mitigation
approaches for sputter induced stress in perovskite solar cells.
The reasons for better performance in the semi-transparent
solar cells with the SnO2 buffer layer than that with the BCP
buffer layer are discussed. Molecular dynamics (MD) simula-
tions are introduced to understand the damage process of
sputtered atoms on BCP. Also, the possible peeling-off risk in
the IZO electrode on the SnO2 buffer layer is examined, and the
method to overcome it is provided. An efficient perovskite/
silicon tandem solar cell is presented to prove the benecial
effect of our strategies.
2 Results and discussion
2.1 Peeling-off phenomenon in IZO

We rst observed the peeling-off problem of the sputtered IZO
electrode for semitransparent perovskite solar cells with BCP
and SnO2 buffer layers. The main parameter we tuned in this
study was the target–substrate distance, as illustrated in Fig. 1a.
Peeling-off of the IZO electrode from underlying layers aer
sputtering on semitransparent perovskite solar cells with the
BCP buffer layer was observed at a wide range of target–
Fig. 1 (a) Schematic diagram of the IZO sputtering process with differe
electrodes after sputtering at target–substrate distances of 8 cm, 10 cm
sectional SEM image of a perovskite solar cell with the BCP buffer layer an
10 cm.

1344 | J. Mater. Chem. A, 2022, 10, 1343–1349
substrate distances from 8 cm to 12 cm; while this peeling-off
issue only happened at a short target–substrate distance of
8 cm for solar cells with the SnO2 buffer layer, as shown in
Fig. 1b and S1.† It was noted that the peeling-off phenomenon
didn't occur during the sputtering process but occurred aer
sputtering during the sample cooling down process, which
indicates that the change of thermal conditions may be the
reason for the phenomenon. The cross-sectional SEM image in
Fig. 1c shows that the peeling-off issue caused bad contact
between the IZO electrode and underlying layer.
2.2 Mechanism for sputter induced stress reduction

The peeling-off phenomenon of the IZO electrode indicates that
there is stress in the sputtered IZO electrode. We speculated
that a mismatch of the thermal expansion coefficients between
the sputtered IZO layer and the underlying layers caused the
peeling-off issue. To test this hypothesis, we measured the
temperature of the sample surface during sputtering at
different target–substrate distances with temperature indica-
tors. This experiment revealed that the temperature reached
71 �C, 54 �C and 43 �C when the substrate–target distances were
8 cm, 10 cm and 12 cm, respectively, but the temperature
remained below 37 �C when the substrate–target distance
increased to 14 cm. It has been reported that the kinetic energy
of sputtered atoms can reach 100 eV, which is about 100 times
larger than the energies of evaporated particles.26,27 This kinetic
energy can convert to thermal energy aer bombardment with
nt target–substrate distances. (b) Different peeling-off results in IZO
, 12 cm, and 14 cm with BCP or SnO2 as the buffer layer. (c) Cross-
d peeled off IZO electrodes deposited at a target–substrate distance of

This journal is © The Royal Society of Chemistry 2022
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Fig. 2 Schematic diagram of the formation of IZO peeling-off (a) both on the ITO and ITO/glass substrate, and (b) only on the glass side. (c)
Schematic diagram of the formation of IZOwithout peeling-off. (d) IZO fingers on the BCP film before and after being treated with a tape. (e) IZO
fingers on the SnO2 film before and after being treated with a tape.
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the sample. It is noted that the sputtered atoms experience
collisions with Ar atoms on their path to the substrate, reducing
their kinetic energy. Therefore, the temperature of the samples
decreases accordingly when they are farther away from the
target.

Since the temperature changes with the target–substrate
distance, the thermal expansion of underlying lms shows the
same tendency. As illustrated in Fig. 2a, the different thermal
expansion coefficients between layers caused peeling-off of the
IZO layer aer sputtering during the cooling down process. The
thermal expansion coefficients of perovskite and organic layers
(3 � 10�5 to 5 � 10�5 K�1) are one order of magnitude higher
than those of TCO lms and glass substrates (5 � 10�6 to 7 �
10�6 K�1).28–30 When the samples were placed at a target–
substrate distance of 8 cm, the so perovskite and organic lms
expanded due to elevated temperature during sputtering; when
the solar cells cooled to room temperature aer sputtering, the
perovskite and organic layers contracted more than the IZO
lm, which caused large stress in the sputtered IZO lm.
Specically, tensile stress formed in perovskite/organic layers
and compressive stress formed in the IZO layer. If the stress was
large enough (as calculated in the ESI†), it would cause severe
peeling-off of the IZO electrode, as shown in Fig. 2a and b. At
a target–substrate distance of 14 cm, the lower local tempera-
ture resulted in less stress and thus mitigated the peeling-off
issue for solar cells with the BCP buffer layer, as shown in
Fig. 2c.
2.3 Effects of affinity on IZO peeling-off

We also considered whether the peeling-off of the sputtered IZO
electrode was due to the stress caused by the insertion of
particles like indium, zinc, or oxygen during sputtering. If this
was the case, the peeling-off phenomenon would occur during
the sputtering process, rather than during the device cool down
process aer sputtering, which is opposite to the experimental
observation. Moreover, we found that the substrate property
also affected the peeling-off location. The substrates we used to
This journal is © The Royal Society of Chemistry 2022
make the devices were glass substrates with only half of the area
coated with the ITO bottom electrode. When we sputtered the
IZO top electrode for BCP-devices at a target–substrate distance
of 12 cm, the peeling-off phenomenon of the IZO electrode only
occurred at locations without the ITO bottom electrode, as
shown in Fig. 1b and S1c.† If the stress induced by insertion of
sputtered particles dominated the peeling-off phenomenon,
there would be no difference of stress and peeling-off
phenomenon in locations with and without the ITO bottom
electrode. Therefore, we believe this difference is due to
different stress release on different substrates during the cool-
ing down process. In our previous study,31 we found that the
perovskite lm coated on a glass side generally showed less
strain than the perovskite lm coated on ITO/glass slide, which
was ascribed to the different bonding strength between the
perovskites and substrates due to different roughnesses of ITO
and glass. Less affinity or bonding of perovskites to the smooth
and nonwetting glass substrates allows the perovskite lms on
glass release strain much easier than on rough ITO. For the
same reason, when the temperature cooled down aer sput-
tering, the perovskite lm on glass could have larger contrac-
tion than the lm on ITO substrates, which created larger stress
between the perovskite lm and sputtered IZO electrode at the
location of bare glass and caused peeling-off, as shown in
Fig. 2b.

Since no IZO peeling-off was observed in solar cells based on
the SnO2 buffer layer when IZO was deposited at a target–
substrate distance of 10 cm or longer, we speculated that better
affinity between SnO2 with adjacent layers was formed. This is
because SnO2 and IZO are both metal oxides, which will benet
formation of strong bonding between them. Since BCP is an
organic molecule, the contact between IZO and BCP is based on
van der Waals forces. To verify this, we deposited IZO ngers
onto BCP and SnO2 lms on silicon substrates and then tried to
tear IZO ngers with tape. Fig. 2d and e show the results of
tearing IZO ngers on BCP and SnO2 lms. It was found that the
IZO on BCP can be peeled off easily while IZO on SnO2 was very
J. Mater. Chem. A, 2022, 10, 1343–1349 | 1345
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Fig. 3 (a) Schematics of perovskite solar cells with and without a 10
nm-thick IZO film under the Cu electrode. (b) J–V characteristics of
the perovskite solar cells with Cu and IZO/Cu electrodes.

Fig. 4 MD simulations of collisions between sputtered indium atoms
and BCP molecules. The incident energy of the indium atoms is set to
(a) 5 eV, (b) 6 eV, and (c) 7 eV. The first row shows the system before
collision; the second row shows the system after collision. The circles
in (b) and (c) denote differences in the position and distance of atoms,
which can illustrate the damage in BCP.
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rm, which revealed the better affinity between IZO and SnO2

than that between IZO and BCP. The cross-sectional SEM image
of the perovskite solar cell with the SnO2 buffer layer in Fig. S2†
also shows good contact between SnO2 and IZO layers.

We also studied whether using ALD-SnO2 can ultimately
solve the IZO peeling-off issue by reducing the substrate
temperature to an unpractically low value of �5 �C. We found
that IZO still peeled off in the SnO2 samples when the target–
substrate distance was 10 cm, as shown in Fig. S3.† No change
was observed for the samples when the target–substrate
distance was 12 cm or 14 cm. This indicates that an appropri-
ately large target–substrate distance is still needed for SnO2-
devices.

2.4 Inuences of sputter induced molecular level damage in
BCP

Despite that a large target–substrate distance could generate
less stress in the sputtered IZO to avoid the peeling-off issue of
the TCO electrode itself, sputtering of IZO could still damage
other layers. Perovskite, fullerene, and BCP in the perovskite
sub-cells are all so materials that have either low cohesive
energy between the atoms or low bond dissociation energy
between the molecules.16,32 The bombardment of them by high-
energy particles might cause atomic or molecular level damage
which will reduce their electronic properties. In order to eval-
uate the inuence of sputter damage on electronic properties,
we fabricated perovskite solar cells with the structure of ITO/
PTAA/perovskite/ICBA/C60/BCP/IZO/Cu by sputtering a 10 nm-
thick IZO electrode at a target–substrate distance of 14 cm
and then thermally evaporating 80 nm-thick Cu, as shown in
Fig. 3a. In this design, the thermally evaporated Cu electrode
enhanced the conductivity of the IZO electrode, where the thin
IZO electrode was introduced to evaluate the sputter damage.
Fig. 3b shows that the IZO/Cu-device exhibited a very low ll
factor (FF) and an obvious S-shape in the J–V curve, while the
control device that only had thermally evaporated Cu electrode
performedmuch well. This indicates that the sputtering process
still caused damage to the other layers.15 If the Cu electrode was
also deposited by sputtering rather than by thermal evapora-
tion, a similar J–V curve with a low FF and S-shape was also
found (Fig. S4†), which further proves that the worse device
performance was caused by sputter damage, rather than the
new interfaces introduced by IZO. This suggests that even
though a larger sputtering distance can avoid the stress issue, it
cannot completely eliminate the sputter caused molecular level
damage in the BCP buffer layer.

2.5 MD simulation on molecular level damage in BCP

In order to reveal how BCP was damaged, we performed MD
simulations on the collision process between sputtered indium
atoms and BCP molecules. The indium atom was selected
because it has the highest mass compared to zinc, oxygen, and
argon atoms. According to the law of conservation of
momentum, indium atoms will loss less kinetic energy per
collision with, e.g., Ar atoms than other sputtered atoms, and will
thus arrive at the substrate with the most energy. The energies of
1346 | J. Mater. Chem. A, 2022, 10, 1343–1349
indium atoms in the range of 1 eV to 10 eV were simulated. We
also varied the incidence of the indium atoms to hit different
atoms in BCP, and we found that the C–C bond connecting the
methyl group was the most easily broken. Therefore, the damage
was most likely to occur at the C–C bond in BCP during sput-
tering, and we focused our simulation at this position. Fig. 4a–c
shows simulated collision processes with three different indium
energies near the damage threshold. For indium atoms with an
energy of 5 eV, the methyl group did not change its position and
the distance of adjacent two carbon atoms remained the same
aer collision (Fig. 4a). For indium atoms with energi of 6 eV and
This journal is © The Royal Society of Chemistry 2022
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Fig. 5 (a) Procedure for refabricating a perovskite solar cell by
replacing ICBA/C60/BCP/IZOwith new layers of ICBA/C60/BCP/Cu. (b)
J–V characteristics of the perovskite solar cell after refabrication,
compared to a control device with an original Cu electrode.

Fig. 6 (a) Schematic of the perovskite/silicon tandem solar cell with the
sub-cell of the tandem solar cell. (c) J–V characteristics of the perovskite
image of the perovskite/silicon monolithic tandem solar cell.

This journal is © The Royal Society of Chemistry 2022
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7 eV, the methyl group was bombarded away from its original
position and the distance of adjacent two carbon atoms was
changed (Fig. 4b and c). This reveals that the C–C bond in BCP
can be broken by indium atoms with an energy of 6 eV and
higher. This energy threshold indicates the reason why sputter
damage could occur in BCP but not in SnO2. This is because the
Sn–O bond energy in SnO2 lms is about 528 kJmol�1 (5.47 eV),33

which is much higher than the C–C bond energy (3.59 eV) in BCP
molecules. This means that it requires a higher energy for
sputtered atoms to break down SnO2.
2.6 Investigation on damage of underlying layers

Since the device efficiency reduction can come from damage of
any layer in the perovskite solar cells, we studied whether the
sputter damage penetrated into other layers underneath BCP for
solar cells with BCP or SnO2 buffer layers. We fabricated
a perovskite solar cell with sputtered IZO electrodes, and then we
washed off the ICBA/C60/BCP/IZO layers with 1,2-dichloroben-
zene (DCB), as shown in Fig. 5a. We next deposited ICBA/C60/
BCP/Cu on the perovskite again. Fig. 5b shows the J–V results
of the re-fabricated device and the reference device with evapo-
rated Cu electrodes on BCP directly. The original perovskite solar
cell with the sputtered IZO electrode here has an S-curve similar
to the J–V curve of the solar cell with IZO/Cu in Fig. 3b. However,
we can see that the re-fabricated device does not show any
performance degradation compared to the reference device,
SnO2 buffer layer. (b) Cross-sectional SEM image of the perovskite top
/silicon tandem solar cell under forward and reverse scans. Inset in (c):

J. Mater. Chem. A, 2022, 10, 1343–1349 | 1347
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which has the same J–V curve of the solar cell with evaporated Cu
in Fig. 3b. This reveals that the sputtering process did not
damage the underlying perovskite layer. For further verication,
we performed MD simulations on collisions between indium
atoms and C60 molecules with different atom energies. Fig. S5†
shows that bond rupture in the C60 molecule happens only when
the energy of the sputtered indium exceeds 200 eV, which is
much higher than the initial energy of sputtered atoms from the
target. For indium atoms with energy lower than 200 eV, no
obvious changes were found in the C60 structure. Besides, the
indium atoms were reected back by the carbon atoms. There-
fore, it is unlikely that the sputtered atoms can cause damage to
the layers underneath the C60 layer and we only need to consider
the sputter damage issues in the BCP layer.
2.7 Achieving efficient perovskite/silicon tandem solar cell

Since the substrate–target distance of 14 cm is still not large
enough to avoid the damage of BCP by high energy particles
during the sputtering process, we attempted to further increase
the substrate–target distance. However, both the conductivity
and transmittance of IZO lms become worse when the target–
substrate distance was increased to beyond 14 cm, as shown in
Fig. S6.† This is because sputtered atoms with too low energy
generally result in porous and rough morphology of the IZO
lm.34,35 SnO2 is an excellent buffer layer to allow a wide range of
target–substrate distances to resist the sputter damage as well
as to tolerate the sputter induced stress, which enable fabrica-
tion of efficient semi-transparent perovskite solar cells and
tandem solar cells.

We fabricated a complete perovskite/silicon tandem solar cell
with the SnO2 buffer layer and IZO electrode deposited at
a target–substrate distance of 12 cm to check the benecial
effects of elimination of sputter damage and the peeling-off
issue. Fig. 6a shows the structure of the tandem device. The
corresponding cross-sectional SEM image of the perovskite sub-
cell in Fig. 6b also shows good contact between each layers
without the peeling-off issue. No peeling-off of the IZO electrode
was observed aer the tandem device cooled to �5 �C to enlarge
the residual stress, which indicates strong adhesion between the
IZO electrode and underlying layers. Thanks both to the sputter
protection provided by SnO2 and the optimized IZO sputtering
process, the tandem solar cell reached a PCE of 26.0% (Fig. 6c).
There was no obvious PCE degradation for the un-encapsulated
tandem device under illumination at a maximum power point
at �55 �C in air for 120 min (Fig. S7†). The external quantum
efficiency (EQE) result of the tandem device shows that the
current of two sub-cells matched well (Fig. S8†). The absence of
hysteresis and high FF indicate that the charge recombination
and interfacial barrier introduced by sputter damage and stress
have been suppressed due to reduction of sputter damage using
the optimized sputtering conditions and SnO2 buffer layers.
3 Conclusions

In summary, we investigated the sputtering process of IZO
electrodes on the perovskite top sub-cell of perovskite/silicon
1348 | J. Mater. Chem. A, 2022, 10, 1343–1349
tandem solar cells with focus on the mechanism for peeling-
off and sputter damage. The peeling-off of the sputtered IZO
electrode was avoided by increasing the target–substrate
distance to 14 cm for the BCP buffer layer and 10 cm for the
SnO2 buffer layer, but sputter damage to the BCP buffer layer
persisted at these distances. MD simulations showed that
energetic sputtered atoms with a kinetic energy greater than
6 eV can break C–C bonds in BCP molecules. It was proved that
the buffer layer is the key to address the sputter damage issue,
because the sputter damage did not penetrate into the under-
lying layers. When utilizing SnO2 as the buffer layer, strong
affinity between sputtered IZO and buffer layer was formed and
thus the peeling-off issue was suppressed. A high PCE of 26.0%
was obtained in a perovskite/silicon tandem solar cell when
these strategies were applied. This work demonstrates that the
combination of an appropriate target–substrate distance and
a robust buffer layer is a solution to suppress the stress in IZO
lms and avoid the bond rupture in the buffer layer.
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