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Synergistic enhancement and mechanism study of mechanical and
moisture stability of perovskite solar cell introducing polyethylene
-imine into CH;NH;Pbl;/HTM interface

Jae Hoon Yun,*® Inhwa Lee,  Taek-Soo Kim,” Min Jae Ko,*® Jin Young Kim,? and Hae Jung Son®*

High performance perovskite solar cells with high stability in moist air are required for their practical applications. We
have developed a simple approach to enhancing device stability via the introduction of a polyethyleneimine (PEI)
compatibilizer between the perovskite (CHsNHs;Pbls) and upper hole transporting layers (HTMs). The PEI effectively
reduces moisture intrusion into the CH3;NH;Pbls layer under a high humidity condition. Moreover, the incorporation of PEI
increases the adhesion at the CH3;NHsPbls/HTM interface, which makes the protective HTM strongly adhere onto the
CH3NH;Pbl; layer during degradation and significantly decreases direct exposure of CHz;NHsPbl; to moist air. As a result, the
solar cell device was found to exhibit remarkably improved moisture stability, maintaining a performance of 85% for 14
days of exposure to 85% relative humidity without any encapsulation. We investigated the effects of the PEl introduction
on the perovskite solar cell properties and demonstrated for the first time that the strong adhesion of the
CH3NH3Pbls/HTM layer results in the perovskite solar cell device that is not only mechanically stable but also exhibits high

long-term stability.

Introduction

The performances of photovoltaic devices based on
organometallic halide perovskites (e.g., the methylammonium
lead halides CH3NH;PbX;, where X = halogen) have improved
rapidly,lf9 with power conversion efficiencies (PCEs) now
reported in excess of 20%.'° In contrast to current commercial
solar cell technologies, perovskite-based solar cells can be
easily fabricated by using cost-effective solution processes
such as spray-coating, spin-coating, slot-die coating, and roll-
to-roll coating under ambient conditions, which highlights their
potential of replacing silicon-based solar cells and
revolutionizing the renewable energy market.™*™ In spite of
the progress in efficiency, a number of technical challenges
must be overcome if perovskite solar cells are to become
suitable for commercial applications. These challenges include
finding a replacement for their lead component, large-scale
device fabrication, and ensuring long-term device stability.“’ls*
% The low stability of CH;NH;PbX;, where X = halogen, remains
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a major issue; in particular, moisture the
decomposition of CH;NH3;PbX; perovskites in solar cell devices
and thereby significantly reduces the device performance.zs_29

Recently, it has been recognized that HTMs have a key role
in enhancing not only solar cell efficiency but also device
stability. An HTM layer can have a protective effect on a
perovskite layer by shielding it from atmospheric moisture, as
well as sealing in the volatile perovskite components and
preventing the thermally induced loss of the organic
molecules.>***" Such protection is known to be strongly
dependent on the properties of the HTM such as permeability,
hydrophobicity, and molecular density. There have been
several reports of HTMs with low moisture permeability.
Snaith and co-workers reported that employing P3HT/SWNTs-
PMMA as the HTM can improve device resistance to
moisture,25 and that an Al,O; protecting interlayer19 and a
hydrophobic oligothiophene HTM?*? can both protect an
underlying perovskite film. Wei et al.®® fabricated a solar cell
device containing CH3NH;Pbl; and a carbon electrode bilayer,
which was found to retain ~90% of its initial performance after
storage in a relative humidity (RH) of 30% for 12 days. Strong
adhesion between the perovskite and HTM layers is also
important because delamination of the HTM from the
perovskite layer during device degradation can accelerate
perovskite decomposition by directly exposing the perovskite
layer to the atmosphere. More importantly, enhanced
adhesion can enable the production of flexible solar cell
devices with high mechanical stability. Therefore, in this study,
we attempted to engineer the interface between the

causes
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perovskite and HTM layers in order to enhance the adhesion
and minimize moisture attacks.

In this study, we searched for an organic polymer with
amine groups that can effectively bind metals such as Pb. Such
polymer would be a good compatibilizer for the perovskite and
the HTM because carbon-based organic polymers usually
exhibit effective intermolecular interactions with organic
HTMs. Based on this idea, polyethyleneimine (PEl) was chosen
and introduced between the perovskite active layer and the
HTM layer in the perovskite solar cell. Our observations
demonstrate that PEl provides strong adhesion between the
CH3NH3Pbl; and HTM layers, implying that the device exhibits
improved mechanical stability in delamination testing.
Moreover, the hydrophilic PEl deposited on the CH;NH;Pbl;
layer traps H,O existing inside the device and effectively
suppresses its migration into the CH;NH;3Pbl; layer. As a result,
the introduction of the PEI remarkably enhances not only the
mechanical stability of the solar cell device by improving the
adhesion of CH3NH;Pbl; with the HTM but also its moisture
stability. This article reports our systematic assessment of the
effects of introducing PEI into the perovskite solar cell on its
photovoltaic properties and its device stability in 85% RH.

RESULTS AND DISCUSSION

We prepared a meso-structured perovskite solar cell with the
configuration FTO/TiO, compact layer/mesoporous TiO,/CH5N
HsPbls/HTM/Au by modifying a previously reported method®*?
®and using 2,2',7,7'-tetrakis(N,N-di-p-methoxyphenylamine)9,
9'-spirobifluorene (spiro-OMeTAD) as the hole transporter.The
perovskite CH;NH;Pbl; was deposited with a two-step sequenti
al deposition method and the resulting perovskite film was
coated with a PEl in toluene. The
preparation conditions and procedures are described in detail

solution dissolved
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—— with PEI
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Figure 1. Top-view SEM images of perovskite films and
corresponding H,O drops on the surfaces showing contact
angles (a) before and (b) after the PEI coating. (c) A SEM cross-
sectional image of the device with PEIl before Au evaporation.
(d) UV-vis absorption spectra and (e) XRD patterns of the
perovskite films.
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in the Supporting Information. Figure 1 (b) shows a scanning
electron microscopy (SEM) image of the surface morphology of
the prepared film, which is similar to that of the surface before
PEI coating (Figure 1(a)). Most of the surface was composed
with small crystallites in the range of 100-200 nm. After
coating the perovskite surface has a decreased contact angle
(23.3°) with a water drop compared to that before coating
(37.7°), which indicates that the hydrophilic PEI covers the
whole perovskite surface. Figure 1(c) shows a cross-section
SEM image of the FTO/TiO, compact layer/mesoporous
TiO,/CH3;NH3Pbls(with PEI)/HTM  before Au evaporation,
consisting of ~400 nm CH3NH;3Pbl; filled in the mesoporous
TiO, including a perovskite capping layer. The UV-vis
absorption spectra shown in Figure 1(d) of the stacked films
before and after PEI coating, which contain the characteristic
absorption of CH3NH3Pbl;, are very similar. The X-ray
diffraction (XRD) peak pattern of the structure after PEI
coating in Figure 1(e) is almost identical to that before coating,
and is in accord with a tetragonal perovskite crystal structure,
which is the most stable phase at room temperature; in this
crystal structure, 6-fold-coordinated Pb>* cations occupy the
corners of the unit cell, surrounded by an octahedron of I”
anions, with a CH;NH," cation filling the space in the middle of
the unit cell. Thus the introduction of the PEI coating does not
significantly affect the properties of the perovskite layer,
although the PEI deposited perovskite surface does become
more hydrophilic. The exact thickness of the PEI film could not
be determined and however, is thought very thin of several
nm.

To determine the properties of the upper part of the
perovskite layer, which is the part of the layer directly
influenced by the PEl coating, we performed X-ray
photoelectron spectroscopy (XPS) on the perovskite layer
before and after PEl coating; the XPS spectra are shown in
Figure 2. The dashed lines in the spectra mark the core energy
levels corresponding to C 1s, Pb 4f, | 3d, and N 1s. In Figures
2(a) and (b), the spectrum of the PEl-coated perovskite
contains a C 1s peak that is more pronounced than that in the
spectrum of the uncoated perovskite, and it also contains a
new N 1s peak due to NH, or NH. In Figs. 3(c) and (d), the | 3d
and Pb 4f core
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Figure 2. XPS spectra of the perovskite films of (a) C 1s, (b) N 1s, (c) |
3d, and (d) Pb 4f.
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levels of the PEl-coated perovskite are shifted simultaneously
by 0.2 and 0.1 eV respectively with respect to their initial
values in the spectrum of the uncoated perovskite. There are
no new characteristic peaks in the spectrum of the coated
perovskite. This result suggests that no new chemical bonds
have formed between Pb®* and the amine groups of PEl even
though Pb* usually bonds well with amine compounds,se_39
and that the perovskite structure is well conserved. Instead,
electron-rich nitrogen atoms of PEl are likely to interact
attractively with the electropositive sites in the perovskite
such as I', H, and Pb*.

Figure S1(a) shows the J-V curves of the fabricated solar cell
devices. The device achieved a power conversion efficiency
(PCE) of 13.48%, averaged over forward and backward scans,
with a short circuit current (/) of 18.30 mA/cmZ, an open
circuit voltage (V,.) of 1.0 V, and a fill factor (FF) of 73.64%.
The integrated current obtained from the external quantum
efficiency (EQE) spectrum (Figure S1(b)) was 18.2 mA/cmZ. This
performance is comparable to that of the solar cell device
without PEI, which was found to exhibit a PCE of 12.98%,
averaged over forward and backward scans, with a J,. of 19.11
mA/cmZ, a V, of 0.98 V, and a FF of 69.32% (Figure S2).
Photoluminescence (PL) and time-resolved photoluminescence
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Figure 3. (a) A photograph of the micromechanical test system
for DCB test and (b) a schematic of the DCB specimen. (c)
Fracture energies measured with and without PEIl device
specimens. (d, e) SEM images of the fractured surfaces of the
device with PEl and the surface atomic compositions (At%)
determined from EDS analysis.

This journal is © The Royal Society of Chemistry 20xx
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(TRPL) decay experiments were performed to study the effect
of PEl incorporation on hole injection from the CH;NH;Pbl;
(MAPbI;) absorbing layer to the spiro-OMeTAD HTM. The
MAPbDI; layer was prepared on a cleaned glass substrate by
spin-coating and then, PEl and spiro-OMeTAD were coated in
sequene on the top of the CH3;NH;Pbl; layer. For comparison, a
MAPbI;/spiro-OMeTAD film without PEl was also prepared
using the same condition. The detailed experiment conditions
are described in Supporting Information. PL decay times (t.s)
of the prepared films, where t. is the time taken for the PL to
fall to 1/e of its initial intensity, were measured to compare
the PL lifetimes of MAPbI; of each film as shown in Figure S3
(a). The 1, of the pristine MAPbI; was 10.19 ns. For the samples
with spiro-OMeTAD, t.s of MAPbI; were measured to be 1.44
and 3.23 ns for the films with and without PEI, respectively.
This implies the hole transfer from the CH3;NH;Pbl; layer to the
HTM of the film with PEl is a little more efficient compared
with the film without PEl. PL measurements showed a
consistent result to the TRPL experiment. In Figure S3 (b), the
HTM with PElI led to more efficient PL quenching of the
CH3NH3Pbl; layer than the HTM without PEl. The PEI
incorporation is thought to induce a better contact between
the CH3NH;Pbl; and HTM layers, resulting in more efficient
hole extraction from the CH3NH;Pbl; layer to the HTM and
thus, slightly enhanced solar cell performnces of the PEl-based
solar cell device.

To investigate the role of PEI on mechanical stability at the
interface between the perovskite and HTM layer, the fracture
energies of the samples with and without PEI were measured
by double cantilever beam (DCB) testing method.*** The
sandwiched structure specimens were fabricated for the DCB
test as shown in figure 3(a, b). The fracture energy value of
1.44 + 0.30 J/m2 was measured with PEl and it is 120% larger
than that of the specimen without PEI, which is 0.65 + 0.21
J/m2 (Figure 3(c)). The crack path was identified by using SEM
and energy-dispersive x-ray spectroscopy (EDS) analysis. Figure
3(d, e) shows SEM images of the fractured surfaces of the
device with PEl. The SEM image of the upper surface (Figure
3(e)) shows holes of ~300 nm diameters which match exactly
with the bottom surface morphology (Figure 3(d)). In Figure
3(d), the image resembles the surface of the perovskite but
HTM layer is slightly covered on it. EDS results show that Pb
and |, which are key elements for perovskite, were only
detected for the bottom surface (Figure 3(d)). It is inferred that
the sharp and pointed region on the top of perovskite were
pulled out from the HTM. However, the HTM layer which has
deeply penetrated into perovskite was not detached during
the delamination process. The device without PEIl in Figure S4
shows the same crack path to that of PEl based device. From
these results, it is derived that the CH3NH;3Pbl;/HTM interface
is the mechanically weakest part among the layers in the
meso-structured perovskite solar cell device.

In order to explore the enhancement mechanism of PElI on
the fracture energy, the detached surfaces were characterized
after DCB test. Surprisingly, even though the fracture energy
was increased by 120%, it was difficult to find any mechanical
mechanisms such as crack bridging and mechanical

J. Name., 2013, 00, 1-3 | 3
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Figure 4. Pictures of the perovskite solar cell Jevices (a) with
and (b) without PEI under 85% humidity at room temperature
after 14 days and (cf) the corresponding normalized
photovoltaic properties (average values of 20 devices
fabricated under identical conditions) monitored as a function
of time.

interlocking depending on the PEl's existence from the above
SEM and EDS results. Also, the crack paths for both specimens
with and without PEl were identical, which suggests that the
fracture energy increase is due to the chemical bonding
formed at the interface rather than mechanical interlocking.
The fracture energy value of 0.65 + 0.21 J/m? is similar to the
van der Waals adhesion energy of 0.72 + 0.07 J/m? for the
interaction between the graphene and the metal. 42 Therefore,
it can be presumed that the weak fracture energy based on
van der Waals force has increased with chemical interaction
formed by PEI. PEl is expected to interact favourably with both
CH5NH3Pbl; and spiro-OMeTAD and thus to enable strong
adhesion between the HTM and perovskite
intermolecular interactions

layers. The

4| J. Name., 2012, 00, 1-3
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between nitrogen of amine compounds and Pb of CH;NH;Pbl;
are well known. We found that a 1H NMR peak corresponding
to N-H of PEl was shifted up-field from 2.0 ppm to 1.9 ppm
when excess amounts of spiro-OMeTAD were added into the
PElI solution in CDCl;, which indicates that there are
intermolecular interactions between PEl and spiro-OMeTAD
such as N-HpgOgpiro-ometan- We also studied the surface
energy of the perovskite before and after PEl coating by
performing contact angle measurements. Contact angles were
averaged from measurements of 5 solution drops. A contact
angle of the perovskite film with PEI (4.48°) to chlorobenzene
was lower than that of the film without PEI (5.16°). The contact
angle decrement was larger with a drop of a spiro-OMeTAD
solution in chlorobenzene used for device fabrication, from
7.42° before PEIl coating to 5.41° after the coating. These
results reveal that PEI makes the perovskite film to have
increased wettability to the spiro-OMeTAD precursor solution,
which enables the formation of better contact between the
perovskite and HTM layers with high surface coverage. The
improved contact would contribute to the adhesion
enhancement at the interface.

The long-term stability of the unencapsulated perovskite
solar cell device was studied by monitoring the evolution of
the solar cell parameters during exposure to 85% RH at room
temperature for 14 days; the results are presented in Figure 4.
The stability of the PEl-coated solar cell is significantly better
than that of the device prepared with the conventional
method. As shown in Figures 4(a) and (b), the coated and
uncoated solar cell devices have very different appearances;
the device without PEl became light yellow with some brown
areas whereas the PEl-coated device was found to maintain its
original dark brown color. In Figures 4(c) to (f), the decay of
each solar cell parameter averaged over 20 solar cell devices is
shown as a function of time. After 14 days at 85% RH, the PEI-
coated device retained its initial efficiency up to 85%, whereas
there was a significant efficiency reduction in the cell prepared

\:.\@ 500 E

Figure 5. Top-view SEM images of the Au-uncovered areas in the devices without PEI (a-d) and with PEI (e-h). (a, e) Images
before degradation. (b-d, f-h) Images after degradation.

This journal is © The Royal Society of Chemistry 20xx
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with the conventional method, which only retained 35% of its
performance before decomposition. This reduction is mostly
due to decreases in J,. and FF, although a small V,, reduction
(5% reduction) was also observed; the J,. and FF values of the
device are reduced to approximately 45% and 75%,
respectively of the initial values. In contrast, the device with
PEI was found to undergo a relatively small decrease in J (a
20% reduction) and FF was almost completely conserved.

We compared the film morphologies of the degraded solar
cell devices by using SEM and atomic force microscopy (AFM).
The images in Figures 5(b) and (f) of the PEl-based device show
that the surface is relatively well conserved without significant
decomposition, whereas significant film degradation is evident
in the case of the device without PEl; in the decomposed
region, the HTM or CH3;NH;Pbl;/HTM layers are fragmented
and nanoscale particles thought to be TiO, are directly
exposed to the surface, as shown in Figures 5(c) and (d). This
damage is correlated with the high surface roughness of the
degraded film in the AFM image (Figures S5(a) and (b)); the
surface root-mean-square (RMS) roughness is increased from
an initial 11.5 nm to 66.4 nm by degradation. In contrast, after
14 days, there is only a minor change in the RMS value of most
of the surface area of the PEl-based device, from 11.2 nm to
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Figure 6. Dynamic-SIMS profiles of the perovskite solar cell
devices before (a, c) and after (b, d) degradation. XPS spectra
of the perovskite films of (e) Pb 4f, (f) I 3d, (g) N 1s, and (h) Ti
2p after degradation

This journal is © The Royal Society of Chemistry 20xx

12.3 nm as shown in Figures S5(c) and (d). One interesting
point is that the decomposition behaviors of the devices are
also very different: in Figures 5(c) and (d), it can be seen that
film degradation of the uncoated device occurred via the
fragmentation of its upper layers into small nanoscale pieces,
whereas few large pinholes with a diameter of 1-2 um are
evident for the PEl-coated device and the delaminated part
maintained its shape relatively well without further erosion.

Secondary ion mass spectrometry (SIMS) measurements
were performed on the decomposed part of the PEl uncoated
device. Figure 6 displays the dynamic-SIMS depth profiling for
initial 10 minutes, which shows the composition of the
degraded device in the depth range 150~200 nm from the
surface. Before degradation, the level of Pb increases with
depth from zero on the surface (Figure 6(a)), whereas the
profile of the degraded device indicates that Pb ions are
present in similar intensities from the surface to the whole
depth (Figure 6(b)). Figure S6 shows that the level of detected
S ions is remarkably reduced after decomposition, which
indicates that much of the HTM has peeled off from the
surface. Note that the signals due to Ti and O elements in the
mass spectrum of the degraded
much more intense than before degradation,

device are
which is
consistent with the SEM measurements in Figure 5(b); many
particles thought to be TiO, are exposed due to the exfoliation
of the upper layer. We performed XPS on the degraded
devices and the results are shown in Figures 6(e) to (h); in the
spectrum of the perovskite device without PEI, the Pb 4f and |
3d peaks are much more pronounced than the corresponding
peaks of the device with PEl. Notably, for the device without
PEI, there is no N 1s peak after decomposition but there is an
intense peak corresponding to Ti. Figure 6(i) shows a SEM
image and the energy-dispersive  X-ray
spectroscopy (EDS) mapping results for the decomposed area

corresponding

in the PEI uncoated device, which indicate the presence of two
different types of decomposition: in area B, elemental Pb and |
are delocalized homogeneously whereas there are no
significant signals for either of them in area A. The atomic ratio
of Pb and | in area B is Pb:I=1:2.5, which indicates that most of
the perovskite has decomposed to lead iodide compounds
such as Pbl,. For both areas A and B, there is a very small signal
due to elemental C. Thus, according to the SIMS and XPS data,
most of the HTM peels off after decomposition and the
perovskite is finally converted to Pbl,. In some areas, TiO,
particles might be directly exposed to the atmosphere after
the decomposed perovskite has peeled off from the device. It
has been reported that CH3;NH;Pbl; can decompose into
volatile compounds such as CH3;NH, and HI after reaction with
H20.18,44
perovskite layer, followed by cracking and delamination of the

Such gaseous chemicals will cause voids in the

upper layer. After evaporation of such volatile compounds,
lead iodide compounds are expected to comprise the majority
of the decomposed perovskite layer. In contrast, there are no
notable changes in the SIMS intensities of the device with PEI
before and after moisture exposure (Figures 6(c) and (d)). The
device structure appears relatively well conserved. Thus the

J. Name., 2013, 00, 1-3 | 5
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exposed to 85% humidity. Cartoon depiction of the structural
and morphological difference between the solar cell devices (c)
without PEI and (d) with PEI upon exposure to 85% humidity
for 14 days.

enhanced adhesion between the perovskite and HTM layers
after PEl introduction might effectively reduce delamination of
the HTM and thus the degradation of the HTM and perovskite
layers.

Figure S7 shows the absorption at 760 nm and 480 nm of
CH3NH;3Pbl3/TiO,/FTO films stored at 85% RH in the dark for 8
h. Over this relatively short time period, the absorption at both
480 nm and 760 nm steadily eroded and the original dark
brown of CH3NH;Pbl; changed to light yellow. In comparison,
there were much smaller decreases in the absorption of the
PEI/CH5NH;3Pbl;/TiO,/FTO film over this period; the absorption
peak corresponding to the bandgap at 760 nm is relatively well
conserved and the high-energy absorption at 480 nm
decreases much more slowly upon exposure to moisture. PEl is
more hydrophilic than perovskite, so it is expected that the PEI
layer will protect the perovskite layer by keeping H,O not to
permeate into the perovskite layer, and this will slow down the
degradation of the perovskite layer. Similar observations have
also been reported by Kelly et al.: the introduction of a
hydrophilic material onto the perovskite layer delays H,O
migration into the perovskite layer by trapping it, and can thus
be used to improve the moisture stability of perovskite solar
cell devices.* Interestingly, when the HTM spiro-OMeTAD was
coated on the PEl/perovskite/TiO,/FTO film, the moisture
stability was more improved compared with the film before
the HTM coating despite the perovskite/TiO,/FTO films
exhibited similarly low moisture stability regardless the HTM
was covered or not (Figure 7(a) and (b)). Once perovskite
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degradation starts, the perovskite layer will be quickly exposed
to the surface and moist air because spiro-OMeTAD is easily
broken apart after cracks form in the film. 2% Spiro-OMeTAD
on the CH3NH3Pbl;/PEl film can adhere conformally to the
underlying perovskite layer, so it can act effectively as a
moisture barrier without being delaminated. Figure 7 shows a
schematic illustration of the origins of the improved moisture
stability of the PEl-treated device: at first, the trapping of
moisture by the PEI layer; next, even after some perovskite has
decomposed, the protective HTM conformally adheres to the
perovskite layer due to the PEl and thus, suppresses further
degradation of the perovskite. We demonstrated for the first
time that CH3;NH;Pbl3/HTM has low fracture energy, and
therefore improving adhesion property at the interface is
crucial for the enhancement of mechanical and moisture
stability of the solar cell device. The improved stability of the
perovskite layer is thought to directly affect the photocurrent
properties of the solar cell; the cell device with PEI retains
more stable J,. values during degradation, which is probably
because the deterioration of absorption and transport
properties is much reduced. FF is relatively constant without
any significant decrement. These features are mostly due to
the well-conserved HTM layer, which minimizes charge
recombination by blocking electron transfer and direct contact
between the perovskite layer and the electrode.

Conclusions

In conclusion, we have demonstrated the simultaneous
improvement of the mechanical and moisture stabilities of
perovskite solar cells via the highly reliable and simple
introduction of a PEI compatibilizer onto the perovskite active
layer. The incorporation of PEI increases the adhesion at the
perovskite/HTM interface, which improves the moisture
stability by tightly binding the protective HTM to the
perovskite layer. It is found that PEl effectively retards
moisture intrusion into the perovskite layer by retaining it. As
a result, the resulting solar cell device was found to exhibit
remarkably improved resilience against moisture attack,
maintaining 85% of its initial performance for 14 days at 85%
RH without any encapsulation. There have been few reports of
perovskite solar cells that maintain their performances well at
a high relative humidity of 85% for such a long period. This
study systematically investigated the effects of PEl post-
modification of CH3;NH;Pbl; on perovskite solar cells, and has
opened up a new pathway toward achieving high performance
flexible perovskite solar cells with high mechanical stability and
long-term moisture stability.
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Introduction of polyethyleneimine(PEI) onto the perovskite
layer makes HTM strongly adhere to the perovskite layer,
which simultaneously enhancing moisture stability.
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