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ABSTRACT: Perovskite solar cells have emerged as a potential energy alternative due to their low cost of fabrication and high
power conversion efficiency. Unfortunately, their poor ambient stability has critically limited their industrialization and application in
real environmental conditions. Here, we show that by introducing hexamine molecules into the perovskite lattice, we can enhance
the photoactive phase stability, enabling high-performance and air-processable perovskite solar cells. The unencapsulated and freshly
prepared perovskite solar cells produce a power conversion efficiency of 16.83% under a 100 mW cm™> 1.5G solar light simulator
and demonstrate high stability properties when being stored for more than 1500 h in humid air with relative humidity ranging from
65 to 90%. We envisage that our findings may revolutionize perovskite solar cell research, pushing the performance and stability to
the limit and bringing the perovskite solar cells toward industrialization.

B INTRODUCTION

migration in the lattice, particularly at the grain boundary, in

Perovskite solar cells’ performance has expanded impressively
over the years, and currently, the power conversion efficiency
of single-junction solar cells has reached 25.7%. With the
advances 1n preparation,’ composition, and interfacial engi-
neering,”’ the power conversion efficiency of perovskite solar
cells is predicted to further ascend, approaching the theoretical
limit. At present, techniques for upscaling the perovskite solar
cell device have been intensively conducted to meet
industrialization criteria.” Despite these impressive advances,
unfortunately, the reported high-performance perovskite solar
cells are still observed under a strictly controlled atmosphere or
at most under a relatively dry ambient atmosphere, signifying
that the industrialization and commercialization of the device
are still obscure. The main reason for this limitation is that the
perovskite active material is not stable in a humid environment
due to its hygroscopic nature.” In many cases, the humidity not
only causes extensive roughness to the perovsklte film and
creates a critical inhomogeneity in the film growth but also
degrades the perovskite photoelectrical active phase.” Such an
effect is even more extensive under the illumination of light or
operational temperature® as the existence of active ionic
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these circumstances, accelerating the hydration of the perov-
skite.

There has been an intensive effort in resolving the
perovskite’s air stability issue over the past several years.”” "
The introduction of long-chain organic halides or hydrophobic
organic spacers'”'*" to limit vapor molecules’ access to the
perovskite’s grain boundary has been the most adopted
method for this purpose. Long-chain organic halide spacer,
for example, normally produces a two-dimensional (2D)
perovskite layer on the surface of the perovskite’s grain,
forming a 2D/three-dimensional (3D) perovskite system. The
2D perovskite layer blocks both the vapor molecules’ access
and the ionic migration at the perovskite’s grain boun-
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dary,"*™"® but unluckily, it only produces a device that can only
be operated in ambient with relative humidity (RH) of around
25%,"® which is far dry if compared with the real ambient
humidity. In addition, because the 2D perovskite has lower
carrier mobility and a narrower sgectral response window with
respect to its 3D counterpart,’” it significantly reduces the
performance of the solar cell. Nonetheless, recent progress in
this direction indicates that the oleylamine halide ligand grain
surface passivation'® can realize high-performance and
ambient-stable PSC, where it can stand against 85 °C heat
and 85% relative humidity. This achievement is certainly
phenomenal and promises a big prospect for a real application
of perovskite solar cells. Despite this high performance,
because their preparation is under a strictly controlled ambient
atmosphere with low oxygen and humidity contents, their
industrialization prospect could be uncertain. Therefore, the
effort to realize air-processable and air-stable perovskite solar
cells should be continuously demonstrated.

Here, we report a highly humid-stable methylammonium
lead iodide (MAPbDL;) perovskite that can stand against a
relative humidity of higher than 65% by hexamine molecule
phase stabilization. We found that the hexamine molecules’
substitution into the perovskite lattice not only stabilizes the
lattice dynamics but also preserves its photoactivity properties,
realizing exceptionally high-performance and air stability as
well as air-processable perovskite solar cells. The perovskite
solar cells produce an efficiency of 16.83% under a 100 mW
em™? 1.5G solar light simulator. Meanwhile, the unencapsu-
lated device exhibits excellent stability when being stored in
the laboratory ambient with relative humidity ranging from 65
to 90% for 1500 h. The present findings should become a
strategic platform for the industrialization of perovskite solar
cells.

B RESULTS

The perovskite solar cells were prepared in the air with an RH
of 35—40% (Video S1, Supporting Information). The
characteristic of the hexamine-doped MAPbI, perovskite (h-
MAPbL;) and pristine perovskite films produced in this study is
smooth, glossy, and mirror-like surfaces (Figure 1a,b). X-ray
diffraction pattern analysis (Figure 1f) conveys that the h-
MAPDI, film is a pure cubic phase of perovskite in the absence
of the Pbl, phase. This is highly anticipated as Pbl, present in
the MAPDI; perovskite triggers the phase transformation of the
photoactive cubic MAPbI; to the inactive delta phase. Our
approach also produces pristine MAPbI; with no Pbl, phase.
Field-emission electron microscopy (FESEM) analysis results
discover that, although relatively low crystalline shape, the h-
MAPDbI; perovskite grain boundary in this film is diminished,
producing a compact film structure. The grain size is up to 300
nm (Figure 1c). Meanwhile, despite the better shape
crystallinity and larger gain size of the pristine perovskite
film compared with h-MAPbL;, its grain boundary is obvious
and prominent (Figure 1d). This might facilitate fast vapor
molecule insertion, accelerating phase transformation. The
characteristic ultraviolet—visible (UV—vis) absorption spec-
trum of the film reveals that the optical band gap absorption of
the h-MAPbI; perovskite matches the pristine MAPbI;
perovskite, i.e., in the range of 700 and 800 nm (Figure le),
rendering that the hexamine substitution maintains the
optoelectrical properties of the MAPbI; perovskite. However,
h-MAPbI; possesses a high absorbance value in the wavelength
below 550 nm.
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Figure 1. Structural and optical properties of the h-MAPbI;
perovskite. (a, b) Optical images of optimized h-MAPbI, and pristine
MAPbBI;. h-MAPbI; shows a glossy surface. (¢, d) Microstructure
images of h-MAPbI; and pristine MAPbI;, respectively. (e) Optical
absorbance of the perovskite layer. (f) X-ray diffraction (XRD)
patterns for h-MAPbI; and pristine MAPbI;.

We then fabricated perovskite solar cells with a configuration
of ITO/SnO,/perovskite/P;HT/Au. The perovskite layer
thickness is approximately 390 nm (Figure 2a). Figure 2b
shows the typical J—V response of the target perovskite solar
cells under the illumination of the solar light simulator (100
mW cm™2). The measurement was carried out in the air with a
temperature of ca. ~25 °C and an RH of higher than 65%
(Video S2, Supporting Information). We used a metallic mask
(Figure S1, Supporting Information) with a dimension of 4 X S
mm?” during the J—V measurement. As the figure reveals, the
champion device (i.e, h-MAPbI,;) demonstrates an impres-
sively high photovoltaic response with J, V., and fill factor
(FF) as high as 24.40 mA cm ™, 1.11 V, and 62%, respectively.
This is equivalent to the power conversion efficiency of
16.83%. Meanwhile, the performance of the control device is
far below the target sample, ie., 3.65%. Low efficiency in the
control sample is anticipated and could be related to the phase
instability under humid ambient that triggers the perovskite
phase transformation, damaging the optoelectrical properties
of the perovskite. We have prepared more than 50 h-MAPbI;-
based devices (target device) for this condition and found that
almost half of the devices have a PCE above 15% (Figure 2f).
Figure lc—f and Table 1 describe the overall performance
dynamics of the devices. We then took a device with
comparable performance to that of the champion and
evaluated the external quantum efficiency properties. We
found that the EQE responses of the device (Figure 3a) obey
the standard spectral response of the MAPbI; perovskite and
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Figure 2. Photovoltaic performance of the perovskite solar cells under 100 mW cm™ 1.5G solar simulator light. (a) Cross-sectional micrograph of
the perovskite solar cells. (b) J—V curve of h-MAPDbI, (target device, S3) and pristine (SO) perovskite solar cells under the illumination of 100 mW

cm™? solar simulator light. (c—f) Comparison of photovoltaic parameters (V,,, J,., FF, and PCE) of pristine and champion h-MAPbI, perovskite
solar cells.

Table 1. Photovoltaic Parameters of the Devices”

Voc (V) Jsc (mA cm™2) PCE (%) R, trap density, N
sample max (avg + sd max (avg + sd) FF max (avg + sd) max (avg + sd) Ry (Q) () R, (Q) (em?)
N¢ 0.49 (0.41 + 0.15) 19.01 (10.36 + 3.56) 0.39 (0.38 + 0.07) 3.65 (1.87 + 1.19) 461 6271 1927 492 x 10%
S1 1.05 (0.92 + 0.16) 19.06 (14.82 + 2.77) 0.67 (0.59 + 0.09)  13.47 (7.94 + 2.26) 9.59 7.63  35.58 473 x 10%
S2 1.09 (0.96 + 0.06) 23.29 (21.12 + 2.24) 0.65 (0.64 + 0.07)  16.40 (12.86 + 1.49) 475 632 3574 4.30 X 10%
S3 1.11 (0.98 + 0.05) 24.40 (21.70 + 2.41) 0.62 (0.65 + 0.06)  16.83 (13.81 + 1.64) 9.52 1679 5.768 444 x 10%
S4 1.11 (0.96 + 0.11) 22.38 (20.06 + 1.36) 0.61 (0.67 + 0.07)  15.14 (12.89 + 1.82)  10.0 27.06 2249 421 x 10%
Ss 1.05 (0.96 + 0.04) 21.70 (15.43 + 2.81) 0.66 (0.62 + 0.03)  15.03 (9.09 + 1.94) 698 2627 5.296 4.87 x 10%

480 = pristine, S1, S2, S3, S4, and S5 are pristine with the addition of 1, 2, 3, 4, and 5 mg mL™" hexamethylenetetramine.

produce a current density comparable to the one obtained in
the J—V analysis.

We then stored the unencapsulated device with the initial
PCE of 12.5% in the laboratory’s ambient atmosphere with a
temperature of 25—35 °C and relative humidity of 65—90%,
and then gradually evaluated its performance. We found that
the target device shows impressively high stability properties
when being stored for 1500 h (Figure 3b), which shows a loss
in PCE only as low as ca. ~1%. We expect that the stability
could be much longer as the perovskite color is unchanged.
However, due to the damage in the metal contact as the result
of multiple times measurement processes, device performance
could not be measured after that period. For comparison, the
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control device is immediately damaged if aged for only around
1 h in the ambient atmosphere. The stability properties of the
device are also reflected in the maximum power point tracking
properties of the device as it retains as high as 94% of the initial
efficiency when being operated for 120 s in the ambient
atmosphere (Figure 3c). By taking a different device with more
or less similar performance, we then evaluated the V,_ value of
the device as a function of light intensity and discovered that
the V,_ value decreased as low as only 9.9%, i.e., from 1.01 to
0.91 V, when the light intensity decreased from 100 to 10 mW
cm™? (Figure 3d). This implies that the perovskite solar cells
can be operated under low light intensity, for example, in
indoor applications. The power hysteresis of the device has
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Figure 3. Spectral response and the stability properties of the perovskite solar cells. (a) External quantum efficiency spectra of the champion and
the pristine PSC, (b) performance under the aging process in relative humidity of 65—90%, (c) maximum power tracking properties, and (d)
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Figure 4. Power hysteresis properties of the device: (a) pristine (S0) and (b) target (S3) devices.

also been evaluated and found that the power hysteresis of the
target sample is as low as 3% (Figure 4a). Although the
hysteresis value is relatively higher than the recently reported
high-performance perovskite solar cells, it is considered low for
the perovskite solar cells prepared in the humid ambient. This
could be mainly related to several factors, particularly related
to the device preparation ambient with high humidity, which
causes high-density water molecules present in the vicinity of
the perovskite grain surface as well as nonstoichiometric
substitution of the hexamine molecules in the lattice, affecting
the carrier dynamics in the device under different scan
directions. The power hysteresis for the fresh pristine sample
is 43% (Figure 4b), which reflects the rapid phase trans-
formation in the perovskite material.

18877

The concentration of hexamine is critical for the phase
stability of the perovskite layer. The above-presented results
are from the optimized sample that used hexamine with a
concentration of 3 mg mL™!. When the hexamine concen-
tration increases or decreases from this condition, the
performance reduces (Figure S). Table 1 and Figure S2
summarize the photovoltaic parameters of the devices and the
J—V curves of the champion devices at each condition,
respectively. For the sample with a higher hexamine
concentration, although the performance was decreased, the
obtained perovskite film was more stable when compared to
those with a lower concentration as judged from the perovskite
color evolution during the aging process (Figure S3,
Supporting Information). Lower performance could have
resulted from lowered cubic phase MAPDI; formation at a
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Figure S. Effect of hexamine concentration on the performance of the solar cell. Statistical distribution of (a) V,, (b) J,, (c) FF, and (d) PCE of
the perovskite solar cells.
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high hexamine concentration as suggested by the XRD analysis increases. This of course affects its photoelectrical activities,
results (Figure S4, Supporting Information) that show particularly lowering the interfacial charge transfer and
decrease in the XRD peaks as the hexamine concentration increasing the recombination dynamics, thus reducing the
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power conversion efficiency (Table 1). Nevertheless, the
stability of the perovskite film is relatively lower if compared
with the perovskite film in the form of the solar cell device
structure. This could be due to the perovskite film directly
contacting the atmosphere, which is in contrast to the
perovskite layer in the device structure, where it is covered
by the P;HT and gold contact layers so that the direct
interaction of vapor to the perovskite layer is limited.

B DISCUSSION

The present PSC stability performance is exceptionally high
and can stand against relative humidity of higher than 65%.
Despite relatively lower performance than those prepared in
the controlled ambient, with a PCE that approaches 17%, the
present perovskite material system promises industrialization
and commercialization prospects. This result signifies that the
hexamine molecules have a critical function in stabilizing the
phase crystallinity under humid ambient, allowing air-
processable perovskite solar cell device. In the present study,
considering the preparation process, hexamine molecules
should be substituted into the perovskite lattice partly
occupying the methylammonium cation site in the entire
bulk structure and the surface of the perovskite. Raman
analysis results have verified their presence in the perovskite
lattice by peaks related to the hexamine molecule vibration
mode at 73 and 213 cm™'*° (Figure S5, Supporting
Information), along with Raman characteristics related to
Pb—I and methylammonium vibration modes.””** Never-
theless, the exact role of hexamine molecules in the phase
stabilization of MAPbI; perovskite is not yet fully understood
at this moment. Nonetheless, the following facts about
hexamine properties can be considered as the driving factor
for the perovskite stability improvement. (i) Hexamine or
hexamethylenetetramine is a diamondoid tetrahedral-cage
molecule with an N atom at four vertices of the molecule
with a pair of unshared electrons that are linked with each
other by the methylene group (Figure S6, Supporting
Information). With this chemical structure, hexamine exhibits
an active binding property to a large range of atoms or ligands
and has been used as an excellent binder or hardener agent,
linker, or supporting ligand in coordination chemistry and
heavy duty materials.”*>* This chemical has also been widely
used as a directing agent in a growing variety of nanostructures
due to its active coordination with the growing crystal
plane.”*° (ii) In a recent study, hexamine has been reported
to form perovskite structures occupying the A site of the lattice
in the form of deprotonated hexamine. It has been also
discovered that the hexamine molecules in the lattice develop
van der Waals force on each other that extends to the entire
perovskite lattice,”” stabilizing the lattice dynamics. Thus, the
high air stability of the perovskite’s target sample in this study
can be related to this phenomenon, where it can harden the
lattice and stabilize its dynamics, impedes the ionic migration
under a humid atmosphere, and then blocks the phase
transformation (Figure 6a). In addition, this molecule was
found to facilitate grain enlargement during the aging process
as evidenced by the FESEM analysis result (Figure S7). (i)
The absence of the Pbl, phase in the perovskite film obtained
in this study may enhance the stability of the perovskite. Our
approach has effectively prepared the perovskite layer with
small or no Pbl, phase both in pristine and h-MAPDI,. As the
presence of Pbl, has been widely understood to drive and
accelerate phase transformation in the perovskite, its absence

allows highly stable perovskite solar cells under humid
conditions.

Photoluminescence spectroscopy analysis results corrobo-
rate the last two processes, where the hexamine molecule’s
substitution into the perovskite lattice improves the PL
intensity of the perovskite (Figure 6b). As the PL intensity
reflects the quantum yield, a parameter that depends on the
crystalline phase quality, the hexamine substitution certainly
enhances the photoactive phase stability of the perovskite. The
transient PL further confirms these characteristics as the
photogenerated carrier lifetime is relatively higher in the target
sample (Figure 6¢). This certainly suggests that the hexamine
molecules enhance both the perovskite photoactive phase
crystallinity and stability. This overall process is then
manifested into the improvement of the device’s carrier
dynamics, as verified by the electrochemical impedance
spectroscopy results, where the recombination resistance
value, as well as interface charge transfer activity in the target
device, is significantly higher than in the pristine device (Figure
6d). We carried out a J—V in dark analysis to validate this
phenomenon and found that the carrier trap density is
impressively low in the target sample (Table 1). This
circumstance reveals that the hexamine substitution improves
the overall carrier dynamics in the device along with the
interface, boosting the power conversion efficiency of the PSC.
Despite a relatively high power hysteresis, as discussed earlier,
the high efficiency and stability may allow the industrialization
of the device.

Considering the nature of the preparation process, which is
in high ambient humidity, the typical value of the J,. of the
present device is impressively high (i.e., 24.40 mA cm™” for the
champion device), challenging the typical best-performed
perovskite solar cells that are reported recently. We assume
that the following process should be valid, i.e., the existence of
highly active interfacial and bulk carrier dynamics in the device.
Our present approach produces a perovskite layer with a
mirror-like surface. In the typical process, the mirror-like
surface reflects that the surface and the bulk structure of the
film are highly crystalline, which certainly contains low defect
density in the lattice. Photoluminescence analysis verifies this
process where the hexamine—perovskite exhibits high PL
quantum yield and high carrier lifetime properties. As the
mirror-like surface perovskite layer facilitates effective contact
with the ETL and HTL layers and low defect density promotes
facile carrier transport in the device, their combinative effect
will drive massive photocurrent transportation and extraction.
Thus, an unusually high photocurrent density is possible.
Regarding the power hysteresis issue, as has been mentioned
earlier, the hydration of perovskite and the nonstoichiometric
substitution of hexamine in the perovskite lattice have caused
critical instability in the photogenerated carrier transport in the
device. In the pristine sample, the hydration process quickly
transformed the perovskite phase, destroying the photoactivity
properties of the perovskite. This phenomenon may drive
carrier loss in the device as well as at the perovskite—ETL or
perovskite—HTL interfaces.”® Carrier transport instability
could have mainly resulted from (i) hexamine molecule-driven
carrier trap in the perovskite surface and bulk lattice due to a
nonstoichiometric hexamine distribution or molecular segre-
gation. This will cause a loss of photogenerated carrier during
the transport, lowering the J. and V,_ values. Controlling the
stoichiometric condition of hexamine in the perovskite lattice
system and its distribution may alleviate the issue: (ii) surface
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roughening by the humidity effect. Surface roughening of the
perovskite layer has been among the dominant factors that
affect the carrier transport and the interfacial carrier dynamics.
Low-magnification FESEM analysis of the perovskite surface
likely verified this process, where there is a highly uneven
topology as well as a large number of pinholes on the surface of
the perovskite layer (Figure S8, Supporting Information). This
might occur during the preparation of the perovskite layer
under a high humidity level. The perovskite solar cells’
performance can be further enhanced when these issues are
resolved, for example, via layer postgrowth treatment. We are
currently pursuing the study.

As has been earlier mentioned, the nonstoichiometric
distribution of hexamine in the perovskite lattice is assumed
to be the key origin of the carrier instability in the perovskite
solar cell device. Although the exact origin of the non-
stoichiometric distribution of hexamine in the perovskite
lattice is still not yet understood, we thought that it is due to
the limited mixture ability of the hexamine with MAI in the
precursor solution. Several approaches, particularly applying
the temperature, could be applied to improve the hexamine
stoichiometric distribution because the temperature may
provide extra kinetic energy to the molecules to achieve
equilibrium distribution during the mixing process. Thus,
better stoichiometric distribution is expected. Furthermore, the
addition of molecular emulsifier addition during the mixing
process is also assumed to promote the stoichiometric
distribution of hexamine in the perovskite system. As the
emulsifier has effectively promoted a better mixing process in a
wide range of mixtures, their addition to the perovskite
material preparation may improve perovskite crystallinity and
optoelectrical and stability properties. Moreover, regarding the
stability properties of perovskites in the humid ambient, we
assume that it could be further improved if a proper
preservation agent is added to the existing formula. As stability
in the perovskite is mainly due to the chemical structure
transformation due to the hydration (Pbly~ and MA*) and
ionic migration that occurs in the bulk and the surface causing
the surface roughening of the perovskite, the preservative may
help retarding such chemical transformation in the perovskite.
Combined with already existing stabilization approach, highly
stable perovskite solar cells in humid ambient can be obtained.

B CONCLUSIONS

We conclude that hexamine molecules stabilize the perovskite
lattice, passivating the optoelectrical active phase from
transformation under humid ambient. The presence of
hexamine has enhanced the phase purity and crystallite size
of the perovskite layer, which yields enhanced photoelectrical
dynamics in the device. The unencapsulated perovskite solar
cells that are stable up to 1500 h in ambient with relative
humidity up to 90% can be achieved from this approach. There
is indeed a decrease in the efficiency of solar cells after 1500 h.
However, it was due to the damage in the metal contact during
multiple J—V measurements. Although the power conversion
efficiency is relatively lower than the one prepared in
controlled ambient, this finding is very remarkable and
shows that perovskite solar cells are very resistant to ambient
humidity and still exhibit their original properties several days
after the manufacture of the device. Having this high stability
certainly gives us enough time to make the encapsulation
process onto the device, so that a perovskite solar cell system
with long stability can be obtained. Also, with these high

stability properties, it is possible to fabricate perovskite solar
cells in an ambient atmosphere, instead of in a controlled
glovebox system, realizing the industrialization prospect.
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