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Crystal Reorientation and Amorphization Induced by
Stressing Efficient and Stable P-I-N Vacuum-Processed

MAPDI; Perovskite Solar Cells

Ismail C. Kaya, Kassio P. S. Zanoni,* Francisco Palazon, Michele Sessolo,

Hasan Akyildiz, Savas Sonmezoglu, and Henk J. Bolink*

Herein, the long-term stability of vacuum-deposited methylammonium lead
iodide (MAPbI;) perovskite solar cells (PSCs) with power conversion efficiencies
(PCEs) of around 19% is evaluated. A low-temperature atomic layer deposition
(ALD) Al,Oj3 coating is developed and used to protect the MAPbI; layers and the
solar cells from environmental agents. The ALD encapsulation enables the
MAPDI; to be exposed to temperatures as high as 150 °C for several hours
without change in color. It also improves the thermal stability of the solar cells,
which maintain 80% of the initial PCEs after aging for ~40 and 37 days at 65 and
85 °C, respectively. However, room-temperature operation of the solar cells
under 1 sun illumination leads to a loss of 20% of their initial PCE in 230 h. Due to
the very thin ALD Al,O; encapsulation, X-ray diffraction can be performed on the
MAPbI; films and completed solar cells before and after the different stress
conditions. Surprisingly, it is found that the main effect of light soaking and
thermal stress is a crystal reorientation with respect to the substrate from (002) to
(202) of the perovskite layer, and that this reorientation is accelerated under

1. Introduction

Organic-inorganic lead halide perovskite
solar cells (PCSs) have attracted consider-
able scientific and technological attention
over the past decade due to simple fabrica-
tion processes and a tremendous increase
in power conversion efficiency (PCE) since
the first report in 2009.M A typical PSC
consists of a transparent conductive oxide
(TCO), electron and hole transporting
layers (ETL and HTL, respectively), a perov-
skite film, and a metal electrode.>*! PSCs
can be fabricated in two different configu-
rations depending on the order of fabrica-
tion starting from the front transparent
electrode, either n-i-p (conventional) or
p-i-n (inverted).!**! PSCs in the p—i—n con-
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figuration usually show less hysteresis in
the J-V curves and are more suited for flex-
ible and tandem architectures, and recently
reached a certified PCE of 22.3%,' which
is close to the record PCEs observed in n—i—p PSCs.[*® Although
PSCs have reached encouraging high efficiency in laboratory
scale, one of the main issues to be addressed in view of commer-
cialization is the long-term instability.”'”) There are many
factors that influence the stability of PSCs such as light, heat,
oxygen, and moisture in particular when these are com-
bined.!"' ¥
The stability of PSCs depends on many parameters, in partic-
ular the device architecture, the selected charge extraction layers,
the perovskite composition, and the interaction between them.
Of course, one of the primary concerns is the perovskite absorber
layer itself. Its composition is a very important factor and until
recently pure-MA-based perovskites were considered unsta-
ble."*'%! Recently, however, Holzhey et al., demonstrated that
solution-processed MAPDIs-based solar cells exhibited opera-
tional stability in excess of 500 h under illumination when kept
at 65°C." It has been found that the residual solvent in the
perovskite layer,'”) crystal structure,® grain size,'”’ defect den-
sity,22" and compactness of the film'*? affect the degradation of
the perovskite layer.[?! Therefore, the preparation method is an
important factor in obtaining stable perovskite films. Perovskite
films have been fabricated by several methods, such as spin coat-
ing,1**! spray deposition,**! dip coating,*® doctor blading,*”! and
vacuum deposition.”*>*) Among these, vacuum deposition is
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the only method to produce perovskite films without using any
solvent.*!] Furthermore, this method enables one to form large-
area, uniform, and compact films without pinholes.**=*

Using vacuum-assisted thermal cosublimation, our group has
in the past developed several fully evaporated PSCs, in both the
n—i—p and p—i-n configurations.!*** In particular for the p-i-n
PSCs, it was demonstrated that the elimination of the partially
oxidized and reduced HTL and ETL from the device stack leads
to improvements in the stability. However, there is a significant
energy mismatch between the highest occupied molecular
orbital (HOMO) of most organic charge transport materials
and the work function of indium tin oxide (ITO) used as the
transparent electrode in most devices.B% Therefore, to ensure
efficient charge extraction, a thin interlayer is frequently
deposited in between the ITO and the HTL, such as MoOs,
strongly oxidizing molecules, or self-assembled monolayers
(SAMs).?”%8) In addition to these, there are a few single-layer
HTLs that lead to efficient charge extraction to the ITO, such
as NiO, poly(3,4-ethylenedioxythiophene):polystyrenesulfonate
(PEDOT:PSS), and poly[bis(4-phenyl)(2,5,6-trimethylphenyl)
amine] (PTAA).F>*" Recently, it has been shown that p-i-n
PSCs with high efficiency can be manufactured using dopant-
free PTAA in the form of very thin films (units of nano-
meters).**! Furthermore, Boldyreva et al. reported that
dopant-free PTAA is more stable at the perovskite interface than
NiO or PEDOT:PSS HTLs.*l

There are also external factors that influence the stability
of PSCs, such as light, heat, oxygen, and moisture; although
the first two remain critical and unavoidable, the last two can
be circumvented by proper encapsulation of the device in inert
atmosphere gloveboxes right after fabrication.'>*3) Many types
of encapsulation have been tested in PSCs using different shield-
ing materials,**! such as ethylene vinyl acetate,*”! UV-vis cur-
able epoxy resins,*®**! polymeric coatings,”” adhesives,"]
and polymer/glass or polymer/metal plate stacks.®?*! In special,
atomic layer deposition (ALD) of moisture barrier layers is a well-
know encapsulation agent in organic light-emitting diodes
(OLEDs).* In ALD, ultrathin layers with atomic proportions
are obtained by a sequential exposure of the substrate to gas
phase precursors, in a self-limited controlled layer-by-layer depo-
sition, enabling dense, pinhole-free inorganic films with high 3D
conformality and excellent surface coverage.*** The use of ALD
for encapsulation is particularly interesting for PSCs to diminish
the perovskite toxicity effects and their quick degradation in air,
as reviewed by Zardetto et al.*® Among the many oxides obtain-
able by ALD, Al,O3 is a versatile material that can be ALD-grown
from trimethylaluminum (TMA) and water (or ozone) as precur-
sors on top of different materials with all types of hydrophilicity
and has a very-low water vapor transmission rate of 10~®gm ™2
per day.*®! There are only a few works to report PSC stability
improvements using ALD-coated Al,05/**”! and the main
drawbacks lie in the usual aggressive deposition conditions
(mostly, the high temperature range typically applied in many
ALD protocols, usually from 80 to 300 °C) that can stress and
degrade the perovskite underlayer, decreasing the initial pre-
encapsulated PSC efficiencies. For example, ALD deposition
of Al,O; on MAPbI; PSCs usually requires mild conditions
(60 °C) to reach stability with no costs to efficiency,*** yet to
date there are no examples of ALD-Al,O; encapsulation for
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efficient and stable MAPbI3-based p—i-n PSCs in which the
perovskite is processed by coevaporation.

To obtain information about the stability of vacuum-processed
MAPDI;-based PSCs, we, therefore, selected PTAA as the HTL
due to its simplicity compared to other options. To exclude as
much as possible the effect of atmosphere,®? we developed a
low-temperature (40 °C) ALD process to encapsulate the perov-
skite film and the devices with a thin Al,Oj; layer. This encapsu-
lation allows heating the MAPDI; film up to 150 °C for more than
4 h, without any noticeable degradation. This rigorous encapsu-
lation was also applied to the thin-film solar cells exhibiting
PCE > 19%, which increased their thermal shelf stability, at
65 and 85 °C, to 1125 and 875 h, respectively (taken as the time
where the PCE dropped to 80% of its initial value, tgo). However,
the operational stability (tgo) at room temperature and 1sun
AM 1.5 simulated sunlight was limited to 265h (=11 days).
We found that this decrease in operational stability was not
caused by a degradation of the perovskite film but rather to a
change in crystal orientation of the perovskite. This important
finding implies that when rigorously encapsulated, the perov-
skite layer does not decompose into its precursors (Pbl,, MAI),
but actually changes orientation with respect to the substrate.
This effect occurs with temperature, but much faster under
intense illumination. The mechanism responsible for this effect
is currently being investigated.

2. Results and Discussion
2.1. Characterization of MAPbI; on PTAA

Thin MAPbI; films were formed by dual-source vacuum
deposition of MAI and Pbl, (with deposition rates of 1 and
0.6 As™", respectively) following the procedure used to obtain
high-efficiency solar cells reported elsewhere!’®®! (see the
Experimental Section for more details). Here, the ITO-coated glass
substrates were coated with a thin layer of PTAA that was spin
coated at 7000 rpm from a toluene solution (1.5 mg mL™"). A rep-
resentative X-ray diffraction (XRD) pattern of these MAPbI;
films is given in Figure 1A. The pattern can be fitted by taking into
account three different materials: tetragonal MAPbI;, ITO, and
Pbl,. The main peaks of ITO and Pbl, are marked in Figure 1A.
The whole-pattern fit, including all calculated Bragg’s reflections
for the three phases, can be found in Figure S1, Supporting
Information. The small amount of residual Pbl, impurity present
in our films has been observed by others and is considered advan-
tageous to the performance of the PSCs due to its passivation effect
on the grain boundaries.*¥ While the calculated cell parameters for
MAPDI; (see Table S1, Supporting Information) are in very close
agreement to reference data,’®! the relative intensities of the dif-
fraction peaks are indicative of a preferential orientation along
the c-axis (see Figure 1A and Table S2, Supporting Information).
This is the most common orientation of MAPbI; thin films pre-
pared either by solution or by vacuum processes.*®%”]

The microstructural features of the evaporated MAPDI; films
on PTAA were investigated by a field-emission scanning electron
microscope (FE-SEM) and atomic force microscopy (AFM), as
shown in Figure 1, respectively. The size distribution of the grains
is also displayed as an inset in Figure 1C. The AFM measurement
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Figure 1. A) XRD pattern, B) FE-SEM image, C) AFM topography, and D) absorbance spectrum of a coevaporated MAPblI; film (the insets given in C show
the grain size distribution of the MAPblI; crystallites and the AFM surface scan at 2 x 2 pmz, inset in D, refers to the estimated optical bandgap of

MAPbI;).

was made in two different scanning areas, 10 x 10 and 2 x 2 pm?
(inset). Large-area AFM and FE-SEM images revealed that vacuum
deposition leads to dense and pinhole-free MAPDI; films onto a
PTAA layer. Root-mean-square (RMS) roughness was calculated
as 14.5nm for a 2 x 2 pm? scan AFM area. The grain size distri-
bution of the MAPDI; was determined in the range of 50-250 nm
from AFM imaging, with an average of ~150 nm. This value is
slightly higher than the one derived by XRD (94 nm), which might
indicate that the actual average crystallite size could be lower than
the apparent grain size by AFM. Similar discrepancies were
recently shown by Muscarella et al.[%®!

The optical properties of the perovskite films were examined
by UV-vis spectroscopy. The typical absorbance spectrum of an
evaporated MAPbI; film is shown in Figure 1D. The optical
bandgap of the MAPDI; film was estimated as 1.61 eV from the
Tauc plot (inset in Figure 1D) derived from its UV-vis absorption
spectrum. The bandgap value of the MAPDI; film obtained in this
study is well matched to the reported values for the tetragonal
MAPbI; in the literature.l®7%

2.2. Optimization of PSCs

To evaluate the performance of the MAPDI; film in solar cells,
we fabricated p—i—n PSCs with the following configuration: ITO/
PTAA ~10 nm/MAPDI; 600 nm/fullerene (Cgo) 25 nm/bathocu-
proine (BCP) 7nm/Ag 100 nm (all the layers except PTAA were
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vacuum deposited). To identify the PTAA film thickness that
leads to the best performance in the solar cells, a solution of
PTAA in toluene (1.5mgmL ") was spin coated on ITO sub-
strates at different rotation speeds (1000, 3000, 5000, and
7000 rpm). The current density (J) versus voltage (V) curves
of the PSCs fabricated with the PTAA layers prepared at various
rotation speeds are shown in Figure 2A and the corresponding
photovoltaic parameters (the best performing cell and the average
of 16 cells) are shown in Table 1. A short circuit current density
(Jso) of ~21mAcm™ and an open circuit voltage (Vi) of
~1.10V were observed for all cells, independently of the
PTAA deposition conditions, indicating that the PTAA film
completely covers the surface of the ITO at any rotation speed.
In this way, the full coverage mitigates the undesirable nonradia-
tive MAPDI;/ITO recombination and, since all the layers are very
thin independently of the rotation speed, the PTAA HTL does not
impose parasitic optical absorption losses. On the other hand, the
fill factor (FF) of 75.9% for the cell with PTAA prepared at
1000 rpm increased to 78.5% for a cell that had a PTAA layer
processed at a rotation speed of PTAA to 7000 rpm. The small
but significant increase in FF is most likely due to a decrease
of the series resistance of the cells. This improvement can be
explained by a thinner and more homogeneous morphology
of films obtained at higher rotation speeds.

PSCs fabricated with a PTAA layer processed at 7000 rpm
showed the best performance. To evaluate the reproducibility

© 2021 The Authors. Advanced Energy and Sustainability Research
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Figure 2. A) The J-V curves of the PSCs fabricated with PTAA layers prepared at various rotation speeds. B) A histogram chart of the 68 cells fabricated
with PTAA layers prepared at 7000 rpm. C) J-V curves of the best performing solar cell, and D) cross-sectional FE-SEM image of a completed device.
J-V curves were measured under a solar simulator at AM 1.5 G irradiation at 100 mW cm ™2 at room temperature.

Table 1. Photovoltaic performance parameters for PSCs fabricated with
PTAA prepared at different rotation speeds.

Rotation speed Jsc [MA cm 2] Voc [V] FF [%] PCE [%]
1000 Best 21.05 1.10 75.9 17.7
Average 20.65 +0.46 1.098 +£0.004 744+19 17.0+05
3000 Best 21.53 1.10 75.2 17.9
Average 20.78 £0.53 1.100+£0.005 75.7+28 17.3+0.5
5000 Best 21.07 1.10 77.5 18.0
Average 20.61+0.50 1.097+0.004 765+20 17.4+0.4
7000 Best 21.53 1.10 785 18.7
Average 20.91 £0.62 1.100+0.005 77.5+12 179+0.5

of this cell type, 68 cells were fabricated from five different
batches. The histogram charts of these cells are shown in
Figure 2B. The majority of the devices showed a PCE in the
18-19% range, with some surpassing 19%. Such a high repro-
ducibility may be attributed to the vacuum-assisted thermal evap-
oration of almost every layer (except PTAA), as it provides a
pinhole-free perovskite film (see Figure 1B,C) and allows for a
fine control over the thickness of all the layers.

The J-V curves of the best performing PSC are shown in
Figure 2C. The red solid and blue dotted lines represent the
J-V curves in forward (from —0.2 to 1.2V) and reverse scan
(from 1.2 to —0.2), respectively. The cell exhibited a Js. of
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~22.09 mA cm 2, V,. of ~1.086V, FF of ~79.9%, and overall
PCE of 19.2% with negligible hysteresis.

A cross-sectional FE-SEM image of the optimum device
is shown in Figure 2D. Individual layers of ITO, perovskite,
Ce0/BCP, and Ag can be distinguished with thicknesses of 180,
600, 30, and 100 nm, respectively. The thicknesses of all the vac-
uum-deposited layers (MAPDI3, Cgo/BCP, Ag) were similar to the
values that were read from the quartz crystal microbalance (QCM)
sensors during the deposition.

2.3. Encapsulation

To study in detail the performance of PSCs and perovskite films,
it is paramount that they are protected from ambient atmo-
sphere. Therefore, an encapsulation method is required. We
used two different methods of encapsulation that are schemati-
cally described in Figure 3. The first uses an aluminum plate and
a commercial two-component epoxy adhesive, with enough space
for gas exchange and film expansion inside the metal plate cap.
The second method uses a low-temperature-processed ALD coat-
ing of Al,O3 (20 nm thick). As ALD is 3D-conformal and leads to
pinhole-free films, it not only protects the outside surface of the
device’s top interfaces, but also fills with an Al,O; coating any
interstitial spaces within the layers. Therefore, the ALD encapsu-
lation leads to a compressed stack restricting their expansion.
Finally, a third encapsulation method uses the first and second
methods combined.

© 2021 The Authors. Advanced Energy and Sustainability Research
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Figure 3. Scheme of the PSC encapsulation using A) an aluminum plate
glued to glass with a commercial two-component epoxy adhesive resin or
B) a low-temperature ALD coating of Al,O3 (20 nm thick).

In particular, the ALD encapsulation was done at an unusually
low temperature (40°C) to ensure its compatibility with the
MAPDI; layers. Such a low-temperature ALD process is not trivial
due to use of water vapor in the process. In summary, the pro-
cedure consisted of 200 cycles of consecutive purges of TMA
(10 ms)/N,/water vapor (30 ms)/N,, in which Nj, is also the vapor
carrier for TMA and water (gas flow of 20 SCCM). At 40 °C, the
vapor pressure of both precursors is weak; therefore, long N,
purges are mandatory to guarantee complete removal of the pre-
cursors from the ALD chamber when the monitored transient
pressure inside the chamber returns to the chamber’s baseline
value (see Figure S2, Supporting Information). Failing to do so
can lead to excess water, which is detrimental to the perovskite
underlayer. In addition, without the complete removal of water,

www.advenergysustres.com

chemical vapor deposition takes place, which leads to less com-
pact, less impenetrable, and much thicker Al,O; films. In the
conditions and setup in our laboratory, the minimum N, purging
times after TMA and water vapor injection were 20 and 80s,
respectively, with a growth rate of ~1 A per cycle.

This procedure was evaluated by depositing 1 and 20 nm of
Al,O3 on top of 600 nm thick MAPDI; films and exposing these
bilayer stacks to high temperature (150 °C) in ambient conditions
while monitoring its appearance and XRD patterns over time.
A reference MAPDI; film without the ALD Al,O3 coating was also
evaluated.

As shown in Figure 4A, heating the pristine sample leads to
a loss of the original perovskite color and appearance of yellow
PbI,-rich areas, especially at the edges. The film is almost fully
converted to Pbl, after only 3h of heating, as corroborated by
XRD data (see Figure 4B). On the other hand, the perovskite sam-
ple with 20 nm of an ALD-coated Al,O; top layer maintains its orig-
inal color during the time of the experiment. The sample with only
1nm of the AL O; top layer showed decoloration but at a much
slower rate than the unencapsulated perovskites. This implies that
a very thin layer is already enough to slow down the MAPDI;
decomposition. The XRD patterns of the different films are shown
in Figure 4B. The diffractogram of the pristine film is also shown
to facilitate the comparison (a similar pattern for a MAPDI; film on
PTAA is described in Figure 1A). The pristine film shows the com-
monly observed (002) orientation of the perovskite film. The unen-
capsulated MAPDI; film is converted to Pbl, as evidenced by the
typical diffraction peak at 20 of 12.6°. The 20 nm Al,O3-coated
sample also shows an increase in the PbI, diffraction peak and
an almost complete loss of the MAPbI; (002) diffraction peak,
which is an indication that some degradation occurs. However,
surprisingly, the diffraction peak at 24.5° is significantly increased.
This implies that instead of a complete degradation to Pbl,, the
perovskite crystal orientation has changed from preferentially hav-
ing the (002) plane parallel to the substrate to (202). According to
the XRD diffractograms in Figure S3, Supporting Information, the
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Figure 4. A) Pictures and B) XRD patterns of MAPbl; with and without an Al,O; top layer aged at 150 °C in a N, glovebox. The peaks around 38.5° and
44.5° in the aged samples (red and green diffractograms) are from the aluminum platform (sample holder).
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Figure 5. Schematic of the two main MAPbI; crystal orientations observed with respect to the substrate. Left: (002) plane parallel to substrate
(c-axis perpendicular to the substrate). Right: (202) plane parallel to the substrate.

crystal reorientation is already observable in the first 10 min of
heating; therefore, it is virtually instantaneous rather than a grad-
ually occurring effect. In Figure 5, a schematic presentation of
these two crystal orientations is shown. We do not understand
the driving mechanism for this reorientation, but as we will explain
later, it has large implications for the device stability.

2.4. Thermal Stability of the PSCs

Thermal fluctuation and especially temperature rise of the solar
cell during operation can be considered the main unavoidable
stress that might affect the stability of PSCs. Thermal cycling
was carried out to evaluate the effect of thermal fluctuations
on the PCE of the epoxy-encapsulated PSCs. For that, the encap-
sulated cell was cycled 200 times from 25 to 85 °C and back again
to 25 °C (in ambient atmosphere). The measured J-V curves after
every 50 cycles are shown in Figure 6A and the corresponding
evolution of the photovoltaic parameters is represented in
Figure 6B. The degradation rate of this cell is only 5% with a
small drop in V,. and J, after 200 cycles. This result indicates
that the thermal cycles do not lead to mechanical failure or dam-
age of any layer of the p—i-n PSC.

Ggo| 85°C
gz A £a
g < 50
< 240

£
E 104 8 30 25°C
2 20 . ,
o 0 Tin:es(minustgs) 45
3 Fresh
E —— 50 cycle
g -10 —— 100 cycle
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-20 - —— 200 cycle
v —rr7—77
-0.2 0.0 0.2 0.4 0.6 0.8 1.0
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To evaluate the shelf life of the solar cells and the effect of the
different encapsulation methods on it, the PSCs were kept at
room temperature, 65 and 85°C (on a hot plate in N, atmo-
sphere) and their performance was evaluated at set intervals.

The evolution of the photovoltaic parameters for devices
encapsulated with the aluminum lid and an epoxy adhesive kept
at room temperature is shown in Figure 7A. The cells maintain
~91% of their initial efficiency for as long as 850 h. The 6% PCE
decrease occurs during the early stages, after which the PCE of
the cells is stable. The drop in J,, FF, and V. was ~6%, 4%,
and =~0.2%, respectively, after 850 h.

Storing the PSCs at higher temperatures induced losses in
PCE over time, as shown in Figure 7 for cells kept at 65 and
at 85 °C, respectively. As we were primarily interested in evalu-
ating the effect of prolonged heating rather than the effect of
moisture on the performance of the solar cells, we performed
the analysis in a nitrogen-filled glovebox. Despite this, we do
see differences in performance between cells encapsulated with
the different encapsulation methods.

The encapsulation using an aluminum cover with epoxy resin
is less efficient in avoiding PCE losses than the ALD Al,Os layer.
Still, these cells retain 80% of their initial PCE (tgo) after aging for
around 480 h (20 days) at 65 °C or for around 230 h (=10 days)

B 20 T
TTT—n = [ [
15+ 0.9
& 0.8
0.7
g £
w 101 _’3 g 21—
8 E 19
~ 115
5- = 1.10
09 50 100 150 200
Number of cycles
0 d T T T T T d
0 50 100 150 200

Number of cycles

Figure 6. A) J-V curves of the devices encapsulated with the aluminum plate and epoxy adhesive after each 50 cycles between 25 and 85 °C, and B) PCE
evaluation as a function of thermal cycle (the inset in (A) represents the temperature profile of one cycle and the one in (B) exhibits the loss in the other
photovoltaic parameters as a function of time). J-V curves were measured in air under a solar simulator at AM 1.5 G irradiation at 100 mW cm 2 at room

temperature.
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Figure 7. Evaluation of the photovoltaic parameters for ITO/PTAA/MAPbI;/Ceo/BCP/Ag PSCs as a function of aging time in nitrogen atmosphere at
A) room temperature, B) 65 °C, and C) 85 °C, using different encapsulation methods: aluminum plate and epoxy adhesive resin (red square), ALD-coated
20 nm Al,O5 (green star), and a stack with both ALD and aluminum plate plus epoxy resin together (blue circle). Parameters were measured in air under a
solar simulator at AM 1.5 G irradiation at 100 mW cm 2 at room temperature.

at 85 °C. As expected, the thermal degradation is accelerated at
85 °C in comparison to 65 °C.

On the other hand, the cells encapsulated with the ALD Al,04
layer are more stable even at the higher storage temperature.
These have an estimated tgo of around 1125h (~47 days) and
875h (=37 days) at 65 and 85 °C, respectively. They gain from
a more stable FF as well as less accentuated drops in both
Voc and Jsc compared to the aluminum cap encapsulation.

Finally, a combination of both encapsulation methods (with an
ALD-based Al,O; layer further covered with an aluminum cap
with epoxy) was also evaluated. No significant differences in
the evolution of the PCE was observed between the cells with this
double encapsulation method and those with solely ALD Al,O;
coating, without a metal cap. This manifests that the ALD coating
of 20nm Al,O3 alone is enough to maintain a higher stability.

To understand the reasons behind the loss in efficiency,
XRD measurements were conducted on the as-prepared and
the aged devices (after aging for 55 days at 65 °C). The top pattern
in Figure 8 refers to the as-prepared device. In addition to the
diffraction peaks of ITO, Pbl,, and tetragonal MAPDI; (discussed
in Figure 1a), diffraction peaks ascribed to the Ag top electrode
can also be observed. The whole-pattern deconvolution can be
found in Figure S4, Supporting Information. The unit cell
parameters (Table S3, Supporting Information) and relative peak
intensities highlighting preferential orientation along the c-axis
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Figure 8. XRD patterns of pristine solar cells and of solar cells that were
aged in N, atmosphere at 65 °C for 55 days having the aluminum cap plus
epoxy or the ALD Al,Os layer encapsulation (middle and bottom panel,
respectively).
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(Table S4, Supporting Information) for the as prepared device are
very similar to the ones from the simple MAPDI; layer on ITO
(Table S1 and S2, Supporting Information). This means that the
further vacuum deposition of several adjacent top layers does not
have a major influence on the crystallinity of the perovskite films.
We only note a slightly lower average crystallite size (from 94 to
80 nm), which may be induced by radiative heating during the
deposition of the metal top electrode.

The XRD diffractogram of an aluminum cap and epoxy-
encapsulated device after 55days of heating at 65°C exhibits
losses in intensity of the MAPbI; signals and a pronounced
increase in the PbI, content compared to the pristine device,
but with no appearance of MAI signals. This observation is in
agreement with a thermal decomposition of MAPbI; into Pbl,,
either via MAI deprotonation and subsequent sublimation of
MA or even by MAI decomposition into CH3I and NHj as recently
observed by Shi et al.*?! On the other hand, the XRD diffractogram
of the aged ALD-Al, 05 layer device is not indicative of the decom-
position of MAPDI;, as the Pbl, signal remains small, similarly to
the pristine sample. This indicates that the compact, pinhole-
free ALD Al,O5 coating can mitigate the degradation process.
Probably, the compressing ALD coating seals the edges of the
active layer and prevents MAI sublimation, thus disfavoring
the MAI deprotonation equilibrium. However, the ALD-AlL,05-
encapsulated solar cells present a pronounced change in crystal
orientation with respect to the substrate, with a complete suppres-
sion of the original (002) signal in the diffractogram and a prefer-
ential orientation with the (202) plane parallel to the substrate.
This is very similar to what was observed for the bare MAPDI;
films encapsulated with the ALD-AL,O; layer after heating at
150°C (Figure 4). Therefore, the perovskite in an ALD-coated
device preferably undergoes crystal reorientation, whereas disso-
ciation of MAPbI; (with a buildup in the Pbl, content) is the main
effect observed for the epoxy one. Still, in the epoxy sample, the
remaining yet-to-be-dissociated MAPbI; also experiences a crystal
reorientation effect, although to a much lower extent.

2.5. Assessment of Operational Stability

Operational stability of the encapsulated cells was examined
under continuous light soaking with maximum power point
tracking (at constant room temperature and humidity).
Evaluation of the PCE and the photovoltaic parameters as a func-
tion of time is displayed in Figure 9, showing that the perfor-
mance of all samples decreases continuously. Although the
Al, 05 is the more stable one, no significant changes are observed
in the operational tgq of epoxy- and ALD-encapsulated samples
(240 and 270 h, respectively).

After 250 h under continuous illumination at maximum power
point tracking (MPPT), the XRD signals (see Figure 10) of the
MAPDI; diffraction peaks are much less intense relative to those
of the Ag and Pbl, peaks (the whole-pattern deconvolution can be
found in Figure S5, Supporting Information, the relative peak
intensities highlighting preferential orientation along the c-axis
in Table S5, Supporting Information, and the unit cell parameters
in Table S6, Supporting information). This reduction in peak
intensity is indicative of an amorphization effect of the perovskite.
As the grain boundaries are the typical amorphous regions of a
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Figure 9. Evaluation of the PCE as a function of time under continuous
light soaking at MPPT using different encapsulation methods: epoxy adhe-
sive resin (red line) and ALD-coated 20 nm Al,O5 (green line). Parameters
were measured in a Ny-filled chamber under a white LED light source
(1 sun equivalent) at 30°C.

polycrystalline thin film, it is expected that such an amorphization
is the result of a decrease in crystallite sizes. From our fit we do
observe this, with an average crystallite size of 80 nm in the pris-
tine film to 64 nm for the film that was operated under MPPT.
Also, here we see that the relative intensity of the (202) to the
(002) orientation is strongly increased after operation under
MPP. This implies that similarly to the case of thermal stress a
reorientation of the crystals is taking place that coincides with
the loss in solar cell performance.
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Figure 10. XRD patterns of fresh and MPPT-aged devices.

In addition, compressive stress is also observed on the MAPbI;
crystallites, as evidenced by a shift of diffraction peaks to higher
angles (inset in Figure 10 shows an example for the (004) peak).
This is observed for all diffraction peaks from MAPbI;, but not for
ITO, evidencing that this is not an instrumental artifact. As a
result, all cell parameters are found to decrease, leading to a slight
shrinkage of the unit cell volume from 996 to 984 A’ (see Table S6,
Supporting Information). This compressive stress is consistent
with the aforementioned partial amorphization of the perovskite.
Indeed, amorphous phases generally have lower density (due to
expansion to higher specific volume) than crystalline phases.
However, such expansion is restricted for evaporated layers in a
compact sandwiched architecture, and even more with the ALD
coating. In this case, the observed partial amorphization eventually
resulted in a compression of the remaining crystalline phase, to
maintain an identical total volume.

To shed more light on the recombination mechanism after
operational aging, the Voc and FF of freshly fabricated and
MPPT-aged PSCs were measured as a function of light intensity
(Figure 11A,B). The ideality factors of the cells were calculated

www.advenergysustres.com

(from the slope of the Vo versus logarithmic light intensity plot)
as 1.4 for the fresh cell and 2.0 for the aged one. The larger ide-
ality factor can be a consequence of increased trap-assisted
(Shockley—Read-Hall) recombination after MPPT aging.”"”?
This hypothesis is also supported by the trend of the FF when
decreasing the light intensity (carrier concentration). In the
as-prepared cells, the FF shows a moderate increase to values
as high as 80.7 at low light intensity, which is expected as fewer
charge carriers are generated and can be more efficiently
extracted. The increase is small, however, indicating that charge
trapping is already present to some extent in as-prepared devices.
The trend is very different in aged cells, where the FF systemati-
cally diminishes with decreasing light intensity. In other words,
at low carrier concentration the charge transport/extraction
becomes less efficient, which indicates the presence of a large
density of trap states. Therefore, the intensity dependence of
Voc and FF supports that trap-assisted recombination is the
dominating mechanism in aged cells,”*! a consequence of the
structural changes and in particular of the crystal reorientation
(as observed by XRD).

In summary, we studied the effect of thermal stress and
light soaking in p-i-n PSCs with PCEs exceeding 19%, using
dopant-free PTAA as the HTL and coevaporated MAPDI;
(and adjacent ETLs). On PTAA, the vacuum-deposited MAPDI;
layer grows as a dense and pinhole-free polycrystalline film, in a
tetragonal structure, and with the c-axis preferentially oriented
perpendicular to the substrate. The corresponding solar
cells exhibit outstanding thermal cycling stability, with a small
PCE drop of only 5% even after 200 cycles between 25 and
85 °C. A low-temperature (40 °C) ALD-Al,O; coating was devel-
oped and used to protect the MAPDI; layers and the solar cells
from environmental agents. This method can be extended
to any device or material that requires mild processing condi-
tions. The ALD coating leads to improved thermal stability,
maintaining 80% of the initial PCEs after aging for ~40 and
37 days at 65 and 85 °C, respectively. This is among the largest
stability reported for coevaporated MAPDI;-based p—i-n PSCs.
Importantly, room-temperature operation of the solar cells
under 1 sun illumination leads to tgo of ~10 days of continuous
operation at MPPT. Even though this is satisfactory for

A B
85
1.1
80 - o o o o
1.42 kT/q
| 75
*)
S 3 704 ° °
g+ I 65 °
>O L o
|—> 2.08 kT/q 60+
@ Fresh sample 551 @ Fresh sample
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Light intensity (mW/cm?2)
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Figure 11. Light dependence of A) V. and B) FF as a function of logarithmic light intensity of fresh and MPPT-aged devices. Parameters were measured

in air under a solar simulator at AM 1.5 G irradiation at 100 m\W cm 2
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MAPbI;-based p—i—n PSCs, it is significantly shorter than the
shelf lifetime at elevated temperature. Thanks to the rigorous
encapsulation, such decrease in operational stability is not
caused by the chemical degradation of the perovskite film to
its precursors (PbIl,, MAI), but rather by a change in crystal
orientation of the perovskite. This effect occurs also with tem-
perature, but it is accelerated under intense illumination. It
appears that the structural change results in a larger density
of trap states, which reduces all key performance parameters
of the solar cells, most notably the current density. This is
an important finding, which should be taken into account in
the development of more stable perovskite absorbers, for exam-
ple, by stabilization of the material orientation through judi-
cious choice of substrate, as well as of the deposition conditions.

3. Experimental Section

Materials: Photolithographically patterned ITO-coated glass substrates
were purchased from Naranjo Substrates. Cgo and PTAA were provided by
Sigma Aldrich. Pbl,, CH3;NH;l (MAI), and BCP were purchased from
Lumtec.

Device Fabrication and Encapsulation: Prior to the fabrication of the cell,
photolithographically patterned ITO-coated glass substrates were cleaned
sequentially in soapy water, deionized water, and isopropanol for 10 min in
an ultrasonic bath, followed by UV-ozone treatment for 20 min. Then, to
explore the effect of the rotation speed on the photovoltaic performance of
the cells, PTAA solution (1.5 mg mL™" in toluene) was spin coated at 1000,
3000, 5000, and 7000 rpm for 30 s and annealed at 100 °C for 10 min. After
the substrates cooled to room temperature, PTAA-coated substrates were
transferred to a vacuum chamber integrated into a nitrogen-filled glovebox
to evaporate MAPbI;, Cgo, and BCP layers. Two evaporation sources
(one for Pbl, and one for MAI) and three QCM sensors were used for
MAPDbI; deposition. While two sensors were used to monitor the deposi-
tion rate of the sources, the total deposition rate was followed by the third
one close to the substrate holder. When the pressure in the vacuum cham-
ber reached 3 x 107® mbar, the sources were heated to 80 °C for MAI
and ~290°C for Pbl,. During the coevaporation process, the rates of
the Pbl, and MAI were 0.6 and 1As™, respectively. After the deposition
of the 600 nm MAPDbI; film, the chamber was vented to replace Pbl, and
MAI crucibles with those containing Co and BCP. First, the Cgo layer with a
thickness of 25 nm was deposited at 0.5 A s™", and then a 7 nm thick BCP
layer was sublimed at 0.3 As™' without breaking the vacuum. Finally, to
complete the device, 100 nm of Ag as a top metal contact was deposited in
a second vacuum chamber.

For devices encapsulated with epoxy resin, a commercial Araldite two-
component epoxy resin (2014-2) was spread at the edges of a square
4.8 cm? aluminum plate, with bent edges of 1 mm height, then centered
at the device substrate fully covering the MAPbI; film area inside the resin/
aluminum perimeter. The resin was cured in glovebox for minimum 3 h.

For devices encapsulated by ALD coating, a Arradiance’s GEMStar XT
Thermal ALD system integrated into a nitrogen-filled glovebox was used.
The ALD chamber was heated to 40 °C, while the precursor and oxidizer
manifolds (to which the bottles of TMA and water were connected) were
heated to 115 and 140 °C, respectively, to avoid vapor accumulation at the
tubes leading to the main chamber. Prior to deposition, the tubes and
valves were degassed three times by performing pulses with the bottles
manually closed, to avoid contamination. The edges of the ITO and AG
contacts of the devices were protected with Dupont’s polyimide Kapton
tape and the substrates were inserted in the chamber, which was then
evacuated. A N, gas flow of 20 SCCP was used as TMA and water vapor
carrier. A cycle consisted of consecutive purges of TMA for 10 ms and
water vapor for 30 ms, each followed by N, purges for enough time to
guarantee complete removal of the precursors from the ALD chamber,
as monitored by the transient pressure inside the chamber (see Figure S2,
Supporting Information).
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Characterization: The crystalline structure of the MAPbI; films was
characterized by XRD using an Empyrean PANanalytical diffractometer
operating at 45 kV and 40 mA. Measurements were taken in the Bragg-
Brentano geometry using Cu Ka (A=1.54A) radiation. Diffraction pat-
terns were recorded from 10° to 60° at room temperature with a step size
of 0.03°. The microstructure of the samples was investigated using a
Hitachi S-4800 FE-SEM. The surface morphology of the films was analyzed
using AFM (Multimode SPM, Veeco, USA). The optical properties of the
films were investigated using a fiber optics based Avantes Avaspec2048
Spectrometer.

The current density-voltage (J-V) characteristics were obtained using
a Keithley 2612 A source measure unit under simulated AM 1.5 G irradia-
tion at 100 mW cm ™2 (xenon lamp, Abet Technologies model 10 500)
outside the glovebox. Before each measurement, the exact light intensity
was determined using a calibrated Si reference diode. The J-V curves were
recorded between —0.2 and 1.2 V with 0.01 V steps. The layout used to test
the solar cells had 16 equal areas (0.0825 cm?) and was measured through
a shadow mask with 0.05 cm?. Light intensity dependence measurements
were done by placing neutral density filters (LOT-QuantumDesign GmbH)
between the light source and the device. For the shelf stability experiments
(room temperature, 65 and 85 °C), devices were aged in a glovebox using a
hot plate and the -V curves were measured outside the glovebox. Thermal
cycling was conducted between 25 and 85 °Cin a Heraeus (HT 4002) tem-
perature cycling furnace. The J-V curve of the cells was measured after
each 50 cycles. For the operational stability tests, photovoltaic parameters
of the cells in the N, filled chamber were tracked at MPP condition with a
white LED light source under 1 sun equivalent (developed by candlelight).
The temperature was stabilized at ~230 °C during the entire measurement
using a water-circulating cooling system controlled by a Peltier element.

Supporting Information

Supporting Information is available from the Wiley Online Library or from
the author.
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