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Photovoltaic Devices Using Sublimed Methylammonium
Lead lodide Perovskites: Long-Term Reproducible

Processing

Kassio P. S. Zanoni,* Lucia Martinez-Goyeneche, Chris Dreessen, Michele Sessolo,

and Henk J. Bolink*

Fully evaporated solar cells using methylammonium iodide (MAI)-based perov-
skites can reach power conversion efficiencies exceeding 20%. An important point
to advance perovskite photovoltaics is to ensure reproducibility from batch to
batch. Sublimation control of organic ammonium halides is critical in achieving
this for evaporated perovskite solar cells. Herein, a reproducible procedure for the
coevaporation of Pbl, and MAI based on an evaporator chamber setup with only
two quartz crystal microbalances (QCMs) is described. One QCM monitors
exclusively the Pbl, precursor (Pbl,-QCM) and the second QCM monitors the
total amount of MAPbI; mass reaching the substrates (MAPbI;-QCM). It is shown
that the MAI evaporation can be reliably monitored, indirectly, through the
MAPDI;-QCM. In this way, the fluctuating sublimation rates usually observed due
to variations of MAI purity are avoided. This allows one to obtain consistently
high-performing solar cells over a period of one and a half years.

1. Introduction

Perovskite solar cells (PSCs) are viable sources of efficient and
affordable energy that has attracted much interest since their
onset in 2009 due to rapidly increasing device power conversion
efficiencies (PCEs, currently above 25.6% already)." High-
quality (poly-)crystalline perovskite films have a combination of
desirable properties, mainly high absorption coefficient, high
ambipolar charge mobility, and long charge carrier diffusion
length.! These properties are directly related to the film mor-
phology, stoichiometry, and density of defects in the bulk or
at the surface. Hence, to ensure reproducible preparation of
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PSCs, it is crucial that the perovskite
growth during deposition is controllable
in a repeatable way independent of batch-
to-batch purity variations of the precursor
salts used. A stable reproducible baseline
cell performance is crucial to advance the
technology and further optimize the
efficiency and stability. Numerous deposi-
tion processes are investigated, from sol-
vent-based techniques such as spin
coating, blade coating, and solvent engineer-
ing to vacuum-based methods, such as ther-
mal vacuum deposition or close space
sublimation or even hybrid sequential
depositions.*™! Physical vapor deposition
(PVD) is a very versatile technique that can
be used to grow films of many classes of
materials, such as metallic, semiconducting,
and insulating films for use in photovoltaics
and light-emitting devices, as well as resistors, transparent conduc-
tive oxides, corrosion resistant coatings, magnetic films, among
many others. This technique is widely used in the optoelec-
tronic/semiconductor industry for being compatible with large area
and high throughput, granting high purity and uniformity to the
deposited films.”*'*” It also allows for the insitu monitoring
of the deposition rate using quartz crystal microbalances (QCM),
which is important when two precursors are cosublimed and to
enable precise thickness control.'>® Many research groups have
reported on vacuum-deposited perovskites, showing that efficient
fully evaporated solar cells are readily achievable. Different perov-
skite compositions have been prepared ranging from the archetypal
MAPDI;, requiring the coevaporation of Pbl, and CH3;NHj;I
(methylammonium iodide, MAI) in only two sources,"*>* to more
complex multication multihalide structures that require the coeva-
poration from three or more precursors.’**! There are many
examples in the literature of coevaporated MAI-based PSCs with
PCEs exceeding 20%.%%2>*** However, despite these successful
demonstrations, the sublimation control of organic ammonium
halides remains a critical factor in achieving reproducibility of
the perovskite film in vacuum-processed devices.

Many authors have found difficulties in monitoring the MAI
sublimation, due to fluctuating deposition rates,2%2>2%47=>11 or
in measuring the thickness of the deposited MAI film, compli-
cating the calibration of the QCM sensor.[2%2%*8! Uncontrollable
chamber pressures have also been reported.?'>**? Surface-
varied adsorption and thermal decomposition have been proposed
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as the origins of their unusual sublimation behavior.!'%'83051,53-55]

This can be mitigated, somewhat, by changes in the setup, such
as changing the direction and/or position of the monitoring
QCMI'>%%37 or by controlling the MAI sublimation through the
chamber pressure rather than its deposition rate.*'>*%8%9 Yet,
others report the control through the substrate temperature*! or
through the addition of insitu monitoring methods.?>>>%
Importantly, it has been reported that MAI can contain small
amounts of impurities; in particular, hypophosphorous acid
(H3PO,) and phosphorous acid (H3POs), that are used as stabilizers
for hydroiodic acid (HI), can react in the synthesis of MAI from HI
and methylamine (MA) to form MAH,PO, and MAH, PO, 16162
These impurities have been reported to be beneficial for the
crystallization of solution-processed MAPbI;**=**! However, in
vacuum-processed MA-based perovskites, the sublimation of
MAL is highly contingent on the MAH,PO, and MAH,PO; impu-
rities. As summarized by Borchert et al., these impurities play no
role in the crystallization of coevaporated MAPbI;, yet they can
increase the sticking coefficient of MAI to the QCM used to monitor
the MAI evaporation, allowing a better deposition rate feedback
control.’!! Moreover, studies with mass spectroscopy identified that
the impurities are outgassed at a higher rate than the pace of MAI
evaporation,!! which is likely to affect the deposition rates of long
evaporation runs. More recently, Rof et al. showed that highly pure
MALI can undergo decomposition into methylamine and hydrogen
iodide, which can diffuse omnidirectionally, while the decomposi-
tion rate is lower in impure MAI batches, leading to more direc-
tional evaporation.[lg] Also, given that the concentration of such
impurities typically varies from one batch of MAI to another (either
commercially acquired®" or synthesized), controlling the deposi-
tion rate with a QCM dedicated exclusively to MAI while expecting
reproducibility between different MAI evaporations is not trivial.
In our previous publication, we showed that the deposition
rate measured on a QCM positioned at the same height as
the substrates corresponds precisely to the sum of both MAI
and Pbl, rates, increasing linearly to progressive increase in
either MAI or PbI, sublimation.'?! Therein, we established a
simple model describing the growth kinetics of a coevaporated
MAPDI; on the QCM surface, which is initiated with the deposi-
tion of solely Pbl, on the QCM, followed by the adsorption of
MALI on this preformed Pbl,, followed by MALI diffusion into
the PbI, film and MAPDIj; crystallization immediately thereafter.
Here we describe a reproducible procedure for the preparation
of coevaporated MAPDI; that circumvents all the typical prob-
lems related to the sublimation of different MAI batches, in par-
ticular related to impurities. For that, based on the applicable
conclusions from our previous article,'” we consider that the
rate readings on a QCM placed at the substrate level are not sub-
jected to changes in the sticking ability of MAI, because on this
model MAI never gets to adsorb directly on the QCM’s gold sur-
face, but rather on a preformed Pbl, film.["?! The necessary evap-
orator components for our proposed procedure are shown in
Figure 1, highlighting the presence of only two QCMs, one dedi-
cated to monitoring the evaporation of Pbl, (PbI,-QCM) and the
second, at the same height as the substrates, dedicated to moni-
tor the deposition of MAPDbI; (MAPbI;-QCM). It is worth notic-
ing there is no QCM dedicated exclusively to MAI, as the MAI
evaporation can be monitored indirectly through MAPbI;-QCM.
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Figure 1. Schematics of the experimental setup of the evaporation cham-
ber for the procedure being proposed.

2. Results and Discussion

The proposed procedure consists of the following.

1) Previous to coevaporation, the tooling factors of both PbI,-
and MAPDI;-QCMs are calibrated in relation to Pbl,. That
implies that when only Pbl, is evaporated inside the chamber,
the deposition rates from both QCMs should display identical
values. 2) For the coevaporation, initially only Pbl, is heated.
Once its sublimation can be detected on both QCMs, the temper-
ature of PbI, is fine tuned to lead to a stable sublimation rate of
precisely 0.50 As™! on the MAPbI;-QCM,; ideally, the rate read
on the PbI,-QCM (Xpp2) should also be 0.50As™ !, but usually
Xpp1z can differ by £0.02 A s7! from the value read on MAPbDI;-
QCM due to experimental errors when reading with QCMs
(which normally can be up to 10%). Therefore, if Xpp, is not
0.50 As™!, one should take note of the Xpy, value being read
on the PbI,-QCM before proceeding to the next step. 3) The
MALI is heated, and the MAI temperature is adjusted so that
the sublimation detected on the MAPbI;-QCM (Ymapprs, equal
to the initial 0.50 A s™' from PbI, plus a certain amount coming
from MAI) reaches a stable rate of a desired value. 4) The rate on
the PbI,-QCM is then kept stable at precisely Xpy1, by adjusting
the PbI, temperature if necessary; given that this condition is
followed during the whole course of coevaporation, any changes
in Yyvapbiz on the MAPDI;-QCM should be considered to come
from MAI exclusively, which then can be adjusted by tuning the
MALI temperature.

To test how different MAI batches with different MAH,PO,
contents (i.e., 0.00, 0.03, 0.18, and 0.49 mol%) can affect the
deposition control in this proposed setup, two set of experiments
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were performed. In the first one (trials A), the sublimation tem-
perature of the different MAI batches was set to the same value
(95 °C) and kept constant for the duration of the evaporation pro-
cess. This led to different rates at the MAPbI;-QCM depending
on the amount of MAH,PO,:MALI The second experiments (tri-
als B) consisted of setting the same evaporation rate at the
MAPDI;-QCM for all MAI batches and maintaining it constant
for the duration of the evaporation process. This required setting
different temperatures at the MAI source depending on the
amount of MAH,PO, in the particular MAI batch. The evapora-
tion process was finished for both experiments when a targeted
thickness of around 100 nm was reached at the MAPDI;-QCM.
Note that this final perovskite thickness is thinner than normally
used in solar cells, that is, >500 nm; by doing so, we were able to
perform all the trials, eight MAPDI; in total, in the same day, to
maintain their evaporation and facility conditions as similar as
possible. Also, a lower thickness allows for comparing small var-
iations in the absorption of different films, hence for a better esti-
mate about reproducibility of their optical quality, while thicker
films would barely show any differences in absorption as they
would absorb practically all the incident light regardless of the
sample. The four different MAH,PO,:MAI mixtures were syn-
thesized prior to the trials (see experimental details and
Figure S1 and S2, Supporting Information).

Figures 2A—C shows variations in MAI temperature, chamber
pressure, and A, from the MAPbI;-QCM versus time for trial A
(in which A, represents the deviation from the initial Pbl,’s
0.50 A s7! rate on the MAPbI;-QCM, standing as an indirect
measure for the MAI rate). As shown in Figure 2A, the tempera-
ture of MAI was set to 95 °C and the shutter was opened when the
source reached the set temperature; the shutter was closed to fin-
ish the deposition when the thickness reading at the MAPDI;-
QCM reached 100 nm. For all coevaporations with the different
MALI batches, an increase in chamber pressure was detected once
the MAI started to evaporate (Figure 2B), but after a few minutes,
the baseline chamber pressure of 2 x 107° mbar was re-estab-
lished. The deviation from the baseline pressure was larger
for the MAI batch containing a larger amount of the
MAH,PO, impurity. This is indicative of degassing or decompo-
sition of the MAI at the initial stages of evaporation, as was also
observed by Borchert.”" From Figure 2C, it is clear that the QCM
recorded a larger A, which means a higher MAI deposition rate
for batches with larger amounts of MAH,PO,:MAIL When com-
paring the actual final thicknesses of the coevaporated films on
glass substrates measured with a mechanical profilometer,
thicker films were obtained for deposition using MAI batches
that contained more MAH,PO,:MAI impurities (Figure 3B).
In other words, the trend in thickness follows the trend in
Ao, indicating that the larger rates observed are caused by more
MAI mass reaching the substrate. A similar observation was
made by RoR and coauthors.™®!

The deposited films from trial A were analyzed using X-ray
diffraction (XRD,) profilometry, optical absorbance, and by
their appearance. The samples used to analyze the XRD were
deposited on N4,N4,N4”, N4"-tetra([1,1-biphenyl]-4-yl)-[1,1":4’,1"-
terphenyl]-4,4”-diamine (TaTm)-coated glass substrates. This
was done to ensure equal deposition conditions as that used
when the perovskite layer was integrated in photovoltaic devices.
The diffraction patterns obtained from XRD of the as-deposited
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Figure 2. Variations in A) MAI temperature, B) chamber pressure, and
C) Aae in the MAPbI3-QCM over time for trial A using MAI precursor
batches with different contents of MAH,PO, impurities (MAH,PO,:
MAI = 0.00, 0.03, 0.18, and 0.49 mol%). In this trial A, the sublimation
temperature of all the MAI batches was set at 95 °C.

films obtained from the different MAI batches are shown in
Figure 3A.

The film deposited using the MAI batch without MAH,PO,
consists of MAPbI; with excess of Pbl,, showing PbI, diffraction
peaks at 20 of 12.7° and 38.6°. For samples with increasing
MAH,PO, concentration, as more MAI reached the substrates,
the intensity of the Pbl, diffraction peaks decreased in relation to
those originating from MAPDI;’s [110] peak at 14.1°, indicating a
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Figure 3. A) XRD patterns, B) thickness, C) absorption spectra, and D) photographs of coevaporated films as deposited in trial A using MAI precursors
with different contents of MAH,PO, impurities (MAH,PO,:MAI =0.00, 0.03, 0.18, and 0.49 mol%).

higher degree of conversion of Pbl, to perovskite. For the most
impure MAI batch containing 0.49 mol% MAH,PO,:MAI, the
largest amount of MAI was evaporated; hence, no residual
Pbl, was observed in the diffractogram; however, the over
excess of MAI seems to be prejudicial, as the [110] peak
decreased in intensity as compared to the MAPDbI; sample
formed by depositing the MAI batch with 0.18 mol%
MAH,PO,;:MAI. The MAPbI;’s [220] peak around 28.3°
also showed a shift from 28.3° to 28.4° as more MAI was evapo-
rated for the batches containing more MAH,PO,:MAI (see
Figure S3, Supporting Information), possibly suggesting the
beginning of a change in the perovskite phase, from cubic to
tetragonal.[**]
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Moreover, the absorption spectra and color tone (Figure 3C,D) of
the as-deposited films also present variations, in line with the obser-
vation from XRD and layer thickness. The amount of MAPbI;
formed increased when MAI batches with increasing amount of
MAH,PO,:MAI were used, hence the absorption increased as
did the intensity of the color of the thin films. Note that the total
film thickness is less then what is usually used in photovoltaic devi-
ces, which is why they are all not strongly colored.

Therefore, the results in trial A indicate that, at a fixed applied
temperature, more MAI is evaporated, the greater the concentra-
tion of MAH,PO, impurity is; hence, the variations in A, on
the MAPDI3;-QCM are real and not artefacts caused by changes
in the sticking coefficient on the QCM surface. This implies that
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the presence of MAH, PO, in the MAI powder leads to a decrease
of the vapor pressure of MAL!"®! The different amounts of MAI
reaching the substrates led to different films with different crys-
tal and optical properties; in this sense, the final composition
of the deposited MAPDI; varied from Pbl,-rich (less MAI reach-
ing the substrate) to stoichiometric or MAI-rich (more MAI
reaching the substrate). Obviously, using such films in PSCs will
lead to differences in photovoltaic performance parameters. See
how such differences in composition could affect the perfor-
mance of MAPDI;-based solar cells in Figure S4, Supporting
Information; as shown in Figure S4, Supporting Information,
the solar cells benefit from having a slight excess of unreacted
PbI, in the MAPDI; film to boost their performance as unreacted
Pbl, can improve the crystallization of the perovskite into the
cubic phase, which is more desired for efficient devices.[***!
In the second experiment, trial B, A .. was set to a stable value
0f 0.16 4 0.01 As™! (equivalent to Yyapps = 0.66 A s™), that is,
the mass of MAI reaching the MAPbI;-QCM was controlled to be
the same for all the MAI batches by adjusting the source temper-
ature. This rate was chosen based on the A, values observed in
trial A for MAPDI; deposition using MAH,PO,:MAI proportion
of 0.18 mol%, which led to the perovskite with the most ideal
XRD pattern for the highest efficiencies in PSCs. Note that
we assume this value may change in other evaporator chambers
as it is dependent on geometrical factors; hence, preoptimiza-
tions of Yyapprs would be required for all new systems applying
this procedure. The shutter was opened once the target A, Was
reached, Figure 4C, and closed to stop the deposition when the
thickness monitored at the MAPbI;-QCM reached 100 nm. As
similarly observed in trial A, an increase in chamber pressure
was detected once MAI started to evaporate (Figure 4B), ascribed
to degassing of molecules at the initial stages of evaporation.
However, as the time required to reach the specific requirements
of trial B was slightly longer than in trial A, the pressure inside
the chamber already diminished back to <3 x 10~®mbar,
regardless of the MAH,PO, concentration, when the shutter
was opened (Figure 4B). Importantly, MAI batches with increas-
ing amounts of MAH,PO,:MAI require lower temperatures in
order to maintain the MAI rate at the substrate fixed at
0.66 As™! (Figure 4A). This corroborates with the above obser-
vation that the presence of MAH,PO, can decrease the vapor
pressure of MAIL The source temperature of the MAI source
was almost constant over time once the sublimation started;
hence, no adjustment in the source temperature was needed
to maintain the set MAI evaporation rate. Similar remarks
were also observed for longer evaporations with more than
two hours of thicker perovskites (check Figure S5, Supporting
Information). Note that it is possible to sublime the perovskite
at higher rates too, reducing the overall deposition time, but
in this study we chose to focus on control rather than speed.
As shown in Figure 5B, the final thicknesses of the deposited
MAPDI; ranged from 115 to 120 nm, which can be considered
equivalent. Note that this value deviates from the 100 nm mea-
sured on the MAPDI;-QCM because the QCM is actually
calibrated in relation to PDbI, alone, as described earlier.
Moreover, the perovskite XRD patterns in Figure 5A (for perov-
skites deposited on glass/TaTm substrates) indicated similar
degree of crystal conversion and orientation, with no changes
in peak shape or angles. Finally, all four perovskites deposited,
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Figure 4. Variations in A) MAI temperature, B) chamber pressure, and
C) Aate in the MAPbI3-QCM over time for trial B using MAI precursors
with different contents of MAH,PO, impurities (MAH,PO,:MAI = 0.00,
0.03, 0.18, and 0.49 mol%). In this trial B, the sublimation of different
MAI samples was controlled through the MAPbI;-QCM, fixing their
Asate to the same value (0.16,5\5_1).

regardless of the different MAH,PO, contents in the sublimed
MALI, exhibited the same absorbance spectra, without apparent
changes in color, as exhibited in Figure 5C,D.

Therefore, the procedure proposed in trial B led to a better
control of the perovskite reproducibility. This is because the
perovskite growth is controlled via the total perovskite mass
(or PbI, + MAI mass) reaching the MAPDbI;-QCM. It also proves
our initial hypothesis that the sticking of MAPbI; on the
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Figure 5. A) XRD, B) thickness, C) absorption spectra, and D) color of coevaporated films, as deposited in trial B using MAI precursors with different
contents of MAH,PO, impurities (MAH,PO,:MAI =0.00, 0.03, 0.18 and 0.49 mol%).

QCM sensor (placed close to the substrate) is not subject to
changes during the course of the evaporation, regardless of
MAH2POZMAI

Some of these thin perovskite films deposited from MAI with
different MAH,PO, contents were integrated in photovoltaic
devices. For that, we selected a pin architecture with the follow-
ing layer sequence, which we described elsewhere!®®: glass/TTO
(=150 nm)/MoOj; (6 nm)/TaTm (10 nm)/MAPDI; (115-120 nm)/
Coo (25nm)/BCP (7nm)/Au (see supporting information for

Sol. RRL 2023, 7, 2201073 2201073 (6 of 9)

more details on their fabrication). The devices were encapsulated
using atomic layer deposition of Al,O; at 40 °C, using a protocol
recently published by us.[”)

As exhibited in Figure GA,B, their current density—voltage
(J-V) curves, either illuminated or in the dark, are practically
identical. Figure 6C also shows that their photovoltaic properties
are statically the same, regardless of the initial amount of
MAH,PO, impurity in the MAI, with all samples generating
open-circuit voltage (Voc) of 1.11-1.12V and short-circuit
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Figure 6. A) Dark and B) illuminated J-V curves (measured under AM 1.5G irradiation at 100 mW cm ™2 at room temperature) of glass/ITO/MoQ;/TaTm/
MAPbI;/Cgo/BCP/Ag devices having the thin (120 nm) MAPbI; films deposited in trial B using MAI precursors with different contents of MAH,PO,
impurities (MAH,PO,:MAI =0.00, 0.18 and 0.49 mol%). C) Statistic distribution of Jsc, Voc, FF, and PCE.

current density (Jsc) of 16.5-17.0 mA cm ™2 Thus, with fill fac-
tors (FFs) of 77-79%, their final PCE is identical, ranging from
14 to 15%. Note that the perovskite films in these devices are thin
(i-e., 2120 nm); hence, their Jsc and PCE have lower values than
those observed for thicker (>500nm) MAPbI; films. The

external quantum efficiency (EQE) spectra are depicted in
Figure S6, Supporting Information. Therefore, when the perov-
skite is deposited in the setup we are proposing with trial B, the
performance of the devices is the same regardless of different
MAH,PO, impurity concentrations.

Aw— 116 84—

24} 1141 - 82 -
£ 22| 5 112 i { o 8f } { I 1=
< i < &

E i ) 3 * ' R g
B oo } t 1.10 ; : 78} 1
18} 1.08} : 76| 1
16 e qoelo o o 74 R
e o P PP NN e o P P O
W@ @ & & & @ @
B 7
6
N
5 §
E4 N
3 NN
o3 NN
! \ \\\ N\
N S N
176 180 184 188 192 196 200

PCE /%

22 — T T T T

20

18+

[} } i
16}

14t

12 . . . .

N N v 92 2

g O o9 v
R

Figure 7. A) Average and standard deviation of Vo, FF, Jsc, and PCE of MAPbI; devices (500 nm thick perovskites) fabricated in our laboratory using the
setup of trial B with different MAI batches over the course of one and a half years. B) Histogram of the PCE of 14 samples of the batch from December 2022.
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To further prove that the procedure described under trial B led
to rather reproducible perovskite films over time, in Figure 7A,
we compare the results we have been obtaining for some MAPDI;
devices in our laboratory in the past one and a half years, since
this setup was implemented. These results are for perovskite
films more than 500 nm thick, deposited with different MAI
batches either from different providers or with different
MAH,PO, mol% concentrations in the batches; for example,
the MAI used on April 2021 or December 2022 was from the
same provider but had around 0.2 or 0.9 mol% of MAH,PO,,
respectively (based on 'H NMR integrals). As summarized in
Figure 7A, the Vo, FF, and Jsc obtained during that time were
constant, around 1.11V, 80%, and 20.5 mA cm ™2, respectively,
with some small variations related to some discrete differences
in the stack configuration that affect light harvesting at the active
perovskite layer (e.g., different glass/ITO substrate, CTL, or top
contacts). Therefore, the PCE varied from 18 to 19% regardless of
the MAI used, showing that with the setup proposed in trial B,
the devices are not subject to batch-to-batch variations, enhanc-
ing reproducibility.

3. Conclusions

In conclusion, we established a new protocol for the reproducible
deposition of MAPDI; that takes into account the total amount of
MAPDI; mass reaching the substrates. We prove that MAPDI;
can be evaporated reproducibly without a MAI-dedicated
QCM. This procedure avoids uncertainty in the rate feedback
controls, which are typically observed when monitoring MAI
alone due to varying sticking coefficients, hence increasing
the reproducibility of the deposited MAPbI;. Importantly, we
demonstrate through the use of four different MAI batches, each
with a different amount of the known MAH,PO, impurity, that
virtually identical perovskites can be obtained as long as the sub-
limation is controlled by the deposition rate of the MAPDI;.
Moreover, using this approach, we were able to elucidate that
the MAH,PO, impurity leads to a reduction of the sublimation
temperature of MAI.
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