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Chemical vapor deposition grown formamidinium perovskite
solar modules with high steady state power and thermal stability

Solution processed MAPbI, perovskite solar modules exhibit
significant performance deterioration due to light illumination
induced heating. Solar modules using FAPbI, perovskite films
grown by CVD solve this issue and show much better thermal
stability. Using CVD, we fabricated MAPblI, solar cells with PCE
up to 15.6% (active area = 0.09 cm?), FAPbI, cells with PCE up
to 10.4% (active area = 2.0 cm?), FAPbI, modules with PCE up to
9.5% (5-cell modules; total active area = 8.8 cm?) and 9.0%
(6-cell modules; total active area = 12 cm?).
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Metal organic halide perovskites are promising materials for solar cells with a maximum certified efficiency
of 22.1%. However, there are only a handful of reports on larger area modules, where efficiencies drop with
increasing use of the active area. Chemical vapor deposition (CVD) is a technology used in many industrial
applications demonstrating potential for scale up. We used a CVD process to fabricate MAPblz and FAPDbI3
based solar cells with power conversion efficiencies (PCEs) up to 15.6% (MAI, 0.09 cm?) and 5 x 5 cm
modules with 9.5% (FAI, 5-cell modules, total active area 8.8 cm?) and 9.0% (FAI, 6-cell modules, total
active area 12 cm?). To further investigate scaling issues, we fabricated modules using an established
MAPbIs solution process, and demonstrated maximum PCEs of 18.3% (MAI, 0.1 cm?), 14.6% (MAI, 1 cm?
single cells), and 85% at 5 x 5 cm (MAI, 6-cell module, total active area 15.4 cm?). The solution
processed cells performed better than CVD cells when comparing PCEs determined from J-V
measurements, but the steady state power of solution processed solar cells decreased quickly with
increasing area. This decrease in power was correlated with rapid heating of the solar cells under 1 sun
illumination, with a pronounced drop in performance at the phase transition temperature of MAPbIs. In
contrast, FAPbls; CVD grown solar modules maintained much of their PCEs transitioning from J-V
measurements to the steady state operating conditions (1 sun), suggesting that the FAIl based CVD
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Introduction

Perovskite solar cells have demonstrated impressive efficiencies
up to 22.1%,' but the efficiencies of devices over 1 cm? in size
are typically significantly lower. There are several reports
demonstrating 1 cm” sized solar cells with efficiencies between
15 and 20%.>* When the size is increased further, fabricating
a multi-cell module becomes necessary to raise the output
voltage to practical values, and to circumvent the series resis-
tance issue of the transparent conductive contact. The demon-
strated efficiencies of modules are typically significantly lower
than those of the 1 cm” single cells, but there are a few excep-
tional studies reporting high efficiencies even with a large area.
Heo and co-workers reported a 12.9% module with an active
area of 40 cm?®.® This work is excellent, but when the total
substrate area (i.e. the area of the substrate on which the solar
module was fabricated) is considered the effective efficiency
drops to 5.2%. This concept will be referred to as PCE per total
area, which is in contrast to PCE per active area. This is typical
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process may outperform MAI based solution processed modules when scaled up to practical sizes.

of published perovskite solar cells and modules (Fig. S17), i.e. in
general PCEs drop with increasing active area and with
increasing use of the total substrate area.®"* Qiu et al. addressed
the point of area use and demonstrated a module with 91% of
the total area being active, while maintaining a 13.6% PCE with
a total aperture area of 4 cm®.** This high use of the area was
accomplished by mechanically scribing narrow features for
module patterning. Also, in this work the total area was defined
with an aperture, not the substrate size. Because the total
substrate area was not mentioned in this work, it is not possible
to determine PCE per total substrate area of their solar modules.
This concept will be referred to as PCE per aperture area (i.e.
with the edge area excluded), which is essentially an upper-
bound of PCE per total area. Other studies have demonstrated
84% use of the area with laser scribing, and demonstrated 5.5%
PCE per aperture area.” A direct comparison of PCEs between
reported modules comparing PCE per active area, PCE per
aperture area, and PCE per total area may not be completely fair,
as authors likely design their module with a particular
measurement in mind, so a summary of reported PCE per active
area (Fig. S1at), and PCE per total area (Fig. S1bf) and PCE per
aperture area (Fig. Slct) is provided in the ESL.f But it is
important to keep in mind that PCE per total area is more
relevant for practical applications than PCE per active area, as
the unused area also needs to be installed. Resolving the issues
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of a low active area may require non-trivial modification to an
otherwise successful protocol, and using a high active area can
introduce new issues such as substrate heating or poor shunt
resistance as discussed in the latter part of this work.
Chemical vapor deposition (CVD) is a process widely used in
industry, and is one of the many ways demonstrated for vapor
deposition of perovskites.** Vapor deposited perovskites can be
formed under high***® and low vacuum conditions. In this work
CVD is categorized as a non-directional, low to atmospheric
pressure process. There are a number of studies using CVD to
fabricate perovskite solar cells, such as low vacuum single step
processing,™ sequential deposition processing,”*** and growth
under atmospheric conditions.?® Perovskite modules grown by
CVD have already been demonstrated with a PCE per active area
of 6.2%, with an active area of 8.4 cm>.® CVD offers potential for
batch processing for higher throughput, low fabrication cost,
flat uniform perovskite films over large areas, and semi-trans-
parent solar cells.**** In this work we investigated the scalability
of the CVD process by fabricating both single solar cells with
different sizes and solar modules. We also compared these cells
and modules to solution processed counterparts. Using CVD we
demonstrated a small area methyl ammonium iodide (MAI)
based champion cell with a PCE of 15.6% (active area = 0.09
cm?®), which is the highest reported efficiency for CVD based
perovskite solar cells. In addition we made formamidinium
iodide (FAI) based modules on 5 x 5 cm substrates with
champion PCEs per active area of 9.5% and 9.0% with active
areas of 8.8 cm” and 12 cm?, respectively. These solar modules
are used as the primary reference points in this work. CVD
processed modules were made with a larger active area of 15.4
cm? and demonstrated a PCE per active area of 5.8%, but were
not used as the reference points for this work. The TiO, layer of
these modules was patterned incorrectly, creating electrical
shorting pathways between cells within the module that should
be electrically isolated. This issue significantly limited solar
module performance and complicated the comparison to other
modules (discussed further in the Experimental section).

Results and discussion

We chose a formamidinium based perovskite layer (i.e., FAPbI;)
to fabricate large cells and modules because of the higher
temperature stability of resultant perovskite films.>> This
process used physical vapor deposition of lead halide, where
lead halide was patterned with a shadow mask. During the CVD
growth process, the perovskite is selectively grown only on the
area pre-deposited with lead halide. The selective growth of the
perovskite layer simplifies module fabrication as the perovskite
layer does not need to be etched/scribed away after growth.
Photographs of completed modules grown by CVD are shown in
Fig. 1, and specific dimensions are provided in Fig. S2.T The
process of perovskite film growth and solar cell fabrication is
similar to previous reports, except for a few minor variations
discussed in the experimental section. To have a relevant
reference point we fabricated solar cells using the Lewis base
adduct method, which has been reported to produce high
performance cells.”” Similar to many other perovskite
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Fig.1 (a) Photograph of patterned perovskite films grown by CVD. (b)
Complete perovskite solar cell module grown by the CVD process,
shown from the rear side. (c) Photographs of cells and modules pre-
sented in this work.

fabrication methods, perovskite solar cells grown by the CVD
process and our reference solution process suffer from reduced
PCEs when scaling to higher active areas. A summary of
performance measured by current-voltage (J-V) curves as
a function of the active area is shown in Table 1.

When scaling to larger areas, the most pronounced drop in
performance resulted from the reduction in fill factor and short
circuit current (J.). The open circuit voltage (V,.) also decreases
slightly as the area is increased, but not as significantly as the
fill factor and Ji.. The decrease in the fill factor can be explained
by an increase in series resistance due to a longer transport
distance through fluorine doped tin oxide (FTO), or poor
contact between cells. This is an important issue, and can be
solved with optimized module fabrication and design. For
example, fabricating narrower cells reduces the travel distance
through the FTO, and therefore lowers series resistance. The
decrease in J,. is more intrinsic to the perovskite growth process
and likely reflects the average performance. Indeed, we see that
the average J,. for the champion modules (16.9 mA cm ™ and
17.8 mA cm™?) is closer to the average of 2 cm? cells (17.1 mA

m ) than to the champion 2 cm? cell (19.5 mA cm ™ ?). We also
demonstrated that poly(3-hexylthiophene-2,5-diyl) (P3HT) can
be used successfully as a hole transport layer for large area cells
with comparable efficiency.

The results in Table 1 suggest that the solution processed
cells have higher nominal PCEs (determined from conventional

This journal is © The Royal Society of Chemistry 2016
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Table1 Summary of solar cell parameters (e.g. Vo, Jsc, FF, PCE) determined from J—V curves for solar cells and modules presented in this work
listed from top to bottom according to the active area. The parameters V. and J.. are normalized to their equivalent single cells for simpler
comparison. Champion data refer to a single cell or module. Cells that are made with either a MAI or FAI based perovskite are indicated in
parenthesis. The steady state efficiency is located in the parentheses next to the corresponding PCE measured by J-V curves. The average values
for 2 cm? cells using the spiro-MeOTAD-based hole transport layer are based on 18 cells from 4 CVD growths, and the average values for 2 cm?
cells using the P3HT-based hole transport layer are based on 6 cells from one CVD growth

Cells and modules Cell size (cm?)

Normalized V.

Efficiency%

Normalized J,. (mA cm ?) Fill factor (steady state)

Champion CVD cell (MAI) 0.09 1.06
Champion solution cell (MAI) 0.10 1.07
Champion solution cell (MAI) 1.0 1.12
Champion CVD cell (FAI) 2.0 1.02
Average CVD cell (FAI, spiro) 2 0.97 £ 0.05
Average CVD cell (FAIL, P3HT) 2 0.93 & 0.03
Champion CVD module (FAI) 8.8 0.98
Champion CVD module (FAI) 12.0 0.94
Champ. solution module (MAI) 12.0 0.84
Champ. solution module (MAI) 15.4 0.98
CVD module (FAI) 15.4 0.77

J-V measurements) when comparing similar area devices.
However, this trend changed after switching from conventional
J-V measurements to steady state operating conditions at the
maximum power point. The steady state power is lower than the
peak power reported by J-V curves for both CVD and solution
methods, but the difference is more pronounced in the solution
processed modules.

A previous report demonstrated an FAI based cell prepared
by CVD with an active area of 0.04 cm? to have a nominal PCE of
14.2% and a steady state power of 11.3%.%* This difference
between power measured by j-V curves and power measured at
the steady state can become increasingly significant as areas
become larger. To illustrate such an area dependence, we
compared the champion CVD grown solar modules to a solution
processed single solar cell and then to a solution processed
solar module with a larger active area (Fig. 2). The solution
processed champion cell had an active area of 1 cm” and
a nominal PCE of 14.6%. The steady state PCE of this cell was
13.7% and maintained much of its PCE after many hours
(approximately 38 h) of operation (Fig. S31). The peak steady
state PCE of the 12 cm” active area CVD module was 8.8%
measured after 30 h of operation. This 40 h steady state
measurement was periodically interrupted to measure j-V
curves and redefine the maximum power point (Fig. 2b). In
contrast to the solution processed cells or CVD modules the
steady state power of the solution processed modules slowly
decreased with time (Fig. 2a). From this figure we can see that
the solution module achieved a peak power of ~7.9%, but
decayed to 7% after 3 hours of continuous operation (6.5%,
after 8 h). Both 12 cm® modules are possibly limited to about
~9% by series resistance (discussed in the ESIt). The PCE decay
for solution processed modules was even more rapid for cells
with high use of active area, possible reasons for which are
discussed below.

A larger active area module using a 5 x 5 cm substrate and
an active area of 15.4 cm> was made by the Lewis base adduct

This journal is © The Royal Society of Chemistry 2016

21.7 68 15.6
22.4 76 18.3

20.5 68 14.6 (13.7)
19.5 53 10.4
171+ 1.3 47+6 7.8+ 1.3
20.3 + 1.1 41+3 7.8 £0.9
16.9 57 9.5 (7.6)
17.8 54 9.0 (8.8)
19.9 43 7.1 (7.0)
19.0 46 8.5 (4.0)
15.2 49 5.8

solution method and had a nominal PCE of 8.5% (nominal
power = 131 mW), but a steady state PCE of only 4% (steady
state power = 62 mW). This cell was the best of 9 modules using
the same process. This module compared poorly to the lower
active area champion CVD grown modules with steady state
power 66 mW (8.8 cm” steady state PCE = 7.6%) and 106 mW
(12 ecm® steady state PCE = 8.8%), as shown in Fig. 2b. One
possible cause for this drop in efficiency is related to substrate
heating, which is discussed later. The decrease could also be
related to difficulties in applying the Lewis base adduct solution
method on larger substrates. The champion solution processed
1 cm? sample has the same substrate size (15 mm x 15 mm; see
Fig. 1c and S27 for specific dimensions) and deposition condi-
tions as the highest performing cell in this work (18.3% PCE,
0.1 cm®). This is mentioned to highlight processing differences
between small cells (active area = 1 ecm?) and larger modules.

This lower total power despite having a larger active area was
surprising, and raised concerns that perhaps substrate heating
was limiting the performance.?® The MAI based perovskite will
undergo a phase transition at elevated temperatures (54-57 °C)
from the tetragonal to the cubic phase,”* and this phase
transition is believed to cause reduced performance.”® We
observed that the solution processed cell heated up to 54 °C
within a few minutes of testing under 1 sun illumination and
rapidly dropped in PCE, but would regain efficiency when
removed from the solar simulator and allowed to cool. However,
this behaviour is not completely due to the phase transition of
the perovskite film (Fig. S41). Decay in performance is observed
from heating at temperatures below the transition temperature
as well, and loss in performance cannot be exclusively explained
by the transition. It is possible that heating accelerates a decay
process that is significant in solution processed large-area
modules, but less significant in small-area cells. Shunt path-
ways are reported to cause degradation,® and the use of large
modules provides more possible pathways than smaller
substrates.

J. Mater. Chem. A, 2016, 4, 13125-13132 | 13127
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Fig. 2 Steady state power tracking for solution prepared and CVD
grown cells and modules. (a) Steady state power per unit active area of
the champion solution processed cell (at 0.86 V, PCE by J-V =14.6%, 1
cm?), solution processed module (at 3.7V, PCE by J-V =7.1%, 12 cm?),
and champion CVD grown module (at 4.1V, PCE by J-V = 9.0%, 12
cm?). (b) Long term steady state measurement of the 12 cm? CVD
module which reached a maximum steady state power of 106 mW
(8.8%, at 4.1 V) after ~30 hours of operation.

To demonstrate more clearly the impact of the phase tran-
sition, the intensity of the solar simulator was increased to
1.5 sun, allowing the module to rapidly heat beyond the tran-
sition temperature (Fig. 3a). The temperature was monitored in
situ by using a thermocouple placed on the underside at the
center of the module. A phase transition was indeed observed at
~52 °C by a latent heating rate and an increase in the decay rate
of the steady state current. Note that there may be a lag between
the temperature of the thermocouple and that of the perovskite
film, explaining the lower than expected transition temperature.
Operating in the cubic phase not only caused a rapid decay in
performance, but also appeared to increase the dark current,
evident from the large negative power when the light was turned
off. A similar increase in the dark current was also observed
when operating at 1 sun intensity (Fig. S41). The dark current
partially recovered to a lower value if the cell was allowed to cool
and given sufficient time before the next measurement. Based
on this observation it is possible that the perovskite slowly
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Fig.3 Temperature and current monitoring of modules. These graphs
indicate that the phase transition of MAPbIs is likely impacting the
performance during steady state operation, and highlights that FAI
does not have a phase transition in this temperature range. (a)
Measurement of the champion MAPbI3 solution processed module at
1.5 sun. This shows a phase transition at around ~52 °C to the cubic
phase, with a corresponding rapid drop in the steady state power.
Subsequently there was an increase in the dark current, observed here
by a high negative power. (b) FAPbls CVD grown module, which was
not observed to be significantly impacted by substrate heating at
1.5 sun. This figure also shows a light soaking dependence charac-
teristic of CVD grown cells. (c) Dark current measurements as a func-
tion of temperature on the MAPblz module show an increase in current
with increasing temperature and increased noise at the phase transi-
tion temperature (~57 °C).

This journal is © The Royal Society of Chemistry 2016


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/c6ta04267h

Open Access Article. Published on 08 July 2016. Downloaded on 12/5/2025 4:29:24 PM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Paper

returns to the tetragonal phase, allowing the cell to partially
recover performance. This residual material in the cubic phase
may explain why the second phase transition in Fig. 3a is less
distinct.

When the FAI based CVD grown perovskite solar module was
measured at 1.5 sun (Fig. 3b), there was no evidence of perfor-
mance decay with increasing temperature. This is reasonable,
because there is no phase transition for FAPbI; in the temper-
ature range of solar cell operation. However, the FAI based CVD
grown perovskite solar module had a pronounced dependence
on light soaking, which is discussed in more detail below. These
comparative results suggest that the CVD growth of the FAI
based perovskite maintains a better steady state PCE going from
small to large areas than the MAI based Lewis base adduct
solution method. It is possible that the solution process may
require further optimization for large scale substrates, such as
improving the module patterning process to reduce the
opportunities for shunt pathways, modification of anti-solvent
deposition conditions, or use of FAI instead of MAL*

To decouple the effects of temperature from possible light
induced effects, an additional control experiment was per-
formed on the MAPbI; solution processed module by recording
dark current during heating of the module on a hotplate
(Fig. 3c). Here the hotplate was ramped up to 62 °C at a constant
rate of 2°C min~ ', at the approximate maximum power point
(3.9 V). In this figure we can see that the dark current increases
with increasing temperature, with a sharp increase in the
current and noise at the phase transition temperature (~57 °C).
After 5 min at 62 °C the module is removed from the hotplate
and allowed to cool to room temperature, and the dark current
remains at a high level, which is similar to that in Fig. 3a. We
see from Fig. 3c that the dark current stops rising once the cell is
removed from heat. This suggests that the increasing dark
current is not due to voltage induced ion migration alone.
However ion migration could be accelerated by heating, or by
the transition to the cubic phase.

In Fig. 4a cells from the 8.8 cm> champion CVD module are
added in series one at a time to show the additive nature in V..
To our surprise, the weak performing J. of cell #1 (15.9 mA
cm?) did not seem to rigidly limit the J,. of the entire module
(16.9 mA cm™2). This observation led us to consider whether
possibly perovskite modules are tolerant to partial shade,
similar to reports on electrolyte based dye sensitized solar cells.
Dye sensitized solar cells can be modelled as a two-diode
system, where the J;. of a module may be minimally impacted
by a weak performer.*® To test this hypothesis, a second
perovskite module was used and 3 of its 5 cells were covered
with semitransparent tape. Fig. 4b shows the cells, uncovered
and with 1 layer and 2 layers of tape. Both /. and V,, are strongly
impacted by the shadowing of cells in a module. From these
partial shade experiments it is clear that perovskite modules are
not especially tolerant to partial shade, and behave more like
silicon solar cells,* than dye sensitized solar cells. This means
that perovskite modules should have bypass diodes, allowing
them to pass current through a cell with a lower photocurrent,
and subsequently tolerate partial shade. An alternative expla-
nation of the behavior seen in Fig. 4a can be given by

This journal is © The Royal Society of Chemistry 2016
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Fig. 4 The behavior of perovskite solar cell modules grown by
chemical vapor deposition, and their response to partial shade or light
soaking. (a) Champion CVD module (8.8 cm?) J-V curves, where cells
from the module are added in series, demonstrating the addition of
Voc. Cell 1 was a comparatively weak performer, however the Jg. of the
entire module was not strongly limited by the Js of cell 1. (b) Curves
from a second module demonstrating its response to partial shade,
where the performance decreases similar to silicon solar cells. (c)
Forward and reverse scans of the champion CVD module and dark
current measurements. The second dark measurement was taken after
light soaking for 1 h. This demonstrates the impact of light soaking, and
its role even when the light is off.
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a combination of a low shunt resistance and low recombination
resistance of the weak performing cell 1. A low shunt resistance
can pass the excess current supplied by the higher performing
cells.

Perovskite solar cells grown by CVD exhibit a pronounced
sensitivity and improved performance from light soaking
similar to many other reports on perovskite solar cells. This can
be explained by light induced self-poling of the perovskite layer,
causing migration of ions within the perovskite film.** Light
induced poling appears to be present in the solution processed
MAI cells as well as FAI based CVD processed cells, but the time
scale of solution processed cells seems much shorter. Differ-
ences could be due to the speed of ion migration in the material
(FAPDI; vs. MAPDbI;), and how far the ions migrate, and the
structure of the film. Other possible explanations for this
behavior include UV illumination creating photoactive surface
states, or shifting of the conduction band edge in TiO,.** The
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Fig. 5 Champion small area solar cells (a) the champion solution
processed cell was measured to have a PCE of 18.3% (0.1 cm?) and
a Joc of 22.4 mA cm™2, while the champion MAI based CVD cell has
a PCE of 15.6% (0.09 cm?) and a Js of 21.6 mA cm™2. (b) External
quantum efficiency (EQE) spectra from CVD and solution processed
cells. The FAI based CVD cell has an integrated current of 21.1 mA
cm~2 and an absorption edge at a slightly longer wavelength than the
EQE from the MAI based solution processed cell with an integrated
current of 20.3 mA cm™2,
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effects of light soaking are more noticeable as the area is
increased. Small cells often reached full efficiency after minutes
of light soaking, while larger cells could take up to an hour or
more before reaching a stable efficiency. Light soaking
impacted dark current measurements, indicating that the effect
of light soaking is long lasting and is present even after the light
is turned off (Fig. 3b and 4c).

Fig. 5 shows J-V curves from champion small area cells for
both CVD and solution processing, in addition to EQE curves
showing approximate agreement between the integrated
current and J;. measured from j-V curves. However, as shown in
the previous figures, J-V curves only offer an indication of how
a cell may perform during steady state conditions. Also, larger
area modules may behave differently from their small area
counterparts.

Experimental
TiO, deposition and patterning

For small CVD grown modules, FTO glass (8 Q [~ ', Sigma
Aldrich) was patterned by photolithography and dry etched using
30 min of inductively coupled plasma (ICP, Oxford Instruments,
100 w RF, 200 w ICP, 10 sccm CF,, 40 sccm H,, 10 scecm CHy, at
a pressure of 40 mTorr). The photoresist was removed by soni-
cating substrates in acetone followed by UV ozone treatment. For
larger active area modules the FTO was purchased pre-patterned
(FTO glass, Yingkou OPV-tech New Energy). For CVD grown
modules, a compact layer of TiO, was deposited by spray pyrol-
ysis using a solution of 75 wt% titanium diisopropoxide bis(a-
cetylacetonate) in isopropanol (Sigma Aldrich) on a pre-heated
hot plate at 480 °C. This layer was approximately 100 nm thick.
This process formed a uniform compact layer over the entire
surface. This is generally desirable, but was found to be
conductive enough to short adjacent cells in the large module
geometry. The spacing between FTO cells in the large modules
was relatively small (200 um), allowing for high conductivity
between cells after TiO, deposition (300 £ 90 ohms).

These titanium oxide layers were then patterned by photoli-
thography and etched with a timed dry etch ICP process (Oxford
instruments, 6 min, 100 w RF, 200 w ICP, 16 sccm CF,, 4 sccm Ar,
at a pressure of 40 mTorr), largely removing the TiO,, while
leaving a continuous layer of underlying FTO. The photoresist is
then removed by using boiling acetone, followed by UV-ozone
treatment. A photograph of the resulting film can be seen in the
ESI (Fig. S51). This etching process was sufficient to eliminate
the contact between cells caused by compact layer TiO, in the
small modules, but for large modules with narrow spacing
between cells there remained conductive paths (100 & 80 kohm).
At the time of fabrication, this was thought to be sufficient
insulation, but this conductivity appeared to limit the V,. ob-
tained in CVD grown perovskite large modules. This problem
was addressed by increasing the spacing between FTO cells to 1
mm (12 cm? active area). With increasing spacing it is possible to
pattern TiO, deposition with a shadow mask (Fig. S51), elimi-
nating the need for photolithography and plasma processing.

To fabricate the mesoporous layer for solution processed cells
and modules 0.15 M titanium diisopropoxide dis(acetylacetonate)

This journal is © The Royal Society of Chemistry 2016
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(Sigma Aldrich) in butanol was spun onto substrates at 2800 rpm
and dried at ~120 °C, followed by a 0.1 g mL™" solution of tita-
nium dioxide nanoparticles in butanol at 2000 rpm. The film is
then annealed at 550 °C. These substrates were then treated with
20 mM TiCl, in DI water for 10 min at 70 °C, followed by a second
anneal at 500 °C. These titanium oxide layers were then patterned
by photolithography and etched with a timed ICP process, in the
same way as performed for compact TIO, by spray pyrolysis. No
conductive path was observed between cells in the large modules
after patterning with the ICP, suggesting that the TiO, formed by
solution deposition is less dense and continuous than by spray
pyrolysis. This could also be related to dark current measure-
ments and the formation of shunt pathways, which show more
dark current than cells made by spray pyrolysis (Fig. 3 and S67).
For this reason, the compact layer of the 12 cm® active area
solution module was made by spray pyrolysis.

Perovskite growth by CVD

Perovskite films were grown in a two-step process where lead
halide was first deposited onto TiO,/FTO substrates, followed by
CVD deposition of MAI or FAI (Dyesol) which converted films to
perovskites. Perovskite films were prepared by depositing an
~180 nm layer of lead iodide or 120 nm of lead chloride onto
substrates by thermal evaporation (at ~1 x 10 ° Pa, ~0.5 A s~ ?,
using the PbCl,/Pbl, powder, Sigma-Aldrich). Each material was
deposited separately, and not on the same cell, and both can be
used with comparable results. The thickness was monitored
with a quartz-crystal microbalance and additionally measured
using a profilometer. Lead halide coated substrates were loaded
into a 2-zone CVD furnace (130 mm O.D. quartz tube). The first
zone was loaded with ~1 g of solid FAI powder and the second
zone with substrates. The CVD was pumped down to a pressure
of ~100 Pa, with a flow of dry nitrogen. Substrates were heated
to 160 °C, followed by heating the zone with MATI or FAI powder
to 210 °C. In order to obtain similar conversion rates to previous
reports the maximum temperature was increased from 180 to
210 °C. The total deposition time is approximately 45 min,
including 30 min for the powder to cool below its sublimation
temperature. After the source zone is cooled, the substrates
were allowed to cool, the CVD was vented, and substrates were
removed. The amount of sublimated powder was not sensitive
to the mass loaded, but depended more on temperature and
time. For example, growth runs loaded with 0.6 g, 1.2 g, and 1.8
grams of FAI all consumed ~160 mg of the FAI powder.

Solution processed perovskite

We prepared the following solution as a perovskite precursor:
Pbl, 466 mg (TCI Chemicals), methyl ammonium iodide
159 mg, dimethylformamide 530 pL, and dimethyl sulfoxide
73 uL. This solution is spun onto mesoporous TiO, substrates at
4000 rpm for 30 s. During spin coating diethyl ether is added as
an anti-solvent at ~9 s, with a volume of 0.2 mL for 1.5 x 1.5 cm
substrates and 1 mL for 5 x 5 cm substrates. The resultant films
were annealed on a hotplate for 1 h at 100 °C.
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Device fabrication

Solar cells were fabricated by spin-coating a hole transport layer
containing three materials: spiro-MeOTAD (2,2',7,7'-tetra-
kis(N,N-di-p-methoxy-phenylamine)-9,9'-spirobifluorene) (Suna
Tech Inc for CVD perovskite, and Merck for solution processed
cells) dissolved in chlorobenzene (70 mg mL '), 20 uL of Li-bis
(trifluoromethanesulfonyl)-imide (LiTFSI, Sigma) dissolved in
acetonitrile (500 mg mL "), and 30 pL of tert-butylpyridine
(¢-BP, Sigma). Top electrodes were 80 nm of gold, deposited by
thermal evaporation (~1.0 x 10°° Torr, at 0.1-0.3 A s %)
through a shadow mask. Specific dimensions of the module are
provided in Fig. S21 and photos of the shadow mask are
provided in Fig. S5.1

Solar cell measurements

Current-voltage (J-V) characteristics of small area solar cells
were measured under 1 sun illumination (AM 1.5 G, 100 mW
em™?, calibrated with a Newport reference cell) using a solar
simulator (Newport Oriel Sol 1A) and a Keithley 2400 source
meter in ambient air at ~25 °C and a relative humidity of
~40-50%. The solution processed cells were measured using
a 0.1 cm” anodized aluminium mask. The champion small area
CVD was fabricated prior to our implementation of masking,
and was not masked. All large area cells and modules were
measured under 1 sun illumination (AM 1.5 G, 100 mW cm 2,
calibrated with a Newport reference cell) using a PEC_L01
portable solar simulator inside of a low humidity glove box
(<10% RH). All -V measurements for individual cells are
measured at a scan rate of 0.35 Vs~ *, and for modules the scan
rate was increased to 1.2 V s, approximately conserving the
voltage sweep per cell in the module (0.2-0.24 V per s per cell).

External quantum efficiency (EQE) measurements were per-
formed on an Oriel IQE 200 in DC mode. AC mode EQE
measurements at 30 Hz were lower than expected and the
integrated current did not match J. This is likely related to
light soaking effects mentioned in Fig. 4c. Continuous light may
be needed for perovskite solar cells to function at full efficiency.
The AC mode can still be used with some success at high
frequencies (Fig. S67).

Conclusions

Preparing FAI based perovskite solar cell modules by chemical
vapor deposition appears to be a promising technique because
it uses a scalable vapor based growth process and the resultant
modules maintain a high steady state power at larger areas
when compared to modules grown by a reference solution
process. We do not claim that this solution process is not
scalable, but preliminary attempts reveal that large area MAI
based perovskite modules overheat and further optimization
may be required to move from small to large area devices. The
CVD process required a slight increase in FAI source tempera-
ture when it is scaled up to larger diameter quartz tubes, but
otherwise remained similar to previous work. Conventional j-V
curve measurements are insufficient to give the complete
picture of the performance of perovskite solar cells, and steady
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state power measurements for an extended period of time (e.g.,
a few hours) should always be reported. These steady state
measurements can also highlight problems not readily seen
from J-V measurements, such as overheating. We presented
a module with an active area of 12 cm? and a steady state PCE of
8.8%. Although modest in efficiency, this is a promising first
step towards power production by perovskite solar cells grown
by chemical vapor deposition.
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