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S
olution-processed perovskite solar cells
(PSCs) have achieved a certified power
conversion efficiency (PCE) of 20.1%.1

Although remarkable progress has been
made in laboratory-scale devices,2�6 there
are still only a few reports on large area
modules for practical deployment.7�12 The
first solid-state perovskite solar module
(PSM) having a PCE of ∼5.1% employing a
mesoporous TiO2 electron transport layer
(ETL), a CH3NH3PbI3�xClx absorber layer,
and a P3HT hole transport medium (HTM)
was published in 2014.8 The PCEwas further
improved to 13%, the highest in PSM so far,
by minimizing the contact resistance (RCON)
at the series interconnections viaprecise laser
patterning and also using spiro-MeOTAD as
HTM.7 The scalability of these methods was
also demonstrated over large area module
sizes of ∼100 cm2 via air-flow-assisted doc-
tor blading and sequential deposition of
perovskite precursors at ambient condi-
tions; however, the PCE dropped to ∼4.1%

due to nonuniform HTM deposition during
scaling up.12 Similarly, PSMs employing a
planar inverted architecture (ITO/PEDOT:
PSS/CH3NH3PbI3/PCBM)9 and also flexible
PSMs11 on plastic substrates have been
reported with a PCE of ∼8.7 and 3.1%,
respectively.
While high PCE in PSMs has been

achieved together with their fabrication
via scalablemethods such as doctor blading
and screen printing, their long-term opera-
tional stability remains a bottleneck toward
their practical deployment.13�15 The mod-
ules reported have mostly employed either
a TiO2 mesoporous scaffold or a planar
architecture.2�7 The stability in PSCs has
been shown to also partially depend on
themorphology and crystallinity of the elec-
tron transport layers (ETLs).16 While a planar
architecture with a compact TiO2 layer
provided a high initial PCE, it resulted in
unstable PSCs compared to those made
of a crystalline nanorod (NR) scaffold that
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ABSTRACT Perovskite solar cells employing CH3NH3PbI3�xClx active layers

show power conversion efficiency (PCE) as high as 20% in single cells and 13% in

large area modules. However, their operational stability has often been limited

due to degradation of the CH3NH3PbI3�xClx active layer. Here, we report a

perovskite solar module (PSM, best and av. PCE 10.5 and 8.1%), employing

solution-grown TiO2 nanorods (NRs) as the electron transport layer, which showed

an increase in performance (∼5%) even after shelf-life investigation for 2500 h.

A crucial issue on the module fabrication was the patterning of the TiO2 NRs, which was solved by interfacial engineering during the growth process and

using an optimized laser pulse for patterning. A shelf-life comparison with PSMs built on TiO2 nanoparticles (NPs, best and av. PCE 7.9 and 5.5%) of similar

thickness and on a compact TiO2 layer (CL, best and av. PCE 5.8 and 4.9%) shows, in contrast to that observed for NR PSMs, that PCE in NPs and CL PSMs

dropped by∼50 and∼90%, respectively. This is due to the fact that the CH3NH3PbI3�xClx active layer shows superior phase stability when incorporated in

devices with TiO2 NR scaffolds.
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showed consistent performance with up to 60 days of
shelf life.16 On the other hand, the TiO2 NP-based ETL
may induce instability in the PSCs due to light-induced
desorption of surface-adsorbed oxygen.17 The NRs
therefore remain a potential scaffold material to build
durable devices. Owing to their one-dimensional struc-
ture, NRs offer 2 orders of magnitude higher electron
mobility, longer diffusion lengths, and improved pore-
filling compared to the labyrinthine NP analogues.18

However, despite the advantages offered by these
one-dimensional nanostructures, their research so far
has been limited to laboratory-scale devices not only in
PSCs but also in their predecessors, the dye solar
cells.19�21 This limitation is due also to the difficulty in
patterning them, which is necessary for the up-scaling
to module size. In fact, rutile nanorods are routinely
synthesized via bottom-up processes where they
firmly grow on the conducting glass substrate (typi-
cally, fluorine-doped tin oxide, FTO).22 One could argue
the possibility of selectively growing these NRs on a
prepatterned substrate. However, because the NRs are
typically synthesized on conducting substrates via a
solution approach growing all over the surface, the
end-to-end growth leaves no place for cell series inter-
connection (Figure 1a). Furthermore, NRs grow in a
strong acidic medium and at temperatures of∼150 �C,
making it difficult to mask the FTO for NR growth on

selective areas, which could allow patterning of sub-
strates for serial interconnections. The removal of NRs
from the interconnection of individual cells is crucial as
the presence of NRs adds to the sheet resistance
(RSHEET) and contact resistance (RCON), thereby reduc-
ing the fill factor (FF). The key challenge for module
fabrication, therefore, is to develop a method to pat-
tern the as-grown NRs via their selective removal.
Herein, we demonstrate successful removal of the

NRs from selective areas of FTO via interfacial engineer-
ingduring agrowthprocess and controlled laser pulsing
for developing monolithic series type CH3NH3PbI3�xClx
modules. The NRs grown directly on FTOs could not be
patterned even at high laser powers; this issue was
solved by growing them on an intermediate thin TiO2

layer on FTO. The NRs were ablated from the FTO with-
out damaging the conducting layer, resulting in RSHEET
and RCON (∼25 Ω/0 and ∼4 Ω/mm2, respectively),
closer to that of a bare FTO (RSHEET ∼ 15 Ω/0, RCON
1.6 Ω/mm2). The precisely laser-patterned substrates
with the TiO2 NRs, when employed to fabricate PSMs,
resulted in a PCE of ∼10.5%, significantly higher than
that of reference modules made either with TiO2 NPs
(7.9%) or with just a compact TiO2 layer in the planar
architecture (5.8%). The encapsulated NR PSMs also
showed a remarkably stable performance over the
∼2500 h of our study compared to PSMs employing

Figure 1. (a) Top view of as-grown rutile nanorods on the FTO surface. Inset shows a cross section of NRs. (b) XRD spectra of
rutile nanorods compared with a bare FTO. (c) Surface monographs of TiO2 NRs using high-resolution transmission electron
microscopy. Inset shows a distant view of the same. (d) Electron diffraction pattern of annealed rutile NRs. For all
measurements, the annealed NRs (450 �C for 30 min) were used.
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TiO2 NPs and nanoporous compact layers in similar ex-
perimental conditions, affirming the crucial role of the
nature of the ETLs and scaffolds on module stability.

RESULTS AND DISCUSSION

Patterning of Solution-Grown TiO2 Nanorods. Morphology
and crystal structure of the as-grown TiO2 NRs are
shown in Figure 1. The NRs have an average diameter
of∼100 nm, a length of∼500�550 nm, and a packing
density∼3.8� 1010 cm�2 (Figure 1a). All of the peaks in
the X-ray diffraction (XRD) pattern shown in Figure 1b
could be indexed to rutile TiO2 in addition to the ones
from the fluorine-doped tin oxide substrate. Lattice
parameters of the TiO2 nanorods determined from
the XRD patterns are a = b = 4.59 Å and c = 2.95 Å,
which are in good agreement with the reported values
(ICDD 00-001-1292). The rods were single crystalline, as
judged from the extended crystallinity of the lattice
images (Figure 1c) and spotty electron diffraction
pattern (Figure 1d).

The NRs were grown all over the FTO surface during
the hydrothermal process, thereby leaving no space
between individual cells for series interconnections
(Figure 1a). To make individual cell contacts and inter-
connections between them, the NRs were selectively
removed using an Nd:YVO4 laser pulsed (∼18 ns) at
∼10 kHz at an optimized output laser fluence of
1.4�2.0 J cm�2. A thin intermediate layer (IL) of
∼50 nm thick TiO2 was deposited via a TiCl4 solution
treatment on FTO (NR/IL/FTO, D2) before the growth of
the NR. Details of the optimization procedures of laser
power and the effect of laser treatment on both types
of device architectures, D1, with the NR grown directly
on FTO, and D2, incorporating the IL before the NR
growth, are provided in Supporting Information
(Figures SI-3, SI-4, SI-6, and SI-7). Figure 2b�d shows
the contact resistivity (FC), RCON, and the transfer length
(LT) via transfer length method (TLM) of both device
architectures (D1 and D2) as a function of laser fluence.
The fact that, at laserfluencesbetween1.4 and1.8 J cm�2,

Figure 2. (a) Step-by-step fabrication of perovskite modules made of TiO2 nanorods. (b�d) Specific contact resistivity (FC),
contact resistance (RCON), and transfer length (LT) calculated via the transfer length method of the FTO substrates used
for fabricating the two device architectures, D1 (FTO/NR, represented by circles in the graph) and D2 (FTO/IL/NR, represented
by squares symbols in figure).
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these parameters are close to those of a bare FTO
sample represents evidence that there has been a
successful removal of NR from D2, which makes it fa-
vorable for building large area modules (Figure SI-4).
The IL played a crucial role in the successful ablation of
the NRs; in the device architecture D1, the NRs could
not be removed from the FTO surface at laser fluences
that would not damage the FTO (<2 J cm�2). This is
because the adhesion of NRs on the FTO surface
is stronger compared to that of NRs grown on the IL.
The FTO surface was damaged at higher laser powers
(Figure SI-5), eventually resulting in a several-fold
increase of RCON.

Themicrostructure at the interface and thickness of
the functional layers of the devices, studied by scan-
ning electron microscopy (SEM), show that the thick-
nesses of TiO2�CH3NH3PbI3�xClx in NRs, NPs, and CL
devices were ∼460, ∼510, and ∼100 nm, respectively
(Figure 3a�c). No perovskite overlayer is visible in the
devices, as the perovskite infiltrated through the pores
of ETLs. The CH3NH3PbI3�xClx crystallized on NRs and
CL as nanoparticles (with characteristic sizes of 10�
30 nm, Figure SI-8), whereas its formation on TiO2 NPs
was not clearly visible, conceivably due to the con-
formal coating of the perovskite layer on the TiO2

NP.5,14

ETL-Dependent Photovoltaic Performance. Current�vol-
tage characteristics of the devices, measured at 1 sun

conditions (Figure 3e), demonstrated that the photo-
voltaic (PV) performance of PSCs is strongly influenced
by the ETL. The PCE (calculated for forward scan (scan
rate 40 mV/s) with respect to active area = ISC � VOC �
FF/active area) for the best performing CL and TiO2 NPs
were ∼5.8 and ∼7.9%, respectively, calculated on the
active area. Detailed IV parameters and average PCE of
the modules are given in Table 1. X-ray diffraction and
absorbancemeasurements of the devices show that the
NRPSMshave a larger volume fraction of theperovskite,
which explains the origin of higher JSC and PCE in them.
The best performing NR-based module resulted in sig-
nificantly higher PV parameters, that is, VOC ∼ 3.36 V,
JSC ∼ 22.2 mA/cm2, FF ∼ 0.56, and PCE ∼ 10.5% with
respect to active area. To ensure consistency and relia-
bility of our experimental results, data from all of the
fabricated devices are shown in Figure 3f. The PCE
values for two CL, five NP, and four NR modules fab-
ricated at similar experimental conditions and in differ-
ent batches were 5 ( 1.1, 5.4 ( 2.1, and 7.8 ( 2%,
respectively. Higher JSC values were routinely observed
in NR modules (19.2 ( 2.78 mA/cm2), evidencing the
beneficial effects when 1D materials are employed as
the ETL.

The nonuniform deposition of the perovskite layer
and HTM over ETL induced internal hysteresis in NP
and NR devices, resulting in VOC comparatively lower
than that in a planar module.23�25 A similar trend

Figure 3. (a�c) Cross-sectional viewof the three devices, with different NR, NP, andCL electron collecting layers, respectively.
(d) Absorbance spectra of the three devices immediately after fabrication. (e) Current�voltage characteristics of the three ETL
modules recorded at AM1.5Gandat 100W/cm2. (f) Graph showing thePCEof a different number ofmodules (2 for CL, 5 forNP,
and 4 for NR electron collecting layers) fabricated in our experiments.

TABLE 1. Photovoltaic Parameters (JSC, VOC, FF, and PCE) of the CL, NP, and NR Modules and the Average PCE with

Standard Deviation Calculated over All Fabricated Modules

device architecture area (cm2) ISC (mA) JSC (mA/cm
2) VOC (V) FF best PCE (%) av. PCE (%)

CL 10.8 (2.7 cm2 � 4) 29.2 10.8 4.06 0.53 5.8 4.9 ( 1.1
NP 10.8 (2.7 cm2 � 4) 47.8 17.7 3.24 0.55 7.9 5.5 ( 2.1
NR 10.8 (2.7 cm2 � 4) 57.1 22.2 3.37 0.56 10.5 7.8 ( 2.0
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correlation between hysteresis and VOC is observed by
Kim et al.,25 where VOC showed a strong dependence on
the calculated hysteresis index. We note that the photo-
voltaic parameters in the NP-based PSMs are slightly
higher than those in our previous report (VOC = 3.36 V,
ISC = 35.7 mA, JSC = 14.2 mA/cm2, FF = 0.65, and PCE =
7.7%),7 which employed a NP ETL thickness of∼250 nm
(see Figure 5 of ref 7). The increased performance in the
present work can be attributed to higher perovskite
loading, due to the higher TiO2 layer thickness
(∼500 nm). On the other hand, the significantly higher
PV performance in NR modules is due to improved
charge collection compared to their NP analogue of
similar thickness (∼500 nm), as explained subse-
quently in this article. The significantly higher photo-
current in NRs can be attributed to two reasons. First,
their one-dimensional morphology reduced transport
resistance in the NR and charge recombination at the
NR/CH3NH3PbI3�xClx interface compared to the NP
counterparts, as evident from their increased FF and VOC.
Second, significantly higher absorbance and light
scattering in NR modules below 600 nm can be noted
(Figure 3d), which is attributed to the bigger size of NRs
(∼100 nmdiameter and∼500 nm length) compared to
the size of the NPs (∼25 nm). Although the planar
module with the CL resulted in significantly higher VOC,
commonly observed in these devices as explained in
a previous report,16 the final PCE is limited due to
inferior JSC. The lower photocurrent in CL devices com-
pared to theNP andNRmodules can bemainly ascribed
to their significantly lower absorbance (Figure 3d) and
partially to the absence of additional light scattering
from the ETL.

Incident photon-to-current conversion efficiency
(IPCE) investigations validated the improved PV para-
meters of NR modules. Figure 4a shows the IPCE
spectra of the three modules. The photocurrent gen-
eration starts in the near-IR (∼800 nm), which is in
agreement with the band gap of perovskite26 and

reaches its maximum value of ∼90% near ∼450 nm,
at the short wavelength end of the spectrum. The
integrated JSC values for CL, NP, and NR modules,
calculated by integrating IPCE spectra with the photon
flux at 1 sun conditions, are 10.4, 16.4, and 21.3 mA/cm2,
respectively, which are in good agreement with the
measured JSC (10.2, 17.6, and 22.2mA/cm2, respectively).
The IPCE values gradually decreased above ∼500 nm,
which is due to the lower light harvesting efficiency
(LHE, i.e., percentage of incident light absorbed)
of CH3NH3PbI3�xClx in this region (Figure SI-9a). The
improved PV performance and charge collection in NR
modules is also reflected from their absorbed photon-
to-current conversion efficiency (APCE, internal quan-
tum efficiency) spectrum (Figure 4b), which is defined
as the ratio between the number of photoelectrons
collected in a solar cell and the number of photons
absorbed. The APCE (IPCE/LHE) spectrum shows near
unity quantum yield in NR modules for generated and
collected charge carriers throughout the visible region
of solar spectrum, significantly higher than NP and CL
devices (∼70 and ∼60%, respectively). A comparison
of APCE values of the three devices with their JSC shows
that the improved performance in NR modules is not
only due to their higher absorbance compared to NP
and CL devices but also, more importantly, from their
improved charge collection at similar thickness owing
to their one-dimensional nature.

Effect of ETL on the Durability of PSMs. In order to
evaluate the effect of the ETLs on the long-term
performance of perovskite solar modules, we carried
out shelf-life investigations (ISOS-D-1 Shelf)27 for
∼2500 h of a batch of encapsulated modules consist-
ing of three NR, three NP, and one CLmodule. All of the
devices showed similar performance over 2500 h of
shelf-life investigation. CL (planar) devices have been
known to degrade in a similar fashion;16 therefore, only
one module was tested for aging. The three types of
modules showed a rapid decrease in PV performance

Figure 4. (a) IPCE spectra of the three devices and their integrated photocurrent calculated from the overlap of the IPCE
spectrum with AM1.5G solar photon flux and (b) APCE spectra of the three ETMmodules calculated from their IPCE and LHE.
In (a), the IPCE of CL, NP, andNR is represented by0,O, and ), whereas the colored lines represent integrated photocurrent of
the same devices, respectively.
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after encapsulation at ∼110 �C (Figure SI-11) due to
thermal shock during the encapsulation procedure.
However, the performance mostly recovered within
∼100 h, so that the stress caused by thermal shock is to
a certain extent reversible. The aging trends of the
three modules show a rapid decay in the performance
of CL devices within the first 500 h (Figure 5); the PCE
dropped by 80% (following the same trend as that of its
JSC), whereas the NP modules showed a gradual de-
crease in performance over time and a 50%drop in PCE
was observed after∼2500 h. The NRmodule, however,
showed a minor increase in performance (4%) during
∼2500 h as a result of a slight improvement in its JSC.
The shelf life (τEL) of the three devices calculated from
their PCE curves (Figure SI-12 and Table SI-1) shows
that τE values for NP and CL modules were 2.5 years
and 27 days, while the performance of the NRmodules
did not decrease but actually increased over the shelf-
life time of 2500 h. Unlike the thermal shock, degrada-
tion of the perovskite phase in encapsulated PSMs over
time during the shelf-life tests was irreversible, the
reason for which we investigated using absorption and
XRD spectroscopy studies.

Degradation in PSCs has mainly been attributed to
the decomposition of perovskite crystals into PbI2.

28�31

The decomposition could be visibly identified from a
color change in these devices. Habisreutinger et al.32

highlighted the crucial role of humidity in the decom-
position of CH3NH3PbI3, as judged from the color
change as well as the decrease of absorbance in their
unencapsulated devices. The encapsulated devices in
our study did not show any color change after∼2500 h

(Figures SI-13 and SI-14); therefore, the observed re-
duction of the PV performance in NP and CL PSMs does
not likely originate fromhumidity-induced degradation.

To identify the source of the varied photovoltaic
performance of the three modules, we recorded the
XRD (Figure6a�c) patternsof analoguesunencapsulated
perovskite solar cells kept at low humidity conditions
(e30%) during various stages of aging. The analogues
are made due to the difficulty in recording the XRD
spectra of the encapsulated larger modules. All three
types of devices initially showed XRD peaks of the
perovskite phase (14.13, 28.4, and 43.4� corresponding
to (110), (220), and (330) planes, respectively), FTO, and
TiO2 only. Upon aging, the devices based on CL and NP
showed the nucleation and growth of PbI2 [2θ∼ 12.2�,
(001) plane] at aging time of <600 h, thereby showing
the degradation of the CH3NH3PbI3�xClx crystal. In
addition, the peaks of the perovskite phase continu-
ously shifted to higher angles. On the other hand, the
smaller PbI2 peak in NR-based devices observed at
∼1000 h demonstrates lesser and slower degrada-
tion of CH3NH3PbI3�xClx. These observations indicate
that the CH3NH3PbI3�xClx perovskite in planar and
NP-based devices would decompose in the presence
of moisture (unencapsulated cells kept at <35% rela-
tive humidity), which could be due to the interface
morphology also. Upon aging, the CH3NH3PbI3�xClx
decomposes into PbI2, and its peak systematically
increased, evidencing an increased in PbI2 in the
absorber layer. Although NR-based devices marked
the presence of PbI2 at ∼1000 h, its growth rate is
appreciably lower than that of the other devices.

Figure 5. (a�d) NormalizedVOC, JSC, FF, and PCE of the three encapsulatedmodules (NR, NP, and CL represented by a triangle,
square, and circle symbol, respectively) measured during a shelf-life investigation for ∼2500 h.
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To identify the lower degradation rate in NR de-
vices, the fraction of the perovskite phase left in the
absorber layer of the devices was determined from the
area of its main peaks at (110) and (220) planes (14.13
and 28.4�) and is shown in Figure 6d (Figure SI-15). The
perovskite degradation rate determined in this way
followed an exponential trend, similar to that observed
for the PV efficiency and JSC, in which the CL- and NP-
based devices were left with <5% perovskite phase
against ∼80% for NR counterparts after ∼2300 h.
However, we observed an increasing volume fraction
of the perovskite phase at∼600 h together with PbI2 in
CL and NP devices, which could originate from crystal-
lization of the amorphous fraction left during deposi-
tion. Given the similar chemical nature of the interface,
viz., TiO2�CH3NH3PbI3�xClx, the observed perovskite
stability in the NR PSMs could originate from two
possible reasons: (i) rutile (NR) is thermodynamically
more stable than the anatase (CL and NP) so that the
TiO2�CH3NH3PbI3�xClx interface is chemically stable;
and (ii) nanorods are in thermodynamic equilibrium
due to their single crystallinity and larger volume
(∼4.7� 106 nm3), whereas polycrystallinity and smaller
volume (∼8.2� 103 nm3) of the CL and NP layers make

them relatively unstable. The second possibility allows
migration of ions across the TiO2�CH3NH3PbI3�xClx
interface in CL and NP films, thereby degrading the
perovskite phase over a period of time. To validate
these possibilities, we have developed an overlayer
of anatase TiO2 particles on the NRs by TiCl4 treat-
ment, and the resulting structure was used for PSM
fabrication. The PSM thus developed showed a decay
behavior similar to that of the NP PSM (Figure SI-17),
thereby affirming the beneficial effect of the crystalline
NR ETL toward their stable performance.

As unencapsulated NR devices have shown signifi-
cantly lesser degradation at low humidity conditions,
their encapsulated counterparts should show a stable
perovskiste phase. To validate the stability of the
encapsulated devices, we recorded their absorption
and IPCE spectra of the aged devices. The absorbance
of CL and NP PSMs decreased significantly in the
650�800 nm wavelength window of the spectrum
(Figure 7a), implying significant degradation of the
perovskite phase upon aging. On the other hand, NR
PSMs showed a slightly increased absorbance in the
corresponding region, demonstrating stable perovskite
phase and subsequent improvement in the PV

Figure 6. (a�c) XRD spectra of the three devices with different ETLs (unencapsulated, employing TiO2, perovskite and HTM
layers only) measured for ∼2300 h, stored in low humidity conditions and in the dark, and (d) fraction of decomposed
perovskite crystals calculated from the strongest XRD peaks of the perovskite (14.13 and 28.4�). The labels in the XRD peak
indexing A, R, FTO, P, and PbI2 correspond to anatase, rutile, FTO, perovskite, and PbI2, respectively.
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parameters (Figure 7c; inset shows a slight increase in
absorbance between 600 and 800 nm). The signifi-
cantly higher degradation in NP and CL devices can
also be confirmed from their IPCE spectra recorded
after ∼2500 h; while the IPCE of NP and CL PSMs

dropped by ∼55 and ∼85% compared to their initial
values with respect to their peak IPCE values, the NR
modules showed an ∼18% increase to their initial IPCE
value. Although complete investigationsonwhyNRs led
to a durable performance are required, our initial find-
ings serve as a step forward for the commercial deploy-
ment of this emerging class of solar cells.

CONCLUSION

We have fabricated CH3NH3PbI3�xClx-based solar
modules employing vertically aligned TiO2 nanorods
as an electron transport layer via precise laser pat-
terning and interfacial engineering. Fabrication of an
intermediate thin TiO2 layer between FTO and NRs
facilitated their patterning formodule fabricationwith-
out damaging the conducting oxide layer. The NR
modules showed not only significantly higher power
conversion efficiency (10.5%, av. 8.1%) compared to
the planar (CL, 5.8%, av. 4.9%) architecture and even
nanoparticle (NP, 7.9%, av. 5.4%) analogue with the
same scaffold thickness but also, more importantly, a
higher shelf-life durability. The source of stable perfor-
mance in NR modules investigated via XRD, absorp-
tion, and IPCE studies shows that perovskite has a
phase stability on NRs better than that of their particle
analogues, most likely due to their macroporous nat-
ure compared to mesoscopic NPs.

METHODS

Synthesis of Electron Transport Layers on Large Area Substrates.
Three types of ETLs were synthesized on large area precleaned
conducting glass substrates, FTO (5.7 cm � 5.7 cm2 purchased
from Solaronix, sheet resistance ∼15 Ω/0): (i) ETL employing
TiO2 nanorods, (ii) compact TiO2 layer via TiCl4 solution treat-
ment (CL), and (iii) ETL employing TiO2 nanoparticle as a scaffold
(NPs). Rutile nanorods were prepared as reported elsewhere.33

In brief, DI water and HCl (37%) were mixed (60 mL/60 mL) and
magnetically stirred for 10 min followed by addition of 2.4 mL
of titanium isopropoxide until a clear solution was obtained.
FTOs were placed in an autoclave containing a Teflon socket
with conducting side facing down at an angle∼45� and kept at
150 �C for 4�5 h in an electric oven to achieve a desired
thickness of TiO2 NRs. Two types of photoanode architectures
were obtained for NRs: (i) NRs were directly grown on FTO
(single-layer architecture) and labeled D1 (FTO/NR); and (ii) an
intermediate layer was grown on the FTO via TiCl4 treatment as
described in literature,34 which was then placed in an autoclave
for NR growth (double layer) and was labeled D2 (FTO/IL/NR).

To fabricate devices employing TiO2 NPs, a compact layer
was deposited by spray pyrolysis technique on the glass�FTO
substrates. A TiO2 NP paste was then deposited by screen
printing and sintered to obtain a ∼500 nm thick mesoporous
TiO2 layer. Thickness of the ETLs was measured using a surface
profilometer (Dektak Veeco 150).

Laser Ablation of Electron Transporting Layers. The NRs and CL
layers were deposited via a bottom-up approach, and the grown
ETLs cover the entire FTO surface, unlike the TiO2 NPs, where a
pattened ETLwas obained via screen printing (Figure SI-20). The
insulation of successive cells is, therefore, crucial to realize the
series connections that imply electrical contacts between the
FTO of the cell to the counter electrode of the adjacent one.
To realize such a patterning, we used a Nd:YVO4 raster scanning

laser emitting at λ = 1064 nm. First, we insulated sequential cells
by ablating both FTO and ETL with a repetition rate of 30 kHz at
an applied fluence of 4.5 J cm�2, and then we removed the ETL
from the area where the FTO makes contact with the counter
electrode of the successive cell. The laser parameters were
optimized to remove NRs from the FTO surface.

Transfer Length Method Measurements. TLM was employed to
investigate ohmic contacts and to measure the contact resis-
tance between different layers on the NR substrates. Although
removal of NRs can be visibly confirmed from the substrate
(Figures SI-4 and SI-6), TLMmeasurements are crucial to provide
details of sheet resistance (RSHEET) and contact resistance (RCON)
of the substrate. We investigated Ag/NR/FTO and Au/NR/IL/FTO
after laser ablation, as shown in Figure 2b�d. A Au/FTO contact
was used as reference. FTO was scribed via laser etching and
metal contacts (Ag) were screen printed on the FTO to obtain
the desired TLM layout (Figure SI-6), with the distance of the
contacts varying from ∼1 to ∼6 mm.

Perovskite and HTM Deposition. We employed single-step per-
ovskite deposition throughout the experiment as reported
previously.8 In brief, methylammonium iodide (Dyesol) and
PbCl2 (Aldrich, 98%) were used as received. Mixed perovskite
precursor solution (CH3NH3PbI3�xClx, 40 wt %) was deposited
by spin-coating at the three types of ETL (spinning parameters:
2000 rpm for 50 s) inside a glovebox. The CH3NH3PbI3�xClx
deposited substrates were sintered as follows: 100 �C for 1 h,
110 �C for 15 min, and 120 �C for 15 min. The color change of
the samples was observed during the annealing process, show-
ing the crystallization of CH3NH3PbI3�xClx. The devices were
subsequently spin-coated with a hole-conducting medium,
2,20,7,70-tetrakis(N,N-dip-methoxyphenylamine)9,90-spirobi-
fluorene (Spiro-O-MeTAD 99%, Lumtec, Taiwan), in a solution
at 2000 rpm for 50 s in the glovebox and then left in air for 4 h in a
closed drybox. The HTM solution was prepared by adding 75mg
of Spiro-O-MeTAD (Lumtec) in 1 mL of chlorobenzene, followed

Figure 7. (a�c) Absorbance and IPCE spectra of the three
types of the encapsulated modules, used for aging tests,
recorded after ∼2500 h. In the absorbance spectra, the
dashed line represents absorbance of the fresh device, and
the solid line shows absorbance after 2500 h. (d) IPCE
spectra of each module are normalized with respect to the
IPCE peak value of each device under aging measured
immediately after fabrication.
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by addition of 8 μL of 4-tert-butylpyridine and 14.2 μL of a
520 mg mL�1 LiN(CF3SO2)2N solution in acetonitrile. For metal
back contact (Au, ∼100 nm), the devices were introduced into a
high-vacuum chamber (10�6 mbar) for thermal evaporation. The
evaporation masks defined the active area of modules (typically
10.8 cm2 for eachmodule). Fourmodules ofNRs, twomodules for
planar, and five modules employing TiO2 NP ETL were fabricated
and tested to ensure reliability of the experimental results.

Perovskite and HTM Removal Procedure. Perovskite and HTM
layers deposited via spin-coating on FTO were etched from
the interconnections between successive cells using a raster
scanning Nd:YVO4 laser, emitting at λ = 532 nm with a pulse
duration of∼18 ns and a fluence of 15mJ/cm2. We ablated TiO2

NRs, perovskite, and HTM over the patterned FTO using one-
step ablation (Figure 2a); first, the λ = 532 nm raster scanning
laser was used to remove the perovskite�HTM layers, and then
the 1064 nm raster scanning laser was used to remove NRs from
substrates using the same parameters described above.

Electrical Characterization of the Modules. Scanning electron
microscopy (7800F, FESEM, JEOL, USA) was used to investigate
the morphology of the perovskite grown on the three ETLs
via cross-sectional analysis of thin films on FTO. Absorption
and transmittance of the devices were recorded using a UV�vis
spectrophotometer (Shamidzu, UV-2600) employing an inte-
grated sphere. Current�voltage curves of the devices were
measured using a class A solar simulator (ABET Sun 2000) at
1 sun illumination conditions using a Keithley 2420 as a source
meter and calibrated using a reference silicon cell (RERA Solu-
tions RR-1002). The first measurement of all the devices was
made immediately after fabrication.

Device Encapsulation and Long-Term Shelf-Life Investigations. The
modules were sealed after first I�Vmeasurement using a 2 mm
thick glass using Surlyn (60 μm) as a thermoplastic sealant to
investigate the effect of various ETLs on their long-term per-
formance. The lamination was performed with a Memo pneu-
matic flat hot press set at 110 �C. The encapsulated devices
were kept in air in a closed box containing silica desiccant
(relative humidity <35%) following the protocols (ISOS-D-1
Shelf) reported for the shelf-life investigation.26 The encapsu-
lated modules are conceivably humidity free over long-term
aging, keeping them in low humidity conditions will ensure no
or minimum water ingress in these devices.
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