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Planar perovskite solar cells (PSCs) made entirely via solution processing at low
temperatures (<150°C) offer promise for simple manufacturing, compatibility with flexible
substrates, and perovskite-based tandem devices. However, these PSCs require an
electron-selective layer that performs well with similar processing. We report a
contact-passivation strategy using chlorine-capped TiO, colloidal nanocrystal film that
mitigates interfacial recombination and improves interface binding in low-temperature
planar solar cells. We fabricated solar cells with certified efficiencies of 20.1 and 19.5% for
active areas of 0.049 and 1.1 square centimeters, respectively, achieved via low-temperature
solution processing. Solar cells with efficiency greater than 20% retained 90% (97% after
dark recovery) of their initial performance after 500 hours of continuous room-temperature
operation at their maximum power point under 1-sun illumination (where 1 sun is defined

as the standard illumination at AM1.5, or 1 kilowatt/square meter).

etal halide perovskite solar cells (PSCs)
have attracted extensive research inter-
est for next-generation solution-processed
photovoltaic (PV) devices because of their
high solar-to-electric power conversion
efficiency (PCE) and low fabrication cost (7-4).
The top-performing PSCs, which have reached
a certified PCE of 22.1%, have relied on high-
temperature-sintered (450° to 550°C) mesopo-
rous TiO, as the electron-selective layer (ESL)
(5-7). However, this high-temperature processing
makes manufacture more complex and hampers
the development of flexible modules and perovskite-
based monolithic tandem devices. To overcome
this limitation, researchers have pursued pla-
nar PSCs that exploit low-temperature (typically
<150°C) solution-processed charge-selective layers.
Metal oxide materials such as TiO,, ZnO, SnO,,
and Zn,SnO,, colloidal nanoparticles synthesized
at low temperatures have commonly been used
as the ESL (8-16). Very recently, high-efficiency (cer-
tified 19.9%), small-area PSCs have been achieved
using low-temperature-processed SnO, (17, 18).
Unfortunately, long-term device operational
stability has remained far inferior to that of coun-
terpart devices made using high-temperature-
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processed ESLs (19-22). Furthermore, the high
efficiency and large area required for industri-
alization have yet to be demonstrated in low-
temperature planar PSCs (table S5) (23-25).
We reasoned that performance and stabil-
ity loss in low-temperature planar PSCs could
arise from imperfect interfaces and charge re-
combination between the selective contact at the
illumination side and the perovskite film grown
on top (4, 26, 27), as the perovskite active layers
themselves have excellent long-term photostability
upon the addition of formamidinium (FA), Cs,
and Br ions (79-22, 28). Once the impressively
long photocarrier diffusion lengths in perov-
skite films are achieved, attention must shift to
perfecting the interface (29-32). We reasoned
that deep trap states present at the perovskite/
ESL interface could potentially be addressed
by passivating the interface between the charge-
selective contact and the perovskite absorber.
We devised a simple and effective interface-
passivation method that leads to efficient and
stable low-temperature-processed planar PSCs.
Chlorine-capped TiO, colloidal nanocrystal (NC)
films processed at <150°C were used as the ESL.
The chloride additive in perovskite precursor
solutions enhances grain-boundary passiva-
tion in MAPbI; ,Cl, (MA, methylammonium
cation, CH3NH;") PSCs (33-36). We found that
the interfacial Cl atoms on the TiO, NCs sup-
press deep trap states at the perovskite inter-
face and thus considerably reduce interface
recombination at the TiO,/perovskite contact.
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The interfacial Cl atoms also lead to strong
electronic coupling and chemical binding at
the TiO,/perovskite planar junction, as projected
in previous theoretical studies (37). As a re-
sult, we fabricated hysteresis-free planar PSCs
with independently certified PCEs of 20.1% for
small-area devices (0.049 cm?) and 19.5% for
large-area devices (1.1 cm?). The low-temperature
planar PSCs with high initial PCE >20% ex-
hibit excellent operational stability and retain
90% (97% after dark recovery) of their initial
performance after 500 hours operating at their
maximum power point (MPP) under constant
1-sun illumination (where 1 sun is defined as the
standard illumination at AM15, or 1 kW/m?).

We first used density functional theory (DFT)
to examine defect passivation and interface bind-
ing by interfacial chlorine at the TiO,/perovskite
interface (Fig. 1, fig. S1, and table S1) (38). We
found that Cl at the interface results in stronger
binding at the TiO,/perovskite interface for both
the cases of MAX- and PbX,-terminated (X = Cl,
I) perovskite surfaces. Perovskite films with the
PbX,-terminated interface are energetically fa-
vored to contact the TiO,. Previous studies (39-41)
have shown that, in bulk perovskites, the most
detrimental defects (deep-level defects) are anti-
sites but that their formation energy is relatively
high, which explains the low trap-state density in
MAPDI; perovskite films and single crystals. Va-
cancies and interstitials, although much more
abundant, are shallow defects. We thus explored
the effect of Cl at the interface on both antisite
and vacancy defects. Without Cl, a Pb-I antisite
defect leads to localized states near the valence
band edge (Fig. 1A). These states can capture holes
and become nonradiative recombination centers.
In contrast, the formation energy of the Pb-Cl
antisite at the PbCl,-terminated interface is higher
(i.e., less favorable to form), which indicates that
antisite defects are suppressed in the presence
of interfacial Cl atoms. The Pb-Cl antisite defect
becomes much shallower and more delocalized
(Fig. 1B) and has little effect on interface recom-
bination. Overall, the incorporation of Cl atoms
at the TiO,/perovskite interface resulted in a low-
er density of interfacial trap states (fig. S1, B and
D), as well as stronger binding between TiO, and
perovskite (table S1).

We devised a synthetic approach to obtain
Cl-capped TiO, NCs as the ESL in solar cells.
We first synthesized ~5-nm-diameter anatase
TiO, NCs (fig. S2) (38) via a nonhydrolytic method
through the reaction of TiCl, and benzyl alco-
hol at 85°C under ambient atmosphere (42, 43).
This process resulted in Cl-capped TiO, NCs
(TiO,-Cl) with 12 + 2 atomic % of Cl relative to
Ti atoms, as determined by x-ray photoelectron
spectroscopy (XPS) (Fig. 1C). A mixture of meth-
anol and chloroform was used to disperse the
NCs while preserving surface Cl ligands. XPS
confirmed that surface Cl ligands were well re-
tained after we formed films from a methanol-
chloroform cosolvent (Fig. 1C). In contrast, the
surface Cl ligands were detached from TiO, sur-
faces when the washed NCs were redispersed
in ethanol with a stabilizer such as titanium
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Fig. 1. The effect of Cl on interface quality between perovskite and TiO,, and stabilization of Cl-capped TiO, (TiO»-Cl) colloidal nanocrystals.
(A) Trap-like localized antisite defects form near the valence band edge for the Pbl,-terminated TiO,/perovskite interface. (B) Shallow and delocalized
Pb-Cl antisite defects are seen for the PbCl,-terminated interface. (C and D) XPS spectra of Cl 2p peaks of (C) TiO, NC films [as-synthesized,
redispersed in the cosolvent of methanol and chloroform (MeOH + CF), and redispersed in ethanol with titanium diisopropoxide bis(acetylacetonate)
as stabilizer (EtOH + TiAcAc)] and (D) TiO,-CI NC films with various post-annealing temperatures [room temperature (RT) and 100° 150° and 250°C].

a.u., arbitrary units.
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Fig. 2. Device structure and characterization of perovskite films on TiO,-Cl. (A) Device structure and cross-sectional scanning electron microscopy
(SEM) image of planar perovskite solar cells (PSCs). (B and C) Top-view SEM images of the TiO,-Cl film on an ITO substrate (B) and the perovskite film on
TiOo-ClI (C). (D) XRD patterns of perovskite films on TiO, and TiO,-Cl. (E) Steady-state PL spectra and (F) time-resolved PL decays of perovskite films on bare
glass and on TiO,- and TiO,-Cl—coated ITO substrates. The PL signals of perovskite films on TiO, and TiO,-Cl were effectively quenched by the fast charge

extraction by TiO, and TiO,-Cl.

diisopropoxide bis(acetylacetonate) (TiAcAc). Such
TiO, NCs that lack Cl ligands—the ESL materials
used in previous reports (8, 9)—were taken as
controls in the present study. Henceforth, we refer
to the TiO, ESL with Cl ligands as TiO,-Cl and
the TiO, ESL lacking the Cl ligands as TiO,. The
Cl atoms were strongly bound to TiO,, and the Cl
ligands of TiO, thin film were retained on the
surface after annealing up to 250°C (Fig. 1D).
We fabricated planar PSCs with TiO, as the
ESL with the device architecture of Fig. 2A.
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The TiO,-Cl film on indium tin oxide (ITO)-
coated glass obtained by spin-coating was smooth
and pinhole-free (Fig. 2B and fig. S3A). The
film also exhibited negligible parasitic absorp-
tion loss over the entire visible-to-near-infrared
spectral range (fig. S3B). Post-annealing treat-
ment at moderate temperatures was applied
to improve the quality of the spin-cast TiO,-Cl
film. The best PV performance was achieved
with a TiO,-Cl annealing temperature of 150°C
(table S2 and fig. S4). The mixed cation-halide
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perovskite layer FAg gsMAg 15Pbls 55Brg 45, With
a thickness of ~600 nm, was deposited on
the TiO,-Cl film using the antisolvent method
(38, 44, 45). The processing solvent for perovskite
precursors (e.g., dimethylsulfoxide) did not remove
surface Cl ligands from the TiO,-Cl film (fig. S5).

The bulk quality of perovskite films was sim-
ilar on both TiO,-Cl and TiO,, a consequence of
their identical processing. Smooth pinhole-free
perovskite films with uniform and large grains

were formed on both TiO,-Cl and TiO, (Fig. 2C
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and fig. S6). As expected from the stoichiomet-
ric ratio of the precursors, x-ray diffraction
(XRD) spectra show no obvious PbI, nor other
nonperovskite phases in films (Fig. 2D). The
sharp absorption edge and narrow photolu-
minescence (PL) spectrum of the perovskite
film confirm a homogenous and single-phase
material (fig. S7). The perovskite films on both
TiO,-Cl and TiO, exhibit a very low trap-state
density of ~3 x 10" cm™, as determined using
the space-charge limited current method (fig.
S8). The band alignment between TiO,-Cl (or
TiO,) and perovskite was determined from ul-
traviolet (UV) photoelectron spectroscopy and
absorption measurements (fig. S9). The excel-
lent match in conduction band minimum be-
tween TiO,-Cl and perovskite allowed efficient
electron transfer into TiO,-Cl, whereas the high
offset in valence band maximum provided effi-
cient hole blocking.

We used steady-state and time-resolved PL
spectroscopy to study the charge transfer Kki-
netics between perovskite and ESLs. When
perovskite films were formed on TiO, and
TiO,-Cl, the steady-state PL was quenched be-
cause of fast electron transfer to the ESLs (Fig.
2E). Figure 2F shows the PL decays of the
perovskite films on bare glass and on the TiO,-
and TiO,-Cl-coated ITO glass substrates. Table
S3 summarizes the decays fit for biexponential
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Fig. 3. Enhanced photovoltaic performance of perovskite solar cells with
TiO>-Cl. (A) J-V curves of PSCs with TiO, and TiO,-Cl as electron-selective
layers (ESLs) measured at reverse and forward scans. (B) Histogram of the
power conversion efficiency (PCE) values among 204 devices on TiO,-Cl.
(C) Normalized transient photocurrent decay and (D) normalized transient
photovoltage decay of solar cells with TiO, and TiO,-Cl as ESLs. Devices shown
in (A) to (D) have the perovskite composition of MAFA. 1, charge-transport life-
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components, a fast decay lifetime t,, and a slow
decay lifetime 1,. The perovskite film on bare
glass had a long lifetime (t,) of 470 ns. The PL
lifetimes of perovskite films on ESLs were
shortened to a similar degree for both TiO,
and TiO,-Cl. This result indicates that both
ESLs had sufficient electron extraction in solar
cells, consistent with the good band alignments
between the ESLs and perovskite.

To explore the effect of interfacial Cl atoms
on the PV performance of planar PSCs, we made
devices on the TiO,-Cl and control TiO, ESLs.
Figure S10 presents the statistical performance
of 40 devices fabricated with otherwise-identical
device processing on each type of ESL. Solar cells
fabricated on TiO,-Cl exhibit considerably bet-
ter performance than those on TiO, for all PV
metrics: The average open-circuit voltage (V)
increased from 1.06 to 1.14: V with the incorpora-
tion of Cl, and the average fill factor (FF) increased
from 69 to 77%. Correspondingly, TiO,-Cl resulted
in a higher average PCE (19.8%) than the Cl-free
TiO, (15.8%).

Device performance measured after optimi-
zation is shown in Fig. 3A and table S4. Our
results confirm that the interfacial Cl atoms,
not the bulk properties of TiO, ESLs, domi-
nate the performance of these PSCs. Figure
3B shows a histogram of PCE values over 200
planar PSCs fabricated on TiO,-Cl within a
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| Average PCE=19.6% c

period of 3 months. Excellent reproducibility
is indicated by the narrow distribution of
PCE values. The best-performing devices with
TiOy-Cl reached a PCE of 20.9%. The PCE from
current density-voltage (J-V/) sweeps is con-
sistent with the stabilized maximum power
output (fig. S11). The external quantum effi-
ciency (EQE) spectrum (fig. S12) exhibited a
broad plateau above 80% over the spectral
range from 400 to 760 nm because of strong
light harvesting within the thick perovskite film.
Integration of the EQE curve with the AM1.5G
solar spectrum yielded a photocurrent density
of 22.6 mA cm ™2, in good agreement with the
short-circuit current density (J.) value from J-V
characterization. We also examined the hys-
teresis of solar cells made on TiO,-Cl and TiO,
(Fig. 3A and table S4). Devices on TiO,-Cl showed
negligible hysteresis, whereas devices made on
TiO, exhibit strong hysteresis, similar to pre-
vious studies using low-temperature TiO, as
the ESL (8, 9). The PV parameters of the Cl-free
devices varied substantially with respect to scan
direction.

To gain further insight into the performance
enhancement resulting from the use of TiO,-Cl,
we characterized perovskite film properties,
charge-transfer Kinetics, and charge recombina-
tion in solar cells with TiO, and TiO,-Cl. The bulk
quality of perovskite films and charge transfer
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time; 1, charge-recombination lifetime. (E) J-V curves of the best-performing
small-area (0.049 cm?) CsMAFA PSC measured at reverse and forward scans.
(F) J-V curves of the best-performing large-area (1.1 cm?) CsSMAFA PSC, show-
ing a PCE of 20.3% (Voo = 1.196 V, Jo. = 22.2 mA cm™2, FF = 76.4%) at the
reverse scan. The inset shows a photo of the large-area device. MAFA and
CsMAFA denote the perovskite compositions of FAggsMAg15Pbl2 55Bro4s
and Csp 05FA0.81MA0 14Pbl> 55Bro 45, respectively.
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Fig. 4. Long-term device stability of perovskite solar cells with TiO>-Cl and TiO,. (A) Dark storage
stability of nonencapsulated PSCs using TiO, and TiO,-Cl. The unsealed cells were kept in a dry cabinet
(<30% relative humidity) in the dark and measured regularly in nitrogen. PCE values were obtained
from the reverse scans. (B) Continuous maximum power point (MPP) tracking for 500 hours of a high-
performance unsealed CsMAFA cell with TiO,-Cl in nitrogen atmosphere under constant simulated
solar illumination (100 mW cm™2) with a 420-nm cutoff UV filter. PCE values taken from reverse J-V
scans (square symbols) are shown as well; the device retains 95% of its initial performance, as
determined from reverse J-V scans. (C) J-V curves of the PSC (CsMAFA) from (B) at various stages:

were similar on both ESLs. Transient photo-
current decay under short-circuit conditions
was obtained to study the influence of the ESL
on charge transfer in solar cells (Fig. 3C). Cells
with the two ESLs had a comparable charge-
transport lifetime (1, ~ 3.4 us), indicating sim-
ilar interfacial charge transfer. This similarity
implies that either bulk quality or interfacial
charge transfer is not the main reason for the
solar cell performance enhancement by TiO,-Cl.

We used transient photovoltage decay under
the open-circuit condition to characterize solar
cells and found that the charge-recombination
lifetime (1) of the device on TiO,-Cl was sub-
stantially longer than that of the device on
TiO, (145 versus 64 us) (Fig. 3D), consistent with
slowed charge recombination at the TiO,-Cl/
perovskite interface. The reduced ideality factor
of solar cells with TiO,-Cl (n = 1.25) compared to
those with TiO, (n = 1.73) is consistent with
suppressed interfacial recombination (fig. S13).
As seen in the DFT studies, interfacial Cl atoms
suppress the formation of deep trap states on
the surface of perovskite films, leading to im-
proved surface passivation and reduced inter-
facial recombination.

To examine the applicability of TiOo-Cl to other high-
efficiency PSCs, we fabricated devices using cesium-
containing perovskite Cspo5FAqs:MAg14Pblo 55Bro.45
(denoted as CsMAFA), which had been shown
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to improve performance and photostability com-
pared with FAjgsMAg 15Pbl, 55Brg 45 (denoted
as MAFA) (22, 46, 47). The best-performing
small-area CsSMAFA solar cell (0.049 cm?) ex-
hibited a high laboratory PCE of 21.4% (V. =
1.189 V, J,. = 22.3 mA/cm?, FF = 0.806) without
hysteresis in J-V sweeps (Fig. 3E). We also
fabricated large-area (1.1 cm?®) CsMAFA solar
cells on TiO,-Cl, showing a PCE value >20%
with negligible hysteresis (Fig. 3F). A small-area
and a large-area device were sent, without en-
capsulation, to an accredited independent PV
test laboratory (Newport Corporation PV Lab,
Montana, USA) for certification. These devices
produced certified PCEs of 20.1 and 19.5%,
respectively (figs. S14 to S16). The large-area
device exhibited ~3% performance loss relative
to the small-area device. The certified PCE of
19.5% for the large-area, low-temperature pla-
nar PSC exceeds that of other reported low-
temperature or planar PSCs (24, 25), and it ap-
proaches the certified PCE of large-area cells that
relied on high-temperature-sintered mesoporous
TiO, (table S5) (23, 38, 48).

We examined the long-term stability of low-
temperature planar PSCs made on TiO,-Cl and
TiO, under dark storage as well as under ope-
rating conditions. The long-term stability of PSCs
is closely related to the front ESL/perovskite
interface binding strength and interfacial charge
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accumulation during operation (49, 50). The
devices made on TiO,-Cl showed substantially
enhanced stability relative to TiO, under dark
storage (Fig. 4A). MAFA-based devices on TiO,-
Cl maintained 95% of their initial PCE after
storage in the dark over 60 days, whereas those
on TiO, only retained 38% of their initial ef-
ficiency (Fig. 4A). The high-efficiency CsMAFA
devices on TiO,-Cl (initial PCE > 21%) exhibited
promising shelf stability, retaining 96% of their
initial performance after 90 days (more than
2000 hours).

Solar cells must operate stably under MPP
conditions. The MAFA solar cells based on
TiO,-Cl showed improved stability under con-
tinuous operation at MPP, as compared with
devices based on TiO, (fig. S17). The CsSMAFA
solar cells on TiO,-Cl (with a 420-nm cutoff
UV filter) retained 90% of their initial perfor-
mance after continuous operation for 500 hours
under 1-sun illumination, as directly deter-
mined from the MPP tracking (Fig. 4B). The
PCE increased slightly in the first tens of hours
of MPP operation, which may be caused by light-
induced defect healing in the perovskite active
layer (19, 5I). No perovskite decomposition was
observed after MPP operation, as seen from the
XRD results (fig. S18), which indicates that
the performance drop during MPP operation
may be caused by defect generation in the perov-
skite layer (52, 53) and changes to the perovskite/
spiro-OMeTAD interface (the latter has previ-
ously been shown to be vulnerable) (54-56).
The device self-recovered to an efficiency of
19.8% (97% of initial PCE) following dark stor-
age (Fig. 4C), consistent with previous reports
(18, 19, 52).

Overall, the stronger binding at the TiO,-Cl/
perovskite interface and the suppressed inter-
facial recombination account for superior sta-
bility in planar PSCs based on TiO,-Cl. The new
approach to fabricate efficient and stable PSCs
is simple and scalable, compatible with future
industrialization of perovskite-based PV technol-
ogy. It offers a promising path to flexible devices
and, in combination with low-band-gap semi-
conductor materials, to the formation of tandem
devices.
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Editor's Summary

Passivating trapsin perovskites

L ow-temperature processing of planar organic-inorganic perovskite solar cells made through
solution processing would alow for simpler manufacturing and the use of flexible substrates. However,
materials currently in use form interfaces with charge carrier trap states that limit performance. Tan et
al. used chlorine-capped TiO5 colloidal nanocrystal films as an electron-selective layer, which limited
interface recombination in sol uti Sn-procewd solar cells. Such cells achieved certified efficiencies of
19.5% for active areas of 1.1 cm<.
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