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ABSTRACT: The efficiency of a solar cell generally decreases over
time due to degradation of the devices. Here we report a
spontaneous increase of device efficiency for organic−inorganic
hybrid perovskite (OIHP) solar cells after a period of storage that
is speculated to be related to the sodium ions (Na+) diffused from
the substrate. The efficiency of a p−i−n planar heterojunction
structure device rises from 18.8 to 20.2% after 24 h of storage in
nitrogen. The increased efficiency can be explained by the
prolonged carrier lifetime and reduced trap density in the OIHP
films. The expected contribution by Na+ in defect passivation has been evidenced by studying the evolution of the film’s
photoluminescence (PL) lifetime, trap density, and device efficiency over storage duration on varied substrates that either
contain Na+ or do not. The passivation effect of Na+ is further identified by the improved PL lifetime observed in the OIHP
film made on a silicon substrate with intentionally added Na+.

Recent important progress in enhancing the power
conversion efficiency (PCE) of organic−inorganic
hybrid perovskite (OIHP) solar cells counts on careful

optimization of the precursor composition,1−6 device struc-
ture,2,7,8 quality of OIHP films,1,6,7,9 as well as passivation of
defects.2,10−12 Like any type of solar cells, the efficiency of the
OIHP solar cells is limited by charge recombination. While
spectroscopic studies revealed that the dominating charge
recombination mechanism at the working conditions of OIHP
solar cells is bimolecular charge recombination,13 the presence
of deep charge traps in polycrystalline OIHP films has been
broadly observed,10,14 which inevitably causes charge recombi-
nation and loss of PCE. Many efforts have been made to
suppress charge recombination by reducing the amount of deep
traps. For example, the nonstoichiometric precursor ratio with a
slight excess of methylammonium iodide (MAI) or PbI2 has
been proposed to suppress nonradiative charge recombination
at OIHP grain boundaries (GBs) or to passivate the surface of a
TiO2 electron transport layer (ETL).4,5,15−17 Various techni-
ques such as thermal engineering, solvent annealing, and
nonwetting surfaces were believed to reduce the trap density by
improving the crystallinity of OIHP films, enlarging crystalline
grains, and reducing total GB area.1,9,18,19 One of the most
broadly applied and simplest methods to passivate the surface

of perovskite films is to use a fullerene and its derivatives, which
are also good ETLs, though a passivation molecule does not
necessarily need to be a charge transport material,2,10,11,20

resulting in both higher PCE and significantly reduced or
eliminated photocurrent hysteresis at room temperature. The
Lewis bases thiophene and pyridine were reported to form a
coordinate or dative covalent bond with undercoordinated Pb
ions at GBs and the surface.12 Their passivation effects were
evidenced by the recovery of photoluminescence (PL) of the
films.21 However, the devices treated by thiophene or pyridine
still showed relatively low efficiency and notable photocurrent
hysteresis. Physical absorption or chemical bonding of oxygen
at the surface of methylammonium lead bromide (MAPbBr3)
single crystals was found to dramatically enhance the PL
intensity and PL lifetime of MAPbBr3 single crystals as well as
thin films.22,23 Similar PL intensity and lifetime enhancement of
O2 is also observed in another perovskite methylammonium
lead iodide (MAPbI3).

24,25 However, it is not clear yet whether
the interaction of MAPbI3 with O2 indeed enhances device
efficiency, while an overdose of oxygen has been broadly
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reported to cause degradation of MAPbI3.
26,27 There is still

large space to explore new passivation techniques to further
increase OIHP device efficiency.
A miracle passivation species in copper indium gallium

selenide (CIGS) thin film solar cells resulting in spontaneous
efficiency enhancement are the alkaline metal ions that
gradually diffuse from the underneath soda lime glass (SLG)
during device fabrication or after device operation.28−31 Here,
we report an observation of similar spontaneous improvement
in OIHP device efficiency that may also associate with a self-
passivation effect at the perovskite GBs during device storage.
The best-performing device shows an increased PCE of 20.2%
after storage from an original efficiency of 18.8%. Detailed
analysis discovers that the sodium ions (Na+) coming from the
indium tin oxide (ITO) glass substrates are responsible for the
spontaneous passivation effect. On the other hand, the sodium
salts, such as NaI, though reported to enhance perovskite thin
film morphology previously,32 are rarely observed to have a
passivation effect that improves the optoelectronic properties.
The device structure is shown in Figure 1a, which presents a

typical planar heterojunction (PHJ) structure with mixed-cation
OIHP films as absorber layers and poly(bis(4-phenyl)(2,4,6-
trimethylphenyl)amine) (PTAA) and double fullerene layers as
the hole transport layer (HTL) and ETL, respectively. The
copper electrode was employed to minimize possible
degradation between the perovskite layer and the cathode.33

For the mixed-cation perovskite film, methylammonium
bromide (MABr, 10 wt %) was blended with formamidinium
iodide (FAI) solution in a two-step OIHP film fabrication
process to stabilize the perovskite phase at room temperature
and ambient condition.6 It also helps to obtain a “black”
perovskite phase at the relatively lower annealing temperature
of 100 °C rather than at the phase transformation temperature
of 165 °C due to the better tolerance factor.34 Photocurrent
hysteresis was minimized in our devices, as shown in Figure S1,
due to high-quality and uniform perovskite films formed on
nonwetting PTAA surfaces and the passivation of perovskite by
the double fullerene layers.9,10 The fabricated devices were
stored at either ambient or inert conditions (N2 atmosphere)
with constant exposure to room light. Interestingly, the devices
stored under both conditions showed an obvious increase of
the PCE after storage for 2−3 days, with variation of the PCE
summarized in Figure 1b,c. The initial PCE of the devices is
already high, with an average PCE of 18.0%. The average PCEs
were improved by 3 and 8% for devices stored in ambient and
inert conditions, respectively, among eight devices that come
from the same batch tested at each condition. The PCE
improvement mainly came from the increased short-circuit
current (JSC) and fill factor (FF), as summarized in Figure S2,
which shows the evolution of device performance parameters
over time. This behavior is however different from what was
observed in CIGS solar cells, where the PCE enhancement
mainly came from the open-circuit voltage (VOC) and FF
enhancement. It is possible that the main limitation of VOC in
our device is energy disorder or energy level misalignment from
interfacial/charge transport layers rather than the trap states at
GBs and the surface, which have been passivated by double
fullerene layers to a considerable extent. It is not surprising that
devices stored in ambient conditions experienced a smaller
increase of PCE, and some of them had a slightly declined
efficiency after 1 week of storage because the devices also
degraded in air. Clearly, the air exposure-induced degradation
traded off with the spontaneous PCE improvement, and one

would only see the efficiency enhancement if the degradation of
the device is relatively slow enough. Figure S2 shows that the
decrease of device efficiency under ambient conditions is
mainly due to reduction of the FF. The best-performing devices
had a similar evolution trend with the average behavior. The
largest PCE improvement reached 0.5 and 1.5% for the devices
stored in ambient and inert conditions, respectively, as
presented in Figure 1b,c.
The highest PCE of the OIHP devices was obtained with an

initial PCE of 18.8%, VOC of 1.05 V, FF of 0.763, and JSC of 23.5
mA cm−2. After storage in a N2 atmosphere for 24 h, the PCE
increased to 20.2%, with VOC of 1.06 V, FF of 0.780, and JSC of
24.4 mA cm−2, as shown in Figure 2a. The photocurrent of the
devices stored for 24 h stabilized at 23.1 mA cm−2, measured at
0.86 V bias under constant illumination, yielding a stabilized
PCE of 19.9%, as shown in Figure 2b. That is very close to the
PCE obtained from J−V curve. The calculated JSC from external
quantum efficiency (EQE) in Figure 2c increased from 23.4 to

Figure 1. (a) Device structure scheme of the mixed-cation OIHP
solar cell. PCE evolution of devices stored in (b) inert (N2) and (c)
ambient conditions. Each curve represents the PCE evolution of
individual devices.
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24.1 mA cm−2, which agreed well with the measured
photocurrent. It is noted that the increased photocurrent
mainly came from the enhanced EQE in the wavelength range
between 400 and 650 nm. The increase of the EQE in a
relatively shorter wavelength region should be attributed to
better collection of carriers generated.1,9 The charges generated
by shorter-wavelength light are mainly located close to the ITO
glass side due to the shorter light penetration depth. Then, the
increased EQE at the relatively short wavelength region
indicates reduced charge recombination on the perovskite
films close to the ITO substrate side. The change of the
perovskite/PTAA interface or PTAA HTL during storage is
excluded because it would otherwise change the device EQE at
any wavelength.
Detailed analysis of device efficiency variation over time

concludes that the VOC and FF also increased over time during
storage. We speculate that the efficiency improvement observed
here is associated with reduced charge recombination in the
perovskite films because the absorption of the films did not
show obvious change over time. To investigate the origin of
reduced charge recombination in the perovskite films close to
the ITO side, thermal admittance spectroscopy (TAS)
measurement was performed to evaluate the evolution of the
trap density of states (tDOS) in the devices stored in ambient
and inert atmospheres. As shown in Figure 3a,b, the measured
trap densities in both sets of devices were reduced by 30−75%
at the shallow trap region between 0.30 and 0.40 eV after

storage for 3 days, while the traps in the deeper region showed
no obvious change. Our previous studies indicate that the
shallow traps are mainly located at the GBs of the
polycrystalline OIHP films,9,10 and it is reasonable to infer
the reduction of the tDOS at GBs of the polycrystalline films as
the origin of the improved device PCE. The reduction of charge
recombination in the devices is further evidenced by the
increased carrier lifetime measured by the transient photo-
voltage (TPV) effect for the devices under 1 Sun illumination.
The carrier lifetime evolution of the devices stored in N2 shown
in Figure 3c experienced a significant increase by 25−45% in
the first several days, correlating well with the observed
spontaneous reduction of the tDOS at the GBs. The longest
TPV lifetime reached 945 ns, obtained from a device stored in
N2 for 48 h, as shown in Figure S4, which is also 50% longer
compared with that from our previous MAPbI3 devices,

35 again
indicating the significant reduction of trap states during storage.
The carrier recombination lifetime variation trend is consistent
with the trap density change over time, indicating that the non-
negligible trap states did cause carrier recombination even in
the optimized thin film PVs. This is consistent with our
previous analysis concluding that charge recombination at the
interfaces and GBs in the devices even with optimized
fabrication conditions was at least 10 times faster than that in
the grain interior.10 It also shows a large potential to further
increase the device efficiency by defect passivation.

Figure 2. (a) J−V curve and (c) EQE evolution of the best-
performing mixed-cation OIHP device at day 1 and day 2. (b)
Stabilized photocurrent measurement of the device at 0.86 V bias
under 1 Sun illumination.

Figure 3. tDOS evolution of the devices stored at (a) inert and (b)
ambient condition. (c) Carrier lifetime evolution of the devices
stored at inert conditions. The lifetime was derived from TPV
measurement.
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It is interesting and important to find out what improved the
PCE of the devices spontaneously. Such spontaneous improve-
ment of the PCE is likely to be attributed by enhancement of
the OIHP layer rather than interface or charge transport layers
because we have already observed prolonged carrier lifetime,
which was associated with the reduced trap density in GBs of
OIHP films. There have been related observations of
spontaneous enhancement of the PL lifetime in OIHP films,
though there was not a related device performance study. It was
attributed to further reaction of the residue precursors or
healing of defects by oxygen/moisture.36,37 However, these
mechanisms cannot explain the phenomenon observed here
because a higher annealing temperature of 100 °C used here
makes it unlikely to have unreacted precursors. In addition,
further increased annealing time or temperature should remove
any precursor residues, but in many cases, further increased
annealing made the device performance even worse. The
impact of environmental vapor can be also excluded because
our devices showed improved PCE in both inert and ambient
conditions. Besides, the change of perovskite morphology can
be excluded. Ostwald ripening or grain coalescence usually

require both high-temperature postsynthesis heating treatment
and an additional organic precursor such as MAI and MABr,
and therefore, it is less likely to happen at inert conditions and
room temperature without excess precursors, which is
confirmed by no observed change in the perovskite crystalline
orientation and crystallinity after 1 week of storage in a N2

atmosphere measured by X-ray diffraction (XRD) and a
scanning electron microscope (Figure S3). The absence of a
PbI2 peak in the XRD pattern also excludes defect passivation
from excess PbI2 in our case. On the other hand, we cannot
totally rule out the possibility of room-temperature annealing of
the perovskite thin film, which may result in chemical change at
the surface/GB or very small Ostwald ripening that is difficult
to observe from topography measurements.
With all of the possible reasons for the spontaneous

improvement, alkaline metal ions like Na+ from the underneath
ITO glass are most likely to be taken into account. One piece of
evidence is the observed presence of a certain concentration of
Na+ in the interdiffusion-grown MAPbI3 films on ITO glass by
secondary ion mass spectrometry (SIMS) measurements, as
shown in Figure 4a, where Pb2+/I− and In3+ come from the

Figure 4. (a) SIMS measurement of interdiffusion-grown MAPbI3 films on an ITO glass substrate. (b) Carrier PL lifetime of the mixed-cation
OIHP films grown on varied substrates ranging from ITO glass, Si, flexible PET/ITO, and ITO glass coated with thicker PTAA. The carrier
PL lifetime was derived from TRPL measurement. All of the substrates were coated with a hydrophobic PTAA layer to ensure that the
morphologies of the top perovskite films were similar. (c) PCE evolution of the devices on flexible PET/ITO and ITO glass with thicker
PTAA. tDOS evolution of the devices on (d) flexible PET/ITO and (e) ITO glass with thicker PTAA.
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perovskite layer and the underneath ITO layer, respectively.
That probably resulted from Na+ diffusion from ITO glass
during thermal annealing and sample storage. Given that we
observed reduction of tDOS at GBs during sample storage, it is
reasonable to speculate that alkaline metal ions from ITO glass
have some correlations with the observation here. The
passivation effect of alkaline metal ions on GBs has been well
established in CIGS solar cells. It was shown that Na+ from the
SLG diffused through a Mo back contact electrode into the
CIGS films during the film fabrication process and/or storage/
operation for several days.29,30

To verify the possible contribution from the ITO glass
substrates, time-resolved photoluminescence (TRPL) measure-
ment was performed on the mixed-cation OIHP films grown on
varied substrates including regular ITO glass, Si, a flexible
polyethylene terephthalate (PET)/ITO substrate, and regular
ITO glass coated with a thicker PTAA layer (80 nm). It should
be noted that the optimized thickness of PTAA in a high-
efficiency device is only 5−20 nm. Here, a thicker PTAA layer
on top of ITO glass is expected to block or slow down Na+

diffusion from underneath of SLG to the perovskite films, while
Si and flexible PET substrates have a negligible amount of Na+.
All other substrates were covered with PTAA layers so that the
OIHP films had a similar morphology as that in regular devices.
TRPL results in Figure 4b show that the PL lifetime of the
perovskite films grown on an ITO glass substrate increased by
almost 80% from 102 to 182 ns after 72 h of storage in N2. The
increased PL lifetime is well correlated with the reduction of
trap states. In contrast, the PL lifetime of the perovskite films
grown on other substrates remained almost unchanged during
storage of the same duration. Given that the bulk of the
perovskite grains has a limited amount of deep trap states due
to the high crystallinity and special defect physics,38 which was
evidenced by the very long diffusion length measured in the
single crystal due to the nature of this type of materials,39 the
prolonged lifetime observed here could be attributed to healing
of charge traps at GBs due to Na+ diffusion during storage.
Another point worth mentioning is that the initial PL lifetime
on the ITO sample is longer than that of other samples by 1−3
fold. We infer that certain amounts of Na+ have already diffused
from underneath of the ITO glass substrate during the thermal
annealing process. To further investigate the passivation effect
from substrates, the devices on flexible PET/ITO and ITO
glass with thicker PTAA were fabricated to check the PCE
evolution during storage. It is not surprising that the PCEs of
both sets of devices decreased in a very similar manner, as
shown in Figure 4c, probably because the GBs received no
passivation effect from the substrates. The tDOS evolution in
Figure 4d,e further confirmed this scenario that no significant
change was observed in the two sets of devices during the 3 day
storage, which is a different observation from that of the devices
made on regular ITO glass. The evolution of device efficiency
and tDOS shown here proves that the spontaneous enhance-
ment should be attributed to the glass substrates, rather than
the interface enhancement, such as oxidation and self-doping of
the OIHP film to charge transport layers. Otherwise, similar
enhancement of PCE and reduction of tDOS are expected in
the N2-stored flexible device with the same carrier transport
layers but PET/ITO substrate, whose PCE and tDOS are
shown in Figure 4c,d.
To further prove the passivation effect of Na+ on the

perovskite GBs, we intentionally added some Na+ on the Si
substrates to observe whether it would impact the PL lifetime

of the perovskite films deposited on them. As shown in Figure
5a, we spin-coated NaCl solution with concentrations of 0.1

and 1 wt % onto the Si substrates, which was followed by
deposition of the thin PTAA (5−20 nm) and perovskite layers
with exactly the same procedure as that previously used to
make the thickness and morphology of the perovskite films be
similar to that of previous samples. The films were stored in a
N2 atmosphere, and the PL lifetime was monitored. The PL
lifetime of these films shown in Figure 5b showed an increase
by 30 and 100% to 212 and 150 ns for the perovskite films with
1 and 0.1 wt % NaCl-treated Si substrates, respectively, after
storage for 72 h. In striking contrast, almost no change of the
PL lifetime was observed from the perovskite film with an
untreated Si substrate, as in Figure 4a. The results shown here
indicate gradual diffusion of Na+ to perovskite films and their
passivation effect. A longer initial PL lifetime of around 150 ns
was observed for the perovskite film on the Si substrate treated
with a higher concentration of NaCl. Again, we speculate that a
larger amount of Na+ or Cl− may already diffuse into GBs to
passivate the trap states during the thermal annealing of
perovskite films. Here, we cannot exclude the possibility that
Cl− might contribute to the higher original PL lifetime.
Incorporation of Cl− was found to improve the device
efficiency and was believed to have a passivation effect on the
perovskite films, though it was preferentially located close to
the interface of the perovskite and carrier transport layers.40−42

One possible pathway of the Na+ passivation is to substitute
the MA+ vacancies that most likely occur in OIHP polycrystal-
line thin films due to the volatile nature of the organic
component. In this context, many other types of monovalent
cations should have a similar passivation effect. This speculation
is partially supported by some recent observations. Monovalent
cations including Cu+ were found to reduce the Urbach
energy.43 Recent study of Cs+-and Rb+-containing perovskite
solar cells showed that they have better thermal stability as well
as better device efficiency, which were attributed to better
material stability with a more appropriate tolerance factor and
less volatile organic cations.44−47 However, the observation of a
smaller Urbach tail of the Cs+-containing perovskite also raises
a question whether Cs+ has a similar passivation effect as that
reported here, which is still in our current study.
In summary, a spontaneous increase of device PCE

associated with the reduction of tDOS at the GBs of perovskite
films was observed during the storage of them in both ambient
and inert conditions. Na+ ions are expected to contribute to this
PCE improvement by a passivation effect on the GBs with the

Figure 5. Illustration of intentionally adding a Na+ source on a Si
substrate and the following TRPL measurement. (b) Carrier PL
lifetime of the mixed-cation OIHP films with an intentionally added
Na+ source from 0.1 and 1 wt % NaCl solutions.
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diffusion of Na+ from the underneath ITO glass substrate
during film fabrication and storage. Currently, very limited
research probes the possible passivation effect of alkaline metal
ions in perovskite solar cells. This work reveals a possible
passivation function from the Na-containing SLG substrates for
perovskite solar cells and paves the way for further study of the
passivation technique by using the right amount of monovalent
ions. This passivation technique can potentially find applica-
tions in other optoelectronic devices that require longer carrier
lifetime and lower traps density, such as ultrafast and low-noise
detectors, low-threshold lasers, and lower-driving voltage light-
emitting diodes.
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