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The crucial hierarchy of the interfacial passivation at different
positions of perovskite solar cells together with the corresponding
mechanism has been studied despite the selection of passivation
mediums in this work. The passivation on the upper interface could
more effectively enhance the device performance with an efficiency
of 19.55% compared to the pristine and lower passivated cells
(15.90% and 18.39%, respectively). Furthermore, the upper passi-
vated devices exhibit better long-term and thermal stability than
the lower passivated and pristine ones.

Since the first report of perovskite solar cells (PSCs) by Miyasaka
et al.," numerous works have been focused on layer modification
and interfacial engineering.””® To date, the power conversion
efficiency (PCE) for PSCs has been amazingly promoted to over
25%," almost comparable to silicon solar cells. In particular,
the inverted (p-i-n) PSCs have shown significant advantages in
terms of high stability and negligible hysteresis.> Nevertheless,
challenges still remain in front of their real commercialization.
For instance, most deposition methods produce polycrystalline
perovskites, which could contain many defects at the layer
interfaces and grain boundaries that can increase the recombi-
nation and reduce the efficiency.® Besides, the defects also
provide possible access for moisture or oxygen outside of the
device and degrade the device stability.”

Recently, several interface passivation approaches have been
proposed to reduce the defects at the surfaces of the perovskite
layer. For example, Pang et al. and Kazunari have used PbI, and
a polymer as the passivation layer on top of perovskite surfaces by
vapor and solution methods, respectively.®® Moreover, bifacial
passivation has also been carried out to suppress non-radiative
losses and reduce the defect density.'® These results have shown
significantly improved open-circuit voltage (Voc), short-circuit
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current density (Jsc) and PCE and lower shunt-current leakage.
However, it unclear the detailed function of the passivation on
different positions of the device, and whether the passivation
could affect the perovskite growth. Unbalanced carrier extraction
will result in carrier aggregation at the interface and induce
different effects on different positions.**

In this work, we mainly focus on the passivation hierarchy
and find that passivation on the upper interface is generally
more efficient than that on the lower interface in inverted PSCs,
which applies for polystyrene (PS), polymethyl methacrylate
(PMMA) and likely other passivating systems. The utilization
of the upper passivation layer can more effectively passivate
surface trap states, block hole transport to the ETL, balance the
extraction of carriers, and thus significantly lead to higher Voc
and fill factor (FF). Besides, the upper passivation layer exhibits
better thermal and long-term stability for the perovskite device
than that of the lower passivation layer. Such difference may
have been caused by the “reparation” effect of the passivators
on the perovskite layer, i.e., polymeric chlorobenzene solution
can enlarge the perovskite grains by minimizing the total Gibbs
free energy and slowing down the perovskite crystal growth,"?
reduce the pinholes through the “cross-link” effect between the
grains and suppress the ionic defects by coordination with
donation of lone pair electrons.”>™* It also implies that the
upper passivation has actually not only been “interfacial” but
also a “bulk” effect. This work has clearly indicated different
effects exerted on different positions of the device by the same
passivation process.

Fig. 1a-c show the morphology of the prepared perovskite
films via scanning electron microscopy (SEM) and the corres-
ponding grain sizes have been described using histogram
statistics in Fig. 1d. The pristine perovskite film was uniformly
formed on the mesoporous NiO, layer and well crystallized with
very small grain size. For the lower passivated perovskite film
(Fig. 1b), the grain size has been remarkably increased, which is
highly attributed to the reduced wettability of the NiO,/PS
surface.'® The perovskite film with upper passivation layer also
shows large grain size and its surface is much smoother than
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Fig.1 Top view SEM images of (a) the pristine, (b) lower passivated and
(c) upper passivated perovskite films. (d) Statistic diagram of perovskite
grain size. (e) XRD patterns and (f) optical absorbance of the perovskite
films without and with different passivation layers.

that of the pristine and the lower passivated ones (Fig. 1c and
Fig. S2, ESIf). This would be beneficial for spin-coating of
PCBM in the subsequent step and thereby enable better contact
with the ETL on the perovskite photoactive layer. Moreover,
XRD peaks of perovskite films with lower or upper passivation
layers are highly similar in shape to that of the pristine film
(Fig. 1e). Notably, the peak at 14.1° (corresponds to the (110)
lattice reflection of MAPDI; structure) is significantly strengthened
in the passivated samples, indicating better crystallinity. UV-vis
absorption spectra of the films indicate that the absorption curves
of pristine, and lower and upper passivated perovskite films are
almost coincident with each other (Fig. 1f), indicating that the
introduction of a passivation layer on the surface of the perovskite
absorber layer will not deteriorate the perovskite itself.'®

Finally, pristine planar PSCs have been fabricated with
FTO/NiO,/CH;NH;Pbl;/PCBM/Ag architecture. Similarly, devices
with FTO/NiO,/PS/CH;NH,;PbL;/PCBM/Ag (“lower passivated
PSCs”) and FTO/NiO,/CH3;NH;PbI;/PS/PCBM/Ag architectures
(“upper passivated PSCs”) were also fabricated and measured.
As shown in Fig. 2a, voids and pinholes exist at the perovskite/
NiO, interface, which could significantly weaken the contact
between the perovskite and hole transport layer (HTL). Moreover,
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Fig. 2 False color cross-sectional SEM images of (a) the pristine perovskite
solar cell without passivation layer and (b) lower passivated and (c) upper
passivated PSC. (d) J-V curves of optimal PSC devices without and with lower
and upper passivation layers, which were measured under different scan
directions. The solid and hollow signs correspond to forward and reverse
scanning, respectively. (e) The corresponding EQE and integrated Jsc spectra.
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the smaller the grain size, the more grain boundaries the photo-
induced carriers will pass through, and therefore higher carrier
recombination may take place, which could consequently degrade
the photovoltaic performance of devices."” Compared to that, the
lower and upper passivated devices show better coverage of the
perovskite layer on the substrate, with less pinholes and voids
(Fig. 2b and c). In particular, the perovskite film with upper
passivation layer is so compact that there are almost no visible
pinholes. This could have been attributed to the cross-link effect
and the ion coordination effect of the passivator precursor on the
perovskite formation during the upper passivation process.'* The
polymeric (such as PS and PMMA) CB solution was applied to
promote the perovskite growth and film-forming properties by its
cross-link effect through hydrogen bonding."® The ultrathin insu-
lating polymer layer can selectively conduct carriers by tunnelling
effect from the perovskite layer to the HTL/ETL due to the energy-
matching level for each layer,"”® as illustrated in the energy
diagrams in Fig. S3a and b (ESIf). Furthermore, lone pair elec-
trons donated from the oxygen atoms of the polymeric Lewis
bases can coordinate with perovskite crystal defects such as Pb**
or NH*" at grain boundaries.”® All these have suggested that the
upper passivation may not only affect the upper interface in the
PSC, but also in the perovskite bulk itself. Hence, it is deemed to
be beneficial for charge extraction and transport and thus
improving the photovoltaic performance of the PSCs.

Fig. 2d shows the photocurrent density-voltage (J-V) curves
of PSCs without a passivation layer and with lower PS layer and
upper PS layer. The pristine device shows efficiency up to
16.39% and 16.12% under reverse and forward scanning,
respectively. In comparison, the lower passivated PSC shows
much better photovoltaic performances. The champion device
(PS concentration 0.5 mg mL~") shows PCE up to 18.39% and
18.22% under reverse and forward scanning, respectively (detailed
photovoltaic parameters of the lower and upper passivated
PSCs versus PS concentration can be found in Fig. S3c, d and
Tables S1, S2, ESIt). Moreover, upper passivation induced even
better performance. The champion device shows PCE up to
19.55% and 19.52% at reverse and forward scanning, respectively.
The J-V curves of the upper passivated device at different scanning
directions are almost coincident with each other, indicating the
lowest hysteresis compared to the pristine and lower passivated
solar cells (detailed parameters are listed in Table S3, ESIt). Fig. 2e
presents the external quantum efficiency (EQE) spectra of
champion devices without and with a lower and upper passiva-
tion layer, respectively. The calculated Jsc values are well
matching with the measured results shown in Table S3 (ESIf).
Beside the champion devices, we have also made statistical
analysis of the devices (Fig. S4, ESIt). In addition, we can obtain
the values of shunt resistance (Rg,) and series resistance (R;)
from the -V measurement. The upper passivated cell exhibits
similar Ry with those of the lower passivated and pristine
devices but much larger Ry, (Fig. S4a-c, ESIt). Generally, the
higher Rg,/R; value results in higher FF,*! and this is consistent
with our results. A considerable improvement in PCE can be
expected by combining the effect of lower and upper passiva-
tion, i.e. bilateral passivation, which has been already verified
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Fig. 3 (a) Steady-state output photocurrent of the champion devices.
(b) Dark J—V measurement of the hole-only devices. (c) Steady-state and
(d) time-resolved photoluminescence spectra of the pristine, lower and
upper passivated perovskite films.

in our previous publication, and it will not be further discussed
in this work.

In order to validate the reliability of the solar cell perfor-
mance, we measured the steady-state current density by apply-
ing a bias voltage around the maximum output power (Viay)-
The Viax for the pristine solar cell as well as lower and upper
passivated devices were calculated to be 0.85, 0.91 and 0.95 V,
respectively, and the steady-state current density of the studied
devices was recorded as shown in Fig. 3a. Stable PCEs of
16.28%, 18.21% and 19.24% could be achieved with photo-
currents of 19.16, 20.01 and 20.25 mA cm %, respectively, which
are consistent with the J-V measurements in Fig. 2. To evaluate
the influence of passivation in such effects, the trap state
density (Niap) was detected by the space-charge-limited current
(SCLC) method. As shown in Fig. 3b, the dark J-V curves for the
hole-only devices can be divided into three distinct regions:
ohmic region (left), trap-filling limited (TFL) region (middle)
and child region (right).?” The Ny, of perovskite film can be
evaluated from the trap-filling limited voltage (Vrg), the onset
voltage of the trap-filled limited region, using the equation
Nirap = 2608 Vrrr/(€L?),’ where ¢, is the vacuum permittivity, ¢, is
the relative dielectric constant, e is the charge constant, and L is
the thickness of the film. The values of Vg, are 0.92, 0.86 and
0.74 V for the pristine, lower and upper passivated perovskite
films, respectively. Therefore, the corresponding calculated trap
densities are 2.65 x 10', 2.48 x 10" and 2.13 x 10" cm?,
respectively. The low trap density of the upper passivated device
would significantly improve the performance of the PSCs.** Steady-
state and time-resolved photoluminescence decay measurements
have also been employed to investigate the charge extractions of
the prepared perovskite films. The sample without passivation
shows a strong steady photoluminescence (PL) peak at ~761 nm
(Fig. 3c). As for the lower passivated sample, the PL intensity is
reduced, suggesting more effective carrier transport from the
perovskite absorber to the NiO, HTL.>* However, the PL intensity
for the upper passivated sample is higher than that of the pristine
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sample; this result might be caused by the improved perovskite
film quality because of uniformly triggered heterogeneous nuclea-
tion and filling of the voids and grain boundaries by the upper PS
layer.'® This suggests that the surface non-radiative recombination
defects have been largely suppressed, thus reducing the charge
trapping loss.”® Time-resolved photoluminescence (TRPL) decay
measurements were applied to analyze the dynamics of recombi-
nation by using a 470 nm wavelength pulsed laser as the excitation
source. The TRPL curves in Fig. 3d show consistent trends with the
PL spectra and demonstrate an obvious biexponential decay
behavior containing a fast decay (r;) component followed by a
slow decay process (t,) (details are listed in Table S4, ESIT).
Compared to the pristine sample with average lifetime (z,) of
13.3 ns, the PL quenching of the lower passivated sample is
significantly enhanced (t, = 5.8 ns), which is mainly attributed
to improved charge transfer.”* The insignificant lifetime recovery
after introducing the upper passivation layer indicates reduced
interface recombination and efficient passivation effect.'”> The
surface trap states and nonradiative recombination centers are
attenuated in the perovskite layer protected by the upper PS,
resulting in higher V¢ of the corresponding PSCs.>®
Furthermore, electrochemical impedance spectroscopy (EIS)
measurements were implemented at a bias voltage of 0.8 V in
the dark to evaluate the charge transport process and contact
resistance (Fig. 4a). The arc in the high frequency region
indicates that the upper passivated device shows the highest
recombination resistance. Besides, the information of R values
can be evaluated from the x-intercept in the left part of the arc
(Fig. S5, ESIf), both of which are consistent with the above
discussion. In addition, the capacitance-voltage (C-V) charac-
teristics obtained from Mott-Schottky measurements were also
performed to evaluate the passivation effect. The built-in
potential (V};) can be extracted from the x-intercept (Fig. 4b),
and the values are 0.94, 1.00 and 1.06 V for pristine, lower and
upper passivated devices, respectively. The enlarged V},; can not
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Fig. 4 (a) EIS Nyquist plots (inset: fitting circuit), (b) Mott—Schottky curves
and (c) long-term stability of the pristine, lower and upper passivated PSCs.
(d) J-V curves of optimal PSCs with lower and upper PMMA passivation
layer (inset: detailed photovoltaic parameters). The solid and hollow signs
correspond to reverse and forward scanning, respectively.
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only extend the depleted region and suppress the back transport of
holes from the HTL to the perovskite layer, but also accelerate
charge dissociation and avoid charge accumulation at the HTL/
perovskite interface and thus contribute to higher Ve’ Apart
from the increased photovoltaic parameters, the passivation layer
affects the device stability as well. We measured long-term stability
of the champion devices under the same conditions without
encapsulation, stored in a drying cabinet (at ~22 °C and relative
humidity of ~2%). The upper and lower passivated PSCs retained
around 87% and 85% of their initial PCE values after 40 days of
storage, respectively, whereas that of the pristine PSC was reduced
to almost 77% of its initial value (Fig. 4c). Besides, the upper
passivated perovskite film exhibits much better thermal stability
than those of the pristine and lower passivated ones measured at
120 °C in air with humidity of 60% (Fig. S6, ESIT). This can be
explained by the fact that the upper passivated perovskite film is
protected by the PS film, which can effectively inhibit perovskite
decomposition by blocking water invasion.”® We have also verified
that bilaterally passivated samples show similar thermal stability to
that of the upper passivated one in our previous work, suggesting
the upper passivation film plays a dominant role in preventing
the decomposition of the perovskite layer. To further verify the
universality of such a hierarchy in other passivation systems, we
have also introduced PMMA to the devices. The prepared perovskite
films with lower and upper PMMA passivation film exhibit similar
trends with those of the PS-passivated samples (Fig. S7 and S8,
ESIT). Then we fabricated lower and upper passivated PSCs and
measured their J-V curves (Fig. 4d). The upper passivated PSC
exhibits a champion PCE of 19.54%, which is higher than that
of the lower passivated device (18.63%). The inset lists the
detailed photovoltaic parameters, indicating that the major
promotion of the upper-passivated PSCs also comes from the
enhanced V. Similar to the PS case, the passivation by PMMA
also shows positive proportion of contact angle with increasing
passivator concentration, which can effectively tailor the
nucleation and growth process of perovskite grains.® In gen-
eral, for other possible candidates of passivators such as
phenethylammonium iodide and polyethylene glycol,>>*° this
hierarchy effect could also very possibly exist. Concerning the
dual effects of upper passivation on the top interface and
perovskite bulk, even better performance could be induced if
it could be reproduced in other positions of the device.

In summary, we have clearly demonstrated that passivation
of the upper interface would be in principle more efficient than
that of the lower interface in PSCs. Such a difference has been
apparently attributed to the “reparation” effect of passivation
medium on the perovskite layer, which has effectively filled the
grain boundaries of the perovskite layer and reduced the trap state
density in both the perovskite layer and the interface between it
and the upper carrier transport layer. A PCE of 19.55% and V¢ of
1.133 V with negligible hysteresis have been achieved for the
champion devices with an upper passivation layer. Comparing to
the pristine and lower passivated devices, the upper passivated
PSC exhibits better long-term and thermal stability. The difference
has indicated that the upper passivation may not only induce
“interfacial” but also “bulk” effects on the devices. Such a result

This journal is © The Royal Society of Chemistry 2019

View Article Online

ChemComm

could hopefully facilitate the passivation in PSC devices in general
with other modifications and different materials.
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