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Abstract: The highest power conversion efficiencies (PCEs) reported for perovskite solar cells
with inverted planar structures are still inferior to those of PSCs with regular structures, mainly
because of lower open-circuit voltages (V,.). Herein, we report a strategy to reduce nonradiative
recombination for the inverted devices, based on a simple solution-processed secondary growth
technique. This approach produces a wider bandgap top layer and a more n-type perovskite film,
which mitigates nonradiative recombination, leading to an increase in V. by up to 100 millivolts.
We achieved a high V,. of 1.21 volts without sacrificing photocurrent, corresponding to a
voltage-deficit of 0.41 volts at a bandgap of 1.62 electron volts. This improvement leads to a
stabilized power output approaching 21% at the maximum power point.

One Sentence Summary: We report a V,. of 1.21 volts in inverted planar heterojunction
perovskite solar cells based on a solution-processed secondary growth technique.
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Main Text:

Recently, perovskite solar cells (PSCs) with inverted planar heterojunction structures,
wherein a polycrystalline perovskite film is sandwiched between a hole- and an electron-
extraction layer, have gained attention as they offer the promise of easy fabrication,
compatibility with flexible substrates, versatility of energy-band engineering, and the possibility
of fabricating multijunction cells (/-4); moreover, they have achieved PCEs exceeding 20%.
Further enhancement of their PCEs is now mainly hampered by the relatively low Vi, typically
<1.10 V in comparison with >1.20 V reported for the regular PSCs using similar bandgap
perovskites (2, 5). The less-than-ideal V. of inverted PSCs is attributed to the nonradiative
recombination losses both inside the perovskite bulk material and at the interfacial contacts (6-8),
owing to the presence of a considerable density of defects or recombination centers (9-15).
Critically, although “isolated” perovskite films can exhibit very high radiative efficiencies, the
radiative efficiency drops considerably when perovskite films contact the charge-extraction
layers (16, 17). Several approaches to reducing the nonradiative recombination—including
increasing the grain size (I8, 19), surface passivation (3), ion compensation (//) and
heterojunction engineering (20, 21)—have been proposed, pushing the V,. up to 1.15 V in
inverted PSCs. In addition, the precise origin of the higher V,. for regular PSCs, which often
include a thin mesoporous scaffold layer, is not clear. Evidence suggests that the perovskite film
crystallized within this “scaffold region” may be more n-type in nature, leading to a favorable n-
type contact at the perovskite n-type charge-extraction region (22-24). However, the perovskite
film crystallized on a p-type substrate has been shown to be more p-type (or less n-type) in
nature at this contact interface (25). These results suggest that the nature of the perovskite film,
and specifically its doping state (n, p, or intrinsic) near the charge-extraction layers, are strongly
influenced by the polarity of the substrates on which the films are crystallized. Consequently,
controlling the nature of the perovskite film at the contact interface may be an effective way to
achieve high V. in inverted PSCs. Here, we introduce a means to deliver a wider bandgap region
near the top surface of the film and a more n-type perovskite film by using solution-processed
secondary growth (SSG) technique, leading to a substantial increase in V..

The SSG process includes two steps: (i) the preparation of perovskite films by solution
processing and (ii) the secondary growth with the assistance of guanidinium bromide (which we
abbreviate to SSG-G). We started with the preparation of a mixed-cation lead mixed-halide
perovskite layer using a non-stoichiometric recipe of (FAg.9sPbl.95)0.8s(MAPbBr3)015 (14, 26),
where MA and FA denote methylammonium and formamidinium, respectively. In Fig. 1A, we
show the scanning electron microscopy (SEM) image of the control perovskite film. The bright
crystals on the surface indicate regions of higher electron density, or regions, that accumulated
charges during the measurement. From energy dispersive X-ray (EDX) analysis (fig. S1), we
determined that the lead halide complex mainly dominated the composition of the bright crystals
in the control sample, absent of carbon, so we assigned it as Pbl; s0Brgso. We further confirmed
this via X-ray diffraction (XRD) analysis of the control sample (Fig. 1B), where we assigned the
diffraction peak (26 = 13.1°) to PbX; (X is a mixture of I and Br at a ~ 1.5:0.5 ratio), using the
standard diffraction peaks of Pbl, at 260 = 12.67° and PbBr, at 20 = 14.37° as the references.
Previously, the presence of the PbX, diffraction peak has been interpreted as indicating the
presence of a PbX, “shell” surrounding the perovskite grains (26, 27). In contrast, our XRD
analysis shows that the PbX constitutes entirely separate grains. From the Sheerer broadening of
the PbX, peak, we estimated an average crystal grain size of 42 nm, which was consistent with
the size of the bright grains observed in the SEM images. Through SSG-G, the excess PbX;
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crystals were “digested”, and the perovskite film displayed distinct surface morphologies (Fig.
1A and fig. S2). From the XRD patterns (Fig. 1B), we observed considerably reduced PbX,
diffraction peak intensity.

We evaluated the photovoltaic performances of the perovskite films with and without the
SSG-G process by fabricating inverted planar heterojunction PSCs {device structure: indium tin
oxide (ITO)/poly[bis(4-phenyl)(2,4,6-trimethylphenyl)amine] (PTAA)/perovskite/[6,6]-phenyl-
Ce1-butyric acid methyl ester (PCg;BM)/buckminsterfullerene (Cep)/bathocuproine (BCP)/copper
(Cu)} and measuring the current density-voltage (J-V) curves under simulated AM (air mass)
1.5G (global) illumination at 100 mW cm™ We systematically optimized the processing
parameters for the SSG process, variations of which we show in table S1-S5. All the devices
exhibited negligible hysteresis (table S6). In Fig. 2A, we present J-V curves of the PSCs obtained
from reverse scans. We found that the SSG-G devices delivered increased V. by up to 100
millivolts (mV) compared with the control devices, without compromising short-circuit current
density (Js) and fill factor (FF). The champion SSG-G device showed a PCE of 21.51% and a
stabilized power output (SPO) of 20.91%, as we show in Fig. 2B. We integrated the external
quantum efficiency (EQE) spectra over the AM 1.5G solar spectrum, and the resulting J,. values
were in close agreement with the values determined from the J-V scans (fig. S3). We fabricated
200 devices from different batches and present the histograms of average V. values in Fig. 2C
(we show histograms of the corresponding PCEs in fig. S4). The average V.. of the control
devices was about 1.10 V, whereas it was about 1.20 V for the SSG-G devices, with a record
value of 1.21 V (Fig. 2C). The “stabilized photovoltage” values that we measured under
continuous 1-sun illumination were consistent with the V. values obtained from the scanned J-V
curves (Fig. 2D). In order to confirm our in-house device efficiency measurements, we sent one
of our non-encapsulated devices to the National Institute of Metrology, China, for external
certification and obtained a PCE of 20.90% (Voc = 1.175 V, Jic = 21.86 mA cm?, and FF =
81.37%) (fig. S5). A V. of 1.21 V rivals the values reported for the regular PSCs of similar
bandgaps, corresponding to a “voltage deficit” of 0.41 V. We compare our results to other
published works for inverted PSCs in fig. S6 and table S7. The SSG-G process is also applicable
to devices with varied electron-extraction layers, buffer layers, and metal electrodes (fig. S7 and
table S8).

To assess the impact of SSG-G process on the long-term stability of the PSCs, we first
tested the thermal stability of non-encapsulated devices in a nitrogen atmosphere. The SSG-G
device showed a slight decay (~ 5%) in PCE after aging for 500 h at 85 °C (fig. S8). In contrast,
the control device degraded more substantially to a PCE of <60% of its original value, indicating
that the SSG-G process improved the thermal stability of the device. We further examined the
operational stability of non-encapsulated devices in a nitrogen atmosphere by comparing the
PCE decay of the control and the SSG-G devices aging under Xenon-lamp-based simulator with
an ultravoilet component (100 mW cm™) at room temperature (Fig. 2B). The SPO of the control
device showed a fast decay initially and then a subsequent decay at a relatively slow rate. In
contrast, we did not see an obvious decay in the SSG-G device over the measurement time.
These results indicate that the positive impact caused by the SSG-G process is stable for an
operational device that it improves the overall stability of the device.

We investigated the changes in the bandgap, microstrain, and electronic disorder induced
by the SSG-G process (figs. S9 and S10) and observed some improvements, including a
reduction in the Urbach energy (described in the supplementary materials). However, by
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calculating the V. in the radiative limit (28), we confirmed that the reduced electronic disorder
within the SSG-G film only contributed a few millivolts to the enhancement in V. (fig. S11).

To uncover the origin of the V,. rise, we performed surface photovoltage (SPV),
ultraviolet photoelectron spectroscopy (UPS) and photoluminescence quantum yield (PLQY)
measurements on a series of samples. We performed SPV measurements with a Kelvin probe on
perovskite films coated on indium tin oxide (ITO) (structure 1), ITO/PTAA (structure 2) and on
close-to-complete cells consisting of ITO/PTAA/perovskite/PCsBM (structure 3) (Fig. 3A). A
>100-meV shift in surface potential for all films treated with the SSG-G process (compared with
the control films) regardless of structure or illumination intensity. This shift was in the right
direction to result in a ~100-mV increase in V. in a cell.

We further investigated the electronic structures of the perovskite films by using UPS; we
show the data for the control and the SSG-G perovskite films in Fig. 3B. From the secondary
electron cut-off spectrum, we observed a change in work function from 5.02 to 4.42 eV between
the control and the SSG-G film. This is consistent with the direction of change, though slightly
smaller in magnitude, that we determined from the SPV measurements. The valence band
maximum (£y) with respect to Fermi level (Ef) in the SSG-G film was also shifted relative to the
control film (The absolute value of E, can be calculated from the relationship shown in fig. S12).
From these measurements, we built energy level diagrams for the two films (Fig. 3C). From the
control to the SSG-G film, the E, shifts by about 200 meV toward vacuum, and the Ef shifts by a
further 400 meV toward the conduction band minimum (E;). The Ef shift indicates a more n-type
in nature for the SSG-G film, resulting from a surface and/or a bulk effect. The absolute shift in
energy levels toward vacuum in the SSG-G film is likely to originate from a change in the ration
of lead halide- to organic halide-terminated surfaces. Recently, lead iodide termination has been
shown to lead to deeper energy levels than ammonium-iodide termination (29). Because we have
added additional guanidinium bromide as a secondary process, we would expect a larger fraction
of the surface to be terminated with organic cation halide.

Therefore, combining both the SPV and the UPS analysis, we obtained consistent results
about a more n-type perovskite film produced by the SSG-G process, with the energy levels
shifted toward vacuum. We characterized the uniformity of the SSG-G film by Kelvin probe
force microscopy (KPFM) mapping (fig. S13) and found variation in surface potential similar to
that of other reported conventional perovskite films (30).

To investigate the influence of the SSG-G process on the radiative recombination at the
perovskite charge-extraction layer heterojunctions, we measured the PLQY for the films with
various structures (Table 1). Isolated SSG-G films on quartz exhibited a higher PLQY of ~2.8%
compared with the control films at ~0.17%. However, on ITO substrates, which are the semi-
transparent electrodes used in devices, the SSG-G films exhibited PLQY similar to those of the
control films. After the introduction of PTAA, the PLQY of the SSG-G films are 10 times those
of the control films, reaching an average value of 8.9%. The PLQY values were still >2.5% when
the PTAA and PCgBM layers simultaneously contact the SSG-G films, whereas the PLQY for
the control film were quenched to an undetectably low level (< 0.1%). The radiative efficiencies
of the perovskite films are influenced by the nature of the underlying substrate on which they are
crystallized (317). Therefore, the factors that influence the PLQY are the “quality” of the as-
crystallized perovskite films, the extent to which the substrate or subsequent layer extracts
charges, and the degree to which new nonradiative recombination pathways are introduced at the
perovskite contacting-layer heterojunctions. Evidently, ITO/PTAA is a good substrate on which
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to crystallize perovskite films; few nonradiative pathways appears to be introduced by the SSG-
G films contacting PTAA, and with sequent coating with PCg;BM, few additional nonradiative
pathways are introduced. As it is evident from the high PCEs of the solar cells, these interfaces
allow charge extraction.

To corroborate the PLQY results with the improved V. in the solar cells, we measured
the electroluminescence from the PSCs. We observed an electroluminescence spectrum at 778
nanometers (nm) for the SSG-G device (fig. S14A), with an external radiative efficiency (ERE)
of 1.2% under a forward bias current density of 23 mA cm'z, but we could not detect
electroluminescence from the control device. The ERE value is lower than the PLQY of the
perovskite films contacting both PTAA and PCe;BM. This is likely to be due to the isolated film
emitting in both directions in the PLQY measurements, whereas the PSCs can only emit in the
forward direction, implying more reabsorption of emitted light for the latter. Furthermore, there
are likely imperfections in the deposition of the films, resulting in some shunting paths between
the top metal electrode and the perovskite film, which could increase dark current and reduce
ERE of the PSCs. We estimated a Vi, of 1.21 V on the basis of the measured radiative efficiency
(fig. S14B), which is in direct agreement with our device measurements under simulated 1-sun
illumination.

To examine whether the electronic changes to the film are homogeneous through the
thickness of the perovskite layer, or solely present in a surface region, we measured time-
resolved photoluminescence (PL) spectra of perovskite films [coated on quartz substrates: quartz
glass/perovskite/poly(methyl methacrylate) (PMMA)) and excited the film from glass and
PMMA sides, using a 400-nm laser with ~90-fs pulse width. We observed a single band
emission of the control film when exciting the film from both PMMA and glass sides (Fig. 4A).
In contrast, for the SSG-G film, we observed a dual-peak at an early time (0 ns) when exciting
the film from the top PMMA side, and this peak shifted from 735 to 767 nm over a few
nanoseconds (Fig. 4C). However, when we excited the film from the glass side, we only
observed the redshifted band (~767 nm). We further performed transient absorption (TA)
measurements by exciting the film with 400-nm (90 fs) pump pulses and probing with broadband
visible pulses. For the control film, we did not observe a considerable shift in the ground-state
bleach upon exciting from either side (Fig. 4B). In contrast, again, for the SSG-G films, we
observed a redshift of the ground state bleach-maxima from 730 to 750 nm over the first a few
nanoseconds when exciting and probing from PMMA side (Fig. 4D), we did not observe such a
redshift when exciting and probing from the glass side.

These time-resolved PL and TA results suggest the presence of a wider bandgap (~80
meV wider) in the SSG-G film close to the surface. The resulting redshift in the time-resolved
PL and TA spectra over time indicates that the charge population migrates from the wider
bandgap region to the narrower bandgap bulk. Because we pumped the perovskite films with
high energy photons (400 nm), we expect that the light was absorbed strongly in the top region
(1/e absorption depth, ~ 62 nm), and the initial photoexcited charge population was hot. The time
scale that we determined for the transfer of the charge population from the top region to the
narrower bandgap bulk region is on the order of a few nanoseconds—much longer than the
charge population cooling time, which is expected to occur within 100 fs (32). Therefore, we
expect that an equilibrium population of free carriers is created in the topmost region of the film,
before charge transfer toward the bulk, most likely driven by diffusion. These results are
consistent with establishing a wider bandgap close to the film surface.
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In EDX bromide elemental mapping (fig. S15) and time-of-flight secondary ions mass
spectroscopy (ToF-SIMS) depth profiles (fig. S16), we observed a bromide-rich region close to
the top surface of the SSG-G film. The Br enrichment near the top surface is consistent with a
wider bandgap existing in this region of the film. Our studies of the spectroscopy and the
stability of the PSCs suggest that the presence of the wider bandgap top layer is stable.
Unexpectedly, we observed that the guanidinium (GA™) is well distributed across the perovskite
layer. Because GA" is a large cation, and because in XRD measurements, we observed negligible
shifts in characteristic perovskite reflection peaks, we would not expect a considerable fraction
of GA™ to be incorporated into the perovskite crystal lattice. Therefore, its location is most likely
to at the surface and grain boundaries. A substantive contribution to the reduction in nonradiative
recombination may therefore be through a passivation role(33), given that GA* may be present at
both top and bottom surfaces and at the grain boundaries.

Multiple factors are thus responsible for the reduced nonradiative recombination. First,
the predominant trap-species leading to trap-assisted recombination in perovskite films are
electron traps (34). The more n-type perovskite film could result in a larger fraction of occupied
versus vacant traps and a reduction in the rate of trap-assisted recombination. Secondly, a wider
bandgap near the top surface of the SSG-G film might reduce the total electron-hole
recombination rate in this region of the film where surface defects are likely to exist, by making
it energetically favorable for one or both charge carriers to reside predominantly within the bulk
of the film, away from the surface. Thirdly, the presence of guanidinium halide throughout the
films and at the surfaces may inhibit unwanted trap-assisted recombination at the heterojunctions
by trap passivation. Hence, the SSG-G process that we have presented to improve the perovskite
film quality results in considerable improvements to the electronic nature at the heterojunctions
between the perovskite film and charge-extraction layers. This should be broadly applicable to
PSCs and perovskite light emitting diodes.
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Fig. 1. Improved morphologies and crystal structures. (A) Top-view SEM images of the
control and SSG-G films. Scale bar, 2 um. (B) XRD patterns (a, & and black square denote the
identified diffraction peaks corresponding to black-perovskite phase, non-perovskite phase and

Pbl; 50Brg 50, respectively). a.u., arbitrary units.
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photovoltage measurements of the perovskite films coated on ITO (structure 1), ITO/PTAA
(structure 2) and on close-to -omplete cells consisting of ITO/PTAA/perovskite/PCs;BM
(structure 3). (B) Helium Ia (Av = 21.22 eV) spectra of secondary electron cut-off and valence
band of the control and SSG-G perovskite thin films. The blue-green vertical lines indicate the
valence band maximum (E,) with respect to the Fermi level. (C) Schematic energy-level

diagrams of control and SSG-G films.
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Fig. 4. Time-resolved photoluminescence and transient absorption spectra.
Photoluminescence spectra (A and C) of the films consisting of quartz glass/perovskite/PMMA,
at different time scales after excitation, recorded from both PMMA and glass sides in the
reflection geometry, for (A) control and (C) SSG-G samples. (B and D) Transient absorption
spectra of films consisting of the quartz glass/perovskite/PMMA in the transmission geometry,
obtained by using 400-nm (90-fs) excitation pump pulse from different sides, for (B) control and
(D) SSG-G samples.

Table 1. Photoluminescence quantum yield (PLQY). Summary of PLQY results for the
control and SSG-G perovskite films on the quartz, ITO, ITO/PTAA, and on close-to-complete
cells consisting of ITO/PTAA/perovskite/PCs BM.

Substrates Samples PLQY (%)

Quartz Control 0.172 £ 0.001

Quartz SSG-G 2.843 +0.002

ITO Control 1.704 £ 0.096

ITO SSG-G 1.499 +0.384
ITO/PTAA Control 0.858 +£0.368
ITO/PTAA SSG-G 8.908 + 0.643
ITO/PTAA Control/PC¢;BM Below detection limit
ITO/PTAA SSG-G/PC¢BM 2.506 +0.599
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Materials and Methods

Materials and solvents

Methylamium bromide (MABr) and formamidinium iodide (FAI) were synthesized using
the methods reported by the previous literatures (35-37). Guanidinium iodide (GAI, >98.0%),
guanidinium bromide (GABr, >98.0%) and guanidinium chloride (GACI, >98.0%), and
formamidinium chloride (FACI, 99.8%) were purchased from Tokyo Chemical Industry Co., Ltd.
(TCI, Japan). Lead diiodide (Pbl,, 99.99%) and lead dibromide (PbBr;, 99%) were also
purchased from the TCI (Japan). Formamidinium bromide (FABr, >99%), and poly[bis (4-
phenyl)(2.,4,6-trimethylphenyl)amine] (PTAA, Mn = 3200, Mw = 4900) were purchased from
Xi’an Polymer Light Technology Corp (China), and [6,6]-phenyl-C61-butyric acid methyl ester
(PCs1BM) was purchased from Nano-C Tech. (USA). 2,3,5,6-Tetrafluoro-7,7,8,8-
tetracyanoquinodimethane  (F4-TCNQ, 99%), bathocuproine  (BCP, 99.9%), and
buckminsterfullerene (Cep, 99%) were purchased from Jilin OLED Company (China). 3,9-bis(2-
methylene-(3-(1,1-dicyanomethylene)indanone)-5,5,11,11-tetrakis(4-hexylphenyl)dithieno[2,3-
d:2',3'-d']-s-indaceno[ 1,2-b:5,6-b'|dithiophene) (ITIC) was received from Borun New Material
Company (China). Indium tin oxide (ITO) nanoparticle dispersion in isopropanol was purchased
from the Sigma Aldrich (USA). Poly(methyl methacrylate) (PMMA) received from commercial
source. Besides, some liquid reagents, including N,N-dimethylformamide (DMF, 99.8%),
dimethyl sulfoxide (DMSOQO, 99.7%), isopropanol (IPA, 99.5%) and chlorobenzene (CB, purity of
99.8%) were purchased from commercial sources (Acros) and used as received. Toluene was
purchased from Sinopharm Chemical Reagent Co., Ltd. All metal materials including gold (Au),
silver (Ag), copper (Cu), and chromium (Cr) were obtained from commercial sources with high
purity (>99.99%).

Perovskite precursor solution

The perovskite precursor solution was prepared by mixing FAI (1.09 M), Pbl, (1.15 M),
MABT (0.20 M) and PbBr; (0.20 M) in a mixed solvent of DMF/DMSO (4/1, v/v). The prepared
solution was stirred at 70-80 °C for 15 min before use. For the desirable secondary growth
solution, FAX (X =1 and Br) and/or GAX (X = I and Br) were dissolved into IPA solvent
respectively, and the concentrations ranged from 3 to 6 mg mL .

Doped-PTAA and PC¢;BM solutions

We first made a stock solution of F4~-TCNQ in CB (1 mg ml'l), which was stirred at 60 °C
for 12 h. F4-TCNQ solution was then added into PTAA solution (10 mg ml™ in toluene) with a
weight ratio of 1%. PCsBM solution was prepared by dissolving 20 mg of PC¢;BM into CB (1
ml) and stirring at 70 °C for 2 h.

Hole-extraction layer

The pre-patterned ITO substrates were ultrasonically cleaned with diluted detergent,
deionized water, acetone, and isopropanol (IPA) in succession for 20 min. The as-cleaned ITO
substrates were treated by UV-ozone for 10 min. The substrate’s size is 1.5 x 1.5 cm’.
Subsequently, the ITO substrates were transferred to a Nj-filled glovebox with H,O and O,
concentrations of <0.1 ppm. F4-TCNQ-doped PTAA solution was spin-coated onto the ITO
substrates at 4000 rpm (with a ramping rate of 1000 rpm s™') for 30 s, and then the samples were
heated at 150 °C for 10 min in a Ny-filled inert atmosphere. To improve the wettability of
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perovskite precursor solution on the PTAA hole-extraction layer, the PTAA-coated ITO
substrates were pre-treated by spin-coating 50 ul of DMF at a speed of 5000 rpm (with a
ramping rate of 3000 rpm s™') for 30 s prior to perovskite films deposition.

Perovskite films deposition

The mixed-cation lead mixed-halide perovskite solution (with or without 5 mol% excess
Pbl,) was spin-coated on the PTAA-coated ITO substrates by a two-consecutive step program at
2000 rpm for 10 s with a ramping rate of 200 rpm s, and 6000 rpm for 30 s with a ramping rate
of 1000 rpm s™'. During the second step, 100 pL of anhydrous CB was poured on the center of
the spinning substrates 16 s prior to the end of the whole spinning program. The samples were
immediately annealed on a hotplate at 105 °C for 90 min in an inert atmosphere (N,). To realize
the solution-processed secondary growth, the films were cooled to room temperature and then
were further grown with FAX (X =1 and Br) or GAX (X =1 and Br) solution in IPA (which we
abbreviate to SSG-F and SSG-G), respectively. Briefly, 100 pL of FAX (X = I and Br)/IPA or
GAX (X = I and Br)/IPA solution (the concentration ranged from 2 to 6 mg mL™") was spin-
coated onto the as-prepared perovskite films at the speed of 5000 rpm (with a ramping rate of
2500 rpm s for 30 s. The films were then heated at 105 °C for 10 min. Note that FAX/IPA or
GAX/IPA solution should be added onto the perovskite films very fast, and the solution needs to
be kept on the films for 1 - 2 s before spin-coating. The temperature in the glovebox needs to be
sustained at ~ 25 °C. All steps were finished in a N»-filled glovebox, and some solvent vapor
including DMF, DMSO, CB, and toluene in the glovebox should be minimized during the
perovskite films deposition process.

Electron-extraction layer and metal electrodes

To make an electron-extraction layer, 35 uL of PCs;BM (20 mg mL™' in CB) solution was
spin-coated on the top of perovskite layer at the speed of 1000 rpm (with a ramping rate of 200
rmp s™') for 30 s in a N-filled glovebox. Then, the samples were transferred to a vacuum
chamber without being exposed to air. Cgp (20 nm)/BCP (7 nm) were then thermally evaporated
in a vacuum chamber with the base pressure of <7x10” Pa. For comparison, an alternative
electron-extraction layer was obtained by spin-coating a CB solution (ITIC, 4 mg ml™") at a speed
of 4000 rpm for 20 s. Similarly, both ITO nanoparticle and CrOy as alternative buffer layers to
BCP were studied. The ITO nanoparticle buffer layer was prepared by spin-coating a commercial
ITO nanoparticle dispersion with varied concentrations at 3500 rpm for 20 s. The CrOy buffer
layer was obtained through the oxidation of metal Cr (1.5 nm) in an atmosphere containing
oxygen. Subsequently, the metal electrode, such as Au, Ag, and Cu, was thermally evaporated in
a separate vacuum chamber (<4x10™ Pa) through a metal shadow mask with an aperture area of
0.09 cm”. The thickness of metal electrode was 80 nm, and the thermal evaporation rate ranged
from 0.5 to 2 A s™ depending on the metal used.

Solar cell characterization

The current density-voltage (J-V) curves of solar cells were measured (2400 Series
SourceMeter, Keithley Instruments) under simulated AM 1.5G sunlight at 100 mW-cm™
irradiance by a 150 W class AAA solar simulator (XES-40S1, SAN-EI). The light intensity of
100 mW-cm™ was calibrated by using a standard monocrystalline silicon solar cell with a KG-5
filter. To ensure the accuracy of the Ji. measured from J-V scans, a mask with an aperture area of
0.07 cm” was employed during the measuring process. The sweeping conditions are: reverse scan
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(1.22 V—-0.02 V, scan rate 40 mV s, and no delay time) and forward scan (-0.02 V — 1.22 V,
scan rate 40 mV s, and no delay time). The J-V measurements of non-encapsulated solar cells
were performed in a Nj-filled glovebox. Stabilized power output (SPO) and stabilized
photovoltage were also measured in a N-filled glovebox under simulated AM 1.5G, 100 mW
cm’? solar irradiation by a 150 W class AAA solar simulator with an AM 1.5G filter, which was
recorded with an electrochemical workstation (Autolab PGSTAT302N, Metrohm, Switzerland).

Thermal-stability test
The stability of the non-encapsulated solar cell was tested in a nitrogen atmosphere, by
tracking the device performance at 85 °C for 500 hours.

External quantum efficiency (EQE)

The EQEs of the non-encapsulated solar cells were measured in air by a lock-in amplifier
coupled with a monochromator (Crowntech, Qtest Station 2000 USA). A standard-
monocrystalline silicon cell was used as the reference for the EQE tests. No pre-light soaking
and pre-bias were applied over the measurement time.

Electroluminescence and external radiative efficiency (ERE)

Electroluminescence and external radiative efficiency measurements were performed by
applying different voltages to the device with a digital source meter (Keithley 2400). The device
was placed on a 100-mm-diameter integrating sphere (NBeT Group Corp.), and the emitted
photon flux was recorded by spectrometer (OceanOptics HR4000). The system was calibrated by
a photodiode.

Scanning electron microscopy (SEM) and energy dispersive X-ray spectroscopy (EDX)

The surface morphologies and element distributions of perovskite films coated on ITO
substrates without (control) and with SSG process were studied by SEM (FEI Nova_Nano SEM
430, 10 KV) and EDX analysis (20 KV, Thermo Scientific Noran System 7). The perovskite
films were made by the same protocols used in solar cell fabrication.

Ultraviolet-visible (UV-Vis) absorption spectra

The samples for UV-Vis characterization were made by depositing perovskite films on the
PTAA-coated ITO substrates. UV-Vis absorption nature (300 - 850 nm) was then recorded with
a spectrophotometer (UH4150, Hitachi, Japan). During the measuring process, the perovskite
thin films were exposed to air less than 5 min, and the background noise was subtracted before
testing.

X-ray diffraction (XRD) characterization

The samples were made by depositing perovskite films on the ITO substrates. XRD patterns
were performed using 40 kV, 40 mA Cu Ka (A = 0.15406 nm) radiation by Mini Flex 600
(Rigaku, Japan).

Photothermal deflection spectroscopy (PDS)

For the PDS measurements, perovskite thin films were prepared on quartz glasses to
minimize the light absorption of the substrates. The film architecture (quartz/perovskite/PMMA)
was used to record sensitive absorption information of the perovskite films. The PMMA
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protection layer was deposited onto the perovskite to prevent damaging perovskite films caused
by moisture and other environmental factors. The PMMA protection layer was made by spin-
coating a CB solution (10 mg mL™") at a speed of 3000 rpm (with a ramping rate of 1500 rpm s™")
for 30 s. During the measurement, the samples were kept in a hermetically sealed quartz cuvette
filled with an inert liquid, Fluorinert FC-72 from 3M Corporation, which acts as deflection
medium with high-temperature-dependent refractive index. The perovskite films were excited
from the quartz side with a modulated monochromatic light beam perpendicular to the plane of
the sample. Modulated monochromatic light beam was produced by a combination of a light
source (Light Support MKII, 100 W Xenon) and a monochromator (CVI DK240). The transverse
probe beam was obtained with 670-nm fiber-coupled diode laser (Qioptiq) and passed as close as
possible to the perovskite-film surface. Beam deflection was measured using a differentially
amplified quadrant photodiode and a standard lock-in amplifier (SR830).

Surface photovoltage (SPV) measurements by a Kelvin Probe

Vibrating Kelvin Probe (probe diameter = 2 mm) (KP Technology, UK) was used to
determine the surface potential or the surface work function. The perovskite films were prepared
on ITO (structure 1), ITO/PTAA (structure 2) and close to complete cells comprising of
ITO/PTAA/perovskite/PCs;BM (structure 3). The thickness of the perovskite film was around
500 - 550 nm. Surface photovoltage (SPV) measurements in ambient were done under
illumination from a 150-W quartz tungsten halogen lamp, where the intensity was controlled
linearly by changing the power supplied to the lamp. Using an optical fiber and lens, light beam
could fall on the perovskite surface at a 45-degree angle to illuminate the whole surface area. All
measurements were done on different spots and different samples, and ultimately the average
value is reported in this work.

Ultraviolet photoelectron spectroscopy (UPS)

The samples were coated on the highly conductive and low-surface roughness ITO substrates.
The thicknesses of the films were about 100 - 150 nm to ensure good charge transporting at the
surface of the perovskite films. UPS spectra were recorded with an Imaging Photoelectron
Spectrometer (Axis Ultra, Kratos Analytical Ltd), with a non-monochromated He Ia photon source
(hv = 21.22 ¢V). The measurements were carried out with the samples tilted to a take-off angle of
90° in an ultrahigh vacuum chamber with a base pressure of ~ 10™'° torr.

Kelvin probe force microscopy (KPFM)

The KPFM measurements were carried out in room temperature and dark conditions
(Dimension ICON, Bruker). The frequency-modulation KPFM (FM-KPFM) mode was used to
probe top-view surface potential. The perovskite films used for the KPFM characterizations were
prepared on the ITO substrates, and the process for making films was exactly the same as the
device fabrication.

Photoluminescence quantum yield (PLOY)

The PLQY of the control and SSG-G processed perovskite samples were measured by an
integration sphere. A continuous wave diode laser of 532 nm wavelength (40 mW cm™, which
equates to approximately 100 mW cm™ AM 1.5G absorbed photon flux)) was used to photo-
excite the samples. The emission signal was collected using calibrated Andor iDus Si Detector
and calculated using the method as described elsewhere (38).
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Time-resolved photoluminescence (PL) spectroscopy

For the time-resolved PL measurements, perovskite thin films were prepared on quartz
glasses to minimize the light absorption of the substrates. Before the preparation of perovskite
films, the quartz-glass substrates were treated with UV-ozone for 10 min. The perovskite films
were then prepared with the SSG process, and 40 uL. of PMMA solution (10 mg ml”, in CB) was
spun onto the perovskite at 3000 rpm (with a ramping rate of 1500 rpm s™) for 30 s. The film
architectures (quartz glass/perovskite/PMMA) were employed for time-resolved PL spectroscopy
measurements. The time-resolved PL spectra were acquired using an electrically-gated
intensified CCD (ICCD) camera (Andor iStar DH740 CCI-010) coupled to a calibrated grating
spectrometer (Andor SR303i). The photoexcitation pulses (pulse wavelength = 400 nm, pulse
width = 90 fs) are generated from the fundamental output pulses (pulse wavelength = 800 nm,
pulse width = 90 fs and repetition rate = 1kHz) of a Ti: Sapphire laser system (Spectra Physics
Solstice) passing through the second harmonic generation (SHG) beta barium borate (BBO)
crystal. The excitation and collection of PL spectra were from the same side of the sample in the
reflection geometry. A 420 nm long-pass filter was placed before the spectrometer to prevent the
laser scattering. Temporal evolution of the PL emission was acquired by varying electronic gate
delay of ICCD camera with respect to the excitation pulse. The instrument resolution of
electronic ICCD gate step was ~ 2 ns.

Transient absorption (TA) spectroscopy

The samples (film architectures: quartz glass/perovskite/PMMA) used for time-resolved PL
measurements were further used to record transient absorption spectroscopy. The fundamental
output of a Ti: Sapphire amplifier system (Spectra-Physics Solstice) operating at 1 KHz (Pulse
wavelength = 800 nm, pulse width = 90 fs) was split into two beams. One beam pulse was
converted into the broadband visible probe by the home-built noncollinear optical parametric
amplifier. Another beam was passed through second harmonic generation beta barium borate
crystal to generate the 400 nm pump pulse. The delay between the pump and probe was obtained
by the motorized translation stage. The pump and probe beams are overlapped on to the sample
from the same side. The transmitted probe beam was collected with an InGaAs dual-line array
detector (Hamamatsu G11608-512). The transmission difference was read out by a custom-built
lock-in board from Stresing Entwicklungsbiiro.

The time-of-flight secondary-ion mass spectroscopy (ToF-SIMS)

ToF-SIMS analyses were carried out on an ION-TOF GmbH (Miinster, Germany)
TOF.SIMS 5 system. The instrument is equipped with a reflection type analyzer and
microchannel plate detector. A Bi liquid metal ion source (LMIS) was employed for mass data
acquisition. Mass data was acquired using the Bi’* cluster ion. Mass data acquisition was
performed by raster scanning over a 50 x 50 pm® area. A 25 keV Bi’* primary ion beam
delivering 0.18 pA of current was used. A cycle time of 130 pus was employed for mass data
acquisition (with masses ranging from 1 to 1498 u). A Cs ion source was employed as the
sputter/etch tool. The area analyzed by the LMIS was at the center of the sputter/etch crater
formed using the rastered Cs* beam. A 3 kV Cs* primary ion beam was employed. The Cs*
sputter/etch area was 400 x 400 pum?® The depth profiling analyses were performed in the
‘interlaced’ mode, where the sources can operate in a simultaneous and continuous fashion.
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Supplementary Text

Identify the chemical composition of bright crystals

Elemental mapping via energy dispersive X-ray (EDX) analysis (fig. S1) shows that the
bright crystals are attributed to lead halide complex (position 1), since the nitrogen and carbon
elements in such a position are negligible or below the instrument detection limit. We also note
that atomic ratio of (I+Br’)/Pb*" is approximated to 2, in agreement with the stoichiometric
ratios of Pbl, and PbBr,. Thus, we can conclude that the bright crystals present on the surface of
the perovskite are Pbl, 50Brgso. On the contrary, the carbon and nitrogen were observed in the
dark area (position 2), and the ratio of (I'+Br)/Pb*" was 2.66. Theoretically, the ratio of
halide/lead in the metal-halide perovskite should be 3. Herein, the ratio of lead/halide is between
2 and 3, which is consistent with the excess Pbl, in the precursor solution.

Urbach energy determined by PDS method

We present Tauc plots derived from ultraviolet-visible (UV-Vis) absorption spectra in fig.
S9A, showing an identical bandgap for both control and SSG films. Thus, we may expect
improved device performance in the inverted planar heterojunction PSCs via enhancing the film
quality. We also performed absorption measurements on perovskite samples coated on quartz
substrates, using photothermal deflection spectroscopy (PDS) technique (fig. S9B), which gives
4-5 orders of magnitude dynamic range of sensitivity (39). The steepness of the below bandgap
absorption onset gives information about the electronic disorder in a semiconductor, with a
steeper slope indicating lower disorder (40). This is typically quantified as the Urbach energy

(Ev), A(E) x eE/ Eu, where A is the absorbance and E is the excitation energy in electron volts.
We present results in fig. S9B. We observe the average Urbach energy decrease from 16.0 to
14.2 meV with the SSG, which is consistent with a reduction in the density of band tail states
near the band edge that is responsible for electronic disorder.

Modified Williamson-Hall method for microstrain estimation

Broadening and shifts in the XRD peak can be caused by either a reduction in the grain size
(Scherrer broadening) and/or non-uniform strain (microstrain). We note that Scherrer broadening
will only be significant when the grains are in the range of or less than 100 nm, and as we will
discuss later we do not expect this to be a significant contribution here. Strain is the relative
change in size of an object with respect to its ideal size (or size before experiencing an external
force). The microstrain in a crystalline material is a result of small fluctuations in the lattice
spacing, induced by crystal imperfections/structural defects including dislocations, vacancies,
stacking faults, interstitials, twinning and grain boundaries (4/-43). By simply considering
Braggs law for scattering of light of wavelength A, nA = 2dsind, it is clear that small fluctuations
in d will result in small fluctuations, or broadening, in & when measuring the X-ray diffraction
from the material. We quantify the extent of microstrain in our perovskite films by analysing the
peak broadening in the diffraction patterns according to the modified Williamson-Hall method
(42, 44). The effective observed d-space broadening (Ad,s) determined by the XRD peak width
broadening, is a convoluted function of the Gaussian full width half maximum broadening in the
26 scan due to the instrument response (Adiys), the grain size (Adsi,) and the microstrain (Ad;).
These can be de-convoluted from the observed broadening, via, Adzobs = Adzg + Adz,-,,s + Adzme,
where the unit-less microstrain ¢ is defined as ¢ = (d./d), where d is the mean d-spacing. For
single crystals, the size effect induced peak width broadening can be neglected, hence if d” ;.. <<
dz,,bs and we can write, (Adzobs AP ins)l/ ‘zed Therefore, the slope of (Adzobs - Adzins)l/ 2 versus d,

19
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gives the magnitude of the microstrain, ¢, in the crystals (fig. SI0A). In contrast to the pristine
perovskite film, we can clearly observe a reduction in microstrain in the films with SSG process
(fig. S10B). The SSG-G film shows the lowest microstrain value of 1.37%. These small
fluctuations in the lattice spacing are induced by the presence of crystal imperfections/structural
defects including dislocations, vacancies, and stacking faults. It is plausible that the introduction
of the SSG approach within the pristine films reduces the crystal defects at grain boundaries and
on the top surface of the perovskite films, which can be highly favourable for the solar cell
operation because the charge-trapping that happens at these locations may decrease.

Estimation of V. limitations with different electronic disorders determined by PDS.
According to Beer-Lambert’s approximation (assuming no reflection),

I, =1,(1—e 9
Where 1, is the current generated from the absorbed photons, [y is the current generated from

incident photons, a is absorption coefficient and t is photoactive layer thickness. We can therefore
estimate external quantum efficiency (EQE) from absorption:

From the perspective of the reduced electronic disorder, which we inferred from the Urbach
energy determining from the absorption spectra in fig. S9B, we would expect an increase in V.
It is straight forward to quantify this expected increase in V,. by converting the absorption
spectrum into an assumed EQE spectrum, which we show in fig. S11.

For simplicity, current can be conveyed as: I = #photon absorbed — # photon emitted
Therefore,

I = jEQE(A) -AM1.5(/1)-dA—fe%

av .
Where, exT is obtained from the Planck’s Law.

We calculated the V. in the radiative limit with the optoelectronic reciprocity relation
theory (45, 46). The short-circuit photocurrent (Jsc) is derived by integrating the
photovoltaic external quantum efficiency (EQEPYV) multiplied with the photon flux of the solar
spectrum (®wm; 5) over all photon energies as:

Jse =q f EQEpy(E) - ®ypy15(E) - dE

Furthermore, in the dark, all absorbed photons from the environment (assumed photon flux
from a black body at 300K ®gg) are reemitted due to energy conservation. Following Shockley’s
diode law, under a given bias voltage the probability of the reemission can be described by Fermi-
Dirac statistics and approximated with a Boltzmann term. The dark saturation current can then be
described by the electroluminescence external quantum efficiency (ERE) and the EQEpy of the
device:

|4
]O(V) = %f EQEPV(E) ' (DBB(E) -dE (8% — ]_)

20
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Combining both currents leads to the current-voltage relationship J(V) = Js. — Jo(V). If we set
J =0 and solve the equation for voltage, we end up with the V.:
KgT
V=2 In (Jﬁ + 1)
q Jo

In the radiative limit, we assume zero nonradiative recombination and can therefore set ERE
=1, to get the V, in the radiative limit:

L <f EQEpy (E) - Dpuys(E) - dE 1)
ocrad = =g T EQEp (B) - ©pp (E) - dE

We therefore calculate the V. limit for the control and SSG-G processed devices to be 1.30 V
and 1.31 V, respectively.

Estimation of V. from external radiative efficiency (ERE).

Using the EL spectrum, the EQE and the reciprocity relation (/4), we are able to determine
the theoretical radiative limit of the Vo (Vi, raqa) to be 1.33 ~ 1.34 V. However, in a real solar cell,
additional nonradiative losses need be considered, thus the AV, ;.q can then be calculated with
equation.

AV, =(k,T)/qIn[ERE]

oc,rad

Where the ERE is the electroluminescent external quantum efficiency of the solar cell, kg is
a Boltzmann constant and 7 is a temperature. As the temperature is 300 K, the V,. can be
predicted with the following equation by yielding the ERE value (5).

V.=V AV, it =V g T60mV -log ERE

oc,rad oc,rad oc,rad

We have measured the ERE of an SSG-G solar cell at the point where the injection current
is equal to photo-generation current under short-circuit, and we measure the ERE of 1.18%. This
leads to AV, aa = 115 mV and thus we estimate a calculated V,. of 1.21 V that matches with the
results from the J-V scans of the solar cell.
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Fig. S1. SEM image and EDX analysis. Identify the chemical composition of the bright crystals.
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No excess Pbl, (SSG-G)

Excess Pbl, (SSG-G)

Fig. S2. Top-view SEM images of surface morphologies for the films with and without the
excess Pbl,. The films processed from the solution containing no excess Pbl,: without (A) and
with (B) the SSG-process. The films processed from the solution containing the excess Pbl,
(5%): without (C) and with (D) the SSG-G process. The scale bar is 500 nm. The excess bright
crystals presenting on the surface (grain boundaries) have led to a secondary growth based on
GABr organic salts.
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Fig. S3. EQE spectra of cells based on solid polycrystalline perovskite films without
(control) and with the SSG-G process. The EQE spectra for both devices exhibiting the similar
characteristics, and integrated J. values obtained from the EQE were around 22 mA cm™ (22.0
mA cm™ for the control device and 21.96 mA c¢cm™ for the SSG-G device).
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Fig. S4. Histograms of the PCEs for 200 devices prepared without (control) and with the
SSG-G method. The Gaussian fits have been added to aid the eye.
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Appendix: Summary of Certificate

NIM Certificate No.: GXtc2017- 2549

DUT S/N: L01-2-1

Date of Test: 06/12/2017

Manufacturer: Peking University, Rui Zhu Group

Material: Perovskite

Temperature Sensor/Control System: None

Mask: An aperture area of 0.05216 + 0.00065 cm’ (Certificate No.: CDjc2017- 8804)
Environmental conditions at the time of calibration: Temp: 24.5 'C; Hum: 20.4 %

.:.(',...

S

The calibration has been conducted by the PV Metrology Lab of NIM (National
Institute of Metrology, China). Measurement of irradiance intensity and all other
measurements are traceable to the International System of Units (SI). The
performance parameters reported in this certificate apply only at the time of the
test for the sample. Solar simulator classification: double-light source in AAA
classification. The perovskite solar cell was tested from both forward (J.to Vi)
and reverse (Vo to Ji) scans with an interval step of 20 mV (no delay time). No
hysteresis was observed from different scanning directions.
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I.[mA] [1.14 Ve [V] 1.175 P [MW] [ 1.09
Inax [mA] | 1.10 Vmax [V] 0.993 Efficiency [%] | 20.90
FF [%] | 8137 Area[cm’] | 0.05216
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Methods:

I-V:  IEC60904-1: Measurement of photovoltaic current-voltage characteristics
NIM-ZY-GX-TT-402: Calibration Specification of Solar Cells: Photoelectric
Properties

Measurement Standard:

Uncertainty/Accuracy: Ii.: 1.5 % (k=2); Voc: 0.5 % (k=2); Pw: 1.6 % (k=2)

Standard Test Conditions (STC):

Spectrum: AM 1.5C (ASTM G173-03/IEC 60904-3 ed.2); 1000 W/m® at 25.0 C.

Secondary Reference Cell:

Device S/N: 81#

Device Material: Mono-Si (without filters)

Certification: National Institute of Metrology, China

Certified short circuit current (/) under Standard Test Conditions (STC):125.68 mA
Solar Simulator:

Classification: AAA

Total irradiance: 1000 W/m” based yuof the above Secondary Reference Cell.
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Fig. S5. An independent testing report. (A and B) Independent PCE testing report of an
inverted planar heterojunction PSC by an accredited PV Metrology Laboratory of NIM (National
Institute of Metrology, China) verified a PCE of 20.90% (a J. of 21.86 mA cm'z, aV,of 1.175
V, and a FF of 81.37%) with negligible hysteresis. The cell was tested in air without
encapsulation or protection during the test process.
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Fig. S6. The normalized EQE. The EQE spectrum extracted from the data reported by Zheng et

al. [Adapted from (3) with permission]. We have determined the bandgap from this EQE plot to
be 1.59 eV, via the differential of the EQE spectrum.
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Fig. S7. Factors affecting the V,. (A) The V,. dependence of the work functions of metal
electrodes and buffer layers for the inverted planar heterojunction PSCs processed from the SSG-
G process. (B) The molecular structures of PCs;BM and ITIC electron-extraction layers. (C)
Energy level diagrams for the PCs;BM and ITIC. Summary of device performances is shown in

table S8.
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Fig. S8. Thermal stability. Thermal-stability test was performed for the non-encapsulated cells
(typical control and SSG-G devices) aging for 500 h at 85 °C in a nitrogen atmosphere.
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Fig. S9. Tauc plots and PDS spectra. (A) Tauc plots of the solid perovskite thin films prepared
without (control) and with the SSG method. (B) PDS spectra for thin films with and without the
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Fig. S10. Estimated microstrain. (A) A modified Williamson-Hall plot of (Adebs” - Adins-)"*
versus d spacing extracted from the corresponding diffraction profiles. The slopes of the solid
lines from linear fits indicate the extents of microstrain for the different films. (B) Calculated

microstrain from the XRD patterns.
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Fig. S11. Calculated EQE spectra using the absorbance spectra in fig. S9B.
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E=hv-(E,

in, min kin, max)
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Fig. S12. Valence band spectrum. Valence band spectrum of the solid polycrystalline
perovskite films coated on the ITO substrates, and corresponding Ein max and Exin, min pOSsitions
are indicated. The valence-band edge (E,) can be obtained from the equation as follows: E\= hv —
(Ekin, min — Ekin, max)-
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Fig. S13. Surface potential image. (A) The 2D mapping of Kelvin probe force microscopy for
the SSG-G film. (B) The variation of surface potential along the white line marked in 2D

mapping.
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Fig. S14. Electroluminescence (EL) and external radiative efficiency (ERE): The normalized

EL (A) and ERE spectra (B) of a solar cell as a LED. The inset clearly shows a bright emission
by applying a forward voltage of 2 V.
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Fig. S15. Cross-sectional SEM image and EDX analysis: (A) Cross-sectional SEM image of
the perovskite thin film obtained with the SSG-G process. The scale bar is 500 nm. (B and C)
EDX analysis (bromide) of the cross-sectional area of the perovskite films on ITO substrates.
The dot-square areas (265 nm x 530 nm) were used to extract mean bromide-distribution profile
along Z-axis direction (from bottom side to perovskite surface): (B) control and (C) SSG-G film.
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Fig. S16. Elemental depth profile: the films were obtained without (control) and with SSG-G
process, respectively. Cations distribution across the varied layers: (A) lead cation (Pb2+) and (B)
organic cation (GA"). Halide depth profiles across the perovskite layer: (C) iodide (I') and (D)
bromide (Br’). Note that the difference of sputtering time is due to the different film structures
and measurement rates for the cation and anion.



Table S1.

Comparisons of device performances for the inverted planar heterojunction PSCs with and
without excess Pbl,, and corresponding devices prepared with and without the SSG process. The
devices were measured from reverse scans (RS, from 1.22 V to -0.02 V) under simulated AM
1.5G solar irradiation at 100 mW cm™.

Excess SSG Voc Jse FF PCE
Pbl, V) (mA cm™) (%)
W/O W/O 1.08+0.02 22.711.15 0.78+0.02 19.13+0.86
W/0 W 1.13£0.02 22.67+0.96 0.78+0.03 19.98+0.47

W W/0 1.10+0.03 22.70+1.06 0.78+0.02 19.48+0.87
W W 1.18+0.02 22.55+0.84 0.78+0.02 20.76+0.45
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Table S2.

Solar cell performance parameters obtained from the devices based on SSG-F (FABr) process
under simulated AM 1.5G solar irradiation at 100 mW cm™. The devices were measured from
reverse scans (RS, from 1.22 V to -0.02 V).

SSG-F Scan Voe Jse FF PCE

(mgml') | direction (V) (mA cm™) (%)
0 RS 1.10+0.03 22.65+1.03 0.79+0.01 19.68+0.87
4.0 RS 1.1740.02 22.65+0.99 0.75+0.02 19.88+0.60
4.5 RS 1.18+0.02 22.67+0.97 0.760.02 20.33+0.47
5.0 RS 1.1940.02 22.54+1.00 0.78+0.02 20.9240.47
5.5 RS 1.20+0.02 22.35+0.99 0.77+0.03 20.65+0.46
6.0 RS 1.200.02 22.15+0.97 0.7120.02 18.87+0.45
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Table S3.

Solar cell performance parameters obtained from the devices based on SSG-G (GABr) process
under simulated AM 1.5G solar irradiation at 100 mW cm™. The devices were measured from
reverse scans (RS, from 1.22 V to -0.02 V).

SSG-G Scan Voe Jse FF PCE
(mgml') | direction V) (mA cm™) (%)
0 RS 1.10+0.03 22.62+1.01 0.79+0.01 19.66+0.87
45 RS 1.18+0.01 22.61+0.97 0.75+0.02 | 20.01%0.51
5.0 RS 1.20+0.02 22.43+0.99 0.78+0.07 | 20.99+0.46
5.5 RS 1.20+0.02 22.31+1.00 0.7740.02 | 20.61+0.46
6.0 RS 1.20+0.02 21.41%1.06 0.74+0.03 19.01+0.52
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Table S4.

The optimized temperature of thermal annealing for the devices based on SSG-G process. The
devices were measured from reverse scans (RS, from 1.22 V to -0.02 V) under simulated AM
1.5G solar irradiation at 100 mW cm™.

Temperature Scan Voc Jse FF PCE
°C) direction (V) (mA cm™) (%)

95 RS 1.19+0.01 22.72+0.99 0.71+0.02 19.20£0.59

100 RS 1.20+0.02 22.5240.99 0.76+0.02 20.54+0.52

105 RS 1.20+0.02 22.48+1.00 0.77+0.02 20.77+0.45

110 RS 1.20+0.02 22.51+1.02 0.76+0.02 20.53+0.46

115 RS 1.20+0.02 22.45+1.06 0.73+0.03 19.67+£0.47
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Table S5.

Solar cell performance parameters obtained from the devices based on SSG process (FAI, FABr,
GAI and GABr). The devices were measured from reverse scans (RS, from 1.22 V to -0.02 V)
under simulated AM 1.5G solar irradiation at 100 mW cm™. Note that yellow colour films (non-
perovskite phase) were obtained when the pristine perovskite films were sequentially grown with
SSG process based FACl and GACI.

SSG Scan Voc Jse FF PCE
direction V) (mA cm™) (%)
FAI RS 1.10+0.02 22.73+0.91 0.79+0.02 19.75+0.53
FABr RS 1.19+0.01 22.65+0.65 0.77£0.02 | 20.75+£0.48
GAI RS 1.15+0.02 22.69+0.92 0.76+0.02 19.83+0.69
GABr RS 1.20+0.02 22.5040.05 0.78+0.01 21.06+0.45
FAClor GACl | - | | e | e | e
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Table S6.

Solar cell performance parameters obtained from the devices based on solid perovskite films
with and without the SSG-G process. The devices were measured from both reverse (from 1.22
V to -0.02 V, no delay time, RS) and forward scans (from -0.02 V to 1.22 V, no delay time, FS)
under simulated AM 1.5G solar irradiation at 100 mW cm™.

Device Scan Voe Jse FF PCE
direction (V) (mA cm™) (%)
RS 1.10+0.03 22.53+0.98 0.79+0.03 19.58+0.86
Control FS 1.10+0.02 22.59+0.96 0.78+0.01 19.38+0.85
Average 1.10+0.03 22.56+0.97 0.785+0.02 19.48+0.85
RS 1.20+0.01 22.48+0.89 0.77+0.01 20.77+0.47
SSG-G FS 1.20+0.02 22.51+0.95 0.77+0.01 20.80+0.52
Average 1.20+0.02 22.50+0.92 0.77+0.01 20.79+0.50
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Table S7.

Summary of some top performances for inverted planar heterojunction PSCs based on similar
band-gap perovskites in recent literatures. The inverted planar heterojunction PSCs based on
SSG in our cases considerably reduce the voltage-deficit to as low as 0.41 V. This high V. rivals
the regular perovskite solar cells reported by other literatures. With the exception of reference 3,
the bandgap values we quote in the table below are the Tauc bandgap s produced from Tauc plots
form the absorption spectrum of the perovskite absorber layers. For reference 3 please see the
note below.*

Metal-halide PCE Jse FF Vo | Bandgap | Voltage | Literatures
perovskite (%) (mA cm'z) V) deficit

MAPDI; 20.10 23.51 0.830 [ 1.03 [ 1.59eV | 0.56V | Ref. (47)
MAPDI; 19.23 21.79 0.795 1.11 | 1.59eV | 048V | Ref. (45)
MAPDI; 20.78 24.00 0.780 | 1.11 | 1.59eV | 048V Ref. (2)
MAPDI; 19.40 22.60 0.750 | 1.13 [ 1.59eV | 046V | Ref. (20)
(FAPbI3)gss(MA 20.59 22.99 0.791 1.13 | 1.59eV | 046V Ref. (3)
PbBr3)0.15

(FAO,95Pb12,95)0,85( 21.51 22.50 0.790 1.21 1.62 eV 041V This work
MAPbBI‘3)0.15

* Reference 3 did not show any absorption data for the perovskite absorber layers used in their
study, nor any spectral response data for their highest open-circuit voltage device. The only
spectral data available is the normalized EQE plot from the certified cell data presented in fig. S6
of reference 3, and the cell gave a V,.of 1.13 V. We have determined the bandgap from this EQE
plot to be 1.59 eV, via the differential of the EQE spectrum (fig. S6), leading to a voltage-deficit
of 0.46 V.
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Table S8.

Solar cell performance parameters obtained from the devices based on various electron-
extraction layers, buffer layers, and metal electrodes. The devices were measured from reverse
scans (RS, from 1.22 V to -0.02 V) under simulated AM 1.5G solar irradiation at 100 mW cm’.

ESL SSG | Buffer | M Voc Jie FF PCE
layers (V) (mA cm™) (%)
ITIC | SSG-G | BCP | Cu | 1.20+0.02 | 21.65+0.93 | 0.65+0.02 | 16.89+0.65
ITIC | SSG-F | BCP | Cu | 1.1940.02 | 22.34+0.96 | 0.63+0.03 | 16.75+0.58
PCsBM | SSG-G | BCP | Cu | 1.204£0.01 | 22.26+0.97 | 0.78+0.02 | 20.84+0.46
PC¢;BM | SSG-G | BCP | Ag | 1.20£0.01 | 22.4740.98 | 0.77+0.02 | 20.76+0.47
PC¢;BM | SSG-G | BCP | Au | 1.20£0.02 | 21.96+0.87 | 0.74+0.04 | 19.50+0.67
PCsBM | SSG-G | ITO | Cu | 1.204£0.01 | 22.34+0.75 | 0.69+0.02 | 18.501.12
PC¢;BM | SSG-G | ITO | Ag | 1.18+0.02 | 22.10£1.05 | 0.67+0.03 | 17.47+0.98
PC¢;BM | SSG-G | ITO | Au | 1.19£0.03 | 22.514£0.94 | 0.65+0.03 | 17.41%1.15
PC¢;BM | SSG-G | CrO, | Cu | 1.1840.03 | 22.3140.99 | 0.7120.04 | 18.69+0.97
PCsBM | SSG-G | CrO, | Ag | 1.1940.02 | 22.23+1.02 | 0.68+0.02 | 17.99+0.96
PCsBM | SSG-G | CrO, | Au | 1.1940.01 | 22.16+1.13 | 0.67£0.02 | 17.67+1.10
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