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In this work, we use N-phenylglycine (NPG) molecules as a universal passivant for all typical surface
defects of perovskite to improve the photovoltaic performance and stability of perovskite. Our results
show that NPG molecules can passivate the organic cation vacancy, I vacancy, Pb vacancy, and Pb-I
antisite surface defects of perovskite, through either coordinate and/or hydrogen bonding, or the van der
Waals interaction. More interestingly, after the Pb vacancy on the perovskite surface is passivated by
NPG, a transition from metallic to semiconducting properties occurs. The perovskite solar cells (PSCs)
passivated by NPG have a high power conversion efficiency (PCE) of 21.16% and retain 91% of the
initial efficiency after 700 h in humid air, compared with PSCs without passivation (PCE of 18.29% and
maintained efficiency of 75%). Our study proposes one general surface-defect passivant for PSCs that

significantly boosts photovoltaic performance and stability.
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I. INTRODUCTION

Metal halide perovskite is regarded as an ideal light
absorber for solar cells [1] owing to its tunable band
gap [2], low exciton binding energy [3], high charge trans-
port mobility [4], high absorption coefficient [5,6], etc. To
date, the power conversion efficiency (PCE) of lab-scale
perovskite solar cells (PSCs) has already surpassed 25%
[7,8], making PSCs the front runner among the emerging
solar cells [9]. Usually, the prepared perovskite films are
polycrystalline with various defects and charge traps in
the vicinity of the grain boundaries and surfaces [10,11].
The defects and charge traps act as recombination centers
that hinder the separation of photogenerated electron-hole
pairs, which unfortunately shortens the lifetime of charge
carriers [12]. More importantly, external factors (mois-
ture, heat, oxygen, etc.) can accelerate ion migration in
the defected perovskite, which causes the collapse of the
lattice and ultimately undermines the photovoltaic per-
formance [13]. Therefore, passivating the defects of per-
ovskite is imperative to improve the efficiency and stability
of PSCs.

In recent years, progress has been made in the pas-
sivation of perovskite, which has largely improved the
performance and stability of PSCs [10]. The typical sur-
face defects of organic perovskite, including organic cation
vacancy, | vacancy, Pb vacancy, and Pb-I antisite sur-
face defects [14], can be passivated by Lewis acid [15],

trimethylolpropane triacrylate [16], w-conjugated molecules
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[17], and theophylline [18], respectively. The related pas-
sivation mechanism for each defect is different, including
molecular replacement, strain-regulating crystallization,
formation of chemical bonding, and charge interaction.
Therefore, it is difficult to achieve the passivation of per-
ovskite with one single passivant, which would otherwise
largely facilitate the passivation treatment and improve the
overall PSC efficiency.

To make progress, in this work, we propose N-
phenylglycine (NPG) as a universal passivant to passi-
vate all typical surface defects of (FAPbI3),(MAPbBr3);_,
(x=0.92) (FA: formamidinium, MA: methylammonium).
The abundant chemical groups (C-H, N-H, O-H, C=0,
and benzene ring) in NPG molecules provide multiple
ways to interact with and passivate various surface defects.
Furthermore, NPG has many inherent advantages, such
as ease of synthesis, a well-defined structure, and good
moisture tolerance, etc. [16]. Combining experiments and
first-principles calculations, we explore the quality of per-
ovskite films passivated by NPG, and reveal the passiva-
tion mechanisms of NPG for different surface defects of
perovskite. The corresponding PSCs are prepared and the
measured PCE of the PSCs is significantly larger than that
of the pristine devices. The stability of the PSCs is also
improved, with 9% efficiency loss after 700 h in humid air.

II. RESULTS AND DISCUSSIONS

A. The defected structures of pristine and
NPG-passivated perovskite

In high-quality perovskite polycrystalline films, the sur-
face defects of perovskite have an obvious influence on the

© 2022 American Physical Society
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The structural identification. (a) Atomistic model of the defects on the perovskite surface (top view) and the structure of

NPG molecule. The defects include organic cation vacancy (Vga), I vacancy (V1), Pb vacancy (Vpy), and Pb-I antisite defect (Q).
(b) GIWAXS data of pristine and NPG-passivated perovskite films, and the intensity distribution is identified by the color legend. (c)
XRD patterns of pristine and NPG-passivated perovskite films. (d) SEM micrographs of pristine and NPG-passivated perovskite films.

structural stability compared with interior defects [19]. We
first identify the structures of the defected perovskite by
using density functional theory (DFT) calculations [20].
The Vienna ab initio simulation package (VASP) code is
used in the calculations [21,22]. The perovskite structure
is simplified as the FAPbI; perovskite, which is the major
component of perovskite. The optimized structures of the
defected perovskite and NPG molecule are presented in
Fig. 1(a). The geometry structure and band structure of
FAPbI; primitive cell are also obtained (see Fig. S1 within
the Supplemental Material [23]), and these comply well
with previous reports [24]. The negative formation ener-
gies (£y) of the FA vacancy (Vga), I vacancy (1), Pb
vacancy (Vpp), and Pb-I antisite defect (I-Pb) indicate that
all these typical surface defects exist in perovskite. More-
over, the negative binding energies between NPG and
the perovskite surface defects, as listed Table I, suggest
that NPG can effectively bind to the defected perovskite
surface.

We adopt NPG to passivate the perovskite surface
defects, and then compare the quality of pristine and

TABLE 1.  The surface-defect formation energies (£ ) and the
binding energies (£;) between NPG molecule and each surface
defect in the perovskite.

Defect type Er (eV) Type of contact E; (eV)
VEA —1.59 Vea-NPG —2.53
14 —0.86 V1-NPG —-2.77
Vey —3.35 Vpp-NPG —2.36
Pb-I antisite —3.02 Pb-I-antisite-NPG —1.11

NPG-passivated perovskite films by grazing-incidence
wide-angle x-ray scattering (GIWAXS), x-ray diffraction
(XRD) analysis, and scanning electron microscopy (SEM).
Details of the sample preparation and characterizations can
be found in the Supplemental Material [23]. As illustrated
in Fig. 1(b), the GIWAXS patterns of pristine films show
sporadic Bragg spots, indicating an anisotropic orientation
distribution of the crystallite [25]. The samples treated with
NPG show higher diffraction intensity along the (110) ring
(Ig] = 10 nm~!, where g is the scattering vector.) and (220)
ring (|| =20 nm™") that belong to the perovskite phase,
which indicates better crystallinity compared with the
pristine films. The one-dimensional GIWAXS figure also
corroborates this phenomenon, as demonstrated in Fig.
S2 in the Supplemental Material [23]. Figure 1(c) shows
that the XRD peak positions of the pristine and NPG-
passivated perovskite remain unaltered. However, there is
a substantial increase in the peak intensity of the passivated
perovskite, suggesting the enhancement of its crystallinity.
Although the cross-section SEM images (see Fig. S3 in the
Supplemental Material [23]) show little difference in thick-
ness between the pristine films and the NPG-passivated
films, the SEM micrographs [see Fig. 1(d)] clearly show
a more uniform morphology and larger grain size of the
passivated films compared with the pristine ones. The
defect state density of the perovskite film after the pas-
sivation is smaller than that of the pristine one (see the
trap density of states in Fig. S4 in the Supplemental Mate-
rial [23]), indicating that NPG can effectively passivate
the various defects on the surface of the perovskite. More
notably, by combining the trap density of states (tDOS) and
the surface-defect formation energy, one can see that the
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vacancy defects are not only shallow level defects, but are
also passivated by NPG. These characterizations clearly
show that the quality of the perovskite films is improved
by the NPG passivation.

The residual Pbl, peak appears at |¢| = 0.88-0.94 nm™!
of the GIWAXS patterns and 12.72° of the XRD patterns
for the pristine films. The residual Pbl, helps to increase
the efficiency of the corresponding devices, but it also
causes the instability of the perovskite structure [13]. The
results of the XRD patterns suggest that the ratio of Pbl,to
perovskite is reduced with the addition of NPG, indicating
that the NPG molecules interact with Pbl, and reduce its
quantity, and therefore the film crystallinity is enhanced.

B. Interaction mechanism between perovskite films
and NPG

To understand the passivation mechanism of NPG for
perovskite surface defects, we analyze the interface struc-
tures [see Fig. 2(a)]. As NPG passivates Vga on the per-
ovskite surface, the hydrogen atoms in H-N and H-O of
NPG form hydrogen bonds with different I atoms near the
FA vacancy site. The oxygen atoms in O=C bond with the
surface Pb atoms near the FA vacancy site. When NPG
interacts with 77 on the perovskite surface, the Pb atom
with a dangling bond in the vicinity of the I vacancy forms
hydrogen bonds and coordinate bonds with hydrogen in H-
N and oxygen in C=0 of NPG, respectively. The details
of bond lengths can be found Table S1 in the Supplemen-
tal Material [23]. The bonding always inhibits the drift
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FIG. 2. The optimized interface structures. (a) Interface struc-
tures between the surface defects of perovskite films with NPG.
(b) Schematic illustrations of the effects of NPG on the perovskite
layer.

of isolated ions or clusters in perovskite, and induces the
formation of an interfacial dipole and carrier channel. It
can also promote the charge transfer from perovskite to the
molecules and the hydrophobicity of the perovskite film.

On the other hand, the pivotal mechanism for interac-
tion between NPG and the other two defects (Vp, and Pb-I)
is based on the van der Waals force, which can create
many interesting optical and electronic properties, such as
enhanced light absorption and effective hole-electron sepa-
ration. Notably, the detailed passivating behaviors of NPG
on the two defects are different. For Vpy, surface defects, the
H-N, H-0O, and benzene ring of NPG interact with different
I atoms near the Pb vacancy site, respectively, and then the
defect is passivated. For Pb-I antisite surface defects, the
formation of the hydrogen bond between NPG (H-N) and
the perovskite surface (I) confines the position of C=0 (in
NPGQG) in the vicinity of the Pb-I antisite, which induces the
formation of a van der Waals interaction between C=0 and
Pb-I antisite. Consequently, NPG stabilizes the structures
of perovskite and increases the photoelectric performance
of perovskite, as depicted in Fig. 2(b).

C. The effects of NPG on optoelectronic properties of
perovskite films

In this section, we focus on the impact of NPG on
the optoelectronic properties of perovskite films through
computational simulation and experimental characteriza-
tion. According to Fig. 3(a), an obvious band-edge shift
can be observed for both the highest occupied molecu-
lar orbital (HOMO) and the lowest unoccupied molecular
orbital (LUMO) band edges, especially for Pb vacancy and
Pb-I antisite surface defects. The passivated perovskite has
a smaller band gap than the unpassivated one, which ben-
efits light absorption in the long wavelength range but has
no effect on the absorption of visible light, as verified by
the ultraviolet-to-visible (UV-vis) absorption spectra [see
Fig. 3(b)]. More details about the total density of states for
the other three defected structures can be found in Fig. S5
in the Supplemental Material [23].

For perovskite with Pb vacancy defects, there is an inter-
esting change in the electronic property: the perovskite
turns from metal to semiconductor after the NPG pas-
sivation. Meanwhile, an optical gap is induced, which
enhances the absorption of photons over a broad solar
spectrum, as shown in Fig. 3(c). In detail, without NPG,
the Fermi level is located in the HOMO of the Vp, per-
ovskite surface, indicating that the Vp, perovskite is a
metal. On the other hand, the total density of states of the
Vpy perovskite passivated by NPG is a simple combina-
tion of that of the molecule and the defected perovskite,
where the Fermi energy is realigned by the van der Waals
interaction between the two [see Fig. 3(d)] [26]. With
NPG, the LUMO and the HOMO of Vp, perovskite surface
shifts to a lower energy level, and in turn the Fermi level
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The optoelectronic properties of pristine and NPG-passivated perovskite. (a) Influences of Vga, V1, Ve, and I-Pb on the

electronic properties of peroskite. (b) UV-vis spectra of pristine and NPG-passivated perovskite. (c) Visible light absorption coefficient
() and (d) total density of states (TDOS) of perovskite with Vp, defects, with and without NPG passivation.

lies between the LUMO and the HOMO. One additional
electronic state from the NPG molecule appears between
the tail of the valence band and the Fermi level. These
features support that the Vp, perovskite surface with NPG
is a type-II band alignment semiconductor, which pro-
vides unique optoelectronic properties that are beneficial
to the separation of photogenerated hole-electron pairs and
photoconversion applications [27]. As a result, the opto-
electronic properties of perovskite can be improved when
NPG is introduced to the surface.

To evaluate their potential as high-efficiency PSCs, the
electronic properties of the passivated perovskite films are
characterized using advanced charge transport characteri-
zation techniques. Figure 4(a) shows the Nyquist plots of
pristine and NPG-passivated perovskite films, which are
measured in the dark and at open-circuit voltages. It can
be seen that the series resistance (R, = 10 k) of NPG-
passivated perovskite is lower than that of the pristine
one (38 kS2). The reduced R, can slightly increase the fill
factor (FF) for the NPG-passivated PSCs. The recombina-
tion resistances (Re) of pristine and NPG-passivated per-
ovskite films are 72.6 and 21.4 k<2, respectively. Smaller
R, signifies a stronger depression of charge carrier

recombination. Overall, the perovskite with NPG has
smaller charge transfer resistance than the pristine one,
suggesting a more efficient charge extraction and transport
process for the passivated film.

The steady-state photoluminescence (PL) spectrum [see
Fig. 4(b)] shows that the highest PL intensity of perovskite
films passivated by NPG is about 4 times larger than
that of the pristine films. Thus, the nonradiative recom-
bination loss is alleviated considerably after the surface
passivation. The time-resolved PL (TRPL) decay curves
[see Fig. 4(c)] are fitted with the biexponential function
1(f)=A; exp(—t/t1) + 4, exp(—1t/t,), where [ is the TRPL
intensity; A; and A, are the fast and slow decay ampli-
tude, respectively; ¢ is the TRPL test time of the sample.
71 and 7, are the fast and slow decay components, respec-
tively [28,29]. The 7 of the pristine and the NPG-treated
films are 2.40 and 8.71 ns, and the corresponding t, are
128.90 and 176.25 ns. The average lifetimes (7,y,) of
the pristine and the NPG-treated films, as calculated by
Tave = Oy Ait?/ Y 1 AiTi, are 138.67 and 156.28 ns,
respectively.

Figure 4(d) demonstrates the space-charge-limited
current (SCLC) of the pristine and NPG-passivated
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FIG. 4. Performance characterizations of perovskite films. (a) Nyquist plots of pristine and NPG-passivated perovskite films.
Ry, series resistance; C, junction capacitance; Ry, recombination resistance. (b) Steady-state PL spectra of pristine and NPG-passivated
perovskite films. (¢c) TRPL spectra of pristine and NPG-passivated perovskite films on TiO, /FTO substrates. (d) SCLC of pristine and
NPG-passivated perovskite films. P3HT: poly(3-hexylthiophene), PEDOT-PSS: poly(3,4-ethylenedioxythiophene) polystyrene sul-
fonate, ITO: indium tin oxide. (¢) HOMO and LUMO charge densities of the Vp, and I-Pb antisite surface-defected perovskite with

and without NPG.

perovskite films, which is a universally used to quanti-
tatively assess the hole mobility (u;) and the trap den-
sity (Nap) [30]. The w; is extracted from fitting the
current-voltage curve with the Mott-Gurney equation: J =
(9/8)uege(V? /L), where u is the carrier mobility, gy is the
permittivity of a vacuum, ¢ is the dielectric constant of the
perovskite, Vis the applied voltage, and L is the film thick-
ness. The measured ., of NPG-passivated perovskite films

(1.11 x 107! cm? V~! s71) is obviously larger than that of
the pristine perovskite films (4.39 x 1072 cm? V~! s71).
On the other hand, the Ny, value is obtained from the
equation N yap=2&0¢ VrpL/eL?, where VypL, €0, €, and e are
the trap filled limit voltage, the permittivity of a vacuum,
the dielectric constant of the perovskite, and the charge
of electron, respectively [31]. From the Vygp value shown
in Fig. 4(d), the Ny, of the pristine perovskite films is
obtained as 3.52 x 10'7 cm™3. After the passivation with
NPG, N deceases to 1.92 x 10'7 cm™>. Therefore, the
benefits brought by NPG passivation (the increased num-
ber of carriers, the longer carrier lifetime, and the enhanced

mobility speed) can promote the photovoltaic performance
of the corresponding devices.

The experimental data are supported and explained
by the first-principles calculations. Figure 4(e) and
Fig. S6 in the Supplemental Material [23] depict the
HOMO and LUMO charge densities of the pristine and
NPG-passivated perovskite films. The HOMO and LUMO
of surface defects display a large overlap of the elec-
tron and hole wave functions. The HOMO of the NPG-
passivated surfaces moves way from the defect and
approaches the NPG molecules, while the LUMO remains
in its original location. This explains the more effec-
tive hole-electron separation and longer carrier lifetime
observed for the NPG-passivated perovskite.

D. Device performance of perovskite solar cells
passivated by NPG

Towards the end of our investigation, we discuss the
photovoltaic properties of PSCs. First, the correspond-
ing devices are fabricated, with a configuration of FTO
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FIG. 5.

PSC characterizations. (a) Schematic illustration of fabricated PSCs. (b) J-V curves of PSCs treated by NPG spin coating.

(c) PCE distribution of PSCs without and with NPG treatment. (d) J-V curves of forward and reverse scans of PSCs with NPG
treatment. (e) EQE curves of PSCs without and with NPG treatment. (f) Stabilized maximum photocurrent density (J) and power
output at MPP as a function of time for the best-performing PSCs with NPG treatment, recorded under simulated 1-sun AM1.5G
illumination. (g) Evolution of the PCEs measured from the encapsulated PSCs without and with NPG treatment exposed to continuous

light (90 £ 10 mW cm™2) under open-circuit conditions.

glass/TiO,/perovskite/NPG/spiro-OMeTAD/MoO3 / Ag,
where FTO stands for fluorine-doped tin oxide and spiro-
OMeTAD is 2,2',7,7-Tetrakis[N,N-di(4-methoxypheny)
lamine]-9,9’-spirobifluorene, [see Fig. 5(a)]. TiO, and
spiro-OMeTAD are the electron and hole transport layer,
respectively. The perovskite layer is made by a typical
two-step spin-coating method. The NPG is also spin-
coated on perovskite from solutions of different concen-
trations (1, 1.5, and 2 mg/ml). As shown in the current-
density—voltage (J-V) characteristics [see Figs. 5(b)
and 5(c) and Table II], The passivated devices show sig-
nificantly enhanced PCE, and the optimized concentration
of NPG for the champion PSCs is 1.5 mg/ml. The cham-
pion PSCs show a high PCE of 21.16% (average PCE
= 19.71%) with an open-circuit voltage (Voc) of 1.11 V,
a short-circuit current density (Jsc) of 24.94 mA/cm?,

and a FF of 0.77 under 1-sun illumination (AM1.5G,
100 mW/cm?), which are all higher than those of refer-
ence PSCs. The J-V curves of forward and reverse scans
of PSCs with NPG are plotted in Fig. 5(d). One can find
that the performance of PSCs in the reverse scan is slightly
lower that in the forward scan, because PSCs in the reverse
scan have a lower Voc.

TABLE II. Device performance parameters of the PSCs.
Jsc PCE
Device Voc (V) (mA/ecm?) FF (%)
Reference 1.08 23.76 0.71 18.29
With NPG (1 mg/ml) 1.10 23.56 0.76 19.85
With NPG (1.5 mg/ml)  1.11 24.94 0.77 21.16
With NPG (2 mg/ml) 1.11 23.96 0.76 20.26
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The increases in photovoltaic behaviors of NPG-
passivated PSCs are confirmed by the external quantum
efficiency (EQE) analyses [see Fig. 5(e)]. The integrated
photocurrents from EQE spectra are 23.88 and
24.18 mA/cm? for devices without and with 1.5 mg/ml
NPG, respectively, agreeing well with the J-J measure-
ments (an approximate 3% error). The NPG-passivated
PSCs exhibit a higher quantum efficiency in the visi-
ble spectral range compared to the reference PSCs. The
larger EQE loss in the long wavelength region indicates
higher recombination loss in the reference PSCs, caus-
ing trapping of low energy photocarriers and reducing the
charge extraction from perovskite. The EQE loss in longer
wavelengths of reference PSCs is related to the unreacted
Pbl, due to its larger band gap [32]. Figure 5(f) exhibits
the stabilized power output at the maximum power point
(MPP) for the NPG-treated champion device. The stabi-
lized maximum photocurrent density and stabilized PCE
are 24.20 mA cm~2 and 20.07%, respectively, for the NPG-
treated PSCs when biased at 1.00 V. Moreover, the NPG
passivation not only enhances the device performance but
also improves its stability. The NPG-treated device can
maintain over 91% of the initial efficiency while that of the
reference device decreases to 75% of its initial efficiency
under humid air [relative humidity (RH), 20%—30%, tem-
perature (7)), 25 °C] and continuous illumination for 700 h

[see Fig. 5(g)].

ITII. CONCLUSIONS

Combining experiments and first-principles simulations,
we propose NPG as one universal surface-defect passi-
vant for perovskite to ameliorate photovoltaic performance
and stability. The mechanism of interaction between
NPG and all typical surface defects of perovskite are ana-
lyzed and discussed. The NPG molecules can passivate
the organic cation vacancy, I vacancy, Pb vacancy, and
Pb-I antisite surface defects of perovskite, through either
coordinate and/or hydrogen bonding or the van der Waals
interaction. The PSCs passivated by NPG are fabricated,
and are shown to have better optoelectronic performance
than the reference device. With the introduction of NPG
on the perovskite surface, the prepared PSCs have the
highest PCE of 21.16% and maintain over 91% of the ini-
tial efficiency after 700 h in humid air. Our investigation
yields an insight into the interaction mechanisms govern-
ing the passivation of perovskite defects, and thus opens
one potential route to the design of photovoltaic devices
based on perovskite.
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