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ABSTRACT: In the past decade, greatest effect has been paid on
organic—inorganic halide perovskites for approaching high-
performance perovskite solar cells (PSCs). It was found that
severe surface-defect within the perovskite active layer restricted
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further boosting device performance of PSCs. Here, we report ‘4@ ‘q® ®

high-performance PSCs by utilization of an ultrathin solution- ®e® ®e® ® 27;'_" )

processed poly(ethylene glycol) diacrylate (PEGDA) layer to v ® e’ ” @ v

passivate the surface-defect within the perovskite thin film. o e® :',. ..? 2 17

Systematical studies demonstrate that the PEGDA-passivated WA NV

perovskite thin film exhibit suppressed nonradiative recombination ° ® ; PEGDA A b

and trap density, as well as superior film morphology with a
smoother surface, larger crystal size, and better crystallinity.
Moreover, PSCs by the PEGDA-passivated perovskite thin film
exhibit suppressed charge carrier recombination, reduced charge-transfer resistance, shorter charge carrier extraction time, and
enlarged built-in potential. As a result, PSCs by the PEGDA-passivated perovskite thin film show a power conversion efficiency of
over 21% and a photocurrent hysteresis index of 0.037. Moreover, unencapsulated PSCs by the PEGDA-passivated perovskite thin
film possess over 10 day operational stability. All these results indicate that our approach provided a facile way to boost device

performance of PSCs.

KEYWORDS: perovskite solar cells, power conversion efficiency, photocurrent hysteresis, surface-defect passivation,

poly(ethylene glycol) diacrylate

B INTRODUCTION

In the past decade, perovskite solar cells (PSCs) have been
demonstrated to be an alternative cost-effective solar
technology.'® Over 25% power conversion efficiencies
(PCEs) was reported by utilization of novel perovskite
materials, manipulation of film morphologies of the perovskite
active layer, construction of novel device architectures, and
reengineering of the interfaces between the perovskite active
layer and the electrodes.”” Such an evolution dedicated great
accomplishments, but the studies indicated that unbalanced
charge carrier transport within the perovskite active layer,'”""
severe charge carrier recombination induced by the surface-
defect,'”" and the trap states generated by counterions'*
restricted further boosting device performance of PSCs.
Moreover, PSCs with a planar heterojunction (PHJ) rather
than a mesoscopic (MS) device structure possesses great
application potentials even if the highest PCEs were reported
from PSCs with a MS device structure.”””

Studies revealed that the vacancy, the interstitial defect,
dislocation, and dangling bond within the surface of a
perovskite thin film could serve as the centers for charge
carrier recombination, which restricted charge carrier to be
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transported and extracted efficiently, resulting in poor PCEs of
PSCs.'*'* Moreover, halide segregation-induced surface-defect
was identified to be a serious issue for PSC degradation.m_16
Many efforts have been devoted to passivate the surface-defect
within solution-processed perovskite thin films for boosting the
PCEs of PSCs.'” ™" Lewis acids and/or Lewis bases were
utilized to passivate the PbX>~ and Pb** antisite defects within
perovskite thin films.”"”** Polymers were also used to
reengineering the surface of solution-processed perovskite
thin films for enhancing both PCEs and stabilities of
PSCs.”>”*° For example, by utilization of a ultrathin
solution-processed 4-lithium styrenesulfonic acid/styrene
copolymer to passivate the surface-defect of a CH;NH;PbI,
thin film, we observed high-performance (boosted efficient and
stability) PSCs with dramatically suppressed photocurrent
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Figure 1. (a) Schematic illustration of the interaction of Pb and C=0 (green dashed line represents Pb---C=0), and the potential surface defects
passivation, (b) FTIR spectra of PEGDA, pristine CH;NH,Pb, s;Br, 4 thin film, and the PEGDA-passivated CH;NH;PbI, s;Br s thin film.
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Figure 2. (a) PSC device structure, (b) cross-sectional SEM images of each layer in PSCs, (c) work functions of the ITO and Al electrodes, and the
LUMO and HOMO energy levels of PTAA, CH;NH,;PbI, 5sBry 45, and PC;BM thin films.

hysteresis.”* Lu et al. introduced poly(ethylene glycol) (PEG)
to address unfully coverage of CsPbIBr, thin films on the TiO,
layer and observed boosted a PCEs of 7.31%.>° Later on, You
et al. systematically studied the influences of PEG on tuning
the energy level and modifying the film morphology of the
CsPbIBr, layer and revealed that the C—O—C bond could
coordinate with CsPbIBr, to stabilize the a phase.””

In this study, we report high-performance (boosted
efficiency and stability) PSCs with significantly suppressed
photocurrent hysteresis through the utilization of an ultrathin
solution-processed poly(ethylene glycol) diacrylate (PEGDA)
layer to passivate the surface-defect within the solution-
processed CH3;NH,PbI, (Br;,s perovskite thin film. Studies
indicate that the —C=0 groups of PEGDA as the Lewis base
can form an interaction with Pb** and therefore effectively
passivate the surface-defect within the perovskite thin film.
Further systemically studies demonstrate that the PEGDA-
passivated perovskite thin film possesses superior film
morphology with a smooth surface, suppressed nonradiative
recombination and trap density as well, enlarged crystal size,
and enhanced crystallinity. Moreover, PSCs by the PEGDA-
passivated perovskite thin film exhibit suppressed charge
carrier recombination, reduced charge-transfer resistance,
shorter charge carrier extraction time, and enlarged built-in
potential. As a result, PSCs by the PEGDA-passivated
perovskite thin film exhibit 21.03% PCE with significantly

reduced photocurrent hysteresis and boosted stability
compared to the pristine perovskite thin film.

B RESULTS AND DISCUSSION

Figure la schematically illustrates the proposed working
mechanism of the CH;NH;PbI, (Bry,s perovskite thin film
passivated by PEGDA. PEGDA (molecular structure, inset of
Figure la) possesses two —C=0 groups, which could act as
the Lewis base to passivate the surface-defect of perovskite thin
films.*”*® To verify the hypothesis as shown in Figure Ia,
Fourier transform infrared (FTIR) spectroscopy is carried out
to investigate chemical bonds between the PEGDA thin layer
and the CH;NH;Pbl,Br, s perovskite thin film, and the
results are shown in Figure 1b. The stretching vibration of
—C=0 groups in PEGDA is peaked at 1728 cm™’, whereas
the stretching vibration of —C=0 groups in the PEGDA-
passivated CH;NH,PbI, sBry,s thin film is shifted to 1711
cm ™. However, no peak at this position is observed from the
pristine perovskite thin film. The result demonstrated that the
Lewis adduct (—C=0-+-Pb) is formed between the PEGDA
thin layer and the CH;NH,PbI, s;Bry,s thin film,”>*® which
demonstrates that the surface-defect within the
CH;NH;Pbl, sBry,s thin film is passivated by the PEGDA
layer. Such passivation certainly suppresses surface charge
carrier recombination, which leads boosted PCEs for
PSCg 212429
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Figure 3. (a) J—V characteristics of (b) EQE spectra and integrated Jsc of PSCs by either the pristine CH;NH;PbI, ¢sBr,,s thin film or the

PEGDA-passivated CH;NH;PbI, (Br 45 thin film.

Table 1. Device Performance Parameters of PSCs

thickness of the PEGDA layer Voc Tsc
(nm) V) (mA cm™?)
0 1.07 (1.05 + 0.02) 22.16 (20.82 + 0.67)
3 1.08 (1.07 + 0.01) 2223 (21.35 + 0.54)
5 1.10 (1.09 + 0.01) 2332 (2242 + 0.38)
8 1.09 (1.07 + 0.02) 2221 (21.09 + 0.48)
12 1.08 (1.06 + 0.02) 21.58 (2032 + 0.62)

FF PCE Ry Ryq

(%) (%) Qem™@)  (Qem™)
79 (76 + 3) 18.73 (17.54 + 1.19) 16.45 854.51
80 (77 + 3) 19.20 (18.22 + 0.98) 14.42 962.18
82 (80 + 2) 21.03 (20.14 + 0.89) 6.35 1368.52
81 (78 + 3) 19.61 (18.78 + 0.83) 10.36 1243.36
78 (75 + 3) 18.18 (17.04 + 1.14) 20.17 534.54

a . .
Performance metrics in parentheses are average values.

The photovoltaic properties of a PEGDA-passivated perov-
skite thin film are investigated and compared with a pristine
perovskite thin film through PSCs with a device architecture of
ITO/PTAA/perovskite/PC¢;BM/Al, as shown in Figure 2a,
where ITO is indium tin oxide and serves as the anode, PTAA
is poly[bis(4-phenyl)(2,4,6-trimethylphenyl)amine] and acts
as the hole extraction layer (HEL), perovskite is either the
PEGDA-passivated perovskite thin film or the pristine
perovskite thin film, PC4BM is phenyl-Cg;-butyric acid methyl
ester and serves as the electron extraction layer (EEL), and Al
is aluminum and acts as the cathode, respectively. The cross-
sectional scanning electron microscopy (SEM) images of each
layer within PSCs are displayed in Figure 2b. The perovskite
photoactive layer is sandwiched by the PTAA HEL and the
PC4,BM EEL. However, the PEGDA layer is too thin to be
visibly observed in the cross-sectional SEM images without
high resolution. Figure 2c displays the work functions (W) of
the ITO and Al electrodes and the lowest occupied molecular
orbital (LUMO) and the highest occupied molecular orbital
(HOMO) energy levels of PTAA, perovskite, and PC4BM
thin films. The HOMO energy level (— 5.2 eV) of the PTAA
HEL is aligned well with that (— S5.5 eV) of the
CH,;NH,Pbl, (Bry,s layer and the Wy (— 4.8 eV) of the
ITO anode. Such energy level alignment could ensure the
separated holes to be transferred from the perovskite layer to
the PTAA HEL and then being collected by the ITO anode.
The LUMO energy level (— 4.2 eV) of the PC4,BM EEL is
well matched with the Wi (— 4.3 eV) of the Al cathode, but is
lower than that (— 3.9 eV) of the CH;NH,Pbl, ((Br, , layer.
Such energy level alignment could also ensure the separated
electrons being transferred from the CH;NH;PbI, ssBr 45 layer

into the PC4BM EEL and then collected by the Al cathode.
Thus, better device performance is anticipated from PSCs with
a device architecture shown in Figure 2a.

Figure 3a presents the current density versus voltage (J—V)
characteristics of PSCs, where PSCs are under the reverse scan
direction (scan rate of 0.60 V s™*) and illuminated with white
light (AM 1.5G, 100 mW cm™2). PSCs with different device
performance parameters are summarized in Table 1. The PSCs
by the pristine perovskite thin film exhibit a short-circuit
current (Jgc) of 22.16 mA cm ™2, an open-circuit voltage (V)
of 1.07 V, a fill factor (FF) of 79%, and with a corresponding
PCE of 18.73%. These device performance parameters are
consistent with those from PSCs with similar device
structures.’’~>* The PSCs by the PEGDA (~3 nm) passivated
perovskite thin film exhibit a Jgc of 22.23 mA cm™2, a V¢ of
1.08 V, a FF of 80%, and with a corresponding PCE of 19.20%.
The PSCs by the PEGDA (~5 nm) passivated perovskite thin
film exhibit a J¢c of 23.32 mA cm™, a V¢ of 1.10 V, a FF of
82%, and with a corresponding PCE of 21.03%. However,
further increasing the thickness of the PEGDA passivation
layer (~8 and ~12 nm), PSCs by the PEGDA-passivated
perovskite layers exhibit decreased Jsc, Vo, FF, and with the
corresponding reduced PCEs.

The external quantum efficiency (EQE) spectra of PSCs by
either pristine perovskite or PEGDA (~S nm) passivated
perovskite thin films are shown in Figure 3b. It is found that
PSCs by the PEGDA-passivated perovskite thin film reveals an
enhancement in the EQE spectrum from 375 to 760 nm. The
integrated Jsc from the EQE spectra are 21.72 and 22.93 mA
cm ™ for PSCs by the pristine perovskite thin film and PSCs by
the PEGDA-passivated perovskite thin film, respectively. These
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Figure 4. (a) Absorption spectra of the pristine CH;NH;PbI, ;sBr 4 thin film and the PEGDA-passivated CH;NH;PbI, ;sBr 45 thin film and (b)
photoluminescence (PL) spectra of the pristine CH;NH;Pbl, (;Br 45 thin film and the PEGDA-passivated CH;NH;PbI, ¢;Br, 4 thin film coated on

the top of the PTAA layer.

(b)

3 4 5

Figure S. Top-view SEM images of (a) the pristine CH;NH;Pbl, ;;Brg 4 thin film and (b) the PEGDA-passivated CH;NH;Pbl, ssBr s thin film,
and the AFM height images of (c) the pristine CH;NH;PbI, ssBr 45 thin film and (d) the PEGDA-passivated CH;NH;PbI, (;Br,s thin film. All

thin films are coated on the PTAA/ITO/glass substrates.

integrated Jsc values are consistent with those observed from
the J—V characteristics (Figure 3a).

To explore the underlying physics of enhanced Jsc from
PSCs by the PEGDA-passivated perovskite thin film, the
absorption spectra of perovskite thin films are first performed.
Figure 4a shows the absorption spectra of pristine perovskite

and PEGDA-passivated perovskite thin films. The negligible
change observed from both absorption profiles demonstrates
that the PEGDA passivation layer has no influence on the
absorption of the perovskite thin film.

Figure 4b displays the photoluminescence (PL) spectra of
pristine perovskite and PEGDA-passivated perovskite thin

https://dx.doi.org/10.1021/acsami.0c11468
ACS Appl. Mater. Interfaces XXXX, XXX, XXX—XXX


https://pubs.acs.org/doi/10.1021/acsami.0c11468?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.0c11468?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.0c11468?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.0c11468?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.0c11468?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.0c11468?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.0c11468?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.0c11468?fig=fig5&ref=pdf
www.acsami.org?ref=pdf
https://dx.doi.org/10.1021/acsami.0c11468?ref=pdf

ACS Applied Materials & Interfaces

Research Article

www.acsami.org

q, (A"

a, (A"

(c) (110)

|
g

10)

Intensity (a.u.)

PEGDA passivated CHSNHstI Br

(112) (202)

Pristine CH NH_Pbl__ Br.
3 3 255 045

255 045

(220)

(310)
(224) (314)

(220)

(310)
(224) (314)

0.5 T 15
Q (Angstrom™)

2 2.5 3

Figure 6. Two-dimensional (2D) grazing-incidence wide-angle X-ray scattering (GIWAXS) patterns of (a) the pristine CH;NH;PbI, ssBr 4 thin
film, (b) the PEGDA-passivated CH;NH;PbI, B 45 thin film, (c) one-dimensional (1D) GIWAXS patterns of the pristine CH;NH;PbI, s;Br 45

thin film, and the PEGDA-passivated CH;NH;PbI, ;Br, 45 thin film.

films coated on the top of the PTAA layer. It is found that the
PL intensity of the PEGDA-passivated perovskite thin film is
reduced approximately 30% compared to the pristine perov-
skite thin film under the same condition. These results indicate
that the PEGDA-passivated perovskite thin film possesses
suppressed nonradiative recombination loss. Therefore,
enhanced Js¢c, FF, and higher PCE are observed from PSCs
by the PEGDA-passivated perovskite thin film.

Figure Sa,b displays the top-viewed SEM images of the
pristine and PEGDA-passivated perovskite thin films, where
both thin films are coated on the PTAA/ITO glass substrates.
It is clear that both thin films are fully covered over the PTAA
HEL layer. However, the film morphology of the PEGDA-
passivated perovskite thin film is obviously different to that of
the pristine perovskite thin film. As compared with the pristine
perovskite thin film, the PEGDA-passivated perovskite thin
film possesses enlarged grain sizes and more compact crystal
grain with a smoother surface.

The height images of the pristine perovskite thin film and
the PEGDA passivate perovskite thin film, measured by atom
force microscopy (AFM), are shown in Figure Sc,d. The root-
mean-square (RMS) observed from the PEGDA (~5 nm)
passivated perovskite thin film is ~7.1 nm, whereas a RMS of

~13.7 nm is observed from the pristine perovskite thin film. A
smoother surface observed from the PEGDA-passivated
perovskite thin film would facilitate charge carrier to be
efficiently transported from the perovskite thin film to the
PC¢BM EEL and then collected by the Al cathode. As a result,
PSCs by the PEGDA-passivated perovskite thin film have both
enlarged Jsc and FF, thus boosted PCEs, while more PEGDA
particles within the PEGDA-passivated perovskite thin film
could reduce the photocurrent of PSCs because of its poor
electrical conductivity. Thus, PSCs by the PEGDA-passivated
perovskite thin film over an ~8 nm PEGDA passivation layer
exhibit poor PCEs.

Figure 6a,b presents the grazing-incidence wide-angle X-ray
scattering (GIWAXS) of film morphology and the crystallo-
graphic orientations of perovskite thin films. Strong scattering
rings originated from the polycrystalline structures are
observed from the pristine perovskite thin film and the
PEGDA-passivated perovskite thin film, which indicate that the
crystal structure of the perovskite thin film is not affected by
the PEGDA passivation layer. However, stronger oriented
perovskite crystal domains along the in-plane direction are
observed from the PEGDA-passivated perovskite thin film
compared to the pristine perovskite thin film. Such observation
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the PEGDA-passivated CH;NH,Pbl, sBr 45 thin film. Inset (a) is the equivalent electric circuit, also called the RC circuit model.

https://dx.doi.org/10.1021/acsami.0c11468
ACS Appl. Mater. Interfaces XXXX, XXX, XXX—XXX


https://pubs.acs.org/doi/10.1021/acsami.0c11468?fig=fig7&ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.0c11468?fig=fig7&ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.0c11468?fig=fig7&ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.0c11468?fig=fig7&ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.0c11468?fig=fig8&ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.0c11468?fig=fig8&ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.0c11468?fig=fig8&ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.0c11468?fig=fig8&ref=pdf
www.acsami.org?ref=pdf
https://dx.doi.org/10.1021/acsami.0c11468?ref=pdf

ACS Applied Materials & Interfaces

Research Article

www.acsami.org

(a) \
[N
|
—_ |
~, Pristine CH_NH_Pbl__ Br
1 N 3 '3 255 045
o -5 PE¢DA passivated CH_NH_Pbl__Br
2 3 3 255 045
£ |
> |
)
= |
S I
[})
Lo |
- |
[=
[y |
E I
= |
© |
|
T
i 1 1 1 1 1
-25
-0.2 0 0.2 0.4 0.6 0.8 1

Voltage (V)

25
(b) | @.0.91V, 21.01% PCE
NA 20 -

£ @0.85V, 18.40 % PCE

E 5|

>

2

2 PEGDA passivated CH NH Pbl__Br

) 10 B 3 3 255 045

T Pristine CH_NH_Pbl__ Br

- 3 3 255 045

[=

£

5 5[

o

0 L sl sl aaal L 1 L

0 10 20 30 40 50 60
Time (s)

Figure 9. (a) J—V characteristics of and (b) steady-state photocurrent output of PSCs by either the pristine CH;NH;Pbl, s;Br s thin film or the

PEGDA-passivated CH;NH;PbI, ssBry 45 thin film.

demonstrates that more oriented and less amorphous perov-
skite crystal structures are formed in the PEGDA-passivated
perovskite thin film. Thus, PSCs by the PEGDA-passivated
perovskite thin film possess increased Jsc and enlarged FF,
consequently enhanced PCEs.

Figure 6¢ presents the 1D GIWAXS patterns of two kinds of
perovskite thin films. Eight major peaks, corresponding to the
(110), (112), (202), (220), (310), (312), (224), and (314)
lattice planes, respectively, are observed from both perovskite
thin films, which indicate that both perovskite thin films have
the tetragonal crystal structure.”* However, the peak intensities
of the above eight lattice planes from the PEGDA-passivated
perovskite thin film are higher than those from the pristine
perovskite thin film, demonstrating that the PEGDA-passivated
perovskite thin film possesses superior crystal domains.” With
such superior crystal domains, the charge carrier transporting
within the PEGDA-passivated perovskite thin film would be
efficiently compared to the pristine perovskite thin film. As a
result, PSCs by the PEGDA-passivated perovskite thin film
exhibit boosted PCEs.

The transient photocurrent (TPC) measurement is
conducted to interpret charge carrier collection in
PSCs***™%? Figure 7a presents the normalized TPC curves
of PSCs under an applied voltage of —2 V. Under such high
external voltage, all charge carriers should be separated rather
than recombined. Thus, charge carrier transit time can be
estimated by extrapolating the photocurrent in the linear
region to zero point.*”o’%_39 The charge carrier extraction
times of ~210 nanoseconds (ns) and ~148 ns are observed
from PSCs by the pristine perovskite thin film and PSCs by the
PEGDA-passivated perovskite thin film, respectively. Such
shorter charge carrier extraction time indicates that charge
carrier extraction is efficiently within PSCs by the PEGDA-
passivated perovskite thin film. As a result, enhanced Jg¢ is
observed from PSCs by the PEGDA-passivated perovskite thin
film. Figure 7b presents the charge carrier densities, which are
estimated by the integration of the transient photocurrent
densities over the transient times. PSCs by the PEGDA-
passivated perovskite thin film possess approximatively 15% of
the increased total charge carrier densities compared to the
pristine perovskite thin film. This observation is consistent
with device efliciency from the J—V characteristics as shown in

Figure 3a. Thus, PSCs by the PEGDA-passivated perovskite
thin film exhibit boosted PCEs.

The impedance spectroscopy (IS) measurement is carried
out to investigate the internal series resistances (Rg) of PSCs.*
R comprises the sheet resistance (Rgp.;) of the electrodes and
the charge-transfer resistance (Rcr) at the interfaces between
the electrodes (perovskite) and the charge carrier extraction
layers.*"** Figure 8a shows the Nyquist plots of both PSCs.
Both PSCs possess the same device structures and the only
difference is the perovskite photoactive layer. Thus, the
equivalent electric circuit (also called the RC circuit model)
shown in the inset of Figure 8a is used to describe PSCs."* The
semicircle in the Nyquist plots (Figure 8a) not only
demonstrates that the RC circuit model is accurate but also
indicates that each layer is relatively homogeneous along with
the transport pathways without discernible multiple interfacial
boundaries.*" The R¢y value of PSCs by the pristine perovskite
thin film is calculated to be ~668 €, which is larger than that
(~485 Q) by the PEGDA-passivated perovskite thin film. This
smaller Ry is attributed to the superior film morphology and
the smother surface of the PEGDA-passivated
CH;NH,Pbl, ((Bry ,s thin film.

The steady-state light intensity-dependent Jsc of PSCs are
investigated for exploring underlying improved Js- observed
from PSCs by the PEGDA-passivated perovskite thin film.
Figure 8b displays the steady-state Jgc versus the light intensity.
In Figure 8b, the dotted lines represent fits to the expression
Jsc o I%* where I is the light intensity and a is the
coeflicient, respectively. A near-linear dependence of J with I
for PSCs by the PEGDA-passivated perovskite thin film is
observed, with a coeflicient of @ = 0.96. In contrast, PSCs by
the pristine perovskite thin film show a slightly nonlinear
characteristics of Jg versus I with @ = 0.91. Different a values
indicate that different level nongeminate recombination
processes take place in these two PSCs. A nearly linear
dependence of Jgc with I indicates that the nongeminate
recombination process is suppressed.*”** Therefore, PSCs by
the PEGDA-passivated perovskite thin film exhibit enlarged Js¢
and FF, and thus high PCE.

According to the Mott—Schottky analysis, the built-in
potentials (V};) of PSCs can be estimated based on the
capacitance—voltage (C—V) characteristics of PSCs. Figure 8c
displays the C™* versus V characteristics of PSCs. PSCs by the

45,46
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Figure 10. (a) Operational stability of and (b) histogram of power conversion efficiency of PSCs by either the pristine CH;NH;Pbl, ssBry 45 thin

film or the PEGDA-passivated CH;NH;PbI, ssBry 45 thin film.

pristine perovskite thin film exhibit a Vi; of ~1.10 V, which is
smaller than that (~1.23 V) by the PEGDA-passivated
perovskite thin film. As a result, PSCs by the PEGDA-
passivated perovskite thin film exhibit a larger Vo compared
to the pristine perovskite thin film. Moreover, the slopes of the
C? versus V characteristics for PSCs by the pristine perovskite
thin film is calculated to be — 4.62 X 10'¢, which is also smaller
than that (— 7.53 X 10') by the PEGDA-passivated perovskite
thin film. The larger absolute slope indicates the smaller
interfacial charge carrier density within PSCs.** Thus, charge
carrier recombination is suppressed in PSCs by the PEGDA-
passivated perovskite thin film.*>** As a result, PSCs by the
PEGDA-passivated perovskite thin film exhibit enhanced Jg,
and consequently boosted PCEs.

With a scan rate of 0.6 V s~/ the J—V characteristics of PSCs
measured under different scan directions are shown in Figure
9a. It is clear that both PSCs exhibit different J—V curves,
which indicate that PSCs possess the photocurrent hysteresis
behaviors.”” The photocurrent hysteresis is described as the
hysteresis index (HI), which is defined as HI = (PCE,.yeree —
PCE;,vard)/PCE,vercer . where PCE ... and PCEg,..q are the
PCEs of PSCs measured under the reserve and forward
direction, respectively. The HI is used to quantitatively
describe the photocurrent hysteresis. The HI values for PSCs
by pristine perovskite thin film and PSCs by the PEGDA-
passivated perovskite thin film are 0.053 and 0.037,
respectively. Moreover, at a scan rate of 0.03 V s™', the HI
values for PSCs by the pristine perovskite thin film and PSCs
by the PEGDA-passivated perovskite thin film are 0.055 and
0.039, respectively. These results demonstrate that PSCs by the
PEGDA-passivated perovskite thin film possess suppressed
photocurrent hysteresis behaviors compared to the pristine
perovskite thin film. Such suppressed photocurrent hysteresis
behaviors are attributed to passivated surface-defect by the
PEGDA thin layer, superior film morphology and more
compact crystals with larger crystal sizes, and suppressed
grain boundary induced by the PEGDA thin layer.”* ™’ In
addition, the weak hydrogen interactions between PEGDA and
CH,;NH;" and/or I” (Br~) within the perovskite thin film
would restrict counterion migration, resulting in suppressed
photocurrent hysteresis.*”

Figure 9b shows the steady-state PCEs and photocurrent
output as the function of time, where PSCs are performed
under a constant bias, which closes to the maximum power
point. PCEs of 18.40 and 21.01% are observed from PSCs by
pristine perovskite thin film and PSCs by the PEGDA-
passivated perovskite thin film, respectively. PSCs by the
PEGDA-passivated perovskite thin film can instantly reach the
steady-state current, but there is about 10 s delay for PSCs by
the pristine perovskite thin film to reach the steady-state
current. All of these results further reveal that PSCs by the
PEGDA-passivated perovskite thin film possess suppressed
photocurrent hysteresis behaviors compared to the pristine
perovskite thin film.

Figure 10a shows the normalized PCEs as the function of
time for both PSCs, where unencapsulated PSCs are under
white light illumination with the light intensity of 100 mW
cm™? in a glovebox with the nitrogen atmosphere. The PCEs of
PSCs by the pristine perovskite thin film drop to the half of its
initial value after 40 h. Under the same condition, the PCEs of
PSCs by the PEGDA-passivated perovskite thin film maintains
50% of its initial value after 250 h. These results indicate that
PSCs by the PEGDA-passivated perovskite thin film possess
better stability compared to the pristine perovskite thin film.

The reproducibility of PSCs is further studied. The statistical
PCE distributions of 40 devices for each type of PSCs are
shown in Figure 10b. The PSCs by the PEGDA-passivated
perovskite thin film show a good reproducibility with more
than 80% PSCs with PCEs granter than 19%. It is clear that the
deviation in PCEs observed from PSCs by the PEGDA-
passivated perovskite thin film is much smaller than that by the
pristine perovskite thin film. These results indicate that PSCs
by the PEGDA-passivated perovskite thin film possess better
reproducibility than that by the pristine perovskite thin film.

B CONCLUSIONS

In summary, we reported high-performance PSCs with
significantly suppressed photocurrent hysteresis by utilization
of an ultrathin solution-processed PEGDA layer, which was
functioned for the passivation layer to suppress the surface-
defect within the solution-processed perovskite thin film. It was
found that PEGDA as the Lewis base could form weak
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interaction with Pb** and therefore effectively passivate the
surface-defect within the perovskite photoactive layer. System-
atical studies demonstrated that the PEGDA passivation layer
could induce the perovskite thin film possessing a superior film
morphology with a smooth surface, suppressed nonradiative
recombination and trap density, enlarged crystal size, and
enhanced crystallinity. Moreover, PSCs by the PEGDA-
passivated perovskite thin film exhibited reduced charge-
transfer resistance, suppressed charge carrier recombination,
reduced charge carrier extraction time, and enlarged built-in
potential. As a result, as compared with PSCs by the pristine
perovskite thin film, PSCs by the PEGDA-passivated perov-
skite thin film exhibited increased Jsc, enlarged V¢ and FF,
with corresponding enhanced PCEs. Moreover, PSCs by the
PEGDA-passivated perovskite thin film exhibited significantly
decreased photocurrent hysteresis, boosted stability, and high
reproducibility. All of these results demonstrated that our
studies provided a simple way to approach PSCs with high
performance.

B EXPERIMENTAL SECTION

Materials. Lead iodide (Pbl,, 99.999%), poly[bis(4-phenyl)(2,4,6-
trimethylphenyl)amine] (PTAA), anhydrous N,N-dimethylformamide
(DMF, 99.8%), anhydrous ethanol (>99.5%), anhydrous toluene
(99.8%), anhydrous chlorobenzene (CB, 99.8%), and poly(ethylene
glycol) diacrylate (PEGDA) were purchased from Sigma-Aldrich.
[6,6]-Phenyl-C61-butyric acid methyl ester (PCq;BM, 99.5%) was
purchased from Solenne BV. All materials were used as received
without further purification. Methylammonium iodide (CH;NH,I
(MATI)) and methylammonium bromide (MABr) were synthesized in
our laboratory.”**7%*

Preparation of Perovskite Precursor Solutions. Pbl,, MAI,
and MABr solutions were prepared as described in our previous
publications.”**~>* Mixture MAI with MABr (85:15 by molar ratio)
power was dissolved into the ethanol solvent to make a concentration
of total 35 mg mL™" solutions.

Characterization of Perovskite Thin Films. All thin film
characterizations have followed the methods described in our previous
publications.”** 75

Fabrication and Characterization of PSCs. The procedures of
PSC fabrication and characterization are the same as those reported in
our previous publications.”***~*
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