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1. Introduction

Successful manipulation of halide perovskite surfaces is typically achieved

via the interactions between modulators and perovskites. Herein, it is

Inverted (p-i-n) perovskite solar cells

demonstrated that a strong-interaction surface modulator is beneficial to
reduce interfacial recombination losses in inverted (p-i-n) perovskite solar
cells (IPSCs). Two organic ammonium salts are investigated, consisting of
4-hydroxyphenethylammonium iodide and 2-thiopheneethylammonium iodide
(2-TEAI). Without thermal annealing, these two modulators can recover the
photoluminescence quantum yield of the neat perovskite film in contact

with fullerene electron transport layer (ETL). Compared to the hydroxyl-
functionalized phenethylammonium moiety, the thienylammonium facilitates
the formation of a quasi-2D structure onto the perovskite. Density functional
theory and quasi-Fermi level splitting calculations reveal that the 2-TEAI

has a stronger interaction with the perovskite surface, contributing to more
suppressed non-radiative recombination at the perovskite/ETL interface and
improved open-circuit voltage (Voc) of the fabricated IPSCs. As a result, the
Voc increases from 1.11 to 1.20 V (based on a perovskite bandgap of 1.63 eV),
yielding a power conversion efficiency (PCE) from =20% to 21.9% (stabilized
PCE of 21.3%, the highest reported PCEs for IPSCs employing poly[N,N"-bis(4-
butylphenyl)-N,N"-bis(phenyl)benzidine] as the hole transport layer, alongside

(IPSCs) have a promising future among
the emerging thin-film photovoltaics
thanks to their plethora of applications,
such as indoor,l wearable,? and tandem
electronics.Pl For single-junction cells, the
power conversion efficiencies (PCEs) have
shown a significant increase from 3.9%
in 2013 to a certified 24.3%0 and the
highest value of 25.37% most recently.l%]
Despite remarkable progress, IPSCs have
not yet achieved their full potential due to
the notorious non-radiative recombination
losses at the perovskite/fullerene inter-
face,/) thereby impairing the quasi-Fermi
level splitting (QFLS) and device open-
circuit voltage (Voc). Thus, introducing
a modulator on the perovskite surface to
control the semiconductor bulk termina-
tion is regarded as an efficient strategy to
reduce recombination.>10-1]

In the past few years, surface defects

the enhanced operational and shelf-life stability for unencapsulated devices.

have attracted much attention, which can
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induce deep-level traps and annihilate charge carriers within
the perovskite bandgap.'® To mitigate the detrimental surface
defects, various so-called “passivators” or “passivating agents”
have sprung up.'*12] However, rationally tuning such passi-
vation layers is challenging due to the complex chemical envi-
ronment and electronic structure of the perovskite surface.
Recent progress in IPSCs suggests the importance of energy
level matching between perovskite and charge transport layer
to ensure facilitated charge extraction in addition to the passi-
vation effect.®] For example, reducing the electron energetic
barrier! or increasing the hole blocking!®! at the perovskite/
electron transport layer (ETL) interface contributes to high-
performance devices. Therefore, it is necessary to distinguish
the effect of the surface modulators and their actual function
site, such as on perovskite or at the interface, when associating
with fullerene ETL.

Previous studies reported that molecules with certain
functional groups, such as alkyl, phenyl, and charged ammo-
nium salts, have shown excellent passivation on perovskite
surfaces.'® The electron-donating groups could further
strengthen this effect.”” Inspired by these and our find-
ings,?>2! we selected two organic halide salts, 4-hydroxy-
phenethylammonium iodide (HO-PEAI), and 2-thiopheneeth-
ylammonium iodide (2-TEAI), as the surface modulators in
this study. Aside from the identical alkylammonium chain,
HO-PEAI possesses a hydroxyl group as the para substituent
while 2-TEAI has a thienyl instead of phenol moiety. These
two surface modulators can regulate the perovskite film as
evidenced by X-ray photoelectron spectroscopy (XPS), contact
angle measurements, scanning electron microscopy (SEM),
carrier lifetime mapping, and ultraviolet photoelectron spec-
troscopy (UPS). Moreover, 2-TEAI showed a stronger inter-
action than HO-PEAI, forming a quasi-2D structure on the
perovskite surface without further annealing. This is cor-
roborated by X-ray diffraction (XRD) and grazing-incidence
wide-angle X-ray scattering (GIWAXS) measurements. The
strong interaction between 2-TEAI and perovskite surface can
be ascribed to the more negative adsorption energy as calcu-
lated by density functional theory (DFT). Further measure-
ments of photoluminescence quantum yield (PLQY) and QFLS
revealed that the 2-TEAI suppresses non-radiative recombina-
tion at the perovskite/ETL interface. This was supported by the
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characterizations of light-dependent photo-responses, transient
photovoltage (TPV), electrochemical impedance spectroscopy
(EIS), and external quantum efficiency of electroluminescence
(EQEg;). Based on the 2-TEAI treatment, high-performance
IPSCs were obtained, yielding a V¢ of 1.20 V, a fill factor (FF)
of 0.83, and a PCE of 21.9%, with the perovskite bandgap of
1.63 eV. In addition to photovoltaic parameters, the 2-TEAI also
enhanced the stability of the unencapsulated devices, including
stabilized operation (180 min, tracking at 1 Sun under ambient
environmental conditions with 44-49% relative humidity, RH)
and shelf-life stability (1500 h, stored at dark in an Nj-filled
glove box).

2. Results and Discussion

2.1. Characterization of Perovskite Thin Films

HO-PEAI and 2-TEAI (Figure S1, Supporting Information)
were chosen as the candidates for the surface modulators. Both
have a high dipole moment (15.13 and 13.11 D, see in Table S1,
Supporting Information), indicative of a dense van der Waals
interaction amongst them. Further calculation shows a more
uniform distribution of electrostatic potential (ESP) in 2-TEAI
(Figure S2, Supporting Information). We then characterized
such materials by dynamically spin-coating (without additional
annealing) onto the surface of a triple-cation lead binary-halide
perovskite films (CsgosFAg70MAg14PbBrg¢l,4 where Cs, FA,
and MA are cesium, formamidinium, and methylammonium
cations, respectively). This is shown schematically in Figure 1a,
with Figure 1b,c being the chemical structures of HO-PEAI
and 2-TEAI Here, the optimized concentrations of these two
modulators were determined as shown in Figures S3 and S4,
Supporting Information. These modulators can affect the sur-
face energy of the perovskite films. As seen in Figure 1d-f, the
contact angle of water on the pristine perovskite film is 51.8°,
dramatically increasing to 772° and 74.4° for the HO-PEAI
and 2-TEAI, respectively. The increased contact angle could be
caused by the hydrophobic organic moieties in these two modu-
lators,1"® suggesting improved water and humidity resilience of
the treated perovskite films. The modification of the perovskite
films with HO-PEAI and 2-TEAI was also confirmed by SEM
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Figure 1. Properties of perovskite films without and with surface modulators. a) Preparation process. b,c) Chemical structure of HO-PEAI and 2-TEAL.
d-f) Contact angles. The figures were captured at 5 s after dropping water on the perovskite surface. g-i) Top-view SEM images. j—I) 2D GIWAXS pat-
terns collected with an incidence angle of 0.3° (penetration depth of =50 nm, details in Supporting Information). Note that the yellow square highlights

the weak scattering ring caused by the quasi-2D structure.

imaging, where different surface morphologies can be observed
in Figure 1g—i.

To characterize both bulk and surface film quality, XRD and
GIWAXS measurements were conducted. All perovskite films
have similar diffraction patterns, suggesting a well-crystallized
photoactive 3D phase (Figure S5, Supporting Information).
Here, the dominant peaks are assigned to the cubic (100), (110),
(111), (200), (210), (211) crystal planes, respectively.’®! As all
films were deposited on ITO glass, the (211) plane of the perov-
skite film is close to the (400) reflection from ITO at =35.2°
(Figure S6a, Supporting Information).??l Interestingly, a peak
was detected at an angle of =4.1° for the 2-TEAl-treated perov-
skite film. This peak position is neither consistent with the pat-
tern of pure 2-TEAI (Figure S6b, Supporting Information) nor
2D (2-TEAI),Pbl, (Figure S6c, Supporting Information), but
instead is close to the characteristic “n = 2” quasi-2D structure
(nominally having the composition of (2-TEAI),FAPD,I,).’]
This finding is further verified by surface-sensitive GIWAXS
data (Figure 1j-1), in which a weak scattering ring (highlighted
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yellow box) appears a tiny peak in the 1D integrated data
(Figure S7, Supporting Information). In contrast, this was not
observed in the HO-PEAI-treated sample, suggesting 2-TEAI
has a stronger interaction with the perovskite surface.

To investigate the possible interaction between the surface
modulators and perovskite films, we performed DFT calcula-
tions. Here, for simplifying the calculations, a cubic formami-
dinium lead halide (FAPDbI3;) model was used as a representa-
tive surface to describe triple-cation perovskite. As the organic
cations in perovskite composition can be volatilized via thermal
annealing, we investigated a PbI,-terminated surface that pro-
vides a dominant reservoir for trap states.'?4 To eliminate these
electronic traps, the introduced modulator species is assumed
to interact with the perovskite surface through different types
of bonds (e.g., coordinate, ionic, hydrogen, and halogen).¢-%]
Hence, two possible interactions were studied separately based
on the chemical structure of each modulator. The iodide ions in
the modulators are expected to compensate for iodide vacancies
and stabilize the Pblg octahedra in perovskite whilst the oxygen

© 2022 The Authors. Advanced Energy Materials published by Wiley-VCH GmbH
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Figure 2. Interactions between surface modulators and perovskite films. Theoretical models of HO-PEAI and 2-TEAI on the Pbl,-terminated surface of
FAPbI3, consisting of optimized geometrical structures through a,b) I—Pb bond and d,e) O—Pb/S—Pb bond; c,f) Corresponding adsorption energies
(see more details in Supporting Information). g—j) High-resolution XPS core-level spectra of perovskite films without and with surface modulators,
consisting of C 1s, N 1s, Pb 4f, and | 3d. Note that all these perovskite films were deposited on ITO glass/poly-TPD.

(0) or sulfur (S) atoms are expected to interact with the Pb?* ions  a calculated bond length of 3.07 A for HO-PEAI and 3.08 A for
(Figures S8 and S9, Supporting Information). Figure 2a,b shows  2-TEAIL The corresponding adsorption energy (AE,q) is shown
the I—Pb interaction between modulator and perovskite, with  in Figure 2c. As a result of lower AE,4 (—1.24 vs —1.16 eV, see

Adv. Energy Mater. 2022, 12, 2202868 2202868 (4 Ofn) © 2022 The Authors. Advanced Energy Materials published by Wiley-VCH GmbH
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details in Table S2, Supporting Information), the 2-TEAI is
expected to be more readily adsorbed on the perovskite surface.
Furthermore, the lone pair of electrons in O and S is expected
to coordinate with the perovskite as shown in Figure 2d,e. The
calculated AE, 45 (—0.28 vs —0.44 €V, see details in Table S3, Sup-
porting Information) also indicates the preferential adsorption of
2-TEAI (Figure 2f). Further calculated charge density difference
(CDD) and electron localization function (ELF) values confirm
that both interactions are prone to occur (Figure S10, Supporting
Information). In comparison with HO-PEAI, the DFT results
demonstrate that the 2-TEAI undergoes a stronger interaction
with the perovskite surface. This interaction was also studied by
conducting XPS (Figure S11, Supporting Information). As shown
in Figure 2g—j, high-resolution C 1s, N 1s, and S 2p (Figure S12,
Supporting Information) spectra confirmed the surface modi-
fication by these modulators. After treatment, the C=0 peak
(288.2 eV) shows a suppressed intensity, suggesting the improved
moisture resistance.?®l This is consistent with the increased con-
tact angles as discussed above. A new peak is seen at 402.2 eV,/%’]
indicative of the quaternary amine in the spin-coated HO-PEAI

www.advenergymat.de

and 2-TEAI layers. The larger shift of binding energies (N 1s,
Pb 4f, and I 3d core levels) indicated the enhanced interaction
between 2-TEAI and the perovskite surface. Due to such a strong
interaction, 2-TEAI is likely to attach at the A sites in an ABX;
perovskite, leading to the formation of the quasi-2D structure as
confirmed by the above XRD and GIWAX results.

To further confirm the function of modulators, we performed
a series of optical measurements. We find that these two surface
modulators do not alter the absorption spectra of perovskite
films as is evidenced from the corresponding Tauc plot with
an optical bandgap of 1.63 eV in both cases (Figure S13, Sup-
porting Information). Carrier lifetime maps determined using
confocal fluorescence microscopy indicate an improved lifetime
after surface treatments (Figure S14, Supporting Information).
To accurately distinguish the effect of the modulators on the
perovskite or at the perovskite/ETL interface, we measured
the PLQY of perovskite films without and with contacting to
[6,6]-phenyl-Cg;-butyric acid methyl ester (PCsBM, abbreviated
as PCBM in the figure and following sections). In Figure 3a, the
PLQY results show that the surface modulators do not strongly
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Figure 3. Optical and electronic properties of perovskite films without and with surface treatment (2 mg mL™" HO-PEAI or 2-TEAI). a) PLQY and
b) QFLS of different types of films deposited on the bare glass. “Neat” denotes the structure of glass/perovskite, with “HO-PEAI” and “2-TEAI” refer-
ring to the structure of glass/perovskite/modulator. “Neat/PCBM” indicates the half stack structure of glass/perovskite/PCBM, with “HO-PEAI/PCBM"”
and “2-TEAI/PCBM” denoting glass/perovskite/modulator/PCBM samples. c) Energy levels of the perovskites/PCBM interface. Ey, is vacuum level,
Er is Fermi level. HOMO is the highest occupied molecular orbital and VBM is the valence band maximum. Note that the data were obtained from
the UPS measurements based on four to five different areas for each sample and the sample details were shown in Table S4, Supporting Information.
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affect the luminescence of the neat perovskite (which is found
to be in the 1% regime), indicating an absence of direct passiva-
tion on the perovskite surface. However, as expected from pre-
vious reports,#?8 a strong reduction of the PLQY is observed
when the perovskite is coated with the PCBM, indicating the
generation of non-radiative recombination at this interface.
Importantly, when the perovskite surface is first treated with
surface modulators, the PLQY of perovskite/PCBM stacks is
completely recovered, approaching that of the pure perovskite
(=1%). Using the measured PLQY values, we can calculate the
QFLS as described in Figure S15, Supporting Information.
In Figure 3b, the neat perovskite exhibits a QFLS of =1.25 eV,
which is then reduced to 1.19 eV on contact with the PCBM.
The surface modulators return the QFLS to 1.25 eV for the
half-stack case (perovskite/PCBM). We thus conclude that the
interfacial recombination is dramatically suppressed by HO-
PEAI and 2-TEAL In particular, the higher QFLS than neat and
HO-PEAI suggests that 2-TEAI is a superior modulator, and its
major role is in suppressing non-radiative recombination, spe-
cifically at the perovskite/PCBM interface. The electronic struc-
ture between perovskite and PCBM was investigated by UPS
(see details in Table S4, Supporting Information). As illustrated

www.advenergymat.de

in Figure 3c, the 2-TEAI induces a deeper valence band edge,
which is expected to provide a stronger hole-blocking effect at
the perovskite/PCBM interface and thus is more beneficial for
reducing the interfacial recombination. Based on these results,
we believe the 2-TEAI would enhance the V¢ of manufactured
PSCs.

2.2. Photovoltaic Performance of 2-TEAI-Treated Devices

To test our hypothesis, we fabricated p-i-n planar devices
based on the hole transport layer (HTL) of poly [N,N”-bis(4-
butylphenyl)-N,N"-bis(phenyl)benzidine] (poly-TPD). In the
fabrication process (Figure 4a), [2-(9H-carbazol-9-yl)ethyl]
phosphonic acid (2PACz)1?°l was spin-coated on the poly-TPD
to enable full coverage of the perovskite films (see details in
Figures S16 and S17, Supporting Information). The UPS per-
formed at each stage suggests that the 2PACz can decrease
the energy barrier between poly-TPD and perovskite (see
Figure 4b). Following this, a 2 mg mL™ 2-TEAI solution
was spin-coated on the perovskite surface, which can block
hole transport between perovskite and PCBM. As shown in

- = ————— -
(a) 2PACZ Perovskite  , Antisolvent Perovskite film | W0 2PACz W/ 2PACz |
solution A 1
< ? '
I
= e = I
|
Poly-TPD coated ITO glass
(blg, T —F— (c)
T — Ag
BCP
PC¢,BM
461eV 5.16eV 4.44eV 3.99 eV 5.06eV 2-TEAI
Perovskite
E e B et e R e e (Cs0.05FAg.70MAg 16PbBr gl 4)
F 0.42 eV 078eV
HOMO s
VBM - 2PACz
Poly-TPD
Poly-TPD TO
2PACz
Perovskite glass
(Cs0.05FAg.75MA, 16PbBro gl 4) 2-TEAI

Perovskite

L ATERSSNOY

Al/PCB T —
W . .

Figure 4. Inverted perovskite solar cells based on the 2-TEAI treatment. a) Preparation of perovskite films on poly-TPD coated ITO glass. The 2PACz
layer is introduced to overcome the de-wetting issue of the hydrophobic poly-PTD. b) Band edge positions of functional layers extracted from UPS
measurements. “Poly-TPD” is glass/ITO/poly-TPD. “2PACz” is glass/ITO/poly-TPD/2PACz. “Perovskite” is glass/ITO/poly-TPD/2PACz/perovskite.
“2-TEAI” is glass/ITO/poly-TPD/2PACz/perovskite/2-TEAI. “PCBM” is glass/ITO/poly-TPD/2PACz/perovskite/2-TEAI/PCBM. c) Schematic configura-
tion of the device architecture. d) Cross-sectional SEM image of a completed device.
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Figure 5. Performance of 2-TEAI devices. a—d) Statistical photovoltaic parameters of devices, including histogram of the Vg, Jsc, FF, and PCE.
Note that the data were collected from 42 devices. The devices were measured outside the glove box under simulated AM 1.5G solar irradiation at
100 mW cm~2 with an aperture area of 0.09 cm?. For each device, the data shown here are the average values of the forward and reverse scans. e) J-V
curves of the champion device, consisting of the forward scan (FS, —0.2 to 1.2 V) and reverse scan (RS, 1.2 to —0.2 V). f) The stabilized PCE as a function
of illumination time, measured by holding at the V\;pp of 1V. g) The stabilized V¢ as a function of illumination time, measured by holding the current
at 0 A. Note that all these stabilized data were recorded every 1's. h) Corresponding EQE spectrum for the champion cell. i) Summarized PCEs for
inverted PSCs based on poly-TPD in the literature, with all data summarized in Table S6, Supporting Information.

Figure 4c,d, the devices fabricated have a structure of glass/
ITO/poly-TPD/2PACz/perovskite/2-TEAI/PCBM/bathocu-
proine (BCP)/Ag.

To accurately quantify the photovoltaic performance of this
architecture, 42 devices were fabricated in separate batches and
then characterized, with current-voltage sweep characteris-
tics listed in Table SS, Supporting Information. We find little
difference between the forward- and reverse-scan data, indi-
cating very little hysteresis in the 2-TEAI devices. Figure 5a-d
shows histograms of key device parameters, in which the
Voc ranges from 1.16 to 1.20 with an average of 1.18 £ 0.01 V
(arithmetic mean =* standard deviation) and the FFs are distrib-
uted between 0.80 to 0.84 with an average of 0.82 + 0.01. This
leads to an average PCE of 20.63 + 0.62%. It is noteworthy that
the champion device achieved a V¢ of 1.20 V with a PCE of
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21.92% (reverse) and 21.85% (forward), respectively (Figure Se
and Figure S18, Supporting Information). As listed in Table 1,
the PCE enhancement found for the 2-TEAI devices is mainly
attributed to the dramatically improved Vi, in agreement with
the expected reduction of interfacial losses as determined from
our spectroscopic studies.

The efficiency obtained from J-V curves is a non-steady-state
value as it is readily affected by transient processes within a
device.3% To verify the champion values of PCEs determined,
we measured the stabilized power output at the voltage of max-
imum power point (Vypp). As shown in Figure 5f, the stabilized
PCE attained an average value of 21.30% over 600 s of contin-
uous illumination. The difference between the stabilized PCE
and the J-V scanned PCE can be quantified by the “fidelity”
of the J-V scan, defined as the steady-state PCE divided by the

© 2022 The Authors. Advanced Energy Materials published by Wiley-VCH GmbH
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Table 1. The photovoltaic parameters of champion devices measured
outside the glove box under simulated AM 1.5G solar irradiation at
100 mW cm™2. For each device, the J-V curves were only scanned once,
consisting of the forward scan (FS, —0.2 to 1.2 V) and reverse scan (RS,
1.2 to —0.2 V). Note that the control device has a structure of glass/ITO/
poly-TPD/2PACz/perovskite/PCBM/BCP/Ag and the 2-TEAI device has a
structure of glass/ITO/poly-TPD/2PACz/perovskite/2-TEAI/PCBM/BCP/
Ag. The integrated Jsc is obtained from the EQE spectrum (see details in
Figure S19, Supporting Information).

Sample Voc Jsc Integrated Jsc FF PCE

W\l [mAcm™? [mA cm™2] [%]
Control (FS) m 2216 2113 0.81 19.95
Control (RS) 112 22.19 - 0.81 19.97
2-TEAI (FS) 1.20 21.93 21.09 0.83 21.85
2-TEAI (RS) 1.20 22.09 - 0.83 21.92

scan-determined PCE.3% Here, we calculate a fidelity of 0.97 for
the 2-TEAI device. We have also determined stabilized device
Voc over 600 s (see Figure 5g). The device is found to have an
average stabilized V¢ of 1.17 V, consistent with the statistical
data shown in Figure 5a. Furthermore, we have verified the
measured Jsc value by determining EQE spectra (Figure 5h and
Figure S19, Supporting Information). The integrated Jsc was
calculated to be 21.09 mA cm™2; a value that approaches the Jsc
obtained from J-V curves within 5% difference. We believe that
the photovoltaic parameters determined for 2-TEAI devices are
the best yet reported for IPSCs employing a poly-TPD trans-
porting layer (Figure 5i and Table S6, Supporting Information).

We note that previous research has determined that alkylam-
monium salts can be used at the HTL/perovskite interface in
p-i-n devices to improve efficiency.’*2 We thus spin-coated
2-TEAI on top of the poly-TPD/2PACz. However, the resultant
devices did not show improved performance even in a wide
range of concentrations (Figure S20, Supporting Information).
The reason could be attributed to the low non-radiative losses
at the poly-TPD/perovskite interface as indicated by the PLQY
and QFLS results (Figure S21, Supporting Information). Fur-
thermore, unlike previous reports,?*33 we did not use thermal
annealing in the following deposition of 2-TEAI since it can
impair the device V¢ (Figure S22, Supporting Information).
The advantage of this annealing-free process indicates that
2-TEAI surface treatment in our study is a facile and straight-
forward method.

We now discuss stability, which is another important factor
in the solar-cell “golden triangle.” To evaluate device stability,
we measured long-term stabilized power output under lab
conditions (44-49% RH), considering the combined effects of
electrical bias, moisture, and illumination stresses.l**3°! Here,
unencapsulated devices were continuously measured under
AM 1.5G illumination using an AAA xenon arc lamp without
a UV filter (equivalent to ISOS-L-1 protocol®®)). Temperature
and humidity were continuously monitored (see Figure S23,
Supporting Information). The stabilized PCE of 2-TEAI device
is found to exhibit a much slower decay compared to the con-
trol device, maintaining 91% of its initial PCE after around
180 min. In contrast, the control device decreased to 53% of
its initial PCE. The improved stability of 2-TEAI devices was
also confirmed by the results of 1500 h of shelf-life storage

Adv. Energy Mater. 2022, 12, 2202868 2202868 (8 of 11)

www.advenergymat.de

(ISOS-D-11%)), where Jsc and PCE only dropped by less 1%; a
value that compares favorably to that of the control devices in
which Jsc and PCE reduced by 5% (see Figure S24, Supporting
Information).

2.3. Mechanism of Performance Enhancement

To understand the mechanisms underlying the observed
performance improvements, a series of characterization
measurements were performed based on devices either with
or without the 2-TEAI treatment. Figure S25, Supporting
Information, shows the light-soaking-free and fast response
for these two types of devices, implying the high reliability
of their J-V curves. Furthermore, the J-V curves were also
measured continuously under light intensities from 0.1 to
1 Sun. As shown in Figure 6a,b, both devices are almost
hysteresis-free at each irradiation intensity (see more details
in Figure S26, Supporting Information). The 2-TEAI device
was found to have a higher FF than the control device even
at weak light intensities (Figure 6¢). With increasing light
intensity, the Jsc and V¢ both exhibit a monotonic increase
(Figure 6d,e). There are two dominant traps in the perovskite
bandgap:[1®1] a) the shallow-level traps (like halide or organic
vacancies) could induce the ion migration that is responsible
for some unusual phenomena, such as hysteresis (discrep-
ancy between the forward and reverse scan in J-V curves)3l
and light soaking effect (photoinduced improvement of
device performance);l*”! b) the deep-level traps (like underco-
ordinated Pb?" ions) would act as the non-radiative centers
and annihilate free charge carriers through the non-radiative
recombination. Based on our results, the control devices also
show fast response and negligible hysteresis, indicating the
low density of shallow traps. Thus, the function of 2-TEAI
treatment is mainly focusing on the deep-level traps. The
DFT and XPS results have demonstrated the strong interac-
tion between 2-TEAI and undercoordinated Pb%* ions, and the
improved device Vo will suggest the suppressed non-radia-
tive recombination. Non-radiative recombination can be char-
acterized by fitting the light intensity-dependent Vyc. From
the slope of this dependence, it is possible to extrapolate an
ideality factor, which can be used to describe the dominant
recombination process.*® The 2-TEAI device had a lower ide-
ality factor than the control device (1.39 vs 1.54), indicating
suppressed non-radiative recombination. This result is also
confirmed by TPV and EIS measurements. The 2-TEAI device
had a much longer decay time (Figure 6f) and higher resist-
ance (Figure S27, Supporting Information) than the control.
These results demonstrated the reduced non-radiative losses
in full PSC devices.

Compared to the control devices, the 2-TEAI devices show
a marked increase in V¢ under different light intensities or
scan rates (Figures S26 and S28, Supporting Information). To
explore this V¢ improvement, we quantify the energy losses
(see details in Figure S29, Supporting Information), by cal-
culating the AVc nq (non-radiative Vo loss).?) In the pre-
ceding discussion, the 2-TEAI surface treatment is beneficial
in reducing non-radiative recombination. Since the perovskite
bandgap is unchanged before and after 2-TEAI treatment (see

© 2022 The Authors. Advanced Energy Materials published by Wiley-VCH GmbH

85U8017 SUOWIWIOD A0 3|dedldde aup Aq peusenob a e ssjolie YO ‘8sn Jo Sa|nu oy Ariqi]auljuO A8 |1 UO (SUORIPUOD-pUe-SLLIRY/LI0D" A3 |1 AR 1[eU1|UO//:SANY) SUORIPUOD pue SWie | 8u 88S *[£202/20/TE] Uo AReiqiTauliuo AB(IM ‘AIsieAlun pIosx0 Aq 898202202 WUSe/Z00T OT/I0pA0D A8 |imAreIq Ul |uo//Sdny wolj pepeojumod ‘8 ‘Zz0z ‘0v89rTIT



ADVANCED

ADVANCED ENERGY
SCIENCE NEWS MATERIALS
www.advancedsciencenews.com www.advenergymat.de

(a) 25 (b) 25 (C) 0.86

Control @ Control
& & i o 2TEAI
£ 20 £ 20- 0.85
o o
<
E 5 0.84 4 5 °
> 151 > 151 o = B
2 2 L 0.83 4 ¢ ¢
& £ ral o o, E
[} (7} °
T 10 T 10 &
§ e‘_, 0.82 4 °e
E E
3 s 3 s ¢
0.81 °
0 T T T T T 0 r T T T —— 0.8 : r
0.0 0.2 0.4 0.6 0.8 1.0 1.2 0.0 0.2 0.4 06 0.8 1.0 1.2 10 100
Voltage (V) Voltage (V) Light intensity (mW cm?)
@ (€),. ()
ontrol @ Control -
D @ Control
e ZTEA @ 2-TEAI 3 1o @ 2-TEAI
~———Fit of Control (R? = 0.999) 1.16 4 ——Fit of Control (R? = 0.992) =
——Fit of 2-TEAI (R? = 0.998) ——Fit of 2-TEAI (R? = 0.998) g
% - 112 g
- s 3
&=
E S v z
3 Jsg < (light intensity)° Ry 2
©
a=101 104 ] 1.54 K, T/q E
o=1.04 2
1 T T 1 T T
10 100 10 100
( g) Light intensity (mW cm?) (h) Light intensity (mW cm?) (I) Time (us)
10!
12.00 2-TEAI1.4V @ Control
TEAIav 2-TEAILGEE S —
z: 10.00 —” o 2TEAI20V Device area ~ 0.25 cm? 100_%
B e
% g !
= Control 1.4V = H
% 600 Control 1.6 V F10 :
5 -~ Control 1.8 V 8 L ——— s »
b — e - - -
.5 i Control 2.0V M w8
s | 10.026%
2 10 . :
2.00 1 b :
0.00 ———— . 103 b : :
650 700 750 800 850 900 950 0 20 40 60 80 100

Wavelength (nm)

Current density (mA cm?)

Figure 6. Characterization of devices without or with 2-TEAI treatment. a,b) J-V curves measured under light intensities ranging from 0.1 to 1 Sun,
consisting of reverse scan (RS, 1.2 to —0.2 V) and forward scan (FS, —0.2 to 1.2 V). For this measurement, the control used was the champion device
(with a Voe of 1.12 V, Jsc of 22.12 mA cm™2, FF of 0.81 and PCE of 20%, obtained from an average of the reverse and forward scan) while the 2-TEAI
device was randomly selected (with a Voc of 117 V, Jsc of 22.07 mA cm™2, FF of 0.82, and PCE of 21%, averaging parameters of both sweeps). Light
intensity-dependent c) FF, d) Jsc, and e) V. For each point, the data were the average values obtained from the forward and reverse scans. f) TPV
decay curves. g) EL spectra of control and 2-TEAI devices under various bias voltages. h) Image of a 2-TEAI-treated device operating as an LED. i) EQE
of EL spectra. Note that the devices are based on the structure of glass/ITO/poly-TPD/2PACz/perovskite/ (with or without 2-TEAI)/PCBM/BCP/Ag. For
TPV and EL measurements, the devices were randomly selected and their J-V curves are shown in Supporting Information. All these measurements

were conducted outside the glove box under ambient conditions.

details in Figure S30, Supporting Information), the enhanced
Voc will be mainly caused by a reduction in AV prag. To verify
this, the EL spectra of these two devices operated as light-emit-
ting diodes (LEDs) were compared. As shown in Figure 6g, we
find that the 2-TEAI device emits EL emission with 200 times
intensity than the control device at 2 V, with an image of the
emission in Figure 6h. At one sun equivalent current injection
(=21 mA cm™2, obtained from |-V curves in Figure S31, Sup-
porting Information), the EQEy; of the 2-TEAI device is 1.2%
while the control device is only 0.026% (Figure 6i). Impor-
tantly, the peak emission wavelength position (759.5 nm) of
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both devices does not shift as a function of applied voltages;
a finding that confirms the material phase stability despite
the 20% Br content (Br/I ratio) used in our perovskite com-
position. We calculated V¢ difference using AVyc = KzT/q In
(EQEgr, 21rA1/EQEEL control) and found AV = 0.099 V; a value
in good agreement with the V¢ improvement determined
from the J-V curves (0.1 V, see Figure S31, Supporting Infor-
mation). Using the equations, we find AVq¢, pp,q of the 2-TEAI
device to be 0.11 V, which is lower than that of the control
device (0.21 V). This reduction further confirms the suppressed
non-radiative losses.

© 2022 The Authors. Advanced Energy Materials published by Wiley-VCH GmbH
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3. Conclusion

In summary, we introduced two organic halide salts, HO-PEAI
and 2-TEAI onto the surface of perovskite films through a
facile spin-coating process without an additional annealing
step. Briefly, the 2-TEAI is an efficient surface modulator that
contributes to both efficiency and stability of the PSC devices.
This is mainly due to a stronger interaction with the perovskite
surface: forming a quasi-2D structure and reconfiguring the
electronic energy level. These characteristics enable 2-TEAI to
predominantly reduce the non-radiative recombination at the
perovskite/PCBM interface. The findings suggest that the role
of the modulator is more than surface passivation. Our study
will provide insight into the selection and molecular design of
post-treatment materials for highly efficient and stable perov-
skite solar cells.

4. Experimental Section

Experimental details are provided in the Supporting Information.

Supporting Information

Supporting Information is available from the Wiley Online Library or
from the author.
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