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Surface passivation by constructing a 2D/3D structure is considered to be an effective strategy for
suppressing non-radiative recombination and improving the device efficiency and stability. Herein, the
2D perovskite is formed in situ on the surface of a 3D perovskite via chemical interactions between
diethylammonium iodide (DAI) and Pb—I octahedra, which greatly reduces the deep level defects and
non-radiative recombination. Moreover, the 2D/3D structure can regulate the energy level alignment,
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enhance the charge extraction, and improve the open-circuit voltage. Finally, compared with the control
device, the power conversion efficiency (PCE) of the DAI-treated device increases from 21.58 to 23.50%.
The unencapsulated devices stored in air for more than 500 hours can still retain 97% of their initial PCE,
revealing good long-term placement stability. This work provides a promising strategy to fabricate
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Introduction

Organic-inorganic metal hybrid perovskite materials are con-
sidered as promising light absorption materials due to their
superb properties, which include high absorption coefficients,
tunable bandgaps and long carrier lifetimes.' At present, the
power conversion efficiency (PCE) of perovskite solar cells
(PSCs) has been improved from 3.8 to 25.7% in only a dozen
years."® Apart from their high efficiency, PSCs also have the
advantages of simple fabrication and low-cost owing to their
solution processibility, demonstrating their great potential for
commercialization.

Perovskite films prepared using a solution method often
form pinholes, cracks and a large number of defects during the
crystallization process.® These defects include excessive unco-
ordinated lead halide and cation vacancies, which can lead to
severe charge recombination, current hysteresis, and open circuit
voltage (Voc) loss in the PSCs. Especially under high humidity,
high temperature and UV light, the deterioration of perovskite
films and devices will be rapidly accelerated via trap defects.”””
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efficient PSCs through the in situ construction of 2D/3D perovskite heterojunctions.

Therefore, a variety of strategies, such as component engineering,
optimization of the preparation process and device structure,
and surface engineering, have been successfully adopted and
proved to be effective methods for improving the device effi-
ciency and stability.”> Passivating the perovskite surface
through constructing 2D/3D mixed perovskites is considered
to be an effective way of regulating the interfacial problems and
suppressing the trap defects. Large amine ions, such as phe-
nylethylamine (PEA), butylamine (BA), and quaternary amine
(QA), have been applied to 3D PSCs as defect passivators
that show a positive effect in reducing the trap defects."*™’
In addition, the heterostructure of 2D/3D perovskites can
regulate the band alignment which facilities charge transport
at the interface.'® Diethylamine (DA) has an amine group that
can be combined with lead halide to form a 2D perovskite,
while the hydrophobic aliphatic hydrocarbon chain can protect
the perovskite from corrosion by water and improve the air-
stability of the PSCs. Recently, some researchers have incorpo-
rated diethylammonium iodide (DAI) into perovskite precursor
solutions or anti-solvents to modify the perovskite films by
regulating the crystal growth process, achieving increased PCE
values exceeding 20%.">*° However, these methods introduce
new impurities that are not conducive to further improvement
of the PSCs. In addition, diethylammonium bromide (DABr)
has also been used in surface treatment for methylammonium
lead triiodide based PSCs to fabricate high quality 2D/3D
hybrid perovskite films, achieving a PCE of 18.3%.>
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In this work, we employed DAI for the in situ regulation of
the 3D perovskite surface. DAI was dissolved in isopropanol
(IPA) and spin-coated onto a 3D perovskite. Different from
doping into the precursor solution, this post-treatment method
does not affect the crystallization of the bulk while it induces
recrystallization near the surface. IPA can dissolve a small
amount of formamidine iodide (FAI) at the as-prepared 3D
perovskite (Csp 0sFAg s5MA, 1Pbl;) surface, resulting in the formation
of a Pbl,-rich surface, which is conducive to the reconstruction
of 2D perovskite capping layer on the surface of the
perovskite.”> Compared with large aromatic cationic amine
salts, small sized DAI is prone to filling the grain boundary
and passivating the trap defects. This processing strategy can
increase the PCE of the device from 21.58 to 23.50%, with an
impressive Vo of 1.154 V, a high fill factor (FF) of 81.3%, and
negligible hysteresis. In particular, the DAI treated device
shows good operational stability, as confirmed through the
steady-state output measurement that shows little efficiency
loss. In addition, after storing for 500 hours in ambient air with
a relative humidity of ~10%, unpackaged devices can still
retain 97% of their initial PCE. This work provides a facile
means of regulating the top surface of 3D perovskite by con-
structing a mixed 2D/3D perovskite heterojunction which can
be applied to perovskite based photovoltaic areas.

Results and discussion

The molecular structure of DAI is shown in Fig. S1 (ESIt).
With an amine group and two ethyl groups, DAI is thought to
effectively passivate defects at the perovskite surface by filling
the halide vacancies or binding to uncoordinated halide ions
and Pb*" ions. Besides, the hydrophobic aliphatic chain of
DAI is expected to improve the air stability of the perovskite.
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(a) Schematic diagram of the DAI treated perovskite. Top-view SEM images of the (b) control and (c) DAI treated perovskite. (d) XRD patterns of the
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Thus, we introduce DAI on-top of the 3D perovskite layer to
modify the film properties. The DAI solution was spin-coated
onto the perovskite film and then annealed at 100 °C for 3 min
to induce the in situ reconstruction of the 3D perovskite surface
and the formation of the 2D perovskite (Fig. 1a).

Scanning electron microscopy (SEM) was used to explore the
surface morphology change of the perovskite films before and
after DAI treatment. The effects of DAI at different concentrations
(0, 5, 8, 10, 15, 20 mg mL ') on the morphology of the perovskite
films are shown in Fig. S2 (ESIt). A large number of Pbl, residuals
can be clearly seen on the control film (Fig. 1b and Fig. S2a, ESIf),
which will act as defect centers to capture free charges, resulting
in severe non-radiative recombination.**" With the increase in
DAI concentration, the Pbl, phase gradually decreases until it
disappears at a concentration of 10 mg mL™*. With a further
increase in the DAI concentration, the grains become larger, and
the new phase appears clearly when the DAI concentration
reaches 20 mg mL ™', We prepared the n-i-p structured devices
to explore the effect of DAI treatment on the photovoltaic perfor-
mance of the PSCs. We firstly optimized the concentration of DA,
and the corresponding statistical photovoltaic parameters are
displayed in Fig. S3 (ESIt). The photocurrent-voltage (J-V) curves
of the best device for treatment with DAI at different concentra-
tions are exhibited in Fig. S4 (ESIt). The Vo shows continual
improvement with the increase in DAI concentration. However,
due to the excessive accumulation of 2D perovskite and the
emergence of a new phase, both Jsc and FF decrease clearly when
the DAI concentration is increased further to 15 and 20 mg mL ™.
As a result, we find the optimal concentration to be 10 mg mL™?,
and from the corresponding SEM images shown in Fig. 1c, it can
be observed that the excess Pbl, disappears and the grains
become more compact. Later in this paper, unless otherwise
specified, control and DAI represent the devices without and with
10 mg mL ™' DAI treatment, respectively.

DAI

Pbl, 3D phase

2D phase

\

QXE(A") 2

perovskite films without and with DAI treatment, and pure DA,Pbl,. Grazing incidence X-ray diffraction (GIXRD) patterns of the (e) control and (f) DAI

treated perovskite films with an incident angle of 0.5°.
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The surface topographies of the control and DAI-treated
perovskite films were further analyzed using atomic force
microscopy (AFM). As shown in Fig. S5 (ESIt), the control 3D
perovskite film displays a rough surface with a high root-mean-
square (RMS) value of 45.06 nm. By contrast, the DAI-treated
perovskite surface is more uniform and compact with a
smoother (RMS = 31.05 nm) surface, which will be beneficial
for charge transport between the perovskite and the hole
transport layer.

To verify the 3D perovskite reconstructed via DAI treatment,
crystal phases of the control and DAl-treated perovskite films
were investigated via X-ray diffraction (XRD) measurements, as
shown in Fig. 1d. To further validate our deduce, we also inves-
tigated pure DA,PbI, (2D) perovskite film by XRD measurement
as shown in Fig. 1d. For the control and DAI-treated films, the
main reflections located at 14.2° correspond to the (001) crystal
plane of the o-phase perovskite. After DAI treatment, a new
peak at 7.2° is observed, which is in accordance with that of
DA,Pbl,, indicating the formation of the 2D perovskite layer.
In addition, a strong peak at 12.8° represents the excess Pbl, in
the control perovskite film, whereas almost disappears upon
DAI treatment. Grazing incidence X-ray diffraction (GIXRD) was
carried out to further study the crystalline structure of the
perovskites for the control and with DAI treatment. The 2D-
GIXRD images of the control and the 2D/3D perovskite film are
shown in Fig. 1e and f, respectively. The control film shows two
obvious diffraction rings at ¢ = 0.993 and 0.897 A~*, corres-
ponding to the 3D perovskite and Pbl,, respectively. In the
GIXRD pattern of the DAI-treated perovskite film, the disap-
pearance of the PbI, peak accompanied by the emergence of a
new diffraction ring at g = 0.499 A~* proves the formation of the
2D perovskite.® This further confirms the 2D phase formation
through in situ surface regulation of the 3D perovskite and
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excess Pbl, removal by DAI, which is consistent with the XRD
results.

The UV-vis absorption spectra of the control and DAI-treated
films show that both films exhibit similar light absorption in
the visible region (Fig. 2a). Fourier transform infrared (FTIR)
spectroscopy and X-ray photoelectron spectroscopy (XPS) ana-
lysis were performed on the perovskite films with and without
DAI treatment to investigate the interaction between DAI and
the perovskite surface. The FTIR spectra acquired in attenuated
total reflectance (ATR) mode are shown in Fig. 2(b and c) and
the full spectra are shown in Fig. S6 (ESI{). For the control
perovskite film, a strong stretching vibration of C=N from FA"
appears at 1712 cm™~ " (Fig. S6, ESI{). At the same time, peaks
appearing at 3401, 3268 and 1612 cm™ ' belong to the N-H
stretching vibrations. The absorption peaks at 1352 and 1470 cm ™"
are the umbrella and anti-symmetric bending vibrations of the
methyl (CH;) group, respectively.>® After DAI treatment, new
absorption peaks appear at 3024 and 766 cm™ ', which corre-
spond to the symmetric stretching of the methylene (CH,)
group and the N-H wag from the secondary amine in DAI,
respectively.”” These new peaks indicate the successful incor-
poration of DAI on top of the 3D perovskite.

X-ray photoelectron spectroscopy (XPS) measurements were
carried out to further explore the effect of DAI treatment on the
chemical composition and structure of the perovskite film
(Fig. 2d-f and Fig. S7, ESIf). As shown in Fig. 2d, C-C, C-N
and C=0O0 peaks are located at the binding energies of 284.8 eV,
286.5 eV and 288.4 eV, respectively. Due to the ethyl group and
C-N-C chemical bonds in the DA" cations, the C-C and C-N
peaks of the perovskite film treated with DAI are significantly
enhanced. The peak at 288.4 eV (C—0) of the pristine perovs-
kite film corresponds to the adsorption of H,O and O, with
exposure in air. With DAI treatment, the C—O peak of the
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(a) UV-vis absorption spectra for the control and DAI-treated perovskite films. (b and c) FTIR and (d—f) high-resolution XPS spectra of the
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perovskite film is suppressed, indicating the inhibition of H,O
and O, adsorption, which is more conducive to improving the
water stability of the perovskite film. We further observe a
single peak at 400.3 eV in the N 1s spectrum for the 3D pristine
film, whereas two peaks, located at 400.3 eV and 402.0 eV, for
the DAI-treated film are observed (Fig. 2e). The C—=N peak
at 400.3 eV is derived from FA', while the other C-N peak at
402.0 eV is derived from DA". Besides that, the peak position of
Pb 4f;/, and Pb 4f;, is shifted 0.15 eV towards a higher binding
energy after DAI treatment, as shown in Fig. 2f, implying the
chemical interaction between DAI and the perovskite. The I 3d
signals remain unchanged, as shown in Fig. S7b (ESIT).

Fig. 3a displays the energy level diagrams of the control and
DAI-treated perovskite films, as determined using ultraviolet
photoelectron spectroscopy (UPS) (Fig. 3b). The 3D control
perovskite exhibits a Fermi level (Eg) of —5.04 eV and a valence
band (VB) of —6.11 eV. Meanwhile, the Er and VB values are
—4.99 and —6.00 eV, respectively, for the DAI treated perovskite
film. The slightly upshifted VB of the 2D/3D perovskite will
alleviate the energy level mismatch with the highest occupied
molecular orbital (HOMO) level of the hole transport layer
(HTL). The improved band alignment between the perovskite
and the HTL facilitates the hole extraction and energy loss
reduction, which is associated with the enhanced V¢ of PSCs,
thus improving the overall device performances.”®>° Further-
more, Kelvin probe force microscopy (KPFM) measures the
contact potential difference between the surface of a solid-
state sample and the probe, as shown in Fig. 3c and d. The
RMS value of the surface potential decreases from 19.98 to
4.04 mV. A homogeneous and uniform distribution of the
surface potential is beneficial for effective charge carrier extrac-
tion to prevent non-radiative recombination, which means that
the defects enriched at the 3D perovskite grain boundaries are
significantly eliminated.***"

PCCP

As can be seen in Fig. 4a, the cross-sectional SEM image of
the DAI-treated perovskite film shows that it is hole-free and
dense compared with the reference sample. The steady-state
photoluminescence (SSPL) intensity of the glass/perovskite/DAI
film is higher than that of the glass/perovskite film (Fig. 4b),
indicating that DAI can effectively reduce the non-radiative
recombination loss. According to the previous statement, this
enhancement can be attributed to the depletion of excess Pbl,
as well as DAI induced trap passivation. We further collected
the time-resolved photoluminescence (TRPL) spectra to inves-
tigate the effect of DAI on the carrier characteristics of the
perovskite film (Fig. 4c). The TRPL spectrum was fitted according
to the following equation:®

I(t) = Iy + Ay exp(—t/(t1) + Ay exp(—t/15) (1)

where A; and A, represent the amplitude of the fast and slow
decay processes, respectively, and 7, and 7, are the fast and
slow decay time constants, respectively. The average carrier
lifetime are calculated according to the following equation:*

Tave = (1‘111712 + Aszz)/(Alfl + AyTy). (2)

All the fitted time decay parameters are summarized in
Table S1 (ESIt). The DAI-treated perovskite film exhibits a
slower PL decay with a t; of 0.27 ps and a 7, of 1.77 ps, whereas
the control perovskite film presents a 7; of 0.23 ps and a 7, of
1.64 ps. The average carrier lifetime increases from 1.60 ps to
1.75 ps. The longer lifetime of the DAI-treated perovskite film
suggests the suppressed non-radiative recombination.

Moreover, electrical impedance spectroscopy (EIS) measure-
ments were conducted to investigate the electrical character-
istics of the device. Nyquist plots of the control and DAI-treated
devices were measured at an applied voltage of 1.0 V under dark
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Fig. 3 (a) Schematic energy level diagrams for the control and DAl-treated perovskite films. (b) UPS profiles of the control and DAl-treated films.
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(a) Cross-sectional SEM images of the control device and the DAI-treated device. (b) SSPL and (c) TRPL spectra of the control and DAI-treated

perovskite films on glass substrates. (d) Nyquist plots of the electrical impedance spectroscopy (EIS) of the control device and the DAI-treated device with
a —1V bias voltage under dark conditions. (e) Dark J-V curves of the electron-only devices with the structures of FTO/TiO,/perovskite/PCBM/Au and
FTO/TiO,/perovskite/DAI/PCBM/Au. (f) Light-dependent Voc changes of the control device and the DAI-treated device.

conditions (Fig. 4d). The EIS data are fitted according to the
equivalent circuit (inset of Fig. 4d), in which CPE is the
constant phase element representing the capacitance, R repre-
sents the series resistance, and R,.. represents the recombina-
tion resistance of the device - the corresponding results are
listed in Table S2 (ESIt). Compared with the control device, the
DAI device has a lower R of 18.22 Q and a larger R of 772 Q.
The decrease in the series resistance may be attributed to the
better contact between the perovskite film and the hole trans-
port layer, resulting in a higher Voc. The increase in recombi-
nation resistance may be attributed to passivation of the
perovskite surface defects and an enhancement of the charge
extraction ability,*® which results in a higher Vo¢. Both changes
in R and the R,.. are beneficial for charge transfer, resulting in
a larger FF and a better PCE. The defect density of the
perovskite films is quantitatively calculated through the dark
J-V curves of the electron-only devices (Fig. 4e). The defect
density is calculated according to the following equation:**

Niraps = 2Vrprecolel (3)

where 7ap is the density of trap states, Vg, is the trap-filled
limit voltage, ¢ is the dielectric constant of the perovskite, &, is
the permittivity of a vacuum, e is the elementary charge and [ is
the thickness of the perovskite film. According to the fitted dark
J-V curves, the Vg, of the control and DAl-treated perovskite
films are 0.705 and 0.221 V, respectively.*> The defect density
of the DAI-treated perovskite film is calculated to be 2.14 X
10™ em™3, which is much lower than that of the control film
(7.84 x 10" em™?), indicating the efficient defect passivation of
the DAI induced 2D perovskite capping layer. The dependence
of Voc on the light intensity is analyzed to obtain further
insight into the trap-assisted charge recombination of the
devices.*® As shown in Fig. 4f, under the same light intensity,

This journal is © the Owner Societies 2023

the V¢ of the DAI-treated device is higher than that of the control
device, and both devices show a linear relationship between Vo¢
and the light intensity. The slope of the control and DAI-treated
devices is 2.247 kgT/q and 1.134 kgT/q, respectively, in which kg is
the Boltzmann constant, T is the temperature and q is the electric
charge. The lower slope confirms that the trap-assisted charge
recombination of the DAI modified device is much smaller than
that of the control device.*” Improved carrier transport and
reduced carrier non-radiative recombination are responsible for
the improved performance of the PSCs with DAI treatment.

Finally, the statistical photovoltaic performances of 30 PSCs
including PCE, Vo, Jsc and FF for both the reverse and forward
scan directions are shown in Fig. 5a-d. The corresponding
statistics and champion parameters are summarized in
Table 1. The apparent increase in Vo can be attributed to the
energy band alignment, the decrease in non-radiative recombi-
nation and the increase of the carrier lifetime, which are derived
from the DAI induced in situ regulation of the perovskite surface
and defect passivation. Besides, the hysteresis index (HI) is
defined using the following equation:

HI = (PCEreverse - PCEforward)/PCEreverse- (4)
The HI of the DAI-treated PSCs was significantly reduced
compared with that of the control PSCs, and the average hyster-
esis index (HI) of the control and DAI-treated devices was 0.17 and
0.05, respectively (Fig. 5e). The possible reason is that ion migra-
tion in the device is reduced through effective passivation of the
2D layer as well as effective elimination of excess Pbl,. This is
highly consistent with previous research in which the 2D perovs-
kite capping layer formed atop a 3D perovskite film can effectively
block ion migration and reduce the hysteresis of the PSCs.**?*°
The typical J-V curves of the best performing PSCs for the
control and DAI-treated PSCs measured under different scan
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Table 1 J-V parameters of the PSCs with and without DAI-treatment. These data are extracted from 30 devices

Jsc (mA cm™?) FF (%) PCE (%)

24.85 + 0.22 (24.73)
24.79 £ 0.30 (24.67)
24.98 + 0.14 (25.04)

78.5 + 1.9 (79.6

79.4 £+ 1.6 (81.3

20.34 + 0.60 (21.58
16.94 + 1.12 (17.19
22.52 =+ 0.56 (23.50

Sample Scan direction Voc (V)

Control ~ Reverse Average Champion  1.043 + 0.033 (1.096)
Forward Average Champion  0.977 + 0.037 (0.971)

DAI Reverse Average Champion  1.135 4 0.017 (1.154)
Forward Average Champion  1.111 + 0.013 (1.115)

directions are shown in Fig. 5f. The PCE of the optimal control
device is 21.58%, with a Vo of 1.096 V, a Jsc of 24.73 mA cm 2
and an FF of 79.6%. By contrast, the optimal DAI-treated PSC
shows a Voc of 1.154 V, a Jsc of 25.04 mA cm™? and an FF of
81.3%, resulting in a champion PCE of 23.50%, which is much
higher than that of the control device.

The external quantum efficiency (EQE) curves of the control
and DAI-treated devices are shown in Fig. 5g. The integrated
Jsc values of the control and DAI-treated PSCs are 24.46 and
24.43 mA cm, respectively, which match well with the values
measured from the J-V curves. To further investigate the
photovoltaic performance of the devices, the time-dependent
stabilized PCE of the PSCs with the control and DAI-treated
perovskite layers was measured at the maximum power
point (MPP), as shown in Fig. 5h. For the DAI-treated device,
the stabilized PCE decreases by only 2.75% during the first
300 s while that of the control device decreases by 10.59%.
In addition, after storing for 500 hours in ambient air with a

9354 | Phys. Chem. Chem. Phys., 2023, 25, 9349-9356

70.0 + 3.7 (78.8%
)
)

o

24.94 £ 0.15 (25.05)  76.7 + 1.8 (78.0)  21.28 + 0.63 (21.80

relative humidity of ~10%, both unpackaged devices can still
retain 97% of their initial PCE (Fig. 5i), delivering good long-
term ambient stability.

Conclusions

In summary, we successfully employed DAI as organic spacer
group to construct mixed 2D/3D perovskites for efficient PSCs.
The deposition of DAI can induce the in situ regulation of a 3D
perovskite through the chemical reaction of DAI and excess
Pbl,. Upon incorporation of the DAI, the excess Pbl, in the
perovskite film is consumed by forming a 2D perovskite, which
greatly reduces the defect density and non-radiative recombi-
nation of the perovskite film. Moreover, the 3D/2D structure
can regulate the energy level alignment, enhance the charge
extraction, and improve the Voc. As a result, a PCE of 23.50%
for the DAI-treated device is achieved with small hysteresis,

This journal is © the Owner Societies 2023
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compared with the control device with an efficiency of 21.58%.
In addition, after storing for 500 hours in ambient air with a
relative humidity of ~10%, the unpackaged devices still retain
>97% of their initial PCE. The dramatic improvement of the
photovoltaic performance confirms that the appropriate recon-
struction of 2D/3D perovskites using DAI is an important
strategy for the development of PSCs with high efficiency and
stability.
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