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Constructing Ultra-Shallow Near-Edge States for Efficient
and Stable Perovskite Solar Cells

Xueliang Zhu, Wenqi Xiong, Chong Hu, Kangwei Mo, Man Yang, Yanyan Li, Ruiming Li,
Chen Shen, Yong Liu, Xiaoze Liu, Sheng Wang, Qianqian Lin, Shengjun Yuan,
Zhengyou Liu, and Zhiping Wang*

Electronic band structure engineering of metal-halide perovskites (MHP) lies
at the core of fundamental materials research and photovoltaic applications.
However, reconfiguring the band structures in MHP for optimized electronic
properties remains challenging. This article reports a generic strategy for con-
structing near-edge states to improve carrier properties, leading to enhanced
device performances. The near-edge states are designed around the valence
band edge using theoretical prediction and constructed through tailored mate-
rial engineering. These states are experimentally revealed with activation ener-
gies of around 23 milli-electron volts by temperature-dependent time-resolved
spectroscopy. Such small activation energies enable prolonged carrier lifetime
with efficient carrier transition dynamics and low non-radiative recombination
losses, as corroborated by the millisecond lifetimes of microwave conductivity.
By constructing near-edge states in positive-intrinsic-negative inverted cells,
a champion efficiency of 25.4% (25.0% certified) for a 0.07-cm2 cell and 23.6%
(22.7% certified) for a 1-cm2 cell is achieved. The most stable encapsulated
cell retains 90% of its initial efficiency after 1100 h of maximum power point
tracking under one sun illumination (100 mW cm−2) at 65 °C in ambient air.

1. Introduction

Metal-halide perovskites (MHP) have undergone magnificent ad-
vancements as low-cost and highly efficient solar energy har-
vesting materials for photovoltaic applications.[1–3] In less than
a decade, the power conversion efficiency (PCE) has surged to
26.1% for a single-junction perovskite solar cell (PSC),[4] ap-
proaching 80% of the Shockley–Queisser limits. This remark-
able progress is a result of intensive efforts on composition,
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interface, and defect engineering,[5–8] To
fully unlock the potential of PSCs, it de-
mands minimizing non-radiative recombi-
nation losses and increasing charge car-
rier density with an in-depth understanding
of underlying physical mechanisms.[9] This
demand can be addressed by sophisticated
band structure engineering, which focuses
on profound MHP materials science and
aims for preferred electronic properties.

Band structure engineering, rooted in
a comprehensive knowledge of detailed
band structures, has become a major
research direction for PSCs. Similar to
conventional solar materials (e.g., crys-
talline silicon, gallium arsenide), various
material strategies have been tried out
to reconfigure valence/conduction bands
for improved electronic properties by in-
troducing dopants. For example, specific
technical approaches, such as precursor
engineering[10,11] and post-treatments,[12,13]

B-site substitution,[14] impurity doping[15,16]

and charge transfer doping,[17–19] are
developed to tune the Fermi level within the band gap for in-
creased carrier density. Even though some cases introduce ad-
ditional electronic disorders in perovskites,[20–22] the correspond-
ing device performances are apparently improved. However, effi-
cient and reliable engineering for preferred electronic properties
remains challenging, due to the lack of comprehensive investiga-
tion of MHP band structures and global engineering strategies.

Here, we start with a theoretical analysis of band structures
and propose a generic strategy for constructing near-valence-
band-edge states. This strategy is then realized through tailored
material engineering and experimentally demonstrated to si-
multaneously improve carrier density and lifetime, and prevent
MHP degradation. By testing the enhanced device performance,
the underlying generic principle for this strategy is summarized
and can be applied for more comprehensive band structure
engineering.

2. Results and Discussion

It has been theoretically and experimentally demonstrated that
lattice distortion or octahedral tilting only changes the size of
the band gap while no new state shall be formed,[23,24] The
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Figure 1. Band structure engineering in metal-halide perovskite semiconductors.

reconfiguration of valence bands (VB) of lead-iodide perovskites
is of great importance to manipulate electronic properties. The
VB of lead-iodide perovskites is contributed by I-5p states and the
conduction band (CB) is mainly derived from Pb-6p states,[23,25]

as schematically described in Figure 1. By regulating the Pb─I
bond, near-edge states could be formed with new VB config-
uration for distinct electronic behaviors. In the theoretical de-
sign, we focus on modifying the density of states (DOS) dis-
tribution of mixed-cation perovskites due to their high effi-
ciency and stability in solar cells,[26,27] We introduce 3-fluoro-
phenethylammonium iodide (F-PEAI) in the perovskite body and
phenethylammonium iodide (PEAI) on the perovskite surface
(Figure S1, Supporting Information). The PEAI and their deriva-
tives have been extensively studied as effective defect passivation
agents in perovskites,[28–30] Here we use the PEAI and F-PEAI
molecules as the dopants to modify the band structure of per-
ovskites. This strategy would allow us to investigate any potential
improvements while retaining highly desirable features such as
long carrier lifetimes.[31]

2.1. Density Function Theory Analysis

We first study the interaction between the PEAI/F-PEAI
molecules and perovskites using density function theory (DFT)
calculations. We focus on the FA8/9MA1/9PbI3 perovskite with de-
fects and construct two models: the control model which has MAI
or FAI vacancy (VMAI or VFAI) in the surface and body, and target
model, where the surface and body MAI/FAI vacancies are mod-
ified with PEAI and F-PEAI molecules, respectively. Figure 2a,b
shows the DOS distribution of the control and target perovskites,
respectively. The control sample exhibits similar results to the
perfect perovskite, while new states near the valence band max-
imum appear in the target sample. These new states are found
to have originated from the insertion of PEAI/F-PEAI molecules,
which break one of the Pb─I bonds in the body and push one
of the I ions near the vacancy away from the surface. Our re-
sults confirm that the surface dissociative I ions contribute to the
near-edge states, while the internally broken I ions cause the lo-
calized states only within the VB (Figure S2, Supporting Infor-
mation). To understand the origin of the broken Pb─I bonds, we
calculate the bond energy for a perfect model and for a model
with F-PEAI added to the body. Our calculations show that the
introduction of F-PEAI gives rise to the formation of F─Pb bond
and the break of the internal Pb─I bond, which significantly re-

duces the Pb─I bond energy at the surface from 1.81 to 0.29 eV
(Figure 2c,d). Figure 2e,f further manifests that the F in the F-
PEAI molecule tends to adsorb to the underlying Pb atoms, form-
ing a stronger Pb─F ionic bond that replaces the original Pb─I
bond (B6) due to the stronger electronegativity of F compared to
I. At the same time, the bottom Pb atoms move down and the lib-
erated I atoms rise, causing an obvious increase in the distance
of the internal Pb─I bond (B6). The charge density difference in-
dicates that the charge reconstruction of the internal Pb─I bonds
(B5) is enhanced, and the internal I atoms gain more electrons.
Compared with the B2, the shortened Pb─I bond (B1) represents
a stronger bond strength. However, this enhancement of the in-
ternal Pb─I bond strength (B5) will reduce the electron transfer
from Pb to I atoms in the surface Pb─I bond (B4). As a conse-
quence, the surface Pb─I bond (B4) becomes longer, leading to
less charge reconstruction and a significant decrease in its bond
energy. This explains why the I ions are prone to dissociation at
the surface. However, the introduction of F-PEAI in the body only
weakens the surface Pb─I bond energy, and it is not sufficient to
cause the dissociation of I ions at the surface, that is, cannot pro-
duce the near-edge states (Figure S3b, Supporting Information).
After, the PEAI is introduced onto the surface, and it is easy to
break the weakened Pb─I bond, causing the dissociation of I ions
(Figure S2, Supporting Information). Thus, to create the near-
edge states, it is necessary to simultaneously introduce F-PEAI
into the body and PEAI onto the surface. A more specific expla-
nation of both processes is summarized in Note S1, Supporting
Information. We also calculate the total energy of the systems and
find that the energy is lower for the system with dissociative I ions
than for the system with unbroken Pb─I bonds (Figure S4, Sup-
porting Information). This supports the rationale of the target
model. Moreover, our DFT calculations suggest that introducing
the near-edge states should elevate the Fermi level, leading to typ-
ical n-doping. This prediction is confirmed by the Kelvin probe
measurements (Figure S5, Supporting Information).

To experimentally assess the proposed near-edge states, we
conduct time-resolved photoluminescence (TRPL) and time-
resolved microwave conductivity (TRMC) measurements[32,33] for
control and target perovskite films. In the experimental setting,
we focus on triple-cation lead iodide perovskites and incorporate
F-PEAI in the precursor solution to mimic the body doping and
apply a post-treatment on the as-crystallized perovskite films
with PEAI to reproduce the surface doping in the theoretical
design. More experimental details are depicted in the Support-
ing Information. All the TRPL spectra show single exponential
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Figure 2. The DOS distribution of a) control and b) target samples. The DOS of perfect FA8/9MA1/9PbI3 perovskite is represented by the shaded area.
The orange and blue lines in DOS denote the modifications at the MAI and FAI locations, respectively. The calculated Pb─I bond energy for c) a perfect
model and d) a model with F-PEAI added to the body. The corresponding theoretical model, bond distances and charge density differences for e) a perfect
model and f) a model with F-PEAI added to the body. The yellow and blue electron clouds represent charge accumulation and depletion, respectively.
Isosurface: 0.003 e bohr−3.

decays at early time windows of 10 μs (Figure 3a), indicating the
dominance of trap-assisted monomolecular recombination for
the initial dynamics.[34,35] The fitted carrier lifetime for the initial
dynamics increases dramatically from 2165 ns for the control
sample to 5473 ns for the target sample, due to the reduced
non-radiative recombination owing to defect passivation by
the F-PEAI/PEAI molecules.[36,37] The TRMC decays suggest
that the target sample effectively enhances the carrier mobility
(Figure 3b,c). More importantly, both the TRPL and TRMC decay
for the target sample display flat tails which are speculated to have
originated from charge trapping and de-trapping process.[32,38]

Combined with the DFT results, we thus propose the forma-
tion of shallow near-edge states where the carriers repeatedly
trapped or released with negligible non-radiative recombination
losses.

To gain in-depth understanding of the newly formed near-edge
states, we perform temperature-dependent TRPL measurements
on the control and target sample, as shown in Figure 3d,e. Clearly,
the control sample shows less variations in decay lifetime (i.e., the
inverse of monomolecular recombination rate, k1) with different
temperatures. In stark contrast, the target sample shows strong
temperature dependence. With all fitted temperature-dependent
monomolecular recombination rates for both samples, we are
able to extract the activation energies (Ea) of the near-edge states
as ln(k1) ≈ exp(−Ea

kBT
) where kB is Boltzmann constant (Figure 3f).

The Ea is fitted to be only ≈7 meV for the control sample, in-
dicating the absence of near-edge states. By contrast, the Ea is
23 meV for the target sample, which is very close to the thermal
energy at room temperature (kBT ≈ 26 meV@300 K). This evi-
dence points to the existence of new states near the band edge
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Figure 3. a) TRPL decays of the control and target perovskite films deposited on glass substrates. b) Photoconductivity transients of perovskite films
measured by TRMC. c) Plots of the extracted TRPL lifetimes and TRMC mobilities. Temperature-dependent TRPL spectra of the d) control and e) target
perovskite films deposited on glass substrates. f) Determination of the active energies of the near-edge states by the Arrhenius equation. g) Schematic
illustration of the charge-carrier recombination model in the presence of near-edge states. h) Analysis of trapping–de-trapping processes via TRPL
fittings.

and the depth of the states is extremely shallow, corroborating
our DFT calculation of the near-edge states in Figure 2b. These
states provide a profound playground for the carrier dynamics
with highly efficient trapping and de-trapping activities even at
room temperature, which would be beneficial for device opera-
tion.

We thus build a dynamics model with carrier trapping and de-
trapping model.[39,40] and look into the carrier processes in the
control and target samples (Figure 3g). The model is simplified
to be of three states, that is, the edges of CB and VB, and the near-
edge states. The near-edge states are considered to be mainly hole
traps with trapping and de-trapping activities because they are
close to the VB edge. After photo-excitations, there are several
decay channels for the excited electrons in CB and the excited
holes in VB. Besides the bimolecular electron-hole recombina-
tion (radiative channel) with a rate constant of Reh, the other de-
cay channels all involve trap-mediated recombination near the
band-edge of VB. These channels refer to the trapping popula-

tion process of capturing holes from the VB-edge with a rate con-
stant of Rpop, the de-trapping process of releasing holes back to
the VB-edge with a rate constant of Rdetrap, and the depopulation
process of nonradiative trapped hole recombination with a rate
constant of Rdepop. Based on the fitting of TRPL with the model,
the Reh is significantly slowed down by about 20 times for the
target sample than the control sample (see the fitted parameters
for all samples in the inset table in Figure 3h). The slow-down
trend is consistent with the carrier lifetime based on the simpli-
fied single-exponential decay dynamics, but this slow-down ra-
tio (≈20) is much larger than the single-exponential lifetime ra-
tio of 2.5. This is due to the totally different dynamics of trap-
mediated recombination in the target sample. The trap density
and de-trapping rate Rdetrap both increase significantly for target
sample, while the trapping population and depopulation rate con-
stants (Rpop and Rdepop) do not change much. In this way, the traps
act as an additional carrier reservoir to exchange carriers with va-
lence near-edge. This is further supported by the elevated Fermi
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Figure 4. a) J–V characteristics of the optimized devices measured from forward bias to short circuit under simulated AM 1.5 G sunlight. b) The SPO of
the champion cells is measured by holding the cell at a fixed voltage near maximum power point on the J–V curve for 60 s. c) J–V curves of 1-cm2 PSCs
(inset shows the SPO and the photograph of the device). d) A statistical distribution of the PCE was obtained from four batches of devices (40 cells per
type). e) Reported champion certified or J–V scanned PCE for inverted PSCs compared to the PCE achieved in this work. f) Evolution of the reported
high-profile efficiencies of 1-cm2 inverted devices. g) Encapsulated solar cells over time. The cells are aged under one sun continuous illumination at
65 °C in ambient air with a relative humidity of around 50%.

levels (Figure S5, Supporting Information) and corroborated with
our DFT calculation (Figure 2a,b). Detailed explanations regard-
ing the model are given in Note S2, Supporting Information.

We now inspect the impact of near-edge states on so-
lar cell performance. We fabricate positive-intrinsic-negative
(p-i-n) inverted cells with a structure of FTO/NiOx/Me-
4PACz/FA0.9MA0.06Cs0.04PbI3/C60/BCP/Cu. Based on sys-
tematically optimizing the device performance (Figure S6,
Supporting Information), we finally choose the F-PEAI molecule
for the body and the PEAI molecule for the surface. Figure 4a
shows the current density–voltage (J–V) curves of the highest-
performing cells, and full device characteristics and external
quantum efficiency (EQE) are given in the Supporting Infor-
mation (Figures S7–S9 and Table S1, Supporting Information).
Clearly, the modification mainly affects the open-circuit voltage
(Voc) and fill factor (FF) (Figure 4b). The best target device
delivers a scanned PCE of 25.4% and a steady-state power output
(SPO) of 25.0%, amongst the highest value for NiOx-based
PSCs (Figure S10, Supporting Information). The Voc reaches
1.16 V at a band gap of 1.52 eV (see Tauc plot of the perovskite

film and the derivative of the EQE spectrum in Figures S11
and S12, Supporting Information), corresponding to a low Voc
deficit of 360 mV. One of the best-performing target devices
is certified by an independent solar cell accredited laboratory,
achieving a certified PCE of 25.01% and an SPO of 24.44% (see
certification reports in Figure S13, Supporting Information).
We also fabricate 1-cm2 large-area cells and the target devices
show a champion PCE of 23.6% in Figure 4c and certified
22.7% (see the EQE and certification reports in Figures S14 and
S15, Supporting Information). Figure 4d exhibits an excellent
reproducibility, with an average PCE of 22.1% for the control
device and 25.0% for the target device. We further compare
our results with the champion small- and large-area inverted
PSCs reported over the past 10 years (Figure 4e,f and Table S2,
Supporting Information). The efficiency attained in this work is
almost identical to the current state-of-the-art.

Another important point to ascertain is whether the ben-
eficial impact derived from the near-edge states will endure
throughout extended periods of operation. We carry out maxi-
mum power point (MPP) tracking of the target cells under one
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sun illumination (100 mW cm−2, see the spectrum of the light
source in Figure S16, Supporting Information) at an elevated
temperature of 65 °C in ambient air with a relative humidity of
around 50%, corresponding to international summit on organic
photovoltaic stability (ISOS-L-3) aging standard.[41] We first age
non-encapsulated devices for 120 h (Figure S17, Supporting In-
formation), and find that the control device loses nearly 20% effi-
ciency after aging. In stark contrast, the target device is relatively
stable, losing only 10% of its initial PCE after 120 h. We further
perform long-term MPP tracking on encapsulated devices. The
time to 90% of the decay (T90) is 1100 h for the target device,
which is higher than the 950 h for the control device (Figure 4g
and Figure S18, Supporting Information). Double-injection (DI)
current measurement suggests that the ion migration is largely
suppressed in the target devices (Figure S19 and Note S3, Sup-
porting Information). This can be further supported by the theo-
retical calculation where the target samples show higher bind-
ing energy with defects than the control samples (Figure S20,
Supporting Information). Figure S21, Supporting Information
demonstrates that the presence of F ion in the perovskite bulk
stabilizes the local structure via strengthened bonding with Pb,
which is in good agreement with the previous report.[42] Ex-
perimentally, we conduct Raman spectroscopy measurements
and observe a low-frequency Raman band at 230 cm−1 (Figure
S22a, Supporting Information), corresponding to the vibration
of the Pb─F bond.[43] X-ray photoelectron spectroscopy spectra
(Figure S22b, Supporting Information) reveal that, in contrast to
the control sample, the Pb 4f peaks shift to lower binding ener-
gies for the target sample. This further indicates the decrease of
under-coordinated Pb2+ due to the strong interaction between Pb
and F.[44,45]

3. Conclusion

In conclusion, multiple key factors are responsible for the en-
hanced device performance. First, the growth defects are pas-
sivated by F-PEAI/PEAI, reducing non-radiative recombination
and extending carrier lifetimes. Second, the ultra-shallow near-
edge states generated in the target samples effectively elon-
gate electron-hole recombination through efficient trap and de-
trapping processes. This results in reduced non-radiative recom-
bination losses, increased carrier densities within finite time win-
dows, and ultimately over 25% efficiencies in the target devices.
Third, the reinforced binding energies between the F-PEAI/PEAI
molecules and the defects mitigate ion migrations, enabling sta-
ble power output over long-term operation at an elevated tem-
perature. Our work not only demonstrates an effective method
for achieving high-performance devices, but also underscores the
importance of understanding the impacts of foreign molecules
on electronic states in perovskites.

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