
2202428 (1 of 8) © 2023 Wiley-VCH GmbH

www.advopticalmat.de

Enhanced Luminescent Performance via Passivation 
of Surface Undercoordinated Pb Atoms in a CsPbBr3 
Microplate

Yizhi Zhu, Linlin Shi, Heng Guo, Jinping Chen, Junfeng Lu, Weian Wang, Zhangsheng Xu,  
Naiwei Gao, Xun Han, Zhengchun Peng,* Qiannan Cui, Chunxiang Xu,*  
and Caofeng Pan*

DOI: 10.1002/adom.202202428

transistors,[11–13] and so on. So far, the energy 
conversion efficiency of perovskite solar cells 
has exceeded 25%,[14–16] superior to polycrys-
talline silicon solar cells, but this value is 
still far below the theoretical efficiency limit. 
In addition, benefiting from outstanding 
luminescent properties and tunable emis-
sion wavelengths,[17] perovskite has also 
attracted great attention in luminescence 
applications, such as light-emitting diodes  
(LEDs)[18–20] and optically pumped lasers.[21–24]  
Although perovskite materials have achieved 
above remarkable progress in the appli-
cation of optoelectronic devices,[25–30] the 
efficiency of these devices still needs to be 
further improved and optimized urgently, to 
match the practical application.[31–37]

Solution-processed perovskite tends 
to form abundant lattice defects because 
of low crystal nucleus formation 

energy.[38,39] The existence of abundant surface lattice defects 
plays a vital role in the performances of perovskite optoelec-
tronic devices.[31,32,40–42] First of all, lattice defects can cause 
carriers trap states in momentum space,[43] and the formed 
trap states will heavily dissipate the energies of photocarriers 

Perovskite materials are widely used in the fields of luminescence and light 
energy conversion with the advantages of low cost and outstanding optoelec-
tronic properties. However, abundant surface lattice defects heavily affect 
the performances of perovskite optoelectronic devices. Here, by treating 
surface defects with oleylamine molecules in situ, the surface trap states are 
significantly decreased in a CsPbBr3 microplate, enabling photoluminescence 
intensity and carrier lifetimes to be dramatically enhanced and prolonged, 
respectively. These interesting phenomena can be attributed to the binding 
of undercoordinated Pb atoms with N atoms on the surface of perovskite 
microplate. The strong binding energy of lead-halogen bonds inhibits the pho-
todegraded reactions of the crystal, leading to the significant improvement of 
luminescent stability for the microplate correspondingly. The results not only 
provide experimental guidance for passivating lattice defects but also pave the 
way for improving the efficiency of wide materials and optoelectronic devices.
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1. Introduction

Due to low fabrication cost and excellent optoelectronic perfor-
mances, solution-processable lead halide perovskites have been 
extensively applied in the fields of solar cells,[1–6] photodetectors,[7–10] 
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into heat through a non-radiative recombination process.[40,44] 
It is a serious problem that hinders the performance of per-
ovskites-based optoelectronic devices.[32,39] The other serious 
problem is that the crystal structures of perovskites can be 
decomposed by water, oxygen, and heating.[45,46] Previous 
works have shown that surface lattice defects in perovskite 
can deeply affect crystal stability and hinder the device’s ser-
vice lifespan by accelerating the photodegraded reactions 
mediated with H2O and O2.[47,48] Therefore, surface lattice 
defects are one of the essential factors that restrict the perfor-
mance of perovskite optoelectronic devices.

In this paper, aiming to improve luminescent performances 
and reduce non-radiative energy loss, OLA molecules are 
employed to passivate surface lattice defects of the CsPbBr3 
microplates. Results have shown that OLA molecules can 
effectively decrease surface trap states via passivating under-
coordinated Pb2+ ions. Thus, both the PL intensity and the 
carrier’s lifetime of OLA-CsPbBr3 are enhanced and prolonged 
compared with pure CsPbBr3 microplate. In addition, the 
luminescent stability of the microplates is also significantly 
improved after passivating the undercoordinated Pb atoms by 
OLA molecules. Our results are significant for an extensive 
range of high-efficiency perovskite materials and devices.

2. Results and Discussion

2.1. Experimental Design and Structural Analysis

First, an optical system has been built by connecting a PL spec-
trometer and a streak camera (see Figure 1a) to investigate 

the luminescent performance of a perovskite microcrystal. A 
400 nm laser beam is adopted as the excitation source, which 
is focused on a CsPbBr3 microplate by an objective lens with an 
NA of 0.4. The emitted PL from the microplate is split into two 
beams by a beam splitter. One beam is recorded with a spec-
trometer for PL analysis, and the other one is sent to a streak 
camera for carrier dynamics measurement. By successfully 
constructing this optical measurement system, we can precisely 
investigate the PL and TRPL of a perovskite microplate. The 
experimental design for surface passivation of a CsPbBr3 micro-
plate is depicted in Figure  1b. As presented in Figure  1b, we 
attempt to passivate surface lattice defects with OLA molecules 
and a microplate ultimately achieves excellent luminescent per-
formance. Moreover, the structure and morphology of solution-
fabricated microplates are measured with X-ray diffractometry 
(XRD) and scanning electron microscopy (SEM) equipped with 
an energy dispersive spectroscopy (EDS), respectively, as shown 
in Figure  1c–e. The synthesized CsPbBr3 microplates demon-
strate a smooth surface and sharp edges with a square shape, 
indicating excellent crystalline quality. In addition, Cs, Pb, and 
Br elements are uniformly distributed on the crystal surface. 
It indicates that we have successfully fabricated high-quality 
CsPbBr3 microplates by the solution-synthesized method.

2.2. Trap Density and Exciton Dynamics

Next, a series of steady micro-PL spectra on a 200  nm thick 
CsPbBr3 microplate is measured to quantitively estimate trap 
density (The details of the thickness of CsPbBr3 microplates 
can be seen in the Supporting Information). Figure 2a shows 

Adv. Optical Mater. 2023, 2202428

Figure 1. Testing setup, experimental design, and structural measurement of the CsPbBr3 microplates. a) The optical path for measuring PL and time-
resolved photoluminescence (TRPL) spectra emitted from a CsPbBr3 microplate. b) A schematic diagram for surface passivation design. c) The XRD 
pattern of the as-synthesized CsPbBr3 microplates. The inset shows the crystal structure of CsPbBr3. d) An SEM image of solution-synthesized CsPbBr3 
microplates with a scale bar of 10 µm. e) The elemental mapping of Cs, Pb, and Br for a microplate.
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the PL spectra of the CsPbBr3 microplate with and without OLA 
molecules. It shows that the PL intensity of OLA-CsPbBr3 is 
remarkably enhanced by about 70-folds than the pure CsPbBr3 
microplate. Inset in Figure 2a is the bright field optical image 
of the microplate, it shows a greenish CsPbBr3 microplate with 
a length of about 10 µm. And it is clear that under the excita-
tion of the 400 nm laser, much higher luminescence radiation 
is observed by a charge-coupled device (CCD) when OLA mole-
cules are employed on the CsPbBr3 microplate, which agrees 
well with PL enhancement results as shown in Figure  2a. It 
suggests that OLA molecules can effectively improve the lumi-
nescence performances of CsPbBr3. Moreover, we can find that 
the fitted PL peak of OLA-CsPbBr3 is located at 518.28  nm, 
exhibiting an obvious blueshift of 6.96 nm compared with pure 
CsPbBr3 (525.24 nm) recorded by a Princeton Instrument Spec-
trometer (Supporting Information). Therefore, we can infer 
that there is a stronger interaction between CsPbBr3 and OLA 
molecules.

To reveal this conjecture, we carefully performed pump 
power-dependent steady micro-PL of the CsPbBr3 microplate 
with and without OLA molecules treatment. Figure 2b presents 
the PL intensity of CsPbBr3 as a function of pump fluences, and 
pump fluences of red-solid spectra in the inset are 3.60, 4.55, 
and 5.80 µJ cm−2. It indicates that the PL intensity exhibit two 
linear growth trends with a threshold of 4.55 µJ cm−2. Based 
on a trap-filling model,[39,40,49] the photogenerated band-edge 
excitons can be captured by trap states when the pump flu-
ence is low. After trap states are filled, a large number of excess 

excitons at the band-edge will emit PL by the path of radiative 
recombination. Thus, the quantum efficiency and PL intensity 
are suddenly increased. Figure 2b shows the threshold obtained 
by fitting the scatter plot through two linear functions which 
can be approximately adopted to calculate the average trap den-
sity. Therefore, when the pump fluence threshold is 4.55 µJ 
cm−2, the trap density of the CsPbBr3 microplate can be esti-
mated to be 3.64 × 1017 cm−3 (Supporting Information). The PL 
intensity of CsPbBr3 as a function of pump fluences is shown 
in Figure  2c and pump fluences of blue-solid spectra in the 
inset are 3.60, 4.66, and 5.95 µJ cm−2. It is noticed that the trap 
density of OLA-CsPbBr3 is significantly decreased, approaching 
the ideal defect-free conditions, as indicated by Figure 2c. These 
results prove that the OLA molecules can effectively passivate 
surface lattice defects on the CsPbBr3 microplate.

Then, the micro-TRPLs of the microplate before and after 
surface passivating treatment with OLA are measured by a 
streak camera to further elaborate exciton dynamics. TRPL 
spectra of OLA-CsPbBr3 present a significantly longer tail 
along the temporal axial than the pure CsPbBr3, as shown in 
Figure 2d,e. It shows that OLA-CsPbBr3 possesses a longer PL 
lifetime compared with pure CsPbBr3. To better understand 
exciton dynamics in CsPbBr3, temporal dynamics of PL peaks 
are extracted from Figure  2d,e, as plotted in Figure  2f. For a 
pure CsPbBr3 microplate, indicated by the red sphere, we fit 

this PL peak with a bi-exponential function: 1

t

2

t

1 2= +τ τ
− −

I A e A e ,  
where A1 (A2) is constants, τ1 and τ2 are fast and slow PL decay 
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Figure 2. The measurement of micro-PL and micro-TRPL spectra for a CsPbBr3 microplate in situ. a) Steady PL spectra for a CsPbBr3 microplate with 
and without OLA molecules. Corresponding insets show bright and dark fields of optical images of the CsPbBr3 microplate with 10 µm scale bars. 
Excitation fluence of a 400 nm femtosecond laser beam is fixed at 0.44 µJ cm−2. PL intensity as a function of pump fluence is presented for b) CsPbBr3 
and c) OLA-CsPbBr3 microplate. Solid lines are linear fittings. Insets are the three typical PL spectra for the two samples. Typical TRPL spectra for d) 
CsPbBr3 and e) OLA-CsPbBr3 microplate, and f) temporal decay of PL intensity at PL peak extracted from (d) and (e) when excitation fluence is fixed 
at 3.82 µJ cm−2. The green lines in (f) for CsPbBr3 and OLA-CsPbBr3 are bi-exponential and exponential fittings, respectively.
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components, respectively. The fitted A1 and A2 are 0.87 and 
0.09, and τ1 and τ2 are about 181 and 804 ps, respectively. Fur-
thermore, the average PL lifetime of the CsPbBr3 is 377 ps cal-
culated by ( ) /( )1 1

2
2 2

2
1 1 2 2τ τ τ τ τ= + +A A A Aavg . Previous works 

have reported that fast (τ1) and slow (τ2) PL decay components 
are intrinsically originated from the exciton recombination 
process in the surface and bulk regions of a CsPbBr3 micro-
plate with inhomogeneous trap densities.[39,50] Thus, we can 
safely estimate the proportion of PL emission in the surface 
region is about 68.5%, which is calculated by A1τ1/(A1τ1 + A2τ2). 
Since OLA-CsPbBr3 exhibits defect-free properties as shown 
in Figure  2c, we empirically interpreted the PL peak of OLA-
CsPbBr3 with an exponential function: 

t

= τ
−

I Ae . It exhibited 
that the fitted τ of OLA-CsPbBr3 equals 2668  ps as seen in 
Figure 2f. It concludes that the PL lifetime of OLA-CsPbBr3 is 
≈7 times longer than the pure CsPbBr3, indicating an excellent 
surface passivation effect, which agrees well with the results 
in Figure  2b,c. In addition, it is observed that the temporal-
integrated PL spectrum (0–1700  ps, temporally recorded by 
an Optronics Streak Camera and see the Supporting Informa-
tion) of OLA-CsPbBr3 is blueshifted by 5.66 nm compared with 
the pure CsPbBr3. This result is satisfactorily consistent with 
Figure S1 (Supporting Information) by a measurement error of 
1 nm, confirming the high quality of our steady PL and TRPL 
measurements.

From PL and TRPL results, two spectroscopic features can 
be summarized: 1) PL intensity is remarkably enhanced while 
defects are efficiently passivated by OLA molecules. 2) Benefit-
ting from the decrease of trap states, the PL lifetime of OLA-
CsPbBr3 is prolonged significantly. Based on these features, we 
proposed a schematic illustration to interpret carrier dynamics 
in the CsPbBr3-based microplate. As depicted in Figure  3a, 
abundant surface lattice defects in a pure CsPbBr3 microplate 
can generate carrier trap states in momentum space, leading 

to the capture of free carriers by defects and the dissipation of 
energy into heat during their paths of energy relaxations. Thus, 
the microplate presents poor PL performance and a rather short 
PL lifetime caused by heavy surface recombinations. When 
OLA is introduced on the surface of the microplate, trap states 
are significantly reduced because of the passivation of surface 
defects with OLA molecules, as shown in Figure 3b. Since the 
passivation of OLA molecules decreases the surface recombina-
tion of carriers, PL performance and carrier lifetime of OLA-
CsPbBr3 are enhanced and prolonged respectively. It indicates 
that OLA molecules can effectively decrease surface recombina-
tion by passivating surface trap states of the perovskite.

2.3. Surface Elemental Analysis

According to the exciton dynamics results, it can be inferred 
that OLA molecules can passivate the lattice defects on the 
surface of pure CsPbBr3 microplate. Since the N atom exists 
at the amine head of OLA molecule, we can expect that the 
passivation mechanism of the OLA molecule is similar to that 
of Lewis bases where lone pair of electrons hang outside to N 
atoms. So the lone pair can bind with an undercoordinated Pb 
atom at the surface of perovskite to passivate the lattice defects, 
as shown in Figure  4a. To further elucidate the passivation 
mechanism, the XPS spectra of OLA, pure CsPbBr3, and OLA-
CsPbBr3 are measured, respectively, as shown in Figure 4b. The 
peaks of Cs, Pb, and Br elements are observed from both pure 
CsPbBr3 and OLA-CsPbBr3 microplates, while the N element 
is detected at the surface of OLA-CsPbBr3, suggesting that the 
OLA molecules are successfully bonded to the surface of pure 
CsPbBr3 microplates. XPS high-resolution spectra of Cs 3d, Br 
3d, and Pb 4f on pure CsPbBr3 and OLA-CsPbBr3 are extracted 
and presented in Figure 4c–e, respectively. It can be seen that 

Adv. Optical Mater. 2023, 2202428

Figure 3. Schematic illustration of trap-state-mediated carrier dynamics. Photogenerated carrier relaxation process in a) a pure CsPbBr3 and b) surface 
passivated CsPbBr3 microplate.
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the binding energy of Cs 3d and Br 3d in OLA-CsPbBr3 have 
no shift compared with pure CsPbBr3. However, XPS peaks of 
Pb 4f7/2 and 4f5/2 are shifted toward the lower binding energy 
region by 0.6 and 0.4  eV after OLA passivating, respectively. 
It suggests that the undercoordinated Pb atom can bond with 
OLA, and receive electrons from OLA molecules.

To further reveal the passivation mechanism, we measured 
the XPS high-resolution spectra of N in OLA and OLA-CsPbBr3, 
respectively. As shown in Figure 4f, the binding energies of N 
for pure chemical OLA are located at 401.2, 399.8, and 399.0 eV, 
corresponding to the lone pair of N atom,[51,52] NH2

[53,54] and 
NO[55,56] bond, respectively. The NO bond is likely to be 
caused by oxidation of the amine head during the measure-
ment. However, the binding energies of N in OLA-CsPbBr3 are 
located at 401.7, 399.8, and 399.0  eV, respectively. Compared 
with pure OLA molecules, the peak of NH3

+ is shifted to a high 
binding energy region by 0.5 eV on the surface of OLA-CsPbBr3 
microplates, and its ratio increases from 45.4% to 58.4%. It 
further reveals that the N atom in OLA interacts with surface 
defects on perovskite by donating electrons. Combined with the 
results in Figure 4e,f, we can safely conclude that the passiva-
tion mechanism of OLA-CsPbBr3 is that the undercoordinated 
Pb atom on pure CsPbBr3 can be bonded with the N atom of 
OLA molecule. These experimental results are consistent with 
the expected possible passivation mechanism as shown in 
Figure  4a. It has been reported that surface lattice defects of 
pure CsPbBr3 mainly include undercoordinated bonds, such 
as Pb2+ and Br− ions.[57] Lewis acids and Lewis bases can spe-
cifically passivate the undercoordinated Pb2+, Br−, and other 
chemical bonds, respectively.[57,58] Since the structure of OLA 

molecules is like Lewis bases, the lone pair on the terminal N 
atom can bind to the Pb2+ bond with a lead-halogen bond,[59,60] 
ultimately passivate the surface defects of perovskite crystals. It 
is to be mentioned that our results are consistent with the pre-
viously reported passivation mechanism of Lewis bases.

Based on the XPS high-resolution spectra, the XPS valence 
band spectra of pure CsPbBr3 and OLA-CsPbBr3 are meas-
ured to investigate the interfacial optoelectric properties of 
the perovskite crystals. As indicated in Figure 5a,b, the top of 
valence band for OLA-CsPbBr3 is shifted to a lower binding 
energy region by ∆E = 1.21 − 1.08 = 0.13 eV compared with pure 
CsPbBr3. The optical absorption spectra of pure CsPbBr3 and 
OLA-CsPbBr3 are shown in Figure  5c. It indicates that their 
optical absorption band edges are overlapped well and with a 
value equal to 2.37 eV. Therefore, we can draw the energy level 
diagram of pure CsPbBr3 and OLA-CsPbBr3 based on the above 
results, as shown in Figure 5d. It can be seen that the energy 
level diagram of OLA-CsPbBr3 changes slightly than the pure 
CsPbBr3 crystal. This evidence further suggests that the OLA 
molecules can influence the surface of perovskite by modifying 
the interfacial physical properties.

2.4. Luminescence Stability

To further investigate the luminescent stability of perovskite, we 
also measured the PL performance of pure CsPbBr3 microplate 
before and after passivation. Figure 6a shows the time-dependent 
PL intensities of a pure CsPbBr3 microplate excited by a 405 nm 
continuous laser beam with a fluence of 2.442 × 103 mJ cm−2.  

Adv. Optical Mater. 2023, 2202428

Figure 4. XPS survey and high-resolution spectra. a) The possible passivation mechanism between OLA molecules and pure CsPbBr3 microplate. b) 
XPS survey spectra of OLA, pure CsPbBr3, and OLA-CsPbBr3. High-resolution XPS c) Cs 3d, d) Br 3d, and e) Pb 4f of pure CsPbBr3 and OLA-CsPbBr3. 
f) High-resolution XPS N 1s of OLA and OLA-CsPbBr3.
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As shown in Figure 6a, the pure CsPbBr3 microcrystal exhibits 
poor luminescent performance and stability. However, with the 
passivation of undercoordinated Pb atoms at surface of the pure 
CsPbBr3 microplate by OLA, the performance of luminescent 
stability for OLA-CsPbBr3 significantly enhanced, as indicated 
in Figure 6b. It shows that the luminescence stability of perov-
skite can be significantly improved through the passivation of 
undercoordinated Pb atoms with OLA molecules. As reported 
in the literature, the photodegraded reactions of CsPbBr3 crys-
tals under light illumination in an atmospheric environment 
are expressed as follows:[47,48,61]

2CsPbBr H O
1

2
O CO 2CsBr

PbCO Pb OH 2HBr Br

3 2 2 2

3 2 2( )
⋅ + + →

+ + + +
 (1)

Pb(OH) PbO H O2 2→ + +  (2)

To begin, an H2O molecule can be absorbed by an active site 
(such as surface lattice defect, etc.) to form CsPbBr3•H2O.[47,48] 
Subsequently, photodegraded reactions can be switched on 
with CO2 and O2 molecules under light illumination. Because 
the reaction destroys the structure of perovskite crystals, the 
luminescent performance of CsPbBr3 microcrystal decrease 
gradually.

Combined with the above results and analysis, we obtained 
the possible mechanism for the improvement of the lumines-
cence stability of perovskite with OLA molecules, as presented 
in Figure 6c. It has been reported that,[62] the O atom of H2O 
molecule is preferred to bond with a Pb2+ undercoordinated 

bond at the perovskite surface with a bond length of 2.53 Å and 
a binding energy of 808 meV. Since large numbers of underco-
ordinated Pb2+ bonds offer adsorption sites for H2O molecules, 
structural degradation of perovskite can be accelerated by pho-
todegraded reactions. However, when the crystal was coated 
with OLA molecules, the undercoordinated Pb2+ bonds can be 
passivated by a lone pair of N atoms in OLA molecules. The 
binding energy of the Pb atom to OLA is 874 meV,[61] which is 
much higher than the H2O molecule (808 meV). We noticed 
that room-temperature thermal energy is about 26 meV (kBT, 
T = 300 K). However, the H2O molecule is still not enough to 
destroy the binding energy of lead-halogen bond between the N 
atom and Pb atom when it accepts the thermal energy (kBT) at 
room temperature. Therefore, OLA molecules can not only pas-
sivate abundant undercoordinated Pb2+ bonds but also inhibit 
photodegradation reactions and enhance the luminescence sta-
bility of perovskite crystals.

3. Conclusion

To conclude, in this work, OLA molecules were employed to 
passivate the surface defects of pure CsPbBr3 microplate and 
improved its luminescent performance. With the similar pas-
sivation mechanism of Lewis bases, OLA molecules can effec-
tively passivate the uncoordinated Pb2+ chemical bonds at the 
surface of perovskite. Hence, the PL intensity and PL lifetime 
were enhanced significantly with the decrease of surface trap 
states. In addition, the luminescence stability of OLA-CsPbBr3 
was improved remarkably by inhibiting photodegradation  

Adv. Optical Mater. 2023, 2202428

Figure 5. XPS valence band spectra of a) pure CsPbBr3 and b) OLA-CsPbBr3. c) Absorptance of pure CsPbBr3 and OLA-CsPbBr3. d) Energy level diagram 
of pure CsPbBr3 and OLA-CsPbBr3.
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reactions with H2O molecules. Our results not only deepen the 
understanding of the surface passivation mechanism but also 
can be applied to a wide range of luminescent materials and 
devices.
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