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Improving photoluminescence properties and
reducing recombination of CsPbBr; perovskite
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This study investigates the impact of lithium doping on the structural and photophysical properties of spin-
coated CsPbBrs perovskite thin films. The deposited films display a pristine structure, preferentially growing
along the (220) direction, and exhibit high-quality green photoluminescence at around 530 nm. The doping
leads to an improvement in the optical properties of the films, as evidenced by a stronger
photoluminescence (PL) intensity compared to undoped CsPbBrs, particularly at temperatures below
200 K. The increase in PL intensity suggests a decrease in defects and surface passivation. Additionally,
the decrease in the power-law exponent g from 1.6 to 1.0 indicates a reduction in non-radiative
recombination, likely due to trap states filling with free electrons induced by the doping. Overall, doping

with lithium reduces non-radiative recombination, fills trap states, and reduces band tail/activation
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Accepted 23rd April 2024 energy, leading to improved optoelectronic properties of the films. This investigation provides insights

into the photophysical properties of the Li-CsPbBrs absorber layer and the recombination mechanism,

DOI: 10.1039/d4ra015489 and helps to unravel new methods for the development of high-stability, high-performance perovskite
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Introduction

Cesium lead halide perovskites show better moisture, oxygen,
and thermal stabilities,’* along with improved mechanical
properties when organic cation (MA'/FA") is substituted in
perovskite solar cells,* allowing them to withstand temperatures
up to 300 °C.> CsPbBr; exhibits remarkably high carrier
mobility, large diffusion length, low trap density, and excellent
light absorption.® In addition, CsPbBr; materials are known to
have excellent optoelectronics characteristics, such as high
quantum yield, excellent photophysical properties and strong
light absorption,' which allow them to be successfully applied
in photodetectors,'™** colored-light-emitting diodes'*** solar
cells** and luminescent solar concentrators.' Furthermore,
due to the bonding-antibonding interaction between the
conduction and valence bands, CsPbBr; is a defect-tolerant
semiconductor material that can maintain its general quali-
ties despite the presence of defects.” Nevertheless, its remark-
able photophysical properties, including lifetime, diffusion
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thin-film solar cells and optoelectronic devices.

length, and recombination of carriers, can be affected by the
defect density, and hence limit the device performance due to
non-radiative losses.'**® The typical trap state density in
solution-processed perovskite films is about 10*°-10'® em 3,
which is comparable to the density of photogenerated or pho-
toinjected carriers in solar cells or LEDs under device working
conditions.”?* J. Kang and his colleagues performed theoretical
calculations on CsPbBr;. They suggested that the dominant
defects can introduce shallow transition levels, and proposed
that Br-poor growth conditions are a key factor for reducing the
defect density.” Doping with alkali cations is a good way to
reduce defects and therefore lower non-radiative recombination
in perovskite materials. Various reports demonstrated the effect
of doping on surface passivation, enlarging grain sizes, and
passivating grain boundaries, as well as in reducing non-
radiative losses and defect state density.**** In particular,
doping with alkali metal (Cs", Rb", Li", K') has been used as an
effective way to reduce non-radiative losses in perovskite
materials, either by grain and surface passivation or by sup-
pressing the trapping of photo-carriers.”>* Alkaline doping
(Rb%, K', Na', ...) enhances perovskite film performance, with
less trap states and grain boundary passivation increasing the
built-in potential, which as result leads to superior power
conversion efficiency.****® In fact, it has been observed that the
alkaline metals Na* and K* exhibit a positive influence on the
characteristics of solar cells, particularly in enhancing the

© 2024 The Author(s). Published by the Royal Society of Chemistry
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power conversion efficiency (PCE). For instance, the PCE
showed significant improvement, rising from 15.56% to 18.16%
and 17.81% with 1% Na doping and K doping respectively. As
reported by the authors Wangen et al,” this observed
enhancement can be attributed to certain positive morpholog-
ical changes in the CH3;NH;3;PbI; perovskite materials.
Rubidium has proven to be an efficient alkali metal for various
optoelectronic devices, such as LEDs, as reported by Shi et al.*®
Their research revealed that the incorporation of Rb' in
FAPbBr; significantly enhances the photoluminescence
quantum yield (PLQY) by reducing trap density. Consequently,
this improvement augments the performance of PeLEDs
(perovskite light emitting diodes). An optimum PCE of 25.6%
(certified 25.2%) has been reached for formamidinium lead
triiodide (FAPbI;) films, which have 450 hours of stability.*
However, organic-inorganic perovskites suffer from device
degradation due to hydrate formation.*' The bandgap of CsPbX;
(X: I, Br, Cl) can be adjusted from the visible to the ultraviolet by
using different halide ions.**** Among them, CsPbBr; with
a 2.3 eV bandgap demonstrates superior phase stability under
ambient conditions® with PCE values ranging from 2% to
8.29%.%>%® Several studies have concentrated on exploring the
impact of lithium on perovskites. For instance, H. Wu et al.*®
utilized LiBr within colloidal CsPbX; (X = Br and I) perovskite
quantum dots as a novel agent aimed at mitigating defects for
excited electrons. This approach significantly reduced non-
radiative recombination, leading to enhanced performance.
Their findings suggest that an optimal concentration of LiBr not
only diminishes defects, but also enhances phase stability by
mitigating halide migration effects. Another study conducted by
Dazhao et al* showed the self-crystallization of CsPbBr;
nanocrystals within borosilicate glass through lithium doping.
They elucidated that the introduction of lithium into CsPbBr;
nanocrystals facilitated self-crystallization, which was primarily
attributed to alterations in the glass network structure and an
enhancement in the degree of phase separation within the
glass.

In the present study, the impact of different fractions of Li
doping on the structural, morphological, optical and photo-
luminescence properties is investigated. The mechanism of
lithium doping on photocarrier recombination and its impact
on deep defect trap states in CsPbBr; films are examined with
the temperature and power dependence in photoluminescence
characterizations. These findings also clarify the nature of the
surface trap states and the role of lithium in the surface
passivation of perovskite films.

Experimental details
Synthesis and characterization

Preparation of the substrate. FTO substrates were cleaned
under sonification for 15 min, with 2% Hellmanex solution,
acetone, and ethanol, respectively. Perovskite solution prepa-
ration: CsPbBr; films were synthetized from the appropriate
molar ratio of CsBr (purity = 99.999%), LiBr (purity > 99%), and
PbBr, (purity = 98%), which were purchased from Sigma-
Aldrich. The precursors were dissolved in 48% DMSO and
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52% DMF under an inert atmosphere in an Ar filled glove box
(O, and H,0 < 2 ppm). The solution was rigorously stirred at
80 °C for 24 hours.

Perovskite film deposition. The films were elaborated within
the glove box via a spin-coating process at 5000 rpm for 30 s.
Subsequently, the samples were dried and annealed at 90 °C for
30 min. Finally, the synthetized thin films were stored in the
glove box before any analysis.

Perovskite film characterizations. A RIGAKU Ultima IV X-ray
diffractometer was employed for structural studies using the
Bragg-Bentano configuration. The surface morphology of the
synthetized perovskite films was recorded using an environ-
mental scanning electron microscope FESEM (Quanta 200 FEI).
The optical absorption was measured using an Ocean Optics
HR4000 spectrophotometer equipped with a Si-CCD detector.
Photoluminescence characterizations were carried out using
a He-Cd laser source and a back-thinned Si-CCD detector.

Results and discussion

Fig. 1a presents the X-ray analysis of the pristine and doped
CsPbBr; films. The obtained patterns reveal several diffraction
peaks, centered at 15.21, 21.6 and 30.6°, assigned respectively to
the (110), (020), and (220) lattice planes, as shown in Fig. 1a. The
asterisk symbol indicates the substrate contribution, and no
binary phases were found within the detection limit of the
instrument. The (220) peak intensity is relatively high compared
to the literature data,**' indicating preferential growth along
this direction for the perovskite films. Furthermore, an increase
in the (110) and (220) peak intensities is observed with doping,
resulting in improved crystallinity of the synthetized films. The
crystal structure of the obtained XRD results can be assigned to
the cubic structure related to the space group Pm3m.*? Pawley
refinement (Fig. 1d) was used to extract the lattice parameters of
the undoped and Li* doped CsPbBr;, as presented in Table 1.
After a thorough analysis of the XRD results, it was observed
that the incorporation of 0 to 5% Li alkali into the perovskite
matrix results in a slight shift towards lower angle, as illustrated
in Fig. 1b. This shift will notably influence the d-spacing
according to Bragg's law and consequently affect the lattice
parameters of the cubic structure. Fig. 1c illustrates the evolu-
tion of the lattice volume with the incorporation of Li into the
CsPbBr; lattice, showing a consistent linear increase in volume
with increasing Li content. This crystal expansion supported by
higher lattice parameters was also reported by Z. Tang et al.,*
who attributed it to the smaller ionic radius of the Li" alkali
ions.

The FESEM images of undoped and doped 5% Li-CsPbBr;
films are illustrated in Fig. 2a and b. A rougher and more
compact film with a smaller grain size are observed for the
pristine film (0% Li"). In addition, its surface is well covered
with regular grains distributed uniformly. In contrast, the
doped film presents a surface covered with large regular grains.
In fact, the grains sizes range from 300 to 600 nm. However, it
suffers from the presence of pinholes, which may be attributed
to the evaporation of DMF/DMSO as discussed in our recent
works.** Upon comparing the morphology of both films, it is
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(a) XRD pattern of spin coated CsPbBrs5 films with different Li contents (0, 2.5 and 5%). (b) Expansion of the XRD pattern within the angular

range of 14-16.5°. (c) Lattice parameter evolution as a function of Li content. (d) X-ray diffraction pattern of CsPbBrs: experimental and

refinement data.

Table 1 Lattice parameters and Rp of undoped CsPbBrz and doped
Li%—CsPbBrs

Material CsPbBr; 2.5% Li-CsPbBr; 5% Li-CsPbBr;
Space group  Pm3m Pm3m Pm3m

a (A] 5.817 £ 0.001 5.828 + 0.001 5.835 £ 0.001
Ry 7.78% 5.14% 4.15%

evident that the incorporation of Li* contributes to the
enlargement of the grain size.

The room temperature optical absorption and photo-
luminescence emission relationships for the spin coated
CsPbBr; film are illustrated in Fig. 2c. The sample exhibits
a continuous increase in absorbance to reach an absorption
edge at 2.37 eV and small excitonic features around 2.26 eV. The
PL measurements reveal a sharp emission peak centered at
2.3 eV with a slight full width at half maximum (FWHM) of
20.66 nm. Stokes shifts are regularly observed in perovskite
semiconductors and can be understood through a spectral
diffusion/exciton relation process.*” The inset shows the
CsPbBrj; crystal structure and the high green PL emission under
an excitation of 405 nm.

15050 | RSC Adv, 2024, 14, 15048-15057

The normalized photoluminescence spectra were evaluated
at several temperatures from 30 K to 300 K for the CsPbBr; and
5% Li-CsPbBr; films, as illustrated in Fig. 3a and 2b, respec-
tively. For both samples, the intensity of the PL peak decreases
with increasing temperature, and the emission peak is blue-
shifted and the FWHM values are enlarged due to the
enhanced coupling with optical phonons*** and can be
attributed to the phonon-assisted broadening effect.** Further-
more, the PL intensity of the Li-doped CsPbBr; films was
stronger than that of undoped CsPbBr; for operating tempera-
tures below 200 K, which could be linked to an improvement in
the optical properties of the films after doping. A slight shift is
observed in the PL peak with temperature for the undoped and
doped films, which suggests smaller differentiation in the
bandgap.

To provide more information regarding the quality of the Li-
CsPbBr; films, the exciton (electron)-phonon interaction
processes, and the presence and nature of defects in their
surfaces, temperature-dependent photoluminescence was
carried out. Fig. 3a and b display the evolution of the integrated
PL intensity for the undoped CsPbBr; and 5% Li-CsPbBr; films,
respectively, at temperatures ranging from 30 to 300 K. The
decrease observed in the integrated PL intensity with

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 (a) SEM image of undoped CsPbBrs film, (b) SEM image of 5% Li—CsPbBr3 film, and (c) room temperature absorption and PL spectrum of

CsPbBr3 thin film.

temperature suggests the presence of thermal quenching.*
Exciton dissociations are activated by thermal energy, which

make them competitive with the radiative recombination.
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A modified Arrhenius formula was used to fit the

temperature-dependent integrated PL intensities, as presented
in Fig. 4a. With increasing temperature, the integrated PL
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Fig. 3 Temperature dependent photoluminescence spectra in the temperature range of 30 K to 300 K for (a) CsPbBrs and (b) 5% Li—CsPbBrs.
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intensity decreases, which suggests the appearance of thermal
quenching.* The same exponential trend is observed in
CsPbBr; nanocrystals and quantum dots.***°

The activation energy was extracted from the Arrhenius
equation:®"*

Iy

BN (1)
1 +aexp T
B

I(T) =

where I, represents the integrated PL intensity near 0 K, E, is the
activation energy of the non-radiative recombination process,
a is related to the density of non-radiative recombination
centers, and kg is the Boltzmann constant.

The obtained exciton binding energy for CsPbBr; and 5% Li-
CsPbBr; were found to be 60.50 and 50.22 meV, respectively.
The obtained values are close to the ones reported in the
literature.**>*>*

Emission linewidth can provide details about temperature-
independent inhomogeneous broadening due to elemental
composition, shape, or size dispersion. The contribution of
exciton interactions with optical and acoustic phonons can also
be provided by temperature-dependent homogenous broad-
ening and are mainly due to lattice vibrations.** The mechanism
of electron-phonon coupling is ascribed to the Boson model*®
and evaluated by fitting the FWHM of the PL emission with
temperature as presented in Fig. 4c using the equation below:

15052 | RSC Adv, 2024, 14, 15048-15057

__ Mo 2)
exp (@) -1
kgT

where I'; refers to the inhomogeneous broadening, which
involves the scattering process from disorder and lattice
imperfections,* and v,. is the contribution of the exciton-
acoustic phonon coupling coefficient. The third term represents
the contribution of exciton interactions with longitudinal
optical phonons, in which vy is the coupling coefficient of the
exciton-optical phonon, E; o represents the phonon energy and
kg is the Boltzmann constant. The contribution of impurities
was neglected in this calculation because of the minimal trap
states in CsPbBr;. It was found that the Gauss-fitted FWHM of
the PL band increases with temperature.

Table 2 summarizes the fitting results for I'y, vac, Yro and
E1o. The exciton-LO phonon coupling is the dominant contri-
bution in homogenous linewidth broadening due to the polar
nature of CsPbBr;. Typically, the interactions between LO
phonons and electrons are stronger than those between
acoustic phonons and electrons.”” The acoustic phonon

F(T):T0+’YacT+

Table 2 Extracted PL linewidth broadening parameters

Sample I (meV)  vae (MeVK ™)  yio (meV)  Epo (meV)
CsPbBr; 61.55 1.40 84.8 33.43
5% Li-CsPbBr;  50.22 0.24 51.96 1.23

© 2024 The Author(s). Published by the Royal Society of Chemistry
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interaction seems to have a negligible contribution to the
FWHM of the PL emission.

The PL peak shifted to higher values with temperature for
both the spin-coated films, as shown in Fig. 4d, which could be
due to lattice dilatation and crystallite reorientation.’ The peak
position increases moderately for the doped film, which may be
due to the enhanced electron-phonon interactions. It is well
known that the thermal expansion of the lattice reduces the
interaction between the valence orbitals Br 4p and Pb 6s, thus
increasing the bandgap.™

To obtain more in-depth information on the charge recom-
bination processes of the 5% Li-doped CsPbBr; films, the
photoluminescence of the films was studied under varying
excitation power densities from 50 to 350 mW cm™> using
a 450 nm laser. The PL spectra are shown in Fig. 5a for CsPbBr;
and Fig. 5b for 5% Li-CsPbBrj;. The results illustrate an increase
in the PL intensity with lower excitation power density for the
two samples. In addition, the PL intensities of doped film are
two times stronger than the pristine ones, which sustain our
results on a decrease of defects, and surface passivation.
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Under non-resonant excitation conditions, the PL intensity
in direct-bandgap semiconductors has a power-law dependence
on the excitation density (Ig.), according to the equation
below:*

IPL = IEX_e‘B (3)

with 8 = 2 for band-to-band transitions due to exciton or free
carrier recombination, 1 < § < 2 for exciton recombination,
which includes free excitons and bound excitons, and § < 1 for
free-to-bound recombination and donor-acceptor pairs.*

As shown in Fig. 5¢, the peak shift has a dependence on the
excitation power density, which implies the excitonic nature of
the emission. This linear tendency diverges slowly for the Li-
CsPbBr; films. The power-law exponent 8 was found to be 1.6 £
0.04 and 1 + 0.1 for the undoped and 5% Li-CsPbBr; films. This
means that the CsPbBr; films are governed by exciton recom-
bination, while for the doped CsPbBrj;, there is interference
between bound pair excitons, free excitons, free-to-bound
recombination, and donor-acceptor pair. There is no abrupt
increase in the integrated PL intensity below 175 mW cm ™ with
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Fig.5 Power-dependent PL spectra excitation intensity in the range of 50-350 mW cm~2 for (a) CsPbBrs; and (b) 5% Li—CsPbBrs. (c) Double-
logarithmic PL plots for CsPbBrsz and 5% Li—CsPbBrz as a function of excitation power density. (d) Schematic illustrating the reduction of the non-

radiative recombination process after Li-doping of CsPbBrsz films.
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Table 3 Deep defect trap states vs. Li doping in CsPbBrs thin films

Doping of

Li (%) Calculated trap density N, ; (cm ™)
0 5.0 x 10"

2.5 1.5 x 10"

5 6.0 x 10"

excitation power density because of spontaneous radiation
instead of amplified spontaneous emission or other optical
non-linear phenomena.*

The decrease of 8 from 1.6 to 1.0 indicates a decay in non-
radiative recombination, as doping induces trap states filled
by free electrons. A similar effect has been observed in the
doping of MAPDI; films by Li, as reported by Fang et al.**

For better illustration of this effect, Fig. 5d shows a sche-
matic of the radiative and non-radiative processes in 5% Li-
CsPbBrj, specifically, the reduction of the non-radiative
recombination process after the incorporation of Li in the
CsPbBr; films. On the other hand, radiative recombination for
the undoped CsPbBr; films occurs for the electrons located in
the conduction band (CB) after having been excited with ener-
gies higher than the bandgap. Two recombination processes
occur, the first when the electrons return directly to the valence
band (VB), and the second when the electrons are trapped in the
defect band (DB) located near the bandgap, and subsequently
follow a non-radiative path when returning to the VB. For the
doped films, the presence of Li in CsPbBr; film prevents the
trapping of electrons by inducing a new energy level (TS), which
is more favorable to the radiative recombination path, and thus
leads to an increase in the PL emission.

It is clearly seen from the photoluminescence investigations
that doping with lithium reduces non-radiative recombination
by filling trap states as well as reducing band tail/activation
energy. Considering the amount of defect states filled by Li-
doping, the trap density was calculated using the equations
below, and the obtained values are summarized in Table 3.

Reduction in trap state = log;o(Ny) — (Li% X logio(Ny)  (4)

Calculated trap density (cm ™) N, , =
antilog;o(reduction in trap state) (5)

where, N, is the trap density of CsPbBr; and N, ¢ is the calcu-
lated trap state after Li doping.

The results show fewer trap states after doping with Li, which
may be due to fewer grain boundaries. The same behavior has
been observed for doping with other alkali metals in perovskite
solar cells, and was attributed to the same factor.*

Concluding remarks

In conclusion, lithium doping significantly enhances the
structural and photophysical properties of CsPbBr; perovskite
films. The doping improves crystallinity and reduces non-
radiative recombination, leading to stronger

15054 | RSC Adv, 2024, 14, 15048-15057
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photoluminescence intensity, particularly at lower tempera-
tures. The surface passivation effect from the alkali cation
doping, along with the weakening of electron-phonon
coupling, contribute to these positive effects. These findings
provide valuable insights into the non-radiative recombination
mechanisms, which are crucial for improving the efficiency of
perovskite solar cells and the performance of optoelectronic
devices. The study suggests that Li-doped CsPbBr; films hold
promise for the development of high-stability, high-
performance perovskite thin-film solar cells and optoelec-
tronic devices.
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