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ABSTRACT: Black a-CsPbl; perovskites are unable to maintain their
phase stability under room conditions; hence, the a-CsPbl; phase
transforms into a thermodynamically stable yellow 6-CsPbl; phase within
a few days, which has a nonperovskite structure and high band gap for
optoelectronic applications. This phase transformation should be
prevented or at least retarded to make use of superior properties of a-
CsPbl, in optoelectronic applications. In this study, Gd** doping was
employed with the aim of increasing the stability of a-CsPbl,. All doped a-
CsPbl, nanocrystals with various levels of Gd**, between 5 and 15 mol %,
have shown greater phase stability than that of the pure a-CsPbl; phase
from S days up to 11 days under ambient conditions. This prolonged
phase stability can be attributed to three potential reasons: increased
tolerance factor of the perovskite structure, distorted cubic symmetry, and
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decreased defect density in nanocrystals. Urbach energy values suggest the reduction of defect density in the doped
nanocrystals. Also, use of 10 mol % Gd** as a dopant material increases the photoluminescence quantum yield from 70 to 80%
and fluorescence lifetime of a-CsPbl; from 47.4 to 64.4 ns. Further, density functional theory calculations are in a good

agreement with the experimental results.

1. INTRODUCTION

Halide perovskites have drawn significant attention due to their
high photoluminescence quantum yield, narrow emission peak,
tunability, high charge carrier density, and high defect
tolerance, which enable their use in applications such as
light-emitting diodes, photodetectors, and solar cells.' ™
Furthermore, halide perovskites gain advantage against their
alternatives due to their ease of producibility and remarkable
potential for mass production. Despite their unique features,
halide perovskites suffer from instability upon exposure to high
temperature, moisture, and polar solvents.” However, all-
inorganic halide perovskites show better stability toward
moisture, temperature, light, and heat compared to organic—
inorganic halide perovskites."

All-inorganic perovskites have stability issues under room
conditions.”” To resolve this stability handicap, various
strategies have been applied to all-inorganic halide perovskites.
These strategies can be classified into two groups, which are
ligand modifications and doping the CsPbX; lattice with a
different metal ion.® """ In the case of ligand modifications,
mainly short-chain organic cations are used for surface
passivation. These ligands can reduce surface traps by
introducing more halogen atoms into halogen vacancies or
can passivate surface Pb atoms by binding them. For these
reasons, ligand-modification-induced surface passivation causes
more stable perovskite nanocrystals.'”'' On the other hand,
doping is a method that has been used in various material
systems for various applications. Doping of semiconductor
nanocrystals can change the magnetic, optical, and electronic
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properties remarkably since it inserts various types of atoms,
which do not belong to the host crystal structure.'*™"

The doping strategy is widely used for increasing phase
stability and optical properties of CsPbX; nanocrystals. Doping
elements can be classified into two subgroups: isovalent and
heterovalent doping elements.”'> For CsPbX; nanocrystals,
mostly used isovalent doping elements are Mn?*, Sn*, Zn®",
Sr**, and Ge**'°7*? as a B site dopant. Furthermore, some
doping elements have been employed for A site doping such as
Li, Na, K, and Rb.>*"?® On the other hand, Eu®, AP’*, Ce®*,
Er¥, Bi**, Sb*, Yb**, Ho™, Cr**, Tb*, and Sm**™'¥!'%29737
are used as heterovalent doping elements at the B site of a
perovskite lattice. Akkerman et al.'® claimed that 10 mol %
Mn?>* doping increases the stability of a-CsPbl, due to the
smaller ionic radius of the Mn** ion, and their computational
work shows that Mn>* doping causes shrinking of the lattice
due to shortening of the metal—halide bonds. On the other
hand, Hu et al.>* used Bi** as a heterovalent dopant in CsPbl,.
The authors showed that 4 mol % Bi**-doped a-CsPbl; has
prolonged phase stability. Furthermore, they have speculated
that Bi’*-doping-induced lattice microstrains distort the
metastable cubic perovskite structure, which provides higher
a-CsPbl, stability. Also, Jena et al.”* reported that Eu** doping
provides phase stability in a-CsPblj; thin films. Moreover, they
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Figure 1. XRD patterns for pure, Gd5, Gd10, Gd15 nanocrystals with different Gd** concentrations. Observed peak shiftings at the (100) and
(200) planes are shown. Also, peak splitting in the (200) plane is demonstrated.

relate prolonged stability of a-CsPbl; with cubic lattice
distortion and reduced grain size.

In this study, we investigate the influence of gadolinium
doping on the structural and optical properties of CsPbl;
nanocrystals. We observed that doping provides prolonged
stability of the a-phase. Experimental results suggest that the
improved phase stability is caused by the distortion of cubic
symmetry, reduced defect density, and increased Gold-
schmidt’s tolerance factor. Also, density functional theory
(DFT) calculations are consistent with experimental results.
Moreover, reduction of defects via Gd*" doping gave rise to
higher photoluminescence quantum yield (PLQY) and PL
lifetime due to the increased amount of radiative recombina-
tion.

2. METHODS

2.1. Chemicals. Lead(II) iodide (Pbl, 99%), gadolinium
acetate (Gd(CH;CO,);-«H,0, 99.9% trace metal basis),
cesium carbonate (Cs,CO;, 99.9%, Sigma-Aldrich), 1-
octadecene (ODE, 90%, Sigma-Aldrich), oleylamine (OLAM,
70%), and oleic acid (OA, 90%) were purchased from Sigma-
Aldrich. Toluene (>99%, Merck) was purchased and used
without any further purification.

2.2. Synthesis of Cs-Oleate. In a standard synthesis of
Cs-oleate, 81.4 mg of Cs,CO3, 4 mL of ODE, and 1.25 mL of
OA were loaded in a glass tube and dried under vacuum for 1 h
at 120 °C. After degassing, the temperature was increased to
150 °C under nitrogen flow, and Cs-oleate was obtained after 2
h. Before its use in the synthesis of CsPbl;, the Cs-oleate
solution was heated to 100 °C to dissolve Cs-oleate in ODE.

2.3. CsPbl; and CsPb,Gd,_,I; NC Synthesis. CsPbl, and
CsPb,Gd,_,J; nanocrystals were synthesized by the hot
injection method described by Protesescu et al." (with different
x values for doped samples). In a typical synthesis of pure
CsPbl;, 172 mg of Pbl, (for the doped samples, Pbl,/
Gd(Ac), quantities were 20.6/0.8, 19.5/1.6, and 18.4/2.4 mg),
1.25 mL of ODE, 125 uL of OA, and 125 uL of OLAM were
loaded in a glass tube and dried under vacuum for 1 h at 120
°C. After degassing, the temperature was increased to 150 °C
under nitrogen flow and 100 uL of Cs-oleate that is preheated
to 100 °C was swiftly injected. Immediately after the injection,
CsPbl; NCs were obtained, and 10 s after the injection, the
nanocrystal solution was quenched by immersing in an ice bath
and centrifuged for 15 min at 6000 rpm. The nanocrystals were
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redispersed in toluene and under ambient conditions after
centrifuging. Whole characterization of the samples was carried
out immediately after the synthesis. After the characterization,
samples were taken in glass vials for periodic XRD measure-
ments to compare their phase stabilities.

2.4. Characterization. Scanning transmission electron
microscopy (STEM) analysis of pure and doped samples was
carried out to observe nanocrystals (SEM; Quanta 250, FEI,
Hillsboro, OR). The samples were prepared by drop-casting
diluted nanocrystal suspensions onto 200-mesh carbon-coated
copper. X-ray diffraction (XRD) patterns were obtained on
X'Pert Pro, Philips, Eindhoven, the Netherlands, to observe the
doping effects on the lattice parameters and phase changes. All
XRD samples were prepared by drop-casting a concentrated
solution on a zero-diffraction quartz wafer. Absorption (Abs),
photoluminescence (PL), photoluminescence quantum yield
(PLQY), and time-resolved lifetime measurements were
carried out on a FSS spectrofluorometer (Edinburgh Instru-
ments, UK.). Samples were diluted in toluene and measured in
a cylindrical quartz cuvette. For Abs, a Xenon lamp was
employed to scan the transmission in the 300—800 nm range.
Afterward, the transmission data was transformed into Abs
data. For PL and PLQY, a Xenon lamp was employed with an
excitation value of 460 nm. PLQY of each sample was
determined by utilizing an integrating sphere. PLQY values
were obtained as average of three measurements. For LTs, the
samples were excited with a 560 nm laser with a pulse width of
200 ps and a repetition rate of 1 MHz. Time-resolved lifetime
measurements were recorded at 683, 686, 688, and 683 nm for
neat, GdS, Gd10, and Gd1S§, respectively.

2.5. Computational Methodology. Density functional
theory (DFT)-based first-principles calculations were per-
formed using projector augmented wave’®*’ potentials as
implemented in the Vienna ab initio simulation package.’**!
Generalized gradient approximation that is described by the
Perdew—Burke—Ernzerhof functionals is used for exchange—
correlation energies."” The ground state calculations of a 40-
atom supercell were performed until the pressure on the
supercells in all directions is less than [1I kB. For all
calculations, the plane wave basis set is limited by 250 eV
cut off energy and the convergence criterion for the total
energy difference between sequential iterations was set to 107
eV. The Bader technique was used to analyze the partial charge
transfer on the atoms.*’ I'-centered k-point meshes of 3 X 3 X
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Figure 2. Time-dependent XRD patterns of neat (left) and Gd10 (right) samples and their time-dependent photographs under day light.
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Figure 3. STEM images of different perovskite nanocrystals. Neat (a) and Gd10 (b) samples. The particle size distributions of neat (c) and Gd10

(d) samples.

3 were used. Gaussian smearing of 0.1 eV was used for
electronic density of state calculations. In addition, the
cohesive energies per atom for neat and Gd-doped structures
were calculated using the formula

ECoh = Z natom(i)Eatom(i) - Esystem /ntotal ( )
i 1

where E,om(;) stands for single atom energy of the ith atom (iis
the number of all atoms for the same species), 1o is the total
number of atoms in the system, and #,;,,(;) shows the number
of same kind of atoms in the unit cell.

3. RESULTS AND DISCUSSION

XRD patterns of synthesized Gd**-doped and neat CsPbl,
nanocrystals are presented in Figure 1 (hereafter, S, 10, and 15
mol % Gd3+-doped CsPbl; samples will be denoted neat, GdS,
Gd10, and Gd1S, respectively). All samples have a pure cubic
perovskite structure without any secondary phases. After the
doping process, shifting of XRD reflections to higher angles is
observed. This shifting may suggest that the doping process

successfully takes place in the perovskite structure. Peak
shifting to higher angles is caused by a smaller ionic radius of
the Gd*" ion (rgg* = 0.93 A) in 6-fold coordination than that
of the Pb ion (rpy = 1.19 A). Moreover, another important
observation in the XRD pattern is peak splitting of the (200)
plane in the Gd10 and Gd15 samples. The splitting can be
caused by reduced symmetry in the cubic perovskite structure.
These lattice distortions may cause prolonged stability of the
a-phase. Jena et al.>* reported this peak splitting in the (200)
plane in Eu**-doped CsPbl, perovskites. The authors observed
the increase in phase stability probably due to distortion of the
cubic phase in the Eu’*-doped a-CsPbl; thin films.
Furthermore, time-dependent XRD measurements for pure
and Gd10 samples are shown in Figure 2. For neat perovskite,
a high amount of a-phase transformed to the d-phase in 2 days
and it was entirely transformed into the d-phase in S days. On
the other hand, for the Gd10 sample, phase stability was
preserved in first 4 days. 6-phase peaks began to appear first
time after the fifth day in the XRD pattern. Within 12 days
after synthesis, the a-phase was found to completely transform
into the J-phase and lost its cubic structure.
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The ionic radius of Gd*" is 0.20 A smaller than that of Pb**
in 6-fold coordination; therefore, Gd*" incorporation into the
perovskite lattice increases Goldschmidt’s tolerance factor (eq

2)
P Ry + Ry
"~ V2(Rg + Ry) @)

where R, is the radius of the A site cation, Ry is the radius of
the B site cation, and Ry is the radius of the anion in the
perovskite structure.**™* The effective tolerance factor was
calculated by the following formulas (eq 3). In these formulas,
Ry is the effective B site cation radius and ¢’ is the effective
tolerance factor

Ry + R,

Ry = (1 = x)Rpp+ + aRgg, t' = —=———
’ V2 (R}, + Ry) 3)

When the doping ratio increased from 0 to 0.0S, 0.10, and
0.15, the effective tolerance factors increased from 0.807 to
0.810, 0.813, and 0.817, respectively. The increase of the factor
may result in a more stable perovskite structure.

STEM images of neat and Gd10 samples are shown in
Figure 3a,b, respectively. The neat sample has a particle size of
1S + 4 nm. On the other hand, the Gd10 sample has 15 + 2
nm. Although the length of the particles remains unchanged
after the doping process, the size distribution gets narrower
with doping (Figure 3c,d), Furthermore, the PL full width at
half-maximum (FWHM) decreases until 10 mol % Gd**
doping, and after this level of dopingg, FWHM increases.
This result is consistent with particle size distribution data
obtained from STEM images. However, doping provides more
uniform sized crystals and narrow emission peaks up to the
critical doping amount (10 mol % Gd*'). In Al**-doped
CsPbBr; nanocrystals reported by Liu et al,” the ratio of
length to width (L/W ratio) was observed to be increasing
from 1.11 to 1.23, which means that doping causes elongation
of the nanocrystals. Also, an exitonic signal in the absorption
spectrum of the doped sample is observed, which may indicate
the presence of nanowires®’ or nanoplatelets,* while undoped
CsPbBr; nanocubes exhibit an absorption edge. Because of
discrete PL signals expected from nanoplatelets due to their
strong quantum confinement and overlapping, there should be
a strong blue shift in the PL spectrum in the case of
morphology transformation toward nanoplatelets. Note that a
similar morphology was not observed in our study when the
15% Gd**-doped sample was examined.

To observe the effect of Gd** doping in the structure,
photoluminescence and absorption measurements were carried
out. All samples with different Gd®>" amounts possess around
1.8 eV band gap. Neat perovskite shows a PL peak at 683 nm,
and the PL peak slightly red-shifted from 683 to 686 nm for
the GdS sample and 688 nm for the Gd10 sample, presented in
Figure 4. Moreover, as the amount of doping increased, the PL
peak blue-shifted and the Gd1S PL emission peak was
observed at 683 nm. The red shift of GdS and Gd10 samples
may be due to the formation of new states just below the
conduction band upon doping.*” However, as the dopant
amounts increased, a blue shift was observed for the Gd15
sample. This blue shift may be caused by the Moss—Burstein
effect.’”' The Moss—Burstein effect takes place when excess
n-type doping is applied on the main semiconductor structure,
and this causes the occurrence of impurity sub-bands, which
are partially filled within the conduction band. Formation of

Absorbance (Norm.)
(‘wIoN) 1d

L 1 " 1 n 1 n Il L
300 400 500 600 700 800
Wavelength (nm)

Figure 4. Absorption and PL spectra of neat and doped CsPbl;
nanocrystals (left). GdS and Gd10 samples slightly red-shifted, and
the Gd15 sample slightly blue-shifted. Photographs of samples under
245 nm UV light (right).

these sub-bands is caused by the interaction between the
dopant states. The possibility of this interaction increases as
the level of doping increases. When the Fermi level lies within
the conduction band, i.e., extra electrons are introduced to the
structure, higher levels of impurity sub-bands get occupied.
Therefore, this behavior causes emission from the higher states
and a blue shift in the PL spectrum is observed. Moreover, the
PL peak of Gd10 is the narrowest among all samples, while
Gd1S has a wider PL peak compared to Gd10. PL FWHM
values for neat, GdS, Gd10, and Gd1S samples are 39.0, 34.5,
34.0, and 37.0 nm, respectively. Previously, the PL signal at
683 nm and the FWHM value of 39 nm were observed for neat
CsPbl,;, which shows that our results are consistent with the
literature.'

Urbach tails of all samples were examined for comparison of
defect densities of the perovskite structures. In semiconductors
and insulators, the essential absorption edge below the energy
band gap increases exponentially, and the absorption edge is
known as the Urbach tail.** For further understanding of this
mechanism, absorption coefficient versus photon energy
graphs are plotted for all samples. The logarithmic part of
the absorption coefficient is fitted using Urbach’s rule (eq 4)

E - E,
kT

a(E) = a, exp|o(T)

(4)

where a(E) is the absorption coefficient as a function of the
photon energy; E, Ey, and &, are the characteristic parameters
of the material; o(T) is the steepness factor; kg is the
Boltzmann constant; and T is the absolute temperature.

The slope of these fits was used for the calculation of Urbach
energy. Urbach energy gives information about the electronic
or structural disorder in the material. Urbach tails and
calculated Urbach energies are represented in Figure Sa,b for
all samples, respectively. The Urbach energy decreases from
14.1 meV (for neat a-CsPbl;) to 12.19 and 11.4 meV for GdS
and Gd10 samples, respectively. After that, it increases to 11.7
meV for the Gd1S sample. This data implies that Gd** doping
decreases the defect density in the structure up to a critical
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Figure 6. PLQYs of all samples excited with 460 nm wavelength light (a). Time-resolved fluorescence lifetimes of all samples excited by a 560 nm
laser and collected lifetime decays fitted with the biexponential function (b).

doping concentration, after which, doping promotes trapping
defects in the structure; thus, the Urbach energy for the Gd15
sample slightly increases. Similar behavior was also observed in
Sb**-doped CsPbBr; nanocrystals by Zhang et al.,** and they
reported that the Urbach tail gradually decreased up to a
certain point and at higher doping amounts, it increased again.
This shows that heterovalent Sb®* doping decreases the defect
amount in the nanocrystals up to a critical doping
concentration, and after exceeding that critical concentration,
the defect amount increases. As another example, Liu et al."’
reported that the Urbach energy increases with the Sn**
alloying ratio in CsPb,Sn;_,I; nanocrystals and the phase
stability of a-CsPbl; decreases. In this particular case, Urbach
energies of all doped samples are higher than those of the pure
phase. This is also consistent with the experimental
observations since the a-phase of all doped samples is more
stable than the a-phase of the neat sample and contains fewer
defects than the neat sample.

As can be seen in Figure 6a, the photoluminescence
quantum yield (PLQY) values of the neat, GdS, Gd10, and
Gd15S samples are 70, 74, 80, and 72%, respectively.
Undoubtedly, Gd*" doping into the CsPbl, structure causes
an increase in the PLQY. This increase may arise from the
defect reduction effect of the Gd** ion that enhanced radiative
recombination. Liu et al.* suggest that AI** doping results in
extra halide incorporation in the lattice. This increase may be
caused by the reduction of defects due to extra I”
incorporation as a result of the heterovalent doping. Further,
decrease in the Urbach energy is also consistent with reduced
defect amount in the nanocrystals. On the other hand, time-
resolved fluorescence lifetime measurements were carried out
on the prepared samples and are shown in Figure 6b.

24869

Fluorescence lifetime curves were fitted with the biexponential
function to calculate slow (radiative recombination) and fast
(nonradiative recombination) components. Obtained data
from fitted fluorescence lifetime curves is shown in Table 1.

Table 1. Time-Resolved Photoluminescence Lifetime
Profiles for CsPbl; Nanocrystal Different Doping Ratios,
Which Are Fitted with a Biexponential Function

sample T Ty A, A, Tavg

neat 92 48.8 15.6 84.4 474
Gds 15.6 60.2 19.8 80.2 57.5
Gd10 16.3 66.3 14 86 64.4
Gd1s 114 34.3 33.6 66.4 31

Radiative components of neat, GdS, Gd10, and Gd15
nanocrystals are 48.8, 60.2, 66.3, and 34.3 ns, respectively.
Their contributions to the average lifetimes (Tavg) are 84.4,
80.2, 86, and 66.4%, respectively. The average lifetime was
calculated using the following equation (eq S), where A; and
A, are the constants and 7; and 7, are the slow and fast

recombination times, respectively
_ A1712 + A2722
At + Ay, (5)

avg

Moreover, the calculated average lifetime increases from 47.4
ns for neat perovskite to 64.4 ns for the Gd10 sample and
decreases from 64.4 to 31 ns for the Gd1S sample. Gd*"
doping provides prolonged average lifetime at a specific
concentration. Also, the radiative component of the average
lifetime and its contribution increase at the Gd10 sample, and
these values decrease for the Gd15 sample. It can be originated
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Figure 7. Crystal structures of neat (right) and Gd-doped (left) cubic CsPbl; (a). Computational X-ray diffractograms of neat and Gd-doped cubic
CsPbl; (b). Electronic band dispersion of neat (Ey. is set to zero) and Gd-doped cubic CsPbl; (c).

from reduced defects due to Gd** doping, but at the high
doping levels, defects are generated again. Furthermore,
Urbach energies of the samples are also consistent with the
reduced defect amount most probably due to Gd** doping. In
a similar manner, Lu et al.>” reported that with Sr** doping the
radiative component of lifetime and its contribution to the
average lifetime increased in CsPbl; nanocrystals.

To investigate the effect of the Gd doping on structural and
electronic properties of the CsPbl; crystal and verify the
experimental results, density functional theory-based first-
principles calculations are performed for neat and Gd**-doped
CsPbl; perovskite crystal structures presented in Figure 7a.
DFT calculations reveal that the cohesive energies per atom
are 3.22 and 3.32 eV for neat and Gd-doped CsPbl; structures,
respectively. The 0.1 eV energy difference per atom reveals
that, when the Gd atoms were included before the
crystallization, the formation of Gd**-doped CsPbl; nanocryst-
als is more favorable.

In addition, Bader charge analysis reveals that, for the neat
crystal, each Pb atom donates 0.64 eV and Gd atom donates
1.40 eV to the Gd**-doped CsPbl; crystal. Therefore, in the
case of the Pb—Gd substitutional doping, 0.76 eV additional
charge per Pb—Gd substitution on the crystal structure is
observed. In this context, when we scrutinize the Pbl; and
GdI octahedra, due to the extra charge around the Gd atom,
Gd-I bond lengths are 7.52% decreased (3.19-2.95 A)
compared to the Pb—I bonds. This shrinkage is also confirmed
by the slight right shift shown in both experimental and
theoretical X-ray diffractograms (Figure 7b). Finally, electronic
band structures presented in Figure 7c¢ reveal that Gd—Pb
substitutional doping is n-type doping that changes the
electronic properties of the CsPbl; nanocrystal.

4. CONCLUSIONS

In summary, the main handicap in application of CsPbl;
nanocrystals is inevitable phase transition from the metastable
a-phase to the thermodynamically stable 6-phase. In this work,
Gd** doping with various concentrations from 0 to 15 mol % is
performed for stabilizing the a-phase. The Gd10 sample shows
the highest phase stability among all samples. The substitution
of Gd into the perovskite lattice is confirmed by peak shifting
to the right side in the XRD pattern. Also, the same trend is
observed in the computational XRD pattern of the Gd**-doped
CsPbl; crystal. This peak shifting is caused by lattice shrinkage
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of Gd*-doped crystals. Further, Gd** doping increases
cohesive energy per atom from 3.22 to 3.32 eV, which
indicates that the formation of Gd*'-doped nanocrystals is
more favorable than neat CsPbl; nanocrystals. Prolonged
stability of the a-phase may be originated from three factors.
First is the distortion of cubic symmetry in the perovskite
structure upon incorporation of the Gd** ion. This cubic phase
distortion causes splitting of the reflection of the (200) plane.
This hypothesis is compatible with results presented in the
literature in the case of Bi** and Eu** doping.’**” Second,
Goldschmidt’s tolerance factor is increased via Gd (rgg+ = 0.93
A) doping from 0.807 to 0.817, which can increase the stability
of the perovskite structure in Gd**-doped CsPbl; nanocrystals.
Third, as a donor dopant, Gd*" ions may associate with more
I” ions than Pb** ions, and this can be the reason of reduced
defect amount. Further, PLQY and average PL lifetime of
Gd**-doped nanocrystals increased due to low defect density.
The doped samples have lower Urbach energies than the neat
sample. These results suggest that the defect density of doped
nanocrystals is reduced compared to that of neat nanocrystals;
therefore, it is obvious that Gd** doping enhances optical
properties and phase stability of @-CsPbl; nanocrystals. Finally,
the electronic band structure of Gd-doped CsPbl; crystals
shows n-type semiconductor behavior without any significant
modifications in the band structure.
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