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SOLID-STATE NUCLEAR MAGNETIC RESONANCE OF 133Cs 
IN CsPbBr3+Bi SEMICONDUCTOR PEROVSKITES

A. N. Gavrilenko,a,* O. I. Gnezdilov,b A. V. Emeline,c  UDC 539.143.43
A. V. Shurukhina,c E. V. Schmidt,a A. F. Ivanov,a and V. L. Matukhina

133Cs NMR was employed to study the structural characteristics and properties of perovskites at the atomic level. 
CsBixPb1−xBr3 perovskites doped with Bi at concentrations of 0.0059, 0.0072, and 0.0120 were studied. The importance 
of high-quality materials for applications in optics and photonics was noted. 133Cs NMR showed high sensitivity for 
studying these concentrations of Bi, which aff ect the stability of perovskites and their dynamic parameters.
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Introduction. Photovoltaics or direct conversion of solar energy into electrical energy is one of the most promising 
renewable energy sources. The development of solar energy in the XXIst century remains at the forefront of all alternative 
sources. Perovskite-halide solar cells with a solar-energy conversion effi  ciency of >20% are a new and promising class of 
solar cells that are currently being thoroughly studied [1]. Special attention is being paid to lead halide perovskites (LHPs) 
such as CsPbX3 because of their desirable optical properties and better ecological stability than hybrid organic-inorganic 
perovskite halides [2, 3]. CsPbX3 materials can be used in LEDs [4], photomultipliers [5], memory devices [6], radiation 
sensors [7], and others because of their electrical and optical properties, e.g., tunable band gap over the whole visible region, 
high optical absorption coeffi  cients, long service life, high electron and hole mobility, and resistance to defects. Therefore, 
further improvement of the functional properties is the main goal of both basic and applied research on CsPbX3 materials. 
Heterovalent doping is a classical method for modifying the electronic and optical properties of semiconductor materials and 
is easily applied to CsPbX3 perovskites [8]. The dopant Bi could replace Pb atoms by stable and controlled methods owing to 
the similar ionic radii of Pb2+ and Bi3+ (1.19 and 1.03 Å) [9, 10]. Doping with Bi could increase the effi  ciency of solar cells 
by increasing the absorption of visible light [11]. It also allows interfacial charge transfer of LHPs and other materials to be 
accurately controlled by energy-level alignment [12]. The eff ect of doping on the physical properties of LHPs is still not fully 
understood, despite the broad interest in doping with Bi. This could prevent optimization of the doping conditions in various 
applications.

The crystal structure of perovskites is described by the formula ABX3, where A and B are cations and X is an anion. 
The Cs atoms in CsPbBr3 occupy one set of structural positions with m-symmetry. The closest environment around the Cs 
atoms consists of eight Pb atoms in the B positions (A = Cs):
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One method for displaying this structure has the larger cation A surrounded by 12 anions in cuboctahedral 
coordination and B cations surrounded by six anions in octahedral coordination. The X anions are surrounded by two 
B cations and four A cations. The probability of forming the perovskite structure is determined by the ratio of the ionic 
radii of the starting atoms. Let us calculate the Goldschmidt tolerance factor t and octahedral coeffi  cient μ to estimate this 
probability:

 t = (RA + RX)[ 2 (RB + RX)],   μ = RB/RX ,  (1)

where RA, RB, and RX are ionic radii of atoms A, B, and X. These coeffi  cients for the perovskite structure should fall in the 
limits 0.825 < t < 1.059 and 0.414 < μ < 0.732 [13].

The main structural blocks of inorganic perovskite frameworks are [PbX6/2] octahedra connected by vertices 
along three orthogonal spatial directions. Electronic states of the halide and lead form a valence band and conductivity 
band. Thus, controlled doping in the Pb position in the octahedra can aff ect such fundamental properties as the position of 
the Fermi level, conductivity type, and lifetime and mobility of charge carriers, which provides an important advantage for 
optoelectronic devices with electron transfer [14–16]. Heterovalent doping by Bi3+ ions was shown to lead to a shift of the 
Fermi level into the conductivity band, strong absorption at wavelengths exceeding the wavelength of the corresponding 
band gap energy, and a change of conductivity to n-type [17, 18].

Several radiospectroscopic methods, including electron paramagnetic resonance (EPR), nuclear quadrupole 
resonance (NQR), and nuclear magnetic resonance (NMR) have been used to study the properties of semiconductor 
materials on the atomic level [19, 20].

133Cs NMR has been used to study chemical shifts of nuclei, the anisotropy of chemical shielding, quadrupole 
tensor parameters, and the relationship of these characteristics to the nuclear environment in various compounds [21–25]. 
NMR methods could be used to obtain useful information on the material characteristics, intermolecular interactions, and 
properties that aff ect the stability of perovskites and their dynamic parameters [26, 27].

The aim of the present work was to study polycrystals of perovskite CsPbBr3+Bi using solid-state 133Cs NMR.
Experimental. Doping with Bi in the Pb position in CsPbBr3 was studied using wet chemical synthesis of three 

samples of CsBixPb1xBr3 (x = 0.0059, 0.0072, and 0.0120) and pure CsPbBr3. The tolerance factor t for the selected samples 
was calculated using Eq. 1 before the syntheses to estimate the possibility of forming the perovskite crystal structure. The 
obtained values were within the required limits. The calculated and weighed masses of the starting components (CsBr, 
PbBr2, BiBr3) were dissolved in HBr solution. The salts dissolved completely at 160oC. Then, the obtained solutions 
were evaporated to produce dry powders. The phase composition of the samples was monitored using x-ray diff raction 
(XRD) analysis. The XRD analysis was performed in the resource center for x-ray structure studies at St. Petersburg State 
University on a Bruker Discover D8 x-ray diff ractometer.

NMR experiments used a Bruker Avance III WB 400 NMR spectrometer (B = 9.4 T) equipped with a 4-mm probe 
with double resonance and the capability for magic-angle spinning (MAS). MAS NMR spectra were obtained for samples 
with naturally abundant 133Cs using a onepulseq-experiment with π/8 pulses of duration 2.5 μs, a 1-s delay before the 
next cycle, and spinning frequency 9 kHz. CsNO3 in D2O was used as the reference compound to measure the chemical 
shifts. The number of accumulations was 2048. NMR spectra of 133Cs nuclei without spinning were obtained using a 
solidecho-experiment.

Results and Discussion. 133Cs is an ideal nucleus for solid-state NMR studies because it is 100% abundant in 
nature, has a relatively small quadrupole moment Q = 0.00343∙1028 m2, possesses nuclear spin quantum number I = 7/2, 
and demonstrates a remarkable range of chemical shifts of ~600 ppm. 133Cs NMR is very sensitive to the local medium of 
Cs and can detect fi ne diff erences in the local Cs bonding that are unresolved by diff raction studies. Many applications of 
solid-state 133Cs NMR for a broad spectrum of chemical compounds have been reported [27–30]. The experimental details 
of the procedure for synthesizing Bi-doped CsPbBr3 and data from XRD analysis, scanning electron microscopy, x-ray 
photoelectron spectroscopy, and diff use refl ectance spectroscopy have been published [31].

Let us briefl y discuss the theory and important parameters [32], i.e., the isotropic chemical shift (δiso), anisotropic 
information of the chemical shift as an interval (Δδ), asymmetry of the chemical shift ηδ, and nuclear quadrupole coupling 
constants (CQ) and its asymmetry parameter (ηQ). According to the commonly accepted Haeberlen convention:
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In this instance, the eigen values of the chemical shift {δxx, δyy, δzz} are ordered:

 iso iso iso| | | | | | .yy xx zz             (3)

The eigen values of the electric fi eld gradient (EFG) tensor {Vxx, Vyy, Vzz} are ordered according to the relationship 
Vxx  Vyy  Vzz. The quadrupole constant CQ and asymmetry parameter ηQ are related to the EFG tensor eigen values by:
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where e is the elementary charge and h, Boltzmann′s constant. The orientation of the EFG tensor relative to the main axes 
of the shielding tensor is described by Euler angles {α, β, γ} in terms of the ROS convention.

The isotope 133Cs has a relatively small quadrupole moment and low gyromagnetic ratio. MAS 133Cs NMR spectra 
were recorded for all four samples at the corresponding fi eld sweeps. Figure 1 shows MAS 133Cs NMR spectra at room 
temperature and their chemical shifts.

The Cs atoms occupy one set of structural positions in CsPbBr3 with m-symmetry while the closest environment 
around the Cs atoms consists of eight Pb atoms located in the B positions. In this case, the MAS 133Cs NMR spectrum 
agreed fully with this structure [29] and had chemical shift δ(133Cs) ≈ 117.17 ppm with width 203 Hz (Fig. 1a). The set of 
satellite lines in the MAS 133Cs NMR spectrum corresponded to the noncubic symmetry of the Cs crystallographic positions 
[29]. The parameters of the MAS 133Cs NMR spectra of CsPbBr3 doped with Bi were calculated using the TopSpin 3.1 
and QUEST programs [33, 34]. Table 1 presents the modeling results. Estimates of the quadrupole coupling constant CQ 
gave values in the range 194–202 kHz with asymmetry parameter ηQ = 0.011. The best overlap in these models was close 
to 89% for each spectrum. Figure 2 shows the modeled spectrum and experimental MAS 133Cs NMR spectrum (undoped 

Fig. 1. MAS 133Cs NMR spectra for CsBixPb1xBr3 with Bi concentrations x = 0.0120 (1), 
0.0072 (2), 0.0059 (3), and 0.0000 (4) at 9.4 T with spinning frequency 9 kHz (a) and their 
chemical shifts (b).

TABLE 1. Parameters of MAS 133Cs NMR Spectra of Bi-Doped CsPbBr3 Compounds

Bi concentration, % Chemical shift δiso, ppm ηQ CQ, kHz Lorentz broadening, Hz

0.00 117.170 0.011 195 202.96

0.59 116.941 0.012 195 205.54

0.72 116.665 0.010 202 215.30

1.20 116.660 0.010 194 206.60
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CsPbBr3, chemical shift δiso = 117.170 ppm, ηQ = 0.011, CQ = 195 kHz, Lorentz broadening 202.96 Hz, spinning frequency 
9 kHz). The obtained parameters of the MAS 133Cs NMR spectrum practically coincided with the literature data. MAS 
133Cs NMR spectra of doped CsPbBr3+Bi samples at 9.4 T also showed a set of satellite lines. However, the peaks of the 
resonance lines for the central transition (1/2 1/2) in the doped samples was shifted slightly lower and covered the range 
117.17–116.6 ppm (Fig. 1b). It is noteworthy that narrow resonance lines also persisted in spectra of the doped samples. 
Thus, the results for MAS 133Cs NMR spectra of CsPbBr3+Bi indicated that doping with Bi was eff ective and that Bi atoms 
were regularly incorporated into the CsPbBr3 crystal lattice.

The anisotropy of chemical shift Δδ was estimated from measured static 133Cs NMR spectra (Fig. 3). The value 
Δδ = 56.6 ± 0.3 ppm was obtained from the results of processing the four spectra. A model of the static spectrum was built 
based on the anisotropy estimated by us (Fig. 3 gives the model parameters) and the parameters previously determined from 
results of our MAS 133Cs NMR experiments with an undoped sample (Table 1).

Fig. 2. Experimental (points) and modeled (line) MAS 133Cs NMR spectra for CsPbBr3 
at 9.4 T with spinning frequency 9 kHz; Table 1 presents the modeling parameters for the 
undoped sample.

Fig. 3. Static 133Cs NMR spectra of CsBixPb1xBr3 at 9.4 T for x = 0.0120 (1), 0.0072 (2), 
0.0059 (3), and 0.0000 (4); model parameters CQ = 195 kHz, ηQ = 0.01, δiso = 117 ppm, 
Δδ = 57 ppm,  = 0o, β = 30o, γ = 0o.
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Conclusions. Perovskites doped with Bi, i.e., CsBixPb1xBr3 (x = 0.0059, 0.0072, and 0.0120) and pure CsPbBr3 
were synthesized by a wet chemical method. MAS 133Cs NMR spectra were obtained for these polycrystalline samples. 
Processing of the experimental MAS 133Cs NMR spectra using the TopSpin program produced the hyperfi ne coupling 
parameters in the studied CsPbBr3+Bi compounds. The estimated quadrupole coupling constant CQ = 196.5 kHz (average 
of four spectra); asymmetry parameter ηQ = 0.011. The anisotropy of the chemical shift was estimated from measured 
static 133Cs NMR spectra and was ~56.6 ppm. Chemical shifts were obtained for MAS 133Cs NMR spectra of doped 
CsPbBr3 + Bi and undoped samples. Peaks of resonance lines for the central transition (1/2  1/2) in doped samples were 
shifted slightly lower and covered the range 117.17–116.66 ppm. The chemical shift decreased smoothly with increasing 
Bi dopant concentration. In this case, the line width at half height remained practically unchanged. The small shift of the 
spectral line could be explained by a change of electron distribution near the resonant nuclei that resulted from doping 
the starting compound. The studies of the 133Cs NMR spectra indicated that Bi doping was eff ective, i.e., the dopant was 
regularly incorporated into the crystal lattice of CsPbBr3+Bi.
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