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ABSTRACT: Discovery of rare earth phosphors has generally relied on the chemical intuition
and time-intensive trial-and-error synthesis; therefore, finding new materials assisted by data-
driven computations is urgent. Herein, we utilize a regression model to predict the emission
wavelengths of Eu2+-doped phosphors by revealing the relationships between the crystal
structure and luminescence property. The emission wavelengths of [Rb(1−x)K(x)]3LuSi2O7:Eu

2+

(0 ≤ x ≤ 1) phosphors, as examples for the data-driven photoluminescence tuning, are
successfully predicted on the basis of the existing data of only eight systems, also consistent
with the experimental results. These phosphors can be excited by blue light and exhibit broad-
band red and near-infrared emission ranging from 619 to 737 nm. These findings in Eu2+-
doped silicate phosphors indicate that data-driven computations through the regression mode
would have bright application in discovering novel phosphors with a target emission
wavelengths.

Phosphor-converted light-emitting diodes (pc-LEDs) have
become the next-generation lighting source due to high

efficiency, low energy consumption, long lifetime, and
environmental compatibility.1−3 Until now, pc-LED technology
has been widely used in many fields, such as general lighting,
automotive lighting, display backlight, medical diagnostics,
plant lighting, and so on.4−7 Therefore, it is critical to develop
phosphors with appropriate emission wavelengths, and many
strategies have been adopted to discover new phosphors, such
as trial-and-error searching in different crystal structure
databases, combinatorial chemistry screening with high
throughput experimentation, chemical unit cosubstitution
based on a structural model, or single-particle diagnosis
approach.8,9 Thus, many novel phosphors with various
emission wavelengths have been discovered through those
approaches.10−12 Nevertheless, these methods are largely
conducted through painstaking experiments in an Edisonian
fashion, which require the abundant experience and massive
experimentation.9 Driven by the rapid development of
computers, the advancement of algorithms, and the explosion
of experimental material databases, machine learning techni-
ques have become powerful tools for materials discovery.13,14

Recently, data-driven methodologies have been demonstrated
to be successful in computational design and experimental
identification for novel phosphors. Brgoch’s group established
a thermally robust phosphor NaBaB9O15:Eu

2+ with the
assistance of machine learning and high-throughput density
functional theory (DFT) calculations.15 In addition, Wang et
al. adopted a carefully targeted data-driven structure prediction
and screening effort to discover a new phosphor,
Sr2LiAlO4:Eu

2+, in the first Sr−Li−Al−O quaternary crystal
system.16 Data-driven methodology provides a convenient way
to find novel phosphors; however, the core problem is to

propose decision rules, which enable us to establish a mapping
between measurable and easily accessible attributes of a system
and its properties.17

Over the last years, Eu2+-doped compounds have been
extensively investigated for phosphors in pc-LEDs. In most
cases, the observed Eu2+ luminescence arises from the parity-
allowed transition between the 4f7(8S7/2) ground state and the
4f6(7F)5d1 excited state.7,8 The emission energies of this
transition show a high sensitivity toward the local coordination
environment, that is to say, by changing the crystal structure,
the emission colors of Eu2+-doped phosphors would be
changed and also predicted. The relationship between crystal
structure and luminescence properties is still a holy grail for the
phosphor materials discovery.18,19 Nevertheless, study of
structure−property association is a challenge owing to the
multiparameter and complexity of the task. Ab initio
theoretical calculations can predict the structure−property
relationship, but it has a heavy workload on account of the
huge calculations and the special knowledge needs. Artificial
intelligence (AI) can make easy predictions if there is an
adequate database.20,21 Machine learning acting as a hot tool
usually demands more examples, in contrast to the limited
amounts of phosphor materials with particular interests.22

However, regression analysis, as another way, refers to a set of
statistical processes for estimating the relationships between a
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dependent variable, called the “outcome variable”, and one or
more independent variables, also called “predictors”, “cova-
riates”, or “features”.23 This analysis is not so restricted to the
amounts of samples and can be easily applied to a database of
13−100 samples. There are many types of regression analysis,
including simple regression, multiple regression, logistic
regression, and so on.24 For instance, Pilania et al. successfully
used a kernel ridge regression model to predict the electronic
properties.17 Here, we use simple regression analysis to
establish the relationship of crystal structure and luminescence
properties to predict the emission wavelength of the unknown
phosphors.
Recently, we discovered a series of Eu2+-doped A3BSi2O7-

type (A = alkali metal ions; B = rare-earth metal ions)
phosphors, including K3YSi2O7:Eu

2+, K3LuSi2O7:Eu
2+, and

Rb3YSi2O7:Eu
2+,25−27 which can be excited by blue light and

emit red or near-infrared light. The typical A3BSi2O7
compounds have similar structures and the local structure
only can be affected by the A and B ions. Hence, two
parameters of ion radius A and B need to be varied during the
process of modeling, which greatly reduces the modeling
difficulty. In this work, the luminescence properties of some
reported phosphors in A3BSi2O7:Eu

2+ families are chosen as
the database, and regression analysis is used to establish a
model that can predict the emission wavelengths of the class of
phosphors. The solid solution phosphors formed by
K3LuSi2O7:Eu

2+ and Rb3LuSi2O7:Eu
2+ are chosen to verify

the accuracy of the model. The photoluminescence tuning of
[Rb(1−x)K(x)]3LuSi2O7:Eu

2+ (0 ≤ x ≤ 1) (abbreviated as
R1−xKxLSO:Eu

2+) is accordant with the results predicted by
simple regression analysis. In addition, all the phosphors
exhibit broad red to near-infrared emission band under blue
light excitation, which can be applied to the new lighting
source. The results suggest that simple regression analysis is
potentially a good method to predict the emission wavelength
of unknown phosphors.
Since there are only eight systems of original data, unknown

parameters in the calculation model must be kept as small as
possible to avoid overfitting. Here, the linear regression model
is used for prediction. The experimental details and the

construction of the regression model have been described in
the Supporting Information, where correlation of the data from
a sample and the estimated linear regression line for these data
are discussed and demonstrated in Figure S1. Furthermore, the
data-driven steps via the regression model for prediction are
shown in Figure 1a. Here, we use linear regression analysis to
establish the relationship of structure and luminescence
properties to predict the emission wavelength of a class of
phosphors A3BSi2O7:Eu

2+. There are only two varied
parameters, ion radii (Å) of A and B for the A3BSi2O7:Eu

2+

phosphors, where ion radii of A and B refer to x and y refers to
the emission wavelength, as demonstrated by the crystal
structure model and emission spectra of A3BSi2O7:Eu

2+

phosphors (Figure 1b,c). Due to those, we obtain a linear
function of ion radii:

= × + × +W a b cIR(A) IR(B)e (1)

where We refers to the emission wavelength and a, b, and c
refer to some unknown constants that should be defined
(Figure 1d). We used the information about the wavelength
emission of several known A3BSi2O7:Eu

2+ phosphors (Table 1)
to make the fitting, and the emission spectra of as-prepared
Rb3GdSi2O7:Eu

2+, Rb3LuSi2O7:Eu
2+, K3LaSi2O7:Eu

2+,
K3GdSi2O7:Eu

2+, and K3ScSi2O7:Eu
2+ are given in Figure S2.

The excitation wavelength varies from 330 to 450 nm, but we

Figure 1. (a) Full data-driven steps by regression analysis. (b, c) Crystal structure model of A3BSi2O7 and the relationship between structure and
luminescence property. (d) Assumed formula and the related database for prediction. (e) Theoretically predicted and experimentally observed
emission wavelengths of R1−xKxLSO:0.01Eu

2+ (0 ≤ x ≤ 1) phosphors.

Table 1. Excitation and Emission Wavelengths of
A3BSi2O7:Eu

2+ Phosphors Obtained by Experiments and
Previous Work

materials excitation, nm emission, nm

K3LaSi2O7 365 530
K3YSi2O7 450 62025

K3GdSi2O7 400 630
K3LuSi2O7 450 74026

K3ScSi2O7 450 740
Rb3YSi2O7 450 62227

Rb3GdSi2O7 330 550
Rb3LuSi2O7 450 619
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did not focus on it and almost the same prediction results are
found when we use the same excitation wavelength
corresponding to the emission wavelength for the prediction.
After regression analysis, the equation appeared to be

= − × − ×W 2364.586 644.061 IR(A) 775.554 IR(B)e
(2)

Therefore, the eq 2 was used to predict the emission of
[Rb(1−x)K(x)]3LuSi2O7:Eu

2+ and theoretically predicted and
experimentally observed emission wavelengths are depicted in
Figure 1e. The residual between expected and all observed data
was in the range 5−50 nm, and the maximum value seems to
be not very good. This may be due to the fact that what we
predicted is a linear curve, while the experimental results prefer
a quadratic curve that needed more original data for the
prediction. However, one can see that the trend in Figure 1e
was revealed very well, and similar trends can be also obtained
for any compound with chemical formula of A3BSi2O7:Eu

2+.
Moreover, the analysis of eq 2 revealed the following: (1) The
increasing of A and B ionic radii should lead to a blue shift of
wavelength emission. For example, most Cs-containing or La-
containing compounds should lead to a blue shift. (2) By
contrast, the decrease of the radii of A and B ions should lead
to a red shift. For example, Na-containing or Lu-containing
compounds should lead to a red shift. (3) The A ion has a
bigger influence on wavelength than the B ion, because usually
ionic radii of A vary in the range 1.24−1.78 Å (Na−Cs ions)
whereas B ions vary in the more narrow range of 1.032−1.216
Å (Lu−La ions) and the absolute value is smaller; however, the
difference between the coefficients of a = −644.061 and b =
−775.554 is not very big in the multiplicative model. Thus, the
simple formula with only two variables revealed the global
trends and structure−property relationships, which are very
important in materials science.

To further check the rationality of the data-driven
photoluminescence tuning revealed by the regression model
and explain the possible mechanisms, the phase structures and
luminescence properties of R1−xKxLSO:0.01Eu

2+ phosphors
have been investigated in detail. Figure 2a shows the XRD
patterns of the as-prepared R1−xKxLSO:0.01Eu

2+ solid solution,
which can be well indexed to the reported pattern of a
hexagonal (P63/mmc) phase K3LuSi2O7. Due to the smaller
ionic radius of the K+ ion than the Rb+ ion, the enlarged
diffraction peaks from 2θ = 30°−32° of R1−xKxLSO:0.01Eu

2+

samples continuously shift toward larger angles with the
increase o f x compared wi th the pos i t ion of
Rb3LuSi2O7:0.01Eu

2+ (Figure 2b), indicating there is a lattice
shrinkage with substituting Rb+ by K+. Moreover, further
Rietveld refinement of the series of R1−xKxLSO:0.01Eu

2+ has
been performed, and the main parameters are shown in Table
S1. K3LuSi2O7 was taken as the starting model for Rietveld
refinement.28 The sites of K+ ions are occupied by K+/Rb+ ions
according to the suggested chemical formula. Minor impurity
phases of Lu2O3 were found at about 0.8−1.5%, which would
have no impact on the luminescence properties of these
phosphors. Furthermore, the variations of the cell volumes and
bond lengths of each sample are shown in Figure 2c,d, and
coordinates of atoms and main bond lengths are shown in
Tables S2 and S3, respectively. Obviously, the relative content
of K and Rb has little effect on the average bond lengths of
Lu−O, while the average bond lengths of K1/Rb1−O and K2/
Rb2−O decrease almost linearly as the increase of K+

concentration, which indicates K+ ions have definitely entered
the Rb+ lattice to form a solid solution. It is further confirmed
by the cell volume (V) of R1−xKxLSO:0.01Eu

2+ samples, which
decreases linearly with x in good agreement with the fact that
the K+ ion has a smaller ionic radius than the Rb+ ion obeying
the Vegard’s rule.29

Figure 2. (a) Standard pattern (obtained from Materials Project, mp-557543) of K3LuSi2O7 and as-measured XRD patterns of
R1−xKxLSO:0.01Eu

2+ (0 ≤ x ≤ 1). (b) Selected diffraction peaks near 31° of R1−xKxLSO:0.01Eu
2+ (0≤ x ≤ 1). (c) Cell volume V(x)

dependence of K+ concentration. (d) Dependence of the average bond length of Lu, K1/Rb1, and K2/Rb2 in R1−xKxLSO:0.01Eu
2+ (0 ≤ x ≤ 1).
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The crystal structures of Rb3LuSi2O7 display an atom
configuration similar to that of K3LuSi2O7. As seen in Figure
1b and Figure S3, all the fundamental frameworks are
constructed by LuO6 octahedra and Si2O7 units via vertex-
sharing. K+/Rb+ displays the same coordination form in the
channel composed by LuO6 octahedra and Si2O7 units, with
sites having 9-fold (K1/Rb1) and 6-fold (K2/Rb2) coordina-
tion in the unit cell and two kinds of polyhedrons connected to
each other by sharing the same vertexes and edges. In
K3LuSi2O7, the main doping mechanism is ascribed to the
synergetic effect of Lu → Eu and K2 → Eu replacements, as
discussed before.25−27 Due to the similar crystal structure and
the same cat ionic coordinat ion environment in
R1−xKxLSO:Eu

2+ samples, the main doping mechanism of Eu
ion remains unchanged, which is further illustrated in the
following analysis of luminescence performance. This same
crystal structure and Eu2+ occupancy in A3BSi2O7:Eu

2+

phosphors guarantees the results obtained from the regression
model.
As shown in Figure 3a , the PLE spectra of

R1−xKxLSO:0.01Eu
2+ samples possess broad-band excitation

in the region of 250−600 nm and these phosphors are suitable
for the commercial blue chips. The excitation peaks position
and shape are almost unchanged with increasing substituted
cation concentration in R1−xKxLSO:0.01Eu

2+ samples, except
for slightly increasing of bandwidth. Upon 450 nm excitation,
the PL spectra of R1−xKxLSO:0.01Eu

2+ exhibit a consecutive
red shift from orange-red light to near-infrared light with the
increase of K+ concentration as shown in Figure 3b. As is
shown in Table S4, the emission peak shifts from 619 to 737
nm. Moreover, all PL spectra can be decomposed into two
Gaussian curves, which indicates that Eu2+ ions occupy two

different sites, as shown in Figure 3c. The photoluminescence
decay lifetime is an efficient method to analyze the site
occupation in the phosphor materials. All the photo-
luminescence decay curves of [K+ → Rb+] phosphors obey
the biexponential model (Figure S4), which further certifies
that Eu2+ occupies two cation sites (K2/Rb2 and Lu sites), as
discussed before. The calculated lifetime values changed
gradually, which is related to the energy transfer among two
Eu2+ centers.
To better understand the large-scale emission tuning in

R1−xKxLSO:0.01Eu
2+ phosphors, the local lattice environment

around Eu2+ is used to reveal the intrinsic mechanism. The
schematic energy level diagram for Eu2+ ions in
RKLSO:0.01Eu2+ phosphors and the schematic diagram of
K+ substitution process are shown in Figure 3d,e. For the
R1−xKxLSO:0.01Eu

2+ phosphor, the centroid shift has a weak
effect on the red shift because of the low covalence between
Eu2+ and O2− ions. Considering the sensitivity of Eu2+ ions to
the crystal field environment, the cation substitution of K+ for
Rb+ would directly influence the luminescence properties.
When Rb+ ions are substituted by K+ ions, the K+ ions
randomly occupy the Rb+ sites, including the neighboring Rb+

sites around the Eu2+ ions. The local structural variation caused
by cation substitution around the luminescent centers would
definitely influence the crystal field strength.27 On the basis of
crystal field theory, the type of polyhedron and bond length
between the central cation and its ligands are important factors
in determining the crystal field strength of the Rb+ sites
occupied by K+ ions. In general, the crystal field strength (Dq)
could be identified via the expression:30

Figure 3. Normalized PLE (a) and PL (b) spectra of as-prepared R1−xKxLSO:0.01Eu
2+ (0 ≤ x ≤ 1). (c) Gaussian fitting curves of the emission

spectrum of R1−xKxLSO:0.01Eu
2+ (x = 0.3). (d) Schematic energy level diagram for Eu2+ ions in RKLSO:0.01Eu2+ phosphors showing the centroid

shift εc, the crystal field splitting effect εcfs, and the Stokes shift ΔS. (e) Schematic diagram of the K+ substitution process leading to the variation of
the local structures.
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=D
Ze r

R6q

2 4

5 (3)

where Z is the charge or valence of the anion, e is the electron
charge, r refers to the radius of the d wave function, and R is
the bond length between the central cation and its ligands. The
Dq value is inversely proportional to the R value. Theoretically,
the substitution of Rb+ by K+ would generate an increased
crystal field splitting due to the decreased R value, which
reduces the energy of the lowest 5d level. The emission
spectrum is determined by the lowest 5d energy level and
Stokes shift. Herein, we further estimated the Stokes shift from
the spectra in Figure 3a,b, which is twice the energy difference
between the intersection point of excitation and emission
spectra and the peak of the emission spectra.31,32 It increases
from 3586 to 5152 cm−1 with the increasing of K+

concentration. Since the Stokes shift is greatly influenced by
the rigidity of crystal structure, the substitution of K+ ions
could impair the rigidity, leading to the gradually increasing
Stokes shift, which results in the spectral red shift.33,34

Therefore, we can reasonably conclude that the red shift is
caused by the combined effect of Stokes shift and crystal field
strength.
When we recall the comparison between the maximum

emission wavelengths of the experiment and the prediction
depicted in Figure 1e, one can find that the increasing trend is
almost the same as predicted by the simple regression analysis.
These results suggest that it is a potentially good way to predict
the emission wavelength of unknown phosphors. It is
interesting that the simple model and easy calculations could
give us predictive conclusions. More complex compounds not
only for the solid solution but also the isostructural
compounds can be also treated by using this model with the
help of CIE coordinates (x, y), Ra (color rendering index), and
so on. Therefore, experimentally investigating this series of
phosphors will provide much support to the regression analysis
as a tool for identifying the emission wavelength of new
inorganic phosphors.
In summary, a calculation model based on the connection

between crystal structure and luminescence properties in
A3BSi2O7:Eu

2+ (A = alkali metal ions; B = rare-earth metal
ions) is used to identify the emission wavelength of unknown
phosphors. With the assistance of a simple regression analysis,
the increasing/decreasing of A and B ion radii should lead to a
blue/red shift of wavelength emission. We established a linear
function of ion radii to predict the emission wavelengths of
R1−xKxLSO:0.01Eu2+ phosphors, and the emission peaks
displays the shift from 619 to 737 nm with the x increasing
from 0 to 1. The red shift of emission spectra is attributed to
the combined effect of the increased crystal field splitting and
the increased Stokes shift. These results support that regression
analysis is an indispensable method to direct the search for new
rare-earth phosphors even if the amount of samples is very
small. All the phosphors show the red and near-infrared
emission under the excitation of blue light, indicating
potentials in new lighting sources, and the methods used
have a good directivity for the future application of regression
analysis for other functional materials.
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