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Trap engineering through chemical doping
for ultralong X-ray persistent luminescence
and anti-thermal quenching in Zn,GeO,4F
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Recently, defect luminescence-based ultralong persistent luminescent (PersL) materials have been increa-
singly appreciated for advanced applications. However, an in-depth understanding of trap manipulation is
a big challenge in controlling trap distribution. In this work, we provide a complete understanding of
defect-induced photoluminescence (PL) in Zn,GeO,4 and the significant role of different defects and
defect complexes. Excitation-dependent tunable emissions from blue to green regions indicated different
mechanisms for filling traps for different excitation energies. Time-resolved emission spectroscopy (TRES)
revealed time-dependent trap distribution, shifting the PL band from blue to green. The existence of
different electron—hole recombination pathways in different time windows shed light on the complex PL
of Zn,GeO,. Systematic temperature-dependent PL studies imply different trapping and de-trapping pro-
cesses. We demonstrate the activation energies for different trapping mechanisms and the role of negative
thermal expansion (NTE) of Zn,GeO, in achieving the negative thermal quenching (NTQ) of PL. Further,
the aliovalent doping of Pr** was used for trap manipulation and introducing additional intermediate
defect states. Density functional theory calculations as well as thermoluminescence and electron para-
magnetic resonance studies revealed a reduction in defect formation energies for selective defects,
four-fold increase in trap density, and trap re-shuffling to optimum trap depths (0.73 eV) on the doping of
Pr3*. The rich trap distribution resulted in a two-fold increase in the quantum yield of green emissions
(~19%) due to Zn interstitial defects. Improved afterglow on UV charging and an increase in the afterglow
time from a few minutes in undoped Zn,GeO4 to an intense X-ray activated afterglow for 18 hours was
observed in the Pr¥* doped Zn,GeO,4 phosphor. Analysis of afterglow decay kinetics revealed the promi-
nent trap-to-trap tunnelling mechanisms for long lifetimes. Impedance studies revealed the widening of
electron channels and reduced resistance to electron movement with the incorporation of Pr** ions that
enhanced PersL. LED fabrication was carried out to demonstrate the potential of the Zn,GeO, phosphor
for solid-state lighting. We believe that such kinetic and thermodynamic interpretation of defect chemistry
will be helpful in tailoring the optoelectronic properties of native defect phosphors.

1. Introduction
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Native defect phosphors are an ideal candidate for applications
such as solid-state lighting, medical diagnosis, optical tagging,
optical storage, photocatalysis and anti-counterfeiting.’
Over the past decades, native defect phosphors have attracted
scientific attention owing to the wide scope for modulating the
emission output, photoluminescence quantum yield (PLQY),
afterglow, and thermal quenching (TQ) via defect engi-
neering.>? In the past, the trap-tuning strategy was investi-
gated in several native defect phosphors to achieve improved
PLQY and afterglow.® On a broad scale, approaches like
doping, synthetic tuning, and band structure engineering
have been renowned routes for tuning trap distribution to
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attain the desired performance for photocatalysis, electro-
catalysis, persistent luminescence (PersL), optical information
storage and solid-state lighting applications.>® Particularly,
PersL. materials with long-lasting afterglow have aroused
scientific interest for broad applications, such as emergency
lighting, night surveillance, bioimaging, information storage,
optical tagging, and photodynamic therapy.'®*> With the
emerging applications of X-ray-activated PersL phosphors
in all spheres of mankind, as mentioned above, the quest
for understanding the optical phenomenon and afterglow
mechanisms stimulated extensive research in this field.
However, in-depth investigations need to be conducted on the
types of defect states, their behaviour, trapping-detrapping
processes, trap distribution, and quenching mechanisms at
different excitation wavelengths to develop efficient long
PersL materials for targeted applications. Wang et al. in their
recently published review article have elaborated on the latest
developments in Ce**/Eu®"-activated phosphors, highlighting
the role of correlation between the local structure and photo-
luminescence (PL) properties to give an overall vision of
the composition-structure-property correlations.'® In recent
years, phosphors exhibiting defect-mediated negative thermal
quenching (NTQ) of luminescence have demonstrated huge
potential for lighting, medical, and security applications
owing to the improved thermal stability of emissions.'*"®
Therefore, extensive studies on materials that exhibit defect-
related emissions, NTQ, and long PersL are of great importance
for establishing a physical correlation between luminescent
properties, charge carrier type and trap distribution.

Among the semiconductor oxides, ternary oxide zinc germa-
nate (Zn,GeO,) has been well established for applications such
as display and optoelectronic devices, CO, photoreduction,
water splitting, lithium ion batteries, and ultraviolet (UV)
photodetectors.”° Zn,GeO, is a wide-band gap oxide (E, =
4.5 eV) and has received prime attention due to excellent
chemical and thermal stability, non-toxicity, self-activated
luminescent properties, rich defect density, and high conduc-
tivity."”*° It is one of the defect-rich phosphors with oxygen
vacancies (Vg), zinc interstitials (Znf), Zn and Ge vacancies
(Ve, Vzn) and antisite defects (Zng. or Gez,).>*>* The white-
bluish or green emission under UV excitation is originated
from the donor (V¢ and Zn?)-acceptor (Vg. and Vy,) pair (DAP)
recombination.”” Due to diverse applications of Zn,GeOy,,
a comprehensive investigation is a prerequisite to correlate
the PL and afterglow with the electronic states and intermedi-
ate trap levels in Zn,GeO,. Several reports exhibited the visible
emission of Zn,GeO, and investigated the spectral changes on
doping of Mn?", Bi**, Yb®" and Li* ions.>**** In our previous
work, a detailed experimental and theoretical investigation of
PL due to defect states was carried out to realize the PersL blue-
green emission of Zn,Ge0,.>* Recently, Yuan et al.'® have also
carried out an in-depth study of negative thermal expansion
(NTE) mechanism of Zn,GeO, below room temperature (RT).
The NTE will result in increased stiffness of the Zn,GeO, lattice
and can significantly suppress the emission loss due to thermal
effects.”>*® Dolado et al.>” investigated the electronic structure
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changes, optical output, and NTQ of Li-doped Zn,GeO,. Some
other prominent works explored the bright green PersL in
Mn?**-doped Zn,GeO, phosphors for applications in fluores-
cence latent fingerprinting, biosensing, and rewritable infor-
mation storage.>””>° In spite of significant investigations on
Zn,GeO, phosphors for various applications, the discussion
about the origin of photoluminescence, trap distribution, after-
glow mechanisms, and trapping-detrapping processes is lim-
ited to few studies. Unfortunately, reports on complete
mechanistic studies of defect-mediated PL, negative thermal
quenching of PL in Zn,GeO, phosphors, role of structure
rigidity, and different trapping and recombination processes
at different excitation wavelengths and temperatures, are miss-
ing in the literature. Short-term afterglow and low PLQY of
green emission in Zn,GeO, phosphors are still the major
concerns for real-time applications.

In this regard, the substitution of Zn>" sites by a hyper-valent
rare earth ion (RE*") can be a promising approach for introdu-
cing additional intermediate defect states and thus modulating
the trap depth and probability of DAP transitions.* Moreover,
the charge mismatch and large ionic radii of RE** ions will

induce energetically favoured formation of V/Zn and Vg vacan-
cies to retain the charge balance. We judiciously chose Pr** ion
for aliovalent doping in Zn,GeO, because RE** incorporation at
Zn*" sites will generate additional electron and hole trap states
(Pry, and V,,) in Zn,GeO,. The change in trap distribution
modulates the trap depths resulting in different trapping-
detrapping processes which have profound effect on defect-
driven photoluminescence. Gao et al.’ reported the tuning of
band gap and trap depths by Pr** doping. Pr** doped inorganic
materials are a great and highly favorable platform for the
realization of longer and more intense persistent luminescence
for multifunctional applications. Mao and his group have
recently published a review article on various fascinating prop-
erties of Pr’* doped phosphors for persistent luminescence and
it covers various facets of Pr’" ions.*® Recently, Pr*" co-doping
in Zn,GeO4:Mn>" phosphor has been reported for enhanced
storage photostimulable luminescence (PSL) due to defect
engineering.” Interestingly, no typical sharp bands of Pr*" ions
were observed in the PL and excitation spectrum, suggesting
negligible radiative recombination between energy levels of Pr**
in Zn,GeO,. Wan et al. reported similar enhancement in after-
glow in Pr** co-doped Zn,GeO4;Mn>" and no Pr** peaks were
reported in the emission spectra.’’ Hence, aliovalent doping of
Pr*" ions in Zn,GeO, can be a promising approach for trap
tuning and investigating trapping processes without the inter-
ference of RE*" emissions with the host emissions.

Realizing the great potential of self-activated Zn,GeO,, this
work is an effort to investigate the photo-dynamics of defect-
related visible emissions of Zn,GeO, and understand the
nature of DAP recombination resulting in a complex PL band.
Temperature-dependent small-angle X-ray diffraction (SAXD)
patterns of Zn,GeO, were acquired below room temperature
and X-ray diffraction (XRD) patterns above RT to investigate the
NTE of the Zn,GeO, lattice. A doping strategy of aliovalent Pr**
ions is used to trigger defect formation in Zn,GeO, and
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introduce intermediate energy levels in the bandgap. The effect
of Pr’* ion doping in Zn,GeO, on the PL properties, PLQY,
defect concentration and trap depth, thermal stability and
afterglow has been investigated extensively. The possible defect
states in undoped and Pr**-doped Zn,GeO, systems, along with
their defect formation energies, were probed by density func-
tional theory (DFT) calculations. The influence of Pr’** doping
on the local structure was revealed by Raman spectroscopy.
Synchrotron-based X-ray absorption near edge structure
(XANES) and extended X-ray absorption fine structure (EXAFS)
measurements were employed to probe the oxidation state of
Pr and the local structure of Zn and Ge on Pr doping. DFT
calculations were performed to obtain defect formation ener-
gies and to probe the formation of intermediate defect states on
Pr** doping. Importantly, we demonstrated the excitation
wavelength-dependent tunable emissions in undoped and
Pr’*" doped Zn,GeO,. Steady-state and time-resolved emission
spectroscopy (TRES) studies were performed for undoped and
Pr** doped Zn,GeO, phosphors to understand the decay kine-
tics of emissions from different excited species. Temperature-
dependent PL studies were carried out to explore the NTQ of
luminescence in Zn,GeO, observed below RT. In-depth inves-
tigations on the temperature-dependent PL revealed the activa-
tion energies for NTQ and positive thermal quenching (PTQ)
processes and different trapping-detrapping mechanisms.
Further, the afterglow studies were performed to explore the
mechanism involved and the role of Pr** in the long afterglow
decay. X-ray-activated PersL studies were performed, and a long
afterglow for Pr** doped Zn,GeO, was captured after ceasing
the X-ray excitation. The afterglow property can be a promising
approach for reducing the dimming time of phosphor-
converted light emitting diodes (pc-LEDs) and hence, we have
demonstrated the potential of undoped Zn,GeO, and Pr**
doped Zn,GeO, phosphors for pc-LEDs. The above insights
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into trap engineering through aliovalent Pr** doping in Zn,GeO,4
for tuning the emission, PLQY, and afterglow will help in
utilizing Zn,GeO, phosphor for potential applications. The
material synthesis, instrumentation, details about EXAFS mea-
surements/discussions and computational methodology for
DFT calculations are mentioned in the ESIT file as S1, S2, S3,
and S4, respectively.

2. Results and discussion

2.1. Structural, phase, NTE, and local structure analysis

The XRD patterns of undoped Zn,GeO, and Zn,GeO:xPr’*
(x = 0.005, 0.01, 0.02, and 0.05) synthesized by a two-step
solid-state route are presented in Fig. 1a. The XRD patterns
match completely with the literature (PDF no. 011-0687) that
confirmed the formation of rhombohedral structure of
Zn,Ge0O, lattice in all the samples. No impurity peaks were
observed in the XRD pattern of Zn,GeO,. However, the intro-
duction of Pr** ions at higher doping concentrations (x > 0.01)
resulted in the appearance of extra peaks with weak intensities
due to the presence of unreacted GeO,. The crystal structure of
Zn,GeO, (Fig. 1b) consists of GeO, and ZnO, tetrahedra form-
ing four-membered and two different six-membered rings with
non-equivalent Zn sites (Zn; and Zn,).

Raman spectroscopy was performed to study the phase
formation and explore the doping effects of Pr’* on the local
structures. The peaks in the Raman spectra of Pr*" doped
Zn,GeO, (Fig. Sla, ESIf) are similar to the Raman spectra of
undoped Zn,GeO,.”* The peaks at 744 and 801 cm ' are
associated with the stretching vibrational modes of GeO,. The
Zn-0O-Ge stretching and Zn-O-Ge bending modes appeared at
752 and 776 cm ™' in the Zn,GeO,:0.01Pr’" (0.01Pr) sample,
respectively.'®>* The wave numbers of the Raman bands were
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Fig. 1 (a) XRD patterns of Zn,GeO4:xPr** (x = 0, 0.005, 0.01, 0.02, and 0.05) samples. (b) Crystal structure of Zn,GeO, with ZnO,4 and GeO, tetrahedral
units and two non-equivalent Zn sites in six-membered rings. (c) Raman spectrum of the 0.01Pr sample, and (d) cell volume (A%) of Zn,GeO, as a function

of temperature in Kelvin.
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obtained by Lorentzian fitting of Raman spectra (Fig. 1c), and
shifts of these Raman bands as a function of Pr’* doping
concentrations are displayed in Fig. S1b (ESIT). A blue shift of
Raman bands was observed on Pr** doping at low concentra-
tions (x < 0.01) followed by a red shift at higher doping
concentrations. The blue shifts indicated increased stiffness
of Zn,GeO, crystal lattice on doping of Pr*" at low concen-
trations." Fourier transform infrared spectroscopy (FTIR) spec-
tra showed similar patterns in undoped and Pr** doped
Zn,GeO, and the characteristic peaks were observed below
800 cm ' (Fig. S2, ESIf). The vibrational modes of the ZnO,
and GeO, tetrahedra appeared in the range of 400-650 cm ™"
and 660-850 cm . The EDS spectra of Pr** doped phosphors
confirmed the presence of Zn, Ge, O, and Pr elements,
and elemental mapping indicated homogenous distribution
(Fig. S3a—-d, ESIY). Further, energy-dispersive X-ray fluorescence
(ED-XRF) confirmed the presence of Zn, Ge, and Pr elements in
doped samples (Fig. S3e, ESIT).

Temperature-dependent XRD patterns acquired below RT
were used to investigate the thermal expansion (TE) behavior of
Zn,Ge0, on heating. The low-temperature SAXD patterns were
acquired from 123 to 300 K (Fig. S4, ESIT), and Fig. S5a (ESIt)
shows the structure refinement of XRD data taken at 123 K. The
lattice parameters of Zn,GeO, determined from Rietveld refine-
ment and lattice constants are found to be a = b = 14.099 A, and
€=9.439 A (¢ = = 90°, and y = 120°) at RT. The lattice volume
contraction or NTE of the Zn,GeO, lattice was revealed from the
decreased cell volume and cell constants on heating the sample
from 123 to 300 K (Fig. 1d). All the three q, b, and ¢ axes shrink
on heating below RT and hence, Zn,GeO, exhibit a three-
dimensional NTE (Fig. S5b, ESIt). Yuan et al.™® ascribed NTE
to the “external modes” with low-frequency vibrations and the
transverse vibrations of O atoms in ZnO, and GeO, tetrahedra
forming six and four-membered rings with large spaces. How-
ever, Zn,GeO, exhibits a very low NTE, resulting in a gradual
decrease in the lattice constants and lattice volume below RT.
XRD patterns were recorded above RT to study the behaviour of
thermal expansion of the Zn,GeO, lattice above the RT. XRD
peaks shift towards the lower 20 values on heating the Zn,GeO,
sample above RT (Fig. S6, ESIt). This confirmed the lattice
expansion of Zn,GeO, above RT, and thus, the NTE effect is
prominent below RT. This suggested that the structural rigidity
of the Zn,GeO, lattice can efficiently suppress the thermally
activated non-radiative transitions up to RT. Further, the low
thermal expansion coefficient of the Zn,GeO, lattice has
attracted attention to investigating the optoelectronic proper-
ties of Zn,GeO, above RT.

The surface composition of Zn,GeO, and 0.01Pr samples
and the influence of Pr’* doping on the chemical and structural
properties of Zn,GeO, were investigated by XPS measurements.
The survey scan and XPS spectra of Zn3d (10.7 eV), Zn2p (1022
and 1045 eV), and Ge3d (32.3) confirmed the presence of Zn
and Ge in +2 and +4 oxidation states, respectively (Fig. S7, ESIT).
The Zn3d, Zn2p, and Ge3d peaks in the Pr-doped Zn,GeO,
shifted to lower binding energies, which indicated a different
chemical environment around these ions in both samples.

This journal is © The Royal Society of Chemistry 2024
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Ge3d spectra with only a single component can be attributed
to the Ge-O bonds in GeO, tetrahedra. The Gaussian deconvo-
luted XPS spectra of the Ols peak in undoped and doped
samples display two deconvoluted peaks (Fig. S8, ESIt). The
former can be ascribed to lattice oxygen, while the latter may
have contributions from oxygen vacancies or surface adsorbed
oxygen. Moreover, due to a very low concentration of Pr’**, XPS
does not reveal reliable information on its oxidation state.

The substitution site of large Pr’" ions (0.99A) in Zn,GeO,
was unclear as it may substitute Zn** ions (0.74 A) or enter the
interstitial sites of the six-membered rings. To explore the local
structure and oxidation state of Pr ions in Zn,GeO,, XANES
(Fig. S9, ESIt), and EXAFS measurements were carried out for
Zn K-edge, Ge K-edge, Pr-L; edge for undoped and Pr doped
samples (Fig. S10, ESIt). The details about the synchrotron
beamline, as well as EXAFS and XANES fitting, are discussed in
S3 (ESIT). The average bond distances (R), coordination num-
bers (N), and disorder (Debye-Waller) factors (¢%), which give
the mean square fluctuations in the distances, have been used
as fitting parameters and listed for Zn K-edge, Ge K-edge, and
Pr L3 edge in ESIT (Tables S1-S3), respectively. EXAFS studies
revealed that the absorption edges (Fig. S10, ESIt) and the
XANES features of the undoped and Pr-doped Zn,GeO, samples
(Fig S9b, ESIT) are exactly the same at the Ge-K edge, which
suggested that Pr doping does not change the effective charge
and local environment around Ge cations in Zn,GeQ,. From
XANES measurement, it is apparent that Pr cations probably
occupy the Zn sites in the Zn,GeO, structure. The ¢> values
increased for Ge-O coordination shells, which suggested
increased distortion in the local structure of Ge-O bonds on
Pr doping due to a large size mismatch. Fig. S9c (ESI{) shows
the Pr L; edge XANES spectra of the Pr doped Zn,GeO, samples
along with the PrgO;; standard where Pr cations exist in a
mixed oxidation state of +3 and +4. The peaks at 5971 eV and
5982 eV are characteristic of Pr*" and Pr*" cations.?*** The Pr L,
edge XANES spectra of Pr’* doped Zn,GeO, samples show a
single peak at 5971 eV, suggesting that Pr cations exist in +3
oxidation states in Pr doped samples.

2.2. DFT calculations

The computational methodology for the DFT calculations is
discussed in ESIf (Section S4.1). The calculated lattice para-
meters for Zn,GeO, (a = b =14.51 A, and ¢ = 9.69 A) are found to
be in good agreement with the experimentally and theoretical
calculated values (a = b = 14.27 A, ¢ = 9.53 A). Fig. 2a shows the
density of states (DOS) plots for undoped Zn,GeO,, which
indicates that the valence band maximum (VBM) is mainly
composed of Zn(d) and O(p) orbitals, while the conduction
band minimum (CBM) is hybridized states of Zn(s), Ge(s), and
O(p) orbitals. The calculated band gap using PBEO hybrid
functional (4.39 eV) is found to be close to the experimental
value (~4.6 eV) and the reported value in the literature (4.50 eV).

The defect formation energies (Ex) for the Pr-doped Zn,GeO,
in the presence of different defects have been computed using
the methodology discussed in ESIf (Section S4.2) and are
provided in Table 1. To probe the role of different defects on
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Fig. 2 Density of states for (a) Zn,GeO4 and (b) Prz,—Zn,GeOy, in the presence of (c) one neutral oxygen vacancy, (d) neutral zinc vacancy, (e) zinc
interstitial in the Zn—-Zn ring position ((ZnH)=Prz,—Zn,GeO.), and (f) zinc interstitial in the Zn-Ge ring position ((Zn)=Przn—Zn,GeO.).

Table 1 DFT calculated formation energies of defect containing Pr-
doped Zn,GeO4 systems

System Defect formation energy (eV)

Pr;,-Zn,Ge0O, —3.33
Vo-Przy,-7Zn,GeO, 0.25
Vyn—Przn-Zn,GeOy 1.02
Zn interstitial (Zn])-Pr,,~Zn,GeO, —1.77
Zn interstitial (Zn})-Pr,,-Zn,GeO, —1.85
Pr interstitial' (Pr{-Zn,GeO,) —1.73
Pr interstitial® (Pr{-Zn,GeO,) —1.61

the electronic structure of Zn,GeO,, we have analyzed the DOS
in the presence of different defects. Notably, the Pr’** doping in
Zn,GeO, may introduce Pry, defects when Pr substitutes Zn
lattice site and Pr; defects if Pr’" ions occupy the interstitial
sites in six-membered rings. The E; is the lowest for Pr’*
substituting for Zn**, which indicates that the substitutional
doping of Pr into the Zn lattice site (Prz,) is energetically more
favourable over interstitial doping (Pr;), which is in line with
synchrotron-based X-ray absorption spectroscopy. Herein, we
have simulated the Prz,-Vo, Prz,-Vz, and Prz,-Zn; defect
complexes to evaluate the Er and DOS. DFT results revealed
that the Prz, defects are more energetically favoured than the
Pr; defects.

In our previous work,”® we calculated the E¢ values in
undoped Zn,GeO, and the formation of Zn; was found to be
the energetically most favourable. Substitution of Zn** sites by a
hyper-valent Pr** will induce energetically favoured formation
of Prz, and V, vacancies to retain the charge balance. Impor-
tantly, the defect complex formation due to the interplay
between Pry,, V,, Zn;, and Vy, defects can effectively alter the
defect levels and formation energies. The significant reduction
of E¢ values on Pr doping in Zn,GeO, for all the native defects
compared to the Zn,GeO, can be attributed to the formation of
defect complexes. Impressively, the E; for V, decreased from

1732 | J Mater. Chem. C, 2024,12,1728-1745

3.29 eV in undoped Zn,GeO, to 0.25 eV for Pr,,-Vo complexes
and the E; for V4, reduced from 6.35 eV to 1.02 eV on Prz,-Vz,
complex formation. The Ef for the Zn; defect at both the Zn-Zn
and Zn-Ge ring interstitial positions are lowered significantly
in the presence of Pr. This indicated that the presence of Pr
facilitated the formation of Zn; defects together with both
oxygen and zinc vacancies due to formation of stable defect
complexes. Hence, DFT results proposed the increase in defect
formation on Pr doping, which will assist in achieving a higher
probability of DAP transitions in Pr-doped Zn,GeO,.

Now, we proceed to investigate the effect of different defects
on the electronic structure of Pry,-Zn,GeO,. Fig. 2b-f show
the DOS for the Prz,-Zn,GeO, unit cell with Pry, defects, and
Przn—Vo, Prza-Vzn, and Prz,-Zn; (Zni and Zn}) defect com-
plexes, respectively. We have also investigated the DOS for Pr
doping at the interstitial sites and considered two different
structures (Pr{-Zn,GeO, and Pr{-Zn,GeO,) similar to the case
of Zn interstitial (Fig. S11, ESIt). Various Pr-dopant-induced
energy states were introduced in-between the bandgap due to
the presence of Pry, defects and formation of different defect
complexes. The impurity states induced after Pr doping in
Zn,GeO, have been discussed in detail in ESIt (Section S4.3)
and are displayed in the band edge diagram (Fig. S12, ESIY).
Subsequently, the introduction of intermediate levels in the
forbidden gap on Pr** doping in Zn,GeO, may result in enhanced
optical response of Zn,GeO, and the interplay between these
defect levels may modulate the afterglow mechanisms.

2.3. Photoluminescence studies

The photoluminescence excitation (PLE) and steady-state PL
spectra of Zn,GeO, under different emission (500 and 535 nm)
and excitation wavelengths (265 nm and 310 nm), respectively,
are presented in Fig S13a-d (ESIt). Zn,GeO, shows a broad
bluish-white emission on excitation at 265 nm. The emission of
undoped Zn,GeO, under ultraviolet (UV) and near-UV (NUV)
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light could be ascribed to the presence of native defect centers,
such as V¢, Zn;, Vge and Vz,. The Vg, and Zn; defects act as
the donor centers to trap electrons while Vg, and Vz, act as
acceptor centers trapping the holes, and the DAP recombina-
tion results in visible emissions. The Zn{ defects in Zn,GeO,
are of two types (Zn{ and Znj) due to the presence of two
different Zn{ sites in Zn-Zn and Zn-Ge six-member rings,
respectively. The bluish-white emission of undoped Zn,GeO,
under UV excitation has been attributed to DAP recombi-
nation.>»**24343% [n our previous work,?® the blue-white and
green emissions were ascribed to DAP transitions from V¢, and
Zn; defects introduced in Zn-Zn and Zn-Ge rings, which was
supported by DFT calculations. The broad PL in undoped
Zn,Ge0, indicated the complex nature of radiative transitions
from different native defects.>*® In literature, the assignment
of emissions to particular transitions has been controversial
due to the competition between conduction bands (CB) to
acceptor level transitions and DAP recombination from differ-
ent donor levels.

Notably, the PLE spectra of undoped Zn,GeO, for the emis-
sion at 500 nm show an excitation band at 265 nm, while the
PLE spectra for 535 nm emission show two excitation bands in
the range of 250-290 and 300-345 nm, respectively. The former
excitation band can be assigned to the host-related transition
(bandgap ~4.67 eV) from the valence band (VB) to CB. The
existence of the 310 nm band revealed the direct population of
defect energy levels (V§,, Zn{) between the bandgap via excita-
tion with NUV photons.**** The investigation of PL properties
of Zn,GeO, at band-to-band and below bandgap excitation
energies could be helpful to gain insights about the
excitation-dependent trap filling and recombination processes.
In the past, few studies have investigated the influence of weak
excitations on trap distribution and recombinations in materi-
als and revealed the filling of only deep traps under below-band
excitations.**™*!

The NUV excitation band of Zn,GeO, observed in our case is
rarely reported (Fig. S13b, ESIt). This suggested that a high
defect concentration in Zn,GeO, phosphors can be achieved via
a two-step solid state synthetic route used in this work. In our
case, a broad visible emission peak at 505 nm was observed on
265 nm excitation comprised of significant contribution from
both the V¢ and Zn; donor levels to acceptor level DAP recom-
bination along with some probability of CB to deep acceptor
level charge-carrier recombination. The appearance of broad
visible emissions and less intense UV or NUV emissions sup-
ported our hypothesis of a high density of native defects on
high-temperature annealing (Fig. S13c, ESIt). This can be
explained by fast electron trapping processes by trap states
near CB in defect-rich Zn,GeO,. In earlier work, the prominent
presence of strong UV emissions was seen by Dolado and
group.”>** In contrast, the below bandgap excitation will
populate the defect levels selectively, and the radiative transi-
tions from CB do not appear in the PL emission spectra excited
at 310 nm as no free electrons will be present in CB.
In Zn,GeOy, the V¢, defects are shallow donors, which can be
populated on excitation above bandgap. The PL band became
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narrow and the percentage of blue and red emissions were
decreased under weak excitation. Dolado et al.** proposed that
the radiative charge-carrier recombinations from the Zn;
related levels are preferred on below bandgap excitation com-
pared to the DAP from the Vg levels and CB. However, only the
UV and NUV bands were considered for the detailed investiga-
tion. Our results are consistent with the literature, and hence,
we proposed that the visible emissions observed on below
bandgap NUV excitations originate mainly from Zn? related
donor levels in undoped Zn,GeO, with insignificant contribu-
tion from the CB and Vg levels. Interestingly, the broad bluish-
white emission band observed at 265 nm due to the existence of
complex DAP recombinations was transformed into a narrow
green emission band under 310 nm excitation. The changes in
PL properties due to different trap filling processes led to color
tunable emission on different excitations.”® The conception of
the nature of different transitions emitting different visible
emissions can be derived from the above observations. The
blue emissions are majorly comprised of emissions from CB to
acceptor level transitions and DAP transitions from the Vg,
donor, the green emissions are majorly from the DAP transi-
tions from two different Zn® donors, and the green-yellow
emissions are a result of the DAP recombination involving
deep donor or acceptor levels. The interactions between Vg,
and Zn; levels may form V¢ — Zn; defect complexes and result
in deep defect levels in bandgap along with the anti-site defects.
The bluish-white emission of Zn,GeO, under UV excitation with
a high PLQY (~42%) can be promising for solid-state lighting
applications.”® However, the low PLQY of green emission
(~9%) obtained in undoped Zn,GeO, on below band NUV
excitation was a major drawback. The green Zn,GeO, phos-
phors excitable with NUV photons and high PLQY would have
more potential for LED applications.

Aiming at tailoring the trap distribution, we carried out Pr**
doping in Zn,GeO,. The defect formation on the substitution of
two Zn>* ions by two Pr’* ions and three Zn** ions by two Pr’*
ions in the case of low and high doping concentrations can be
explained with the help of Kroger-Vink notations by the
following processes:*”

2Pt — 27Zn*" +VE (1)

Vo e — Vg (2)

2Pr*t 4+ 3Zn*t — 2Pry, + V), (3)
Vin = Vi +e” (4)

Additionally, the distortion in the [GeO,] and [ZnO,] local
structure endowed by both size and charge mismatch on Pr**
aliovalent doping further boosted the formation of Zn; and Vge.
The increased defect formation may improve the defect emis-
sions as DAP recombinations would be enhanced on Pr’*
doping.

The PLE and PL emission spectra of all the Pr’* doped
samples were recorded under the 265 nm excitation and below
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bandgap (310 nm) excitation energies (Fig. S14 and S15, ESIY).
The Pr** doped samples show a broad emission band peak at
535 nm when excited at 265 nm. A small doping concentration
of Pr** (x = 0.005) resulted in decreased PL intensity, but a
subsequent increase was observed when the Pr’* doping
concentration was increased up to 0.01. The intensity decreased
on further increase in the doping concentration (>0.01) as a
consequence of concentration quenching. In addition to DAP
recombinations, the probability of a weak energy transfer (ET)
from the host to Pr** jons could not be ruled out. In our case,
no sharp emission peaks for f — f transitions of Pr’* ions were
observed in any of the Pr’* doped samples. This revealed the
absence of efficient radiative transitions between 4f levels of Pr**
ions in the Zn,GeO, host. Similar observations have been reported
in Pr’* doped Zn,GeO,:Mn*".>*' He et al.*® have reported a weak
ET from Zn,GeO,4 host to Eu®" ions resulting in defect-dominated
emission along with less intense Eu®" emissions. Based on the
above observations, the 0.01Pr sample with an optimum concen-
tration of Pr** (x = 0.01) was considered for the comparative
investigation of the doping effect on PL, defect distribution, and
optoelectronic properties with respect to Zn,GeO,.

It can be observed from the excitation spectra of undoped
and 0.01Pr phosphors (Fig. 3a) that the 0.01Pr exhibited an
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intense shoulder absorption band when emission was moni-
tored at both the 500 and 535 nm. This can be explained by
the DFT results, which revealed that Pr** doping introduced
various additional defect states between the VB and CB. The
0.01Pr phosphor is rich in midgap defect states and impurity
levels, and broad PLE spectra can be attributed to the direct
activation of these levels by UV light. Subsequently, the prob-
ability of electron excitation in CB is inappreciable in 0.01Pr
phosphor, and probably, only the defect states would be
populated even on bandgap excitation (265 nm). The normal-
ized emission spectra of undoped and 0.01Pr samples excited at
265 nm (Fig. 3b) demonstrated a red shift in the emission peak
on Pr*" doping from 500 to 535 nm, and a slightly resolved
emission spectra could be observed in the Pr** doped samples.
This suggested that Pr’* doping prompted the DAP transitions,
resulting in green emissions more selectively. Consequently,
the blue emissions became less intense as no free electrons
were available in CB for CB-acceptor level transitions. Clearly,
below bandgap NUV excitations (310 nm) also contributed to
the final green emission in Pr** doped samples. In Pr** doped
Zn,GeO,, weak below bandgap excitations can populate the
donor levels via excitations from VB or acceptor levels, and the
PL emission will be solely due to DAP transitions. In our
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(a) PLE spectra of undoped and 0.01Pr samples at different emission wavelengths, (b) and (c) PL spectra of undoped and 0.01Pr sample at 265 nm

and 310 nm excitation, respectively. (d) Emission photographs captured by a Nikon camera under 254 and 365 nm UV lamp. (e) Emission spectra of 0.01Pr
at different excitation wavelengths. (f) Green emission intensity changes as a function of Pr** doping concentrations, and (g) EPR spectra of Zn,GeO,4 and

0.01Pr samples at 100 K.
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interest, a remarkable four-fold enhancement in the intensity
of the green emission band peaking at 535 nm on Pr** doping
under excitation at 310 nm is seen (Fig. 3c). We kept the
samples in air for a month and tested the stability of our
material by monitoring the optical properties at regular inter-
vals. We recorded the emission spectra of the samples on the
1st, 5th, 15th, and 30th day. No significant decrease in photo-
luminescence output was observed in the samples. The same
has been provided in the ESIf file as Fig. S16.

To visualize the color tunability of emissions on Pr’* doping
in Zn,GeOy, the emission images of samples under a UV lamp
at 254 and 365 nm are shown in Fig. 3d and CIE color
coordinate diagrams are provided as Fig. S17a and b (ESIY).
The excitation-dependent PL emission spectra of 0.01Pr display
color tunability due to different trapping mechanisms at dif-
ferent excitation energies (Fig. 3e and Fig. S18, ESIf). The
increase in the excitation wavelength from 250 to 350 nm
decreased the full width at half maximum (FWHM) of emission
spectra. At higher excitation energies, the broad visible emis-
sion was observed, which is supposed to have a significant
contribution from both the V¢ and Zn{ donor levels to acceptor
level DAP recombinations and charge carrier recombinations
from CB to deep acceptor levels. In contrast, the below bandgap
excitations may populate the defect levels selectively, and the
probability of radiative transitions from CB is negligible as no
free electrons will be present in CB due to higher concentra-
tions of intermediate defect states. Hence, the PL emission
band became narrow as it comprised only DAP recombinations
from the Vg and Zn{ donor levels.

To illustrate the effect of Pr** doping in the green emissions,
the intensity changes as a function of Pr*" doping concentra-
tions are shown in Fig. 3f. A two-fold increase in the PLQY
(~19%) of green emission under NUV excitation was attained
on Pr** doping in Zn,GeO, (Fig. S19, ESIf). The increased
green emission can be explained by DFT results, indicating
that Pr** doping will facilitate the formation of Pry and Zn;
defect-related levels, which can act as electron traps and Vg,
as hole traps. The high E¢ of V, reported for undoped Zn,GeO,
suggested that the formation of Vo and Zn; defects is more
favourable than Vg,.>> On Pr’** doping, an appreciable
reduction in the Ef of Vz, was revealed by theoretical calcula-
tions due to the formation of V,,-Prz, defect complexes. The
increased DAP transitions from Zn! related donor levels to V,,
acceptor levels became more prominent on Pr*" doping, which
explained the enhanced green emission in Pr** doped Zn,GeO,.

EPR measurements of undoped and Pr*" doped Zn,GeO,
samples were carried out at 100 K to understand the types of
native defects (Fig. 3g). The EPR signal at g ~1.955 is composed
of paramagnetic Zn{ and Vg, defects. The signal at g ~2.003 is
usually reported to Vg in most of the host matrices.*> However,
the presence of this signal in Zn,GeO, can be proposed due to
Zn; — V¢, defect complex formation or isolated cation vacancies
(V3,)-2*7% The intensity of the EPR signal due to Zn? and V§
defects (g ~1.955) enhanced significantly in 0.01Pr samples that
indicated large defect formation on Pr** doping. This observation
is in line with DFT calculations and also supports the PL results.

This journal is © The Royal Society of Chemistry 2024

View Article Online

Journal of Materials Chemistry C

Based on the previous literature and our experimental and
theoretical results, we proposed an energy band model (Fig. 4a)
and respective transitions involving the defect states, which
resulted in the broad visible PL of Zn,GeO,. The luminescence
decay profiles of Zn,GeO, and 0.01Pr phosphors excited at 265
and 310 nm and emissions monitored at 500 and 535 nm are
shown in Fig. S20a and b (ESI{). The decay curves were best
fitted with a three-exponential decay function:

It) = I+ Are 7™ + Ape 7™ + Age /™ (5)

where I(t) and I, denote the UC emission intensities at time ‘¢’
and at zero offset, A,, A,, and A; are constants, and 14, 7,, and 75
are the three lifetime constants, respectively. The lifetime
values of Zn,GeO, and 0.01 Pr phosphors are summarized in
Table S4 (ESIt). The multi-exponential decay can be explained
by the presence of different recombination pathways for visible
emissions. The short lifetimes are observed due to direct
radiative recombinations while the long lifetimes indicated
charge trapping in deep traps. The long tail in the decay
profiles was observed due to the indirect population of the
luminescent sites through tunnelling of carriers from stable
non-radiative traps.*”*®

To further understand the decay kinetics, TRES of Zn,GeO,
and 0.01Pr phosphors were acquired with the integration time
of 200 ms at different delay times in the range of 100 ps to
180 ms (Fig. S21a and ¢, ESIt). TRES studies can be helpful in
resolving overlapping emissions originating from different
electron-hole recombinations involving CB, defect states, and
VB. At small delay times, all the emission components due to
different excited species are supposed to be present, as the
lifetime values for visible emissions of undoped and doped
Zn,GeO, are >1 ms (Table S4, ESIt). The normalized TRES
spectra at different delay times for Zn,GeO, and 0.01Pr phos-
phors under 265 nm excitation are provided in Fig. 4b and c. In
the beginning, the TRES spectra of Zn,GeO, excited at 265 nm
consisted of a significant contribution from weak NUV emis-
sions along with visible emissions up to a delay time of 100 ps.
The NUV and blue emissions decayed faster, and the intensity
decreased significantly on longer delay times (>100 us). The
same can be visualized by a change in color coordinates of
emission from blue towards the blue-green region on increas-
ing delay times (Fig. 4b and Fig. S21b, ESIt). In the case of Pr**
doped Zn,GeO,, a broad emission consisting of all emissions
was observed at a 100 ps delay time and emission components
became more resolved on an increase in delay times (Fig. 4c).
The TRES of the 0.01Pr sample suggested that the green
emissions have longer decay times compared to blue emissions
and only green emissions could be observed at longer delay
times (Fig. S21c and d, ESI{). The TRES studies of the 0.01Pr
sample at below bandgap excitation (310 nm) displayed similar
behaviour and showed individual green emissions on long
delay times > 300 ps (Fig. S22, ESIt).

Such long decay times (in ms scale) can be explained by
charge carrier redistribution in defect states due to the involve-
ment of trap-to-trap tunnelling (or hopping) processes.*"*”*
The excited electrons in CB and defect states can directly
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Fig. 4 (a) Energy band diagram demonstrating radiative transitions and DAP recombinations for visible emissions in Zn,GeO4. Normalized TRES at
different delay times of 100 ps to 180 ms for (b) Zn,GeO4 and (c) 0.01Pr samples. (d) Schematic for the trap-to-trap hopping mechanism.

undergo emissive electron-hole recombinations with short
decay times (~ps) or photogenerated carriers may be trapped
in stable non-radiative defects. With time, the captured carriers
relax via tunnelling towards the luminescent sites, which is
followed by the visible emissions due to DAP recombinations
with a longer time component (~ms) (schematic shown in
Fig. 4d). The TRES supported the proposed hypothesis that
the blue emissions have contributions from CB and defect
states while the green emission bands originated solely from
DAP transitions of charge carriers in defect levels. The TRES
provided strong evidence for spatial correlation between
Pry -induced traps and emissive donor defect centres. There-
fore, the 0.01Pr sample exhibits a time-dependent trap distri-
bution due to high trap density in the vicinity of emissive levels
that facilitated hopping mechanisms.

2.4. Persistent luminescence and Thermoluminescence (TL)
studies

To better understand the trapping and de-trapping processes,
the PersL decay curves were measured on irradiation of
Zn,GeO, and 0.01Pr phosphors with UV lamps at 265 and
310 nm, respectively (Fig. S23, ESIT). The afterglow decay curves
measured at 265 nm charging for blue-white emissions are
shown in Fig. 5a. The afterglow decay curves monitored at
535 nm for the green emission band on charging the phosphors
at 310 nm for 100 s are shown in Fig. 5b. For both the

1736 | J. Mater. Chem. C, 2024,12,1728-1745

excitations, the afterglow intensity was improved on Pr** dop-
ing in Zn,GeO,. To further explore the mechanisms of decay
processes, the experimental afterglow curves were fitted into
the power-law exponent function (oct *) (Fig. 5a and b).
By fitting, the power-law exponent () was found to be approxi-
mately in the range of 0.56-1.06. This behavior is consistent
with the TRES findings and lifetime decay observations
which suggested that the visible emissions are controlled by
the tunnelling of charge carriers between trap states.*’*”*8
On excitation, electrons and holes are captured by traps with
some probability of filling charge carriers in stable non-luminous
sites. The tunneling of charge carriers in non-luminescent traps
populate luminescent defect sites, and are responsible for long
afterglow. The schematic illustration for the PersL mechanism is
presented in Fig. S24 (ESIT). To calculate the afterglow decay times
(z), the decay curves were fitted with eqn (5) and the t values are
tabulated in Table S5 (ESIt). It was observed that the afterglow
decay times increased on Pr’* doping when the samples were
charged at bandgap excitation (265 nm). However, for the 0.01Pr
phosphor charged at a below bandgap excitation (310 nm), the
7 values were lower compared to the undoped sample. This can be
explained by excitation wavelength-dependent charge distribution
in traps.*® Hence, it can be inferred that the tunnelling processes
are dominant at higher excitation energies, resulting in photo-
generated carriers with more energy. The migration tendency is
higher, which increases the probability of trapping at non-
radiative states.”* The effective filling of charge carriers in all trap
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Fig. 5 PerslL decay curves of Zn,GeO4 and 0.01Pr phosphors irradiated at

(a) 265 nm and (b) 310 nm for 100 s (the red lines are the fitting of decay with

power-law exponent function). (c) TL glow curves for Zn,GeO4 and 0.01Pr phosphors recorded in the range of 273-600 K on charging at 265 nm for
100 s. (d) X-ray activated PersL images recorded by camera at different time intervals, and (e) X-ray activated PersL decay curve for the 0.01Pr sample.

states can be achieved by increasing the excitation energies. The
feasibility of the same was explored with higher energy X-ray
excitations to attain long PersL.

TSL studies were performed to reveal the features of trap
states, trap depth, and distribution.’ Fig. 5c depicts the TL glow
curves of Zn,GeO, and 0.01Pr phosphors after charging by UV
irradiation at 265 nm for 100 s. The broad TL emissions on
heating of phosphors confirmed the large defect formation in
the samples. Two and three components in the TL curves were
obtained for Zn,GeO, and 0.01Pr samples by Gaussian decon-
volution shown in Fig. S25 (ESIT). The trap depth (E;) can be
estimated with the help of the following equation:’

E. = T,,/500 (6)

where T, is the peak temperature in Kelvin. The calculated E;
values for Zn,GeO, for lower and higher temperature TL peaks
are 0.77 and 0.90 eV, respectively. The two trap depths deci-
phered the presence of large shallow and deep trap levels
between VB and CB. Interestingly, the TL intensity of low
temperatures peak for the 0.01Pr sample increased by nearly
4 times the intensity observed in undoped phosphor (Fig. 5¢).
This suggested that the Pr** doping introduced a large number
of additional traps, which correlate well with the DFT and EPR
results. In the Pr** doped phosphor, the three TL peaks were
observed at a trap depth of 0.55, 0.73, and 0.85 €V, respectively,
as the TL peaks shifted towards lower temperatures centered at
279, 363, and 428 K. The increased intensity of shallow traps
(~0.55 eV) explained the intense afterglow of the 0.01Pr
phosphor at RT. Moreover, the trap depths in 0.01Pr (~0.73 eV)
fall in the optimum trap depth range (0.65-0.75 eV) for obtaining

This journal is © The Royal Society of Chemistry 2024

an efficient PersL at room temperature.*® Hence, the enhanced
afterglow intensity can be ascribed to the formation of traps with
optimum trap depths, as charge carriers captured by deep traps
(>0.85 eV) could not escape at room temperature.

In order to understand the effect of different excitations on
the trap depth and distribution, the comparison of TL glow
curves upon charging the samples with 265 and 310 nm has
been provided in Fig. S26a (ESIt). Upon charging with 310 nm,
TL glow curves are similar for undoped and 0.01Pr samples, but
the TL intensity is significantly higher for 0.01Pr. This indi-
cated a much more effective trap filling in the Pr’* doped
sample that resulted in enhanced PersL on charging with
310 nm. The samples irradiated with higher excitation energy
(265 nm) resulted in intense TL, which indicated more efficient
trap filling as compared to 310 nm. It can be inferred that
higher excitation energy can fill a higher concentration of traps,
leading to long PersL. However, the filling of relatively shallow
traps upon 310 nm charging resulted in intense PersL at room
temperature with a shorter afterglow time. The TL glow curves
on X-ray irradiation of undoped and 0.01Pr samples, shown in
Fig. S26b (ESIt), revealed a much higher concentration of filled
traps in the Pr’* doped sample with a rich trap distribution.
The broad TL of 0.01Pr explained the long PersL obtained on
Pr*" doping due to the slow release of charge carriers from
multiple trap states on gaining thermal energy during the
afterglow phenomenon.

To explore the PersL on charging the phosphors with higher
excitation energy, the Zn,GeO, and 0.01Pr phosphors were
irradiated with X-rays for 1 min and the PersL intensities were
captured by a camera at different decay instants after ceasing
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X-ray excitation (Fig. 5d). The radioluminescence (RL) spectra
of undoped and Zn,Ge0,:0.01Pr samples are provided in the
ESIt file as Fig. S27. The 0.01Pr sample showed intense RL
compared to the undoped sample, and the spectral features on
X-ray excitation were similar to UV excitation. The 0.01Pr
sample displayed an intense X-ray-activated PersL, which could
be observed for 18 hours in the dark, while PersL in undoped
Zn,GeO, completely ceased after 38 min. The X-ray-activated
PersL decay curve for the 0.01Pr sample is presented in Fig. 5e.
The long PersL decay times of 0.01Pr can be ascribed to
prominent tunnelling mechanisms as the PersL decay curve
can be well fitted into a power-law exponent function with
o = 1.02 (Fig. S28, ESIT). The RL afterglow curve for the 0.01Pr
sample after ceasing off the X-ray light is provided in Fig. S27b
(ESIt), and the decrease in FWHM of RL can be attributed to
different de-trapping processes as a function of time. Moreover,
the additional defect states introduced on Pr’* doping
increased the defect density significantly, as revealed by TL,
EPR and DFT studies. The high energy X-ray excitations can
result in the distribution of photogenerated charge carriers in
all the trap states.>® Thus, the long PersL in Zn,GeO, could be
achieved by tailoring the defect states in between the bandgap
by doping.

Table S6 (ESIt) lists some of the recent X-ray persistent
phosphors and compares their performance with ZnGe,O,
and 0.01 Pr. Based on this table (Table S6, ESIT), we could find
that for some of the phosphors, X-ray persistent luminescence
duration was more than 18 h, but they are reported for
ultraviolet-B (UVB)/UVC emission and that too in fluoride-
based hosts. In both ways, their usability is quite curtailed for
commercial lighting owing to non-visible light production and
the use of toxic and corrosive fluoride-based hosts. There are
two very recent review articles on X-ray persistent phosphors,
which can be referred and may be quite useful for new
researchers.’™* In terms of UV persistent phosphors, Zn,GeO,
and 0.01Pr phosphors were inferior to some of the recent long
afterglow lead halide perovskite materials.>*>* But the 0.01Pr
phosphor excels because it demonstrated remarkable enhance-
ment in X-ray persistent luminescence for more than 18 h with
very high radioluminescence intensity.

2.5. AC impedance analysis

Decay kinetics suggested the role of tunnelling of charge
carriers between trap states in longer afterglow times. To
further support the same, the electrochemical impedance
(EIS) of Zn,GeO, was analysed before and after Pr** doping.
From the impedance curves shown in Fig. S29 (ESIt), it can
be observed that the impedance of the Zn,GeO, sample
reduced on Pr’* doping. The radius of curvature of the
0.01Pr curve decreased compared to the undoped Zn,GeO,
curve. The impedance drop in Zn,GeO, with the incorpora-
tion of Pr** ions revealed the widening of electron channels,
which, in turn,’® reduced the resistance to electron move-
ment in the 0.01Pr phosphor. Hence, the increased electron
migration rate in the 0.01Pr sample resulted in enhanced
afterglow performance.
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2.6. Temperature-dependent PL studies

To explore the variation in the defectrelated emission of
Zn,GeO, as a function of temperature, the temperature-
dependent PL spectra of Zn,GeO, and 0.01Pr phosphors were
acquired from 80 to 300 K under excitation at 265 nm (Fig. 6a).
It was observed that PL intensity increased on increasing the
temperature that revealed the abnormal NTQ of PL in Zn,GeO,
below RT. The 0.01Pr phosphor (Fig. 6b) exhibited the ther-
mally enhanced PL as the emission intensity increased on
increasing the temperature, demonstrating the NTQ effect in
doped Zn,GeO, as well. Among the various competitive pro-
cesses, multi-phonon assisted crossover and non-radiative
relaxation are one of the mechanisms for thermal quen-
(:hing.56 Hence, the NTE effect of Zn,GeO, can be one of the
reasons for the observed NTQ behavior below RT due to the
enhanced structural rigidity of the Zn,GeO, lattice up to RT. Liu
et al. demonstrated the improved thermal stability of lumines-
cence by controlling the structural rigidity.>® The insignificant
non-radiative relaxations due to low-frequency phonon modes
in Zn,GeO, can efficiently reduce the thermal quenching. At
80 K, well-resolved PL spectra could be observed, while on heating,
the emission band became broader with a gradual blue shift. This
shift can be explained by the existence of charge trapping in
defects, and the population of these defect states varies with
temperature.”> In Zn,GeO,, the intensity at 300 K is enhanced by
362% of the intensity observed at 80 K (Fig. S30, ESIY).

As mentioned earlier, the emissions under below band gap
excitations originate from defect-related DAP transitions. In
order to have a clear picture of trap distribution and changes
in PL features under low energy excitations, temperature-
dependent PL measurements of Zn,GeO, and 0.01Pr phosphors
were performed from 80 to 300 K under NUV excitation
(310 nm). Surprisingly, the PL emissions in Zn,GeO, exhibited
a completely opposite behavior under below bandgap NUV
excitation (Fig. 6¢). A normal PTQ of green emission band
was observed on weak excitation that resulted in a continuous
decrease of PL intensity from 80 to 300 K. The temperature-
dependent PL in Zn,GeO, displayed divergent NTQ and PTQ
processes below RT, which indicated the existence of different
activation barriers, trapping and detrapping processes under
high (265 nm) and weak excitation energies (310 nm). The
temperature-dependent PL of the Pr** doped Zn,GeO, phos-
phor on below band NUV excitations showed exciting results
(Fig. 6d). Pr’* doping resulted in the thermal stability of the
green emission of Zn,GeO, up to 180 K, followed by a gradual
NTQ of PL up to 220 K. A normal PTQ trend was observed on
further increase in temperature (> 220 K). The thermal stability
of the green PL band in 0.01Pr phosphors can be explained as a
result of a balance between the thermal activation of DAP
transitions and thermal quenching. The intensity variation of
PL as a function of temperature in undoped Zn,GeO, and
0.01Pr phosphors can be visualized in the contour plots in
Fig. 6e and f under 265 and 310 nm excitations, respectively.
The thermal stability of the green band in Pr** doped phosphor
can be clearly seen in Fig. 6f as the luminous intensity remains
almost constant. The PL intensity at 300 K in 0.01Pr was 85% of

This journal is © The Royal Society of Chemistry 2024
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(a) and (b) Temperature-dependent PL spectra in the range of 80-300 K under 265 nm excitation for Zn,GeO4 and 0.01Pr samples, respectively.

(c) and (d) Temperature-dependent PL spectra in the range of 80-300 K under 310 nm excitation for undoped and Pr doped samples, respectively.
(e) and (f) Contour plots demonstrating the intensity variation with temperature for undoped and Pr doped samples at 265 and 310 nm excitations,

respectively.

the intensity observed at 80 K (Fig. S30, ESIt). In contrast, the
green band intensity of Zn,GeO, in the absence of prt doping
diminished to 64% of the initial intensity at 80 K.

The main transitions for the relaxations of photo-generated
carriers (e~ and h") between the bandgap and trap states are
schematically shown in Fig. 7a. The recombinations from CB
have been excluded to understand the dynamics of only defect-
mediated PL due to DAP recombinations. The different transi-
tions are:>*»*”*® (1) non-radiative capture of electrons by traps,
(2) thermal excitation of electrons from traps, (3) thermal
excitation of holes from VB, (4) non-radiative capture of holes
by VB, (5) tunnel transitions of carriers and relaxations from

a ey CB
S S I I o
Initial State
Trap |l \C‘s).f @ 0000
A Al —
Vo, Znj)
0 4Mm, @ \
- | sce
OTrap [} 1 f
eI L 2 P
iT i >@T ﬁceptor v 8?14» Final State
©_© 2 * VB Thermal Hopping

Fig. 7 Schematic illustration of (a) trapping—detrapping processes of
photo-generated carriers, and (b) thermal hopping mechanism.

This journal is © The Royal Society of Chemistry 2024

non-radiative traps (Trap I and Trap II) to luminescent defect
sites, (6) radiative DAP transitions, (7) non-radiative recombi-
nation process assisted by phonons, and (8) non-radiative
relaxations to killer sites. In addition, the thermal hopping of
electrons from acceptor levels to spatially separated trap states
induces the generation of holes in the acceptor levels. Hence,
the NTQ processes in native defect phosphors could be induced
via thermally activated hopping mechanisms due to the
increased probability of DAP transitions (Fig. 7b).

The temperature-dependence studies of luminescence from
defect-rich Zn,GeO, can reveal the different activation barriers
and thermal quenching mechanisms for emissions originating
from DAP transitions. The above trapping and detrapping
mechanisms are competitive, and the dominance of one over
the other in particular temperature zones led to NTQ and PTQ
of visible emissions. The temperature dependence of PL in
semiconductors with multiple NTQ and PTQ processes has
been explained in the literature by Shibata et al. by fitting the
experimental data in a multi-level model:*°

n ]
1+ 3> Agexp(—E,/kpT)
Ir =1 | —*] (7)

m
1+ 3. Biexp(—Ej/keT)
=1

where I, is the initial intensity, I+ is PL the intensity at
temperature, T in Kelvin, kp is the Boltzmann constant, E('I is
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Fig. 8 Ratio of integrated PL intensity (/1//o) as a function of 1/kgT for (a) Zn,GeO4 and (b) Zn,GeO,4: 0.01Pr** excited at 265 nm, and (c) undoped and Pr

doped Zn,GeO,4 samples excited at 310 nm, respectively.

the activation energy for the g-th radiative transition mecha-
nism, and E; is the activation of j-th non-radiative transition,
A, and B; are constants, n and m are the total number of
intermediate radiative and non-radiative processes, respectively.
The exponential terms in the numerator and denominator repre-
sent a multi-level model for NTQ and PTQ processes, respectively.
Fig. 8a, b shows the ratios of integrated PL intensity (I1/Iy) as a
function of 1/kgT in the temperature range from 80 to 300 K for
Zn,GeO, and 0.01Pr samples excited at the bandgap energy
(265 nm), respectively. The NTQ of PL emissions under bandgap
transitions was best fitted with a single-barrier model with n = 1
for Zn,GeO, and 0.01Pr samples (eqn (8)). The calculated activa-
tion energies are summarized in Table 2.

It = Ip(1 + Ay exp(—E} [kgT) (8)

For the NTQ profile of undoped Zn,GeO,, the calculated
activation energy (E,;) is 141 meV. For bandgap excitation, the
electrons excited to the CB and holes generated in VB can be
captured by shallow and deep traps (Fig. 7a). The calculated
barrier height of 141 meV can be explained by the thermal
excitation of electrons from trap centres to CB. This process is
thermally activated, and hence, the NTQ effect of the PL band
can be attributed to enhanced transitions from CB to acceptor
levels. This explained the gradual blue shift of PL emission
peak in Zn,GeO, on increasing the temperature (Fig. 6a).
In addition, the increment of holes in acceptor levels by
thermally activated excitation of holes from VB to Zn and Ge
vacancies will initiate more DAP recombinations. Simulta-
neously, an increase in temperature may trigger the release of
charge carriers from non-radiative defects to luminescent

Table 2 Energies for different NTQ and PTQ processes for undoped and
Pr-doped Zn,GeO,4 samples

Sample (Aey) E'y (meV) E; (meV)
Zn,GeO, (265 nm) 141 —
Zn,GeO, (310 nm) — 68
0.01Pr (265 nm) 48 —
0.01Pr (310 nm) 4 17

1740 | J Mater. Chem. C, 2024, 12,1728-1745

donor sites (Zn] and Vg)). The above processes dominate over
the non-radiative recombinations of charge carriers below RT
that may be ascribed to the increased stiffness due to NTE of
the Zn,GeQ, lattice up to 300 K.>>*° In 0.01Pr, the small barrier
(48 meV) for NTQ that resulted in the enhanced PL intensity
with temperature indicated the contribution from trap-to-trap
tunnelling of charge carriers.*"*”*>% Notably, the activation
barrier for NTE in 0.01Pr is lower compared to the undoped
sample, which can be attributed to improved structural rigidity
on Pr’* doping indicated by Raman spectroscopy. The decay
kinetic studies by TRES measurements also suggested the
prominent role of indirect tunneling pathways for populating
the radiative trap states in Pr’* doped samples.

Fig. 8c displays the I;/I, as a function of 1/kgT in the
temperature range from 80 to 300 K for Zn,GeO, and 0.01Pr
samples excited at below bandgap energy (310 nm). The PL
intensity remained almost constant for T < 120 K and above
120 K, and a strong PTQ of the Zn,GeO, emission band was
observed under below-bandgap NUV excitations. The PTQ
process can be modeled by using the expression with a single
non-radiative process as below:*"%*

Ir = Ip/(1 + Aexp(—E1/kgT)) 9)

The activation energy of the TQ process of Zn,GeO, emis-
sions is 68 meV and this can be attributed to non-radiative
relaxations when charge carriers have enough energy for cross-
over due to thermal activation.’®®' In contrast, for the 0.01Pr
sample, the PL intensity remained constant up to 180 K and
then increased gradually, showing a weak NTQ effect. After
T > 220 K, the PL intensity decreased abruptly due to PTQ
processes. The activation energies of each component were
obtained by fitting the data into eqn (7) with n and m = 1,
and calculating the slope values after valid approximations
proposed by Shibata et al.>® The lower activation energies for
NTQ (4 meV) suggested the prominent role of thermal hopping
pathways (Fig. 7b) for generating sufficient holes for DAP
transitions in Pr’* doped samples. The activation energy for
the PTQ (17 meV) process is the barrier for non-radiative
relaxations of charge carriers to killer sites. A higher barrier
for TQ may be observed at higher temperatures due to the
involvement of thermal ionization processes from deep traps.

This journal is © The Royal Society of Chemistry 2024
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To study the behavior of the bluish-white emission band of
undoped Zn,GeO, and green emission band of 0.01Pr samples
on heating the samples above RT, the temperature-dependent
PL spectra for Zn,GeO, and 0.01Pr samples were recorded in
the range of 298-408 K (Fig. 9a and c). Above RT, the PL
intensity decreased on heating, which revealed positive thermal
quenching (PTQ) of bluish-white emission. The TQ is observed
due to the increased non-radiative charge carrier recombinations,
which can be assisted by positive thermal expansion (PTE) of
the Zn,GeO, lattice above RT which was confirmed by high-
temperature XRD studies.

The resistance of Zn,GeO, to TQ can be evaluated by using
the Arrhenius expression:

It = Iy/(1 + A exp(—E./kT)) (10)

where I, and I denote the PL emission intensity at the initial
temperature (7,) and given temperature (7), E, is the activation
energy, A represents a constant specific to the host, and k is the
Boltzmann constant, respectively. The E, was calculated from
the In(Iy/I; — 1) versus the 1/kT plot after a linear fitting of the
experimental data. From Fig. 9b, two linear sections were
observed, and hence, two different E, values (0.424 eV and
0.139 eV) were obtained in different temperature ranges. This
revealed that different thermal processes are dominant at
different temperature zones. At lower temperatures, higher activa-
tion energy is a result of thermal excitations of charge carriers
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from deep traps to emissive donor levels and CB, which can
compensate for large TQ. However, the TQ processes like thermal
ionization and crossover dominate at higher temperatures due to
a significant increase in non-radiative vibrational relaxations.****
The activation energy of 0.36 eV for the 0.01Pr sample suggested
good thermal stability of the green PL band for the 0.01Pr sample

(Fig. 9d) in the temperature range of 358-398 K.

2.7. LED application

The LED fabrication was performed to demonstrate the potential
of our phosphor material for solid state lighting applications.
Fig. 10(a and b) show the electroluminescence (EL) spectra of
undoped and pPr* doped Zn,GeO, samples using 280 nm LED
chips. The performance of pc-LED was evaluated, and the para-
meters for pc-LED are presented in Table 3. A crucial point to be
noted is that the CRI value is slightly reduced in the case of the
0.01Pr**-doped phosphor-based LED compared to that of the
undoped one. This is reasonable since the emission peak of
the 0.01Pr*"-doped sample slightly shifted towards the higher
wavelength side and has narrower emission width compared to
that of the undoped sample, as shown in the normalized emis-
sion spectral comparison (Fig. 3b), and in the EL spectral
comparison (Fig. S31, ESIf). The reason for this has been
discussed in the photoluminescence section of this manuscript.
Because of such red shifting and narrowing of the emission
width, the emission curve of the Pr’*-doped sample covered a
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Fig. 9 Temperature-dependent PL spectra for the Zn,GeO,4 sample in the range of 298-408 K under excitation at (a) 265 nm. (b) In(lo/IT — 1) versus 1/kT
for the Zn,GeO4 phosphor. (c) Temperature-dependent PL spectra for the 0.01Pr sample in the range of 298-408 K under excitation at 310 nm, and

(d) In(lo/I+ — 1) versus 1/KT for the 0.01Pr phosphor.
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Fig. 10 EL spectra of (a) undoped and (b) Pr** doped Zn,GeO,4 on 280 nm LED excitation, and (c) the CIE color coordinate diagram.

Table 3 CIE color coordinates, CRI and CCT values for undoped and Pr¥*
doped Zn,GeO,4

Samples CIE CRI CCT

Zn,Ge0,
Zn,Ge04:0.01Pr

(0.2940, 0.3765) 76 7004
(0.3315, 0.4393) 72 5546

lower visible region compared to the emission curve of the
undoped sample. That is the main reason why the Pr’** doped
sample showed a slightly lower CRI compared to that of the
undoped sample. The respective color coordinates of EL
obtained in both the phosphors are marked in the color
coordinate diagram (Fig. 10c). Moreover, the phosphors exhi-
biting long afterglow decay times (in ms) can be promising for
pc- LED to compensate for the dimming time and flicker
effects.”® The potential application of Zn,GeO, and 0.01Pr
phosphors in solid-state lighting can be supported by high
color rendering index (CRI) and correlated color temperature
(CCT) values. The optimum CCT for daylight and CRI values were
obtained in the 0.01Pr sample. Hence, trap tuning in Zn,GeO,
can be a promising approach for developing bluish-white and
green-emitting phosphors for warm pc-LED applications.

3. Conclusion

Here, detailed studies of NTE in the Zn,GeO, phosphor and
luminescent properties have been carried out to understand the
optical response of self-activated Zn,GeO,. A doping strategy
of hypervalent Pr** was employed to realize controllable trap
tuning, defect-related trap depths, and improved PLQY with
long afterglow. The decay kinetics of visible emissions was
studied by time-resolved fluorescence spectroscopy (TRES) to
understand the photophysics of complex PL emissions of
Zn,Ge0,. This knowledge is crucial for optimum trap tuning
and improving the PLQY and PersL performance by solving the
afterglow mechanisms. Interestingly, a spectral shift from blue
to green was observed in the emission spectra within different
time windows. A two-fold enhancement in PLQY of green
emission was achieved on Pr’* doping. Importantly, the Pr’*
doping increased shallow traps that facilitated efficient PersL
at RT. The existence of trap-to-trap tunnelling mechanisms
imparts longer afterglow decay lifetimes, as confirmed by

1742 | J Mater. Chem. C, 2024,12,1728-1745

fitting into the power-law decay function. The Pr*" doped
Zn,GeO, phosphor demonstrated a long X-ray-activated PersL
at room temperature for up to 18 hours. The thermal behavior
of the emission band at bandgap and below bandgap energies
was investigated extensively to reveal the different trapping-
detrapping processes. The LED fabrication was performed to
display the electroluminescent spectrum of phosphors, and
the trap tuning in Zn,GeO, can be a promising strategy for
developing warm pc-LEDs.
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