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Ni2*, Er**, Nb°* tri-doped Y»>MgsGesO> phosphors have been fabricated using a conventional solid-
phase reaction method. Near infrared light in the wavelength range of 900-1700 nm can be up-
converted by the phosphors into visible emissions peaking at 532 nm, 555 nm and 675 nm of Er®*,
performed by the Ni* — Er** and Er®* — Er®* energy transfers. The introduction of Nb>* ions can
adjust the local environment of Ni?* and Er®* ions and thus effectively reduces their nonradiative
transition probability, which largely enhances the intensity of up-conversion emission. The effects of
Ni2* and Er®* concentration together with the excitation power on the fluorescence properties have
been investigated. The Y,MgszGesO1,:0.015Ni?*,0.13Er*,0.06Nb>" phosphor manifests the optimal UC
emission effectiveness in this work, in which the energy transfer sensitization from Ni?* - Er** induced
by quadrupole-quadrupole interaction is as high as 92.1%. The developed broadband near-infrared
excitable up-conversion materials are promising for extensive photonic applications, including c-Si solar
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1. Introduction

As the research on rare earth (RE) ion doped up-conversion (UC)
materials has continued, many UC materials with different char-
acteristics have been created. They have attracted a lot of attention
owing to their excellent properties and special characteristics for
multi-color displays, optical processing sensors, solid-state lasers,
optical data storage, solar cells, infrared detection, photodynamic
therapy, bioimaging and other fields."® With the increasing
emphasis on green energy, especially since solar radiation is a
readily available renewable energy source, the high-efficiency
utilization of solar radiation has received a lot of attention in
the field of photovoltaics. Because of the Shockley-Queisser (S-Q)
limit, however, the efficiencies of the current solar cells are still
not satisfactory. To illustrate, the typical single-junction crystalline
silicon solar cell currently has a peak conversion efficiency of only
33% for solar energy. The crystalline silicon solar cell has an
absorption threshold of about 1127 nm, which is wasteful of solar
radiation energy in the near-infrared (NIR) region.’™* Fortunately,
the UC process that can convert the near-infrared wavelength to
the usable wavelength of solar cells seems to be an effective way to
solve this problem.">"”

In the case of UC materials, Yb*" ions can be doped widely as
a sensitizer ion to improve the optical pump efficiency of
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activator ions including Er**, Tm*" and Ho®". For example, the
UC emission of 500-700 nm is obtained for [B-NaYFy:
17%Yb*",3%Er*" at 980 nm excitation, and its UC quantum
efficiency (QE) is 10.5% at an excitation power density of 30 W cm >,
Other high-efficiency UC materials including BaF,:3%Yb’*,2%Er**
(QE = 10.0% at excitation power density 490 W cm ™ 2), La,O,.
$:9%Yb**,1%Er** (QE = 5.8% at excitation power density of
13 W cm ™ ?), and BaY,Zn05:7%Yb*",3%Er*" (QE = 5% at excita-
tion power density of 2.2 W cm™2) have also been reported.'®™>*
This is attributed to the large absorption cross section of Yb*" at
around 980 nm and the efficient energy transfer (ET) from Yb**
to the activator ion.>*>* Regretfully, the narrow absorption
bandwidth of Yb*" due to its parity forbidden 4f-4f transition,
limits the practical application of the Yb** sensitized UC phos-
phor in some fields such as solar cell efficiency enhancement
and infrared detection. Thus, it is expected to break through the
bottleneck of traditional UC phosphor to find new sensitizers
that can absorb infrared light in a wide wavelength and transfer
the absorbed energy to the activator ions such as Er’*, Tm** and
Ho*". It was reported recently that dye-sensitized core/shell
nanocrystals can capture photons over a broad range of wave-
lengths (720-1000 nm) and significantly enhance the overall UC
efficiency.”® On the other hand, as transition metal ions (Ni*",
Cr*, etc.) have been widely studied, they have demonstrated
satisfactory wavelength-tunable fluorescence properties due to
their customary 3d” electron structure and sensitivity to the
surrounding crystal field environment.>®>® As a consequence
of their properties of a wider absorption band than that of Yb*",
some transition metal ions are also used as sensitizers in some

© 2022 The Author(s). Published by the Royal Society of Chemistry
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UC phosphors. For example, in the Cr’*-Er’" double-doped
La;GasGeO,,, UC emission of Er** in the 510-570 nm region
under 620 nm excitation sensitized by the Cr’* has been
observed.?**® Similarly, UC emission of Er**/Tm>®" sensitized by
Ni** has also been realized in phosphors such as (Mg, Ca, St,
Ba)TiO;:Ni** Er’*, MgGa,0,:Ni*",Er’*’, LiGa;0g:Ni**,Tm*", La(Ga,
Sc, In)O4:Ni** Er*, etc.>**” Therefore, Ni** sensitized UC phos-
phors might be promising materials for up-converting photons
in a wide near infrared wavelength region into a higher energy
photon due to the broad band absorption of Ni**.

Phosphors based on Y,Mg;Ge;0,, have been reported several
times in very recent years, including Mg;Y,Ge;0,,:Ce®", Mg,Y,.
Ge;04,:5m*", Mg,Y, . ,Ge;0,,:xTh* yEu®’, and Y,Mg;Ge;04:-
Mn*" Li", etc.®®**' Y,Mg;Ge;0,, has a garnet structure, and it
has three cationic sites with different valence states (+2, +3, +4)
that can accommodate the insertion of various RE ions and
transition metal ions. This means that the Y,Mg;Ge;0,, matrix
is possibly a suitable environment for performing the Ni** sensi-
tized UC of RE ions. In the current study, therefore, Ni**, Er**,
Nb** tri-doped Y,Mg;Ge;0;, phosphors have been fabricated and
broad band NIR light in the wavelength range of 900-1700 nm to
visible UC has been used for the first time.

2. Experimental methods

2.1. Materials synthesis

With a conventional high temperature solid-phase reaction
method, a range of samples with polycrystalline powder,
Y,Mgs(19Ge;01:xNi> (x = 0.005, 0.015, 0.025, 0.035, 0.045
and 0.055), Yoy Mg3(1—x—)G€3012:xNi*" YEr** z2Nb** (x = 0,
0.001 and 0.015, y = 0, 0.001 and 0.11, z = 0, 0.015, 0.03,
0.045, 0.06 and 0.075), and Y,;_yMg3(1—x—0.06G€3012:
*Ni** yEr**,0.06Nb°" (x = 0.005, 0.01, 0.015, 0.02, 0.025, y =
0.11, y = 0.05, 0.07, 0.09, 0.11, 0.13, 0.15, 0.17 and x = 0.015)
were prepared. The powders MgO (AR), Y,O3 (99.99%), GeO,
(99.99%), NiO (AR), Er,O; (99.99%) and Nb,Os (AR) were
weighed according to the stoichiometric amounts as raw materials.
The weighed raw materials were fully ground and mixed in an agate
mortar, and the mixtures were subsequently transferred into
corundum crucibles. The mixtures were calcined at a temperature
of 1500 °C for 7 hours in an electric furnace under an air atmo-
sphere. Eventually, the products were taken out after waiting for
natural cooling to room temperature as well as being milled again
into powders for further characterization.

2.2. Characterization

In order to identify the purity of the crystalline phase in the
sample, X-ray diffraction (XRD) patterns were analyzed which
were documented using a Bruker D8 Focus Diffractometer
(Instrument Model: PIGAKV Ultima IV Device) utilizing Cu/Ko
(4 =0.1541 nm) radiation over the 20 scale in the range of 10° to
90° with a scan step of 0.02° and a scan rate of 10° min~". The
absorption spectra of the samples doped with Ni** and Er’*
were analyzed using a Hitachi UH5700 Spectrophotometer
(Integrating Sphere) running at a scan step of 1 nm. The UC

© 2022 The Author(s). Published by the Royal Society of Chemistry

View Article Online

Materials Advances

emission and Stokes emission spectra were analyzed by using
the diode lasers of 455 nm, 980 nm, 1064 nm, 1342 nm, and
1550 nm as well as a 150 watt xenon lamp as the excitation
sources on a monochromator (Zolix Instrument, Omni-A320i)
which was equipped with a photomultiplier tube (PMTHS1-
R928) and a data acquisition system with a scan step of 1 nm.
The sample was placed in a solid sample holder. The powder
sample was kept in a small hollow metal container and the
container was filled with the powder. Then, the surface of the
powder was made smooth by pressing with a glass slide in
order to make sure all measurements were done on an equal
amount of material. Moreover, the sample was placed between
the excitation and emission monochromator in such a way that
the emitted light signal from the sample was directed at 90°
with respect to the incident light. Great care was taken in the
setup to assure the material was placed in the exact same
measuring position for each measurement. The time decay
curves were analyzed using the FLS980 (Edinburgh) spectro-
meter operating at 380 nm, 455 nm and 1064 nm excitation. All
the measurements were performed at room temperature.

3. Results and discussion

Y,Mg3Ge;0;, has a garnet structure with the space group Ia3d
(230). Its cations occupy a total of three different sites. In detail,
Y?* and one third of Mg>" occupy the center of the dodecahedra.
The remaining two-thirds of Mg”* occupy the sites of the
octahedral centers and Ge*" is located in the tetrahedral sites.
Fig. 1 shows the enlargement of the crystal structure of
Y,Mg;Ge;04,. Table 1 shows the effective ionic radius of the
different ions. Due to the similar effective ionic radius and the
same chemical valences, the doped Ni** and Er** can well
replace the lattice sites of Mg>* and Y** in the Y,Mg;Ge;04,
matrix, respectively. It is well-known that Ni** usually exhibits
the habit of preferentially occupying the octahedral site.?” After
Ni** is doped into the Y,Mg;Ge;0;, matrix, therefore, it is going
to occupy the octahedral Mg>" site. It is found that Nb>* ions can
replace the ions with valence +1, +2 and +3.***? Therefore, Nb>*
might occupy both Mg”" and Y** sites. When a Nb>* ion occupies
a Mg>" site, a Y** ion vacancy will be created. When a Nb>* ion
occupies a Y** site, a Mg>" ion vacancy will be created. Thus, the
vacancies induced by the doped Nb’" ions will cause distortion
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Fig. 1 Enlargement of the crystal structure of Y,MgzGesOg,.
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Table 1 Effective ionic radius at the different coordination numbers (CN)

CN =28 CN =6
Mg2+ N2t Nb® Ge*

Ionic radius (A) 1.019 0.89 0.74 1.004 0.72 0.69 0.64 0.39

CN =14

Ton Y Mg® Nb*OErFT

of the lattice host, which might reduce the local symmetry of Ni**
and Er** luminescence centers and is beneficial to improve their
luminescent properties. The XRD patterns of some prepared
samples are given in Fig. 2, including the Y,Mg;Ge;0,, host,
Ni**, Er*" and Nb>* mono-doped Y,Mg;Ge;0,,, Ni**, Er** double-
doped, Er**, Nb>* double-doped and Ni**, Nb>" double-doped
Y,Mg;Ge;0;, and Ni**, Er¥*) Nb** tri-doped Y,Mg;Ge;0;,. Most
of the diffraction peaks for these samples could be in good
agreement with the standard card data of Y,Mg;Ge;0,, (PDF#89-
6603). By careful comparison, however, two impurity peaks are
found at two thetas of 28.6 and 30.2 degrees in the sample
doped with Nb>*, which likely belong to YNbO, (PDF#72-2077).
Fortunately, the content of the impurity is relatively slight and
the XRD pattern of the main phase Y,Mg;Ge;0;, has not been
interfered with, meaning that the impurity has no effect on the
crystal structure of the phosphors.

The absorption spectra of 0.015Ni** mono-doped and
0.11Er** mono-doped Y,Mg;Ge;0,, powders in the range of
870-1700 nm are given in Fig. 3. For the Ni** mono-doped
sample, a broad and strong absorption band in the range of
900-1600 nm is observed, which is due to the spin-allowed d-d
transition from *A,(*F) to *T,(°F) of Ni** substituting the
octahedral Mg”*. The Er** mono-doped sample has two absorbing
bands peaking at 966 nm and 1500 nm, respectively. They are
ascribed to the f-f transitions of Er’* ions from the ground state
(*is;o) to the “Iy, and *I,3, excited states, respectively. The
absorption of Er*" and Ni** ions together forms a wide absorption
band covering from 900 nm to 1700 nm. Fig. 4 shows the NIR
emission spectra of Y,Mg;Ge;0,:xNi*" (x = 0.005, 0.015, 0.025,
0.035, 0.045 and 0.055) samples under excitation of 1064 nm. The
excitation light of 1064 nm is located exactly in the absorption
band of Ni**: ®°A, — *T,. The Ni*" mono-doped sample exhibits

Y,Mg;Ge,0,,:0.015Ni?*, 0.11Er**, 0.06Nb>*
| b "
Y,Mg;Ge,0,,:0.11Er**, 0.06Nb**
| s

Y‘zMg3Ge30,2:0.015Ni3*. 0.06Nb™!
S —

Y,Mg;Ge;0,,:0.015Ni**, 0.11Er**|
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L dh

Y,Mg;Ge;0,,:0.11Er*
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Y,Mg;Ge,0,,:0.015Ni**
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ICSD-280049
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26 (degree)
Fig. 2 XRD patterns of the Y,MgzGezOy, host, Ni*, Er** and Nb>* mono-
doped Y>MgsGesOy5, Ni?H,Er** double-doped, Er®*, Nb>* double-doped
and Ni?*, Nb®* double-doped Y,MgzGesOs, and Ni**, Er®*, Nb>* tri-doped
Y2MgsGesO1o.
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Fig. 3 Absorption spectra of 0.015Ni?* mono-doped and 0.11Er** mono-
doped Y2M93G€3012.

broadband NIR emission within the 1100 nm to 1700 nm range
due to its *T, — A, transition. The NIR emission intensity
reaches the maximum at the concentration of Ni** up to 0.015
and then begins to decrease at higher Ni*’concentration due to
the concentration quenching effect.

The UC emission spectra of Ni** mono-doped, Er** mono-
doped, and Ni**, Er** double-doped Y,Mg;Ge;0;, samples in
the 500-700 nm range under 980 nm and 1064 nm excitation
are shown in Fig. 5. The UC emission of the Er*" mono-doped and
Ni**, Er’* double-doped samples at 980 nm excitation is clearly
observed in Fig. 5a, which originates from the Er’*": *Fy, — *I5,,
transition (675 nm), Er’*: *S;, — I3, transition (555 nm) and
Er**:?Hyy;, — *I155, transition (532 nm), respectively. On the other
hand, although the 980 nm and 1064 nm light both fall into the
Ni*": °A, — *T, absorption band, the UC emission is not observed
in the Ni** mono-doped sample either with the excitation of
980 nm or 1064 nm. This implies that the Er** ions can conduct
the UC process with the excitation at 980 nm, while the Ni** ion
cannot perform the UC by itself. Not surprisingly, the Er** mono-
doped sample also does not give UC emission under 1064 nm
excitation since the incident 1064 nm phonon cannot be absorbed
by Er’* ions (in Fig. 5b). Of interest, relatively obvious
UC emission at 675 nm and 555 nm originating from the Er’":
o, = "5 and *S;, — ;5 transitions and a weak UC

A=1064 nm

*T, (3F) - A, (3F)

Intensity (a.u.)

000 001 002 003 004 005 006
Ni** concentration

1100 1200 1300 1400 1500 1600 1700
Wavelength (nm)

Fig. 4 NIR emission spectra of Y,MgzGezO;,: xNi®* (x = 0.005, 0.015,
0.025, 0.035, 0.045 and 0.055) samples under 1064 nm excitation.
The inset shows the effect of Ni2* concentrations on the NIR emission
intensity.
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Fig. 5 UC emission spectra of the Ni%* mono-doped, Er** mono-doped
and Ni*, Er** double-doped Y,MgsGesO1, samples with excitation at
980 nm and 1064 nm.

emission at 532 nm originating from the Er*": *Hyy;, — ‘L5
transition are detected for the Ni**, Er** double-doped sample
under the excitation of 1064 nm. This illustrates that the incident
1064 nm photon is absorbed by the Ni** ion and then the Er*" is
sensitized by the energy transfer from the Ni** ion to the Er’*" ion,
resulting in the emissions at 675 nm, 555 nm and 532 nm. The
different UC properties of the Ni**, Er*" mono-doped and Ni*",
Er*" double-doped Y,Mg;Ge;0;, with the excitation of 1064 nm
and 980 nm prove the occurrence of the Ni** — Er’* energy
transfer sensitization. It should be noted that no UC emission has
been observed in the Ni** doped YNbO,, Er*" doped YNbO, and
Ni**, Er*" co-doped YNbO, samples under 1064 nm excitation (as
shown in Fig. S1, ESIt), which implies that the UC emission of
Er*" sensitized by Ni** is only performed in the Y,Mg;Ge;0;, host.

Fig. 6 and 7 show the effects of the samples on the
luminescence intensity with the introduction of Nb>" ions.
In Fig. 6, it can be observed that the UC luminescence intensity
of the Ni**, Er*" and Nb°" tri-doped samples is significantly
enhanced compared with that of the Ni**, Er** double-doped
sample with the excitation at 1064 nm. When the Nb>* concen-
tration is 0.06, the total UC emission intensity is increased by
22 times. Fig. 7 also shows the effect of Nb>* on the emission of
the Ni** mono-doped and Er*" mono-doped samples, respec-
tively. The Ni*": ®T, — ®A, emission intensity of the 0.015Ni*",
0.06Nb>* double-doped sample is enhanced by 1.5 times
compared with that of the 0.015Ni*" mono-doped sample under
1064 nm excitation. Meanwhile, the UC emission intensity of
the 0.11Er**, 0.06Nb>* double-doped sample is significantly

© 2022 The Author(s). Published by the Royal Society of Chemistry

View Article Online

Materials Advances

.00144

A=1064 nm

0.00108

(2)
Fop = sy
L

4 4
S}/l - IIS/Z

&

0.00072

Intensity (a.u.)

0.00036

T T T T T
001 0.02 003 0.04 0.05 0.06 007 0.
Nb™* concentration ‘ !

=

500 550 600 650 700
Wavelength (nm)

(b) 0.00168

A = 1064 nm —— 0.015Ni*", 0.11Er**
—— 0.015Ni**, 0.11Er**, 0.06Nb**

0.00126 -
K
=
A
£ 0.00084 -
Z
=
2
=
|

0.00042 -

000000 M

T T T
500 550 600 650 700

Wavelength (nm)

Fig. 6 1064 nm excited UC emission spectra for Y,MgzGez0;,:0.015-
Ni¢*,0.11Er** zNb** (z = 0.015, 0.03, 0.045, 0.06 and 0.075) (a), and
1064 nm excited UC spectral comparison for the Ni%*, Er** double-
doped and Ni?*, Er®" and Nb>* tri-doped samples (b). The inset shows
the variation of green and red emission intensities with the Nb>* ion
concentrations, respectively.

enhanced in the range of 500-700 nm compared with that of
the 0.11Er** mono-doped sample under 980 nm excitation. It is
found that the intensities of the UC emission bands at 532 nm,
555 nm and 675 nm for the 0.11Er**, 0.06Nb>* double-doped
sample are enhanced by 11.7, 4.3 and 1.8 times as compared with
that of the 0.11Er*" mono-doped sample, respectively. In a word,
the introduction of Nb*>* ions can improve the luminescence
properties of Ni*" and Er*" simultaneously.

Fig. 8a shows the percentage of the UC intensity of the *Hy,/, —
Miss, *Sz;2 = *Lisp and *Fo;, — *I;5,, emissions in the total
UC emission intensity for the 0.11Er** mono-doped and
0.11Er**, 0.06Nb>" double-doped samples with the excitation
at 980 nm, respectively. It is found that the *Hy,;, — *I;5,, and
Ss;o — 'I15, emission intensity is largely enhanced as compared
that of the *Fo/, — *I;5/, emission intensity with the introduction
of Nb>", Surprisingly, when Nb°" is introduced, the percentage
of *Hyy» — “Lisp and *S;;, — “Lis, UC emissions of the Er®*
increases by 14% and 3%, respectively, while the percentage
of the *Fy, — I;5, UC emission intensity decreases by 17%.
This indicates that the introduction of Nb°" not only enhances
the total UC intensity but also alters the electron density
population at the up-converting energy levels. The alternation
of electron density population at *Hyy,, *Ss;, and Fo, levels
might be ascribed to the change of the non-radiation relaxation
probability of the Er** induced by the doped Nb>* ions. To better
understand the related mechanism, the 0.001Er*" mono-doped

Mater. Adv,, 2022, 3, 6050-6061 | 6053
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Fig. 7 NIR emission spectra of the Ni®* mono-doped and Ni?*, Nb°*
double-doped samples excited at 1064 nm (a), and UC emission spectra of
the Er** mono-doped and Er®*, Nb>* double-doped samples excited at
980 nm (b).

and 0.001Er**, 0.06Nb>" double-doped samples have been pre-
pared and their emission spectra under 380 nm excitation have
also been measured. The percentage of the emission intensity of
the *Hy1 = "Lisp, Sz = “Lis and *Fy, — 15/, emissions in
the total emission intensity for the 0.001Er** mono-doped and
0.001Er**, 0.06Nb>" double-doped samples with the excitation at
380 nm is shown in Fig. 8b. A similar phenomenon has also been
observed in the low Er*" concentration (0.001) doped case under
380 nm excitation. For the sample doped with low Er** concen-
tration, the interaction between Er*" ions can be ignored, which is
helpful to analyse the process of electron density population at
different levels and the non-radiation relaxation properties of Er*",
According to the luminescence mechanism given in Fig. 8c, the
following rate equations can be constructed for the low Er’*
concentration doped sample under 380 nm excitation:

dn
d_: = —Wiesng — (A1 + Aer + Aoz + Aea + Aes)ns + Py (1)
dn5
O Wesng — (Asi + Asy + Asz + Asq)ns — Wans 2)
dn4
VT Wans — (Aa1 + Agp + Agz)ng — Wazng 3)
dl’l3
i Washg — (Az1 + Axn)ny — Wanz (4)

where n; represents the density of electrons at the corresponding
energy level. A; and Wj; are the probabilities of radiative transition
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Fig. 8 Percentage of the UC intensity of the 2Hyy/p — *lis/o, *Sz/2 = sz
and 4F9/2 - 4I15/2 emissions in the total UC emission intensity for the
0.11Er*" mono-doped and 0.11Er**, 0.06Nb°" double-doped samples
under 980 nm excitation (a), percentage of the emission intensity of the
2H11/2 hd 4|15/2, 453/2 hd 4|15/2 and 4F9/2 g 4|15/2 emissions in the total
emission intensity for the 0.001Er** mono-doped and 0.001Er®,
0.06Nb°* double-doped samples under 380 nm excitation (b) and sim-
plified diagram of the energy transition of Er** under 380 nm excitation (c).

and nonradiative transition from the energy level i to j, respectively.
P is the pumping rate from “I;5/, to “Gyy,,. In the steady state, dn;/
dt = 0. According to eqn (1)-(4), an equation can be obtained as:

ny _ An+ Ay + Wy
n3 Wy

()

For the weakly coupled system such as rare earth ions, the
nonradiative transition probability can be expressed as:

War(T) = Wo (1 + o)’ (6)

where W, is associated with the matrix environment and the
electron-phonon coupling strength, and (1 + n,)’? is the

© 2022 The Author(s). Published by the Royal Society of Chemistry
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temperature-dependent phonon number averaging factor.*
Nay = (exp(hv/kT) — 1), which can be regarded as a constant
at room temperature (T = 300 K). p;; = AE;/hv, where AEj; is the
energy level gap between the energy level i and j. Therefore, the
Wi from the energy level 7 toj is only related to Wy, and the W,
is positively correlated with the W,. Combing equation 6 with
equation 5, n4/n; can be obtained as:

1y Az + A3 -

oo B 1 Ny 327143 7

ny Wo(l 4 ngy)ps () @
The emission intensity I; for the energy level i can be
expressed as:

I; = nl‘hl/,‘Al‘ (8)

where £ is the Planck constant, and v; is the radiative transition
frequency at the energy level i.** Therefore, the intensity
relationship between the green light (*S;;, — I;5,,) and red
light (*Fo;s — *I1552) of Er** can be expressed as:

Iy Az + A3

— x - - + (1 4+ n,, P32 P8 9

B Wl g ) ®)
Of note, a relationship between the nonradiative transition
probability factor W and radiative transition probability A

can be constructed as follows:
3
M,AE

W' = 40 A (10)
where M; is regarded as the mass of the atom adjacent to the
luminous centre. This implies that A is positively correlated
with W;.**"*® This relationship between the probability of
nonradiative transition (W,,) and radiative transition (4) is
known as the parallelism relationship. From Fig. 8b, it can be
calculated that the intensity ratio between the green (*S;, —
“152) and red (*Fo;, — *I;5/,) emission of the Er** is 1.39 and
2.67 for the 0.001Er*" mono-doped and 0.001Er**, 0.06Nb>*
double-doped samples, respectively. This means that with the
introduction of Nb*" ions, the intensity ratio between the green
(*Sa;z — 'Lis) and red (*For, — *Iys,) emission, ie., I4/1;
increases. According to the parallelism relationship, the radiative
transition probability (43, + As;) and nonradiative transition
probability (W,,;) should simultaneously increase or decrease.
When both the radiative transition probability and nonradiative
transition probability increase simultaneously and the increase
in the radiative transition probability is greater than that of
the nonradiative transition probability, the I,/I; will increase. On
the contrary, when the radiative transition probability and non-
radiative transition probability decrease at the same time and the
degree of reduction of the radiative transition probability is less
than that of the nonradiative transition probability, the 1,/I; will
also increase.

In order to confirm the reason for the increase of I,/I;,
therefore, the fluorescence lifetimes of green light (*S;,, — “I;5/)
for the 0.001Er** mono-doped and 0.001Er**, 0.06Nb>* double-
doped samples are monitored under 380 nm excitation. In the
case of low activation ion concentration, the fluorescence life-
time t can generally be described by the radiative transition

© 2022 The Author(s). Published by the Royal Society of Chemistry
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probability A and nonradiative transition probability W, as
follows:**

1

=—— 11
A+ Whar (1)

T
Fig. 9a shows the luminescence decay curves at 555 nm of the
Er*" for the 0.001Er** mono-doped and 0.001Er**, 0.06Nb>*
double-doped samples with 380 nm excitation, respectively.
The luminescence decay curves can be well fitted by the double
exponential function:

(12)

where I(¢) denotes the luminescent intensity at time ¢. a,, a; and
a, are constants, with 7, and 7, representing the lifetimes of the
exponential components.”® Their corresponding average life-
times can be given by the equation:

I(?) =ay + ayexp(—t/t1) + arexp(—t/1,)

. ait? + arty

fav = ait) + a1y (13)

The calculated fluorescence lifetimes for the 0.001Er** mono-
doped and 0.001Er*", 0.06Nb>* double-doped samples are 0.023
ms and 0.032 ms, respectively, meaning that the doped Nb**
can prolong the fluorescence lifetime of Er*". According to the
parallelism relationship and eqn (11), the prolongation of the
fluorescence lifetime means the decrease of radiative transition
probability and nonradiative transition probability. Therefore,
the increase of 1,/I; in the Er**, Nb>" double-doped phosphor
suggests that the doped Nb>* ions reduce both the radiative
transition and nonradiative transition probabilities, but the
reduction in nonradiative transition probability is larger than that
of the radiative transition probability. In addition, the introduc-
tion of Nb°* also leads to the enhancement in the emission
intensity of Er’" in the 0.001Er’*, 0.06Nb>* double-doped
Y,Mg;Ge;0,, under excitation of 380 nm. As shown in Fig. 9b,
the green emission of the Er’*, Nb>" double-doped sample is
increased by 147.7% as compared with that of the Nb>" free one.
This indicates that the greatly reduced nonradiative transition
probability effectively improves the fluorescence efficiency of the
sample.

In addition, the luminescence decay curves at 1450 nm of
the Ni** for the 0.001Ni*" mono-doped and 0.001Ni**, 0.06Nb>*
double-doped samples under 455 nm excitation are also measured,
as shown in Fig. 9c. The calculated fluorescence lifetimes
for the 0.001Ni** mono-doped and 0.001Ni**, 0.06Nb>*
double-doped samples are 0.277 ms and 0.324 ms, respectively.
It can be found that the introduction of Nb°" also results in the
enhancement of the fluorescence lifetime of the Ni**. Similarly,
with eqn (11) and the parallelism relationship, it can be
inferred that the introduction of Nb>* also reduces the radiative
transition probability and nonradiative transition probability of
the Ni**. On the other hand, the relative intensity of Ni**: °T, —
%A, transition emission for the 0.001Ni** mono-doped and
0.001Ni*", 0.06Nb>* double-doped samples with the excitation
at 455 nm is shown in Fig. 9d. It can be found that the *T, —
%A, emission intensity of the Ni*" increases by 289.5% with the
introduction of Nb>" at 455 nm excitation, meaning that

Mater. Adv., 2022, 3, 6050-6061 | 6055
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decreasing the nonradiative transition probability is also quite
helpful for enhancing the Ni*>* fluorescence intensity.

In order to explore the effect of the Ni** and Er*" concentrations
on the sensitized UC emission and further optimize the up
conversion sample, a series of samples with different Ni** ion
and Er’* ion concentrations have been fabricated. Fig. 10 shows
the effect of the Ni** and Er** concentrations on the intensity of
UC emission under 1064 nm excitation. It can be seen from
Fig. 10a that the UC green and red emission intensities increase
correspondingly as the Ni** concentration increases, and reach the
maximum at the Ni** concentration of 0.015 and then decrease
with further increasing the Ni** concentration. The dependence of
the UC emission intensity on the concentrations of Er*" is dis-
played in Fig. 10b. A positive correlation between the Er’* con-
centrations and the UC green and red emission intensity is shown
when the Er*" concentrations do not exceed 0.13. The phosphor
gives the strongest UC green and red emission when the Er’*
concentration arrives at 0.13. Later on, as the concentration of Er**
increases, the UC emission intensity starts to diminish on account
of the energy dissipation from Er*" to Ni** as well as other non-
radiative quenching. Based on the experimental results, the

Y,Mg3Ge;04,:0.015Ni%,0.13Er**,0.06Nb>*  phosphor manifests
the optimal UC emission effectiveness in this work.
0.00235
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Fig. 10 UC emission spectra of Y,MgsGesOyp: xNi2*,0.11Er>*,0.06Nb>*
(x = 0.005, 0.01, 0.015, 0.02 and 0.025) (a) and Y,MgszGez04,:0.015-
Ni%* yEr®*,0.06Nb>" (y = 0.05, 0.07, 0.09, 0.11, 0.13, 0.15 and 0.17) (b).
The insets show the dependence of UC emission intensity on Ni?* and Er®*
concentrations, respectively.
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It is well known that there is a non-linear dependence
between the UC emission intensity I., with the pumping power
P, which can usually be described as:

Iy oc KPP (14)
where K is the material correlation coefficient, and the Q value
represents the number of the pump photons required to
produce the corresponding UC emission.’® The UC emission
of the Y,Mg;Ge;0;,:0.015Ni*",0.13Er*",0.06Nb>* sample with
different power excitation was measured as shown in Fig. 11.
The log-log relationship between the UC emission intensity and
the pump power density is also given in the insets of Fig. 11.
Fig. 11a records the UC spectra under different 980 nm pumping
power variations, and the UC emission intensity shows a positive
correlation with the pumping power. The inset in Fig. 11a shows
that the UC green and red emission intensity varies as the
980 nm pumping power density increases, respectively. The Q
value is 1.97 and 1.99 for the green and red emissions, respec-
tively. This indicates that both the green and red UC emissions
of the sample under 980 nm excitation belong to two-photon
processes. Fig. 11b records the UC emission spectra under
1064 nm excitation light of different power. The inset in
Fig. 11b shows the dependence of the UC green and red
emission intensity upon the 1064 nm pumping power density.
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Fig. 11 UC emission intensity of the Y>MgzGez04,:0.015-
Ni2*,0.13Er>*,0.06Nb>* sample under the different powers of 980 nm (a)
and 1064 nm (b) excitation. The insets show the double logarithmic plots
of the excitation power density and the UC emission intensity.
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Unlike that under 980 nm excitation, the Q value is 2.62 and
1.97 for the green and red emission, respectively. This means
that the red UC emission under 1064 nm excitation is still a two-
photon process, while the green UC emission belongs to a three-
photon one.

The UC mechanism as well as the energy transfer process is
illustrated in Fig. 12. Under excitation of 980 nm, the Er’* ions
are raised to the I, state, and the following *Iy,/, (Er**) + *I11),
(Er*") — L5 (Er*") + ®Hyq), (Er*Y) energy transfer or the *I3;/, —
*H,,,, excited absorption occurs between the Er*' ions, resulting
in the population of the *Hy,/, state. Then the *S;/, and “Fo,
are populated due to the nonradiative relaxation process. The
2H11/2 - s, 4S3/2 — L5, and “Fo, — “Ii5, radiative
transitions generate the 532 nm, 555 nm and 675 nm emissions.
It is evident that both the green emission and red emission are
performed by the two-photon process under 980 nm excitation.
In the Ni**, Er** double-doped sample, however, intense back
energy transfer from Er’* to Ni** might occur under 980 nm
excitation, which largely reduces the UC emission of Er**.
Therefore, the UC intensity of the Ni**, Er** double-doped
sample is much weaker than that of the Er’* mono-doped
sample. As shown in Fig. 5a, the UC integral intensities of green
emission and red emission for the Ni**, Er’" double-doped
sample weakens by 92% and 97% as compared with that for
the Er** mono-doped sample, respectively.

Since 1064 nm excitation light is located in the absorption
band of the Ni** ion, but not in that of the Er** ion, the energy
transfer from Ni** to Er’' is responsible for the UC under
1064 nm excitation. In order to understand the energy transfer
from Ni*" to Er*" in Y,Mg;Ge;0;,, the normalized absorption
spectra of YZMg_gGeSOu:EP+ and the normalized emission
spectra of Y,Mg;Ge;0,,:Ni*" excited at 1064 nm are both given
in Fig. 13. It can be found that the Er’": *Li5n — *Lizp
absorption band is almost completely within the Ni*": T, —
A, emission band. This indicates that the resonant energy
transfer from Ni** to Er*" is allowed in the Ni**, Er** double-
doped Y,Mg;Ge;0;, phosphor. Under 1064 nm excitation, the
Ni*" ions in the ground state reach the T, state by absorption
of 1064 nm photons, and subsequently the Er’" ions in the
nearby ground state are populated to their intermediate state
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Fig. 12 Energy level schemes of the Ni?* ions and
Y>MgzGeszO;, and possible energy transfer mechanisms
Ni* and Er** with 980 nm and 1064 nm excitation.
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Fig. 13 Normalized emission curve of YzMg3GegolzzNi2+ and absorption
curve of Y,MgzGezOy:Er*™.

435 by the *T, (Ni*") + “Iy5, (Br') — 2A, (Ni*") + "3, (EXY)
energy transfer process. The Er’" ions in the *I,5,, state can be
followed by two types of photon transfer processes. In one of
them, the Er** ions in the "I;/, state allow further absorption of
1064 nm photons to make themselves reach the *Fy, state,
resulting in the red emission at 675 nm. Obviously, this is a
two-photon process. In the other one, the Er*" ions are raised to
the “Io/, state by the *T, (Ni*") + “Liz/ (Er*") — A, (Ni*") + Lo,
(Er*") energy transfer process. The immediately followed energy
transfer process *T, (Ni**) + “Iy, (Er*") — 3A, (Ni*") + *Hyyps
(Er*") causes the Er*" ions in the *Io, state to reach their *Hy;,
state and the subsequent successive nonradiative relaxation
process populates the *S;,, state of Er** ions, resulting in the
green emission originating in the *Hyy,, *S35 — *I;5/. There-
fore, the green UC emission is a three-photon process.

In order to estimate the energy transfer efficiency and energy
transfer rate from Ni** to Er*", the time-resolved measurements
of the Ni** emission are performed. Fig. 14a shows the lumi-
nescence decay curves of Ni** emission at 1400 nm for
Y,Mg;Ge;04,:0.015Ni>* yEr’**,0.06Nb>" (y = 0, 0.05, 0.07, 0.09,
0.11 and 0.13) samples with 1064 nm excitation. The Ni**
emission decays more rapidly when the Er®* ions are intro-
duced, which indicates that a nonradiative energy transfer from
Ni*" to Er’" takes place. The decay curves can be well fitted by
the double exponential function of eqn (12). The average life-
times can also be calculated by eqn (13). The energy transfer
efficiency nyi_ g and energy transfer rate yy;_, g, from the Ni**
to the Er*" can be determined by the following equations:**>*

T

MNi—Er = 1 —— (15)
70
1 1
TN =——— 16
YNi—Er T . ( )

where 1, and 1 are the lifetime of Ni** at y = 0 and y # 0,
respectively. Fig. 14b shows the variation of the fluorescence
lifetime of Ni**, the energy transfer efficiency #y;_ g as well as
the energy transfer rate yn;_, g With the doping concentration of
Er’" jons. As the concentration of Er’*" ions increases, #xi_ gr
and yni_gr also increase. The energy transfer efficiency is as
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Fig. 14 Fluorescence decay curves at 1400 nm for Ni®* emission under
1064 nm excitation of Y,MgzGezO12:0.015Ni%* yEr®*,0.06Nb>" (y = O,
0.05, 0.07, 0.09, 0.11 and 0.13) samples (a); the variations of fluorescence
lifetime 7 of Ni2*, as well as energy transfer efficiency nni_er and energy
transfer rate yni_ g from Ni?™ to Er** with the Er®* ion doping concen-
tration (b).

high as 92.1% and the energy transfer rate is 39.1 ms™ ' aty =
0.13, at which the sample shows the strongest UC.

To better know the Ni** — Er’* energy transfer process, the NIR
emission spectra of Y,Mg;Ge;0,,:0.015Ni** yEr**,0.06Nb°* phos-
phors under 1064 nm excitation are also measured, as shown in
Fig. 15a. Since the Er*" cannot be excited by 1064 nm directly,
the presence of NIR emission peaking at 1536 nm due to the
L3, =5, transition of Er*" in Fig. 15a should be ascribed to
the Ni** — Er*" energy transfer. Moreover, it is also found that the
NIR emission of Ni** drastically weakens with the increase of the
concentration of the doped Er’*. The NIR emission properties of
the Ni**, Er*" double-doped phosphors under 1064 nm excitation
further prove the occurrence of the efficient Ni** — Er’* energy
transfer. In general, the energy transfer mechanisms include
exchange interaction and electrical multipolar interaction. These
two mechanisms can be distinguished by the critical distance (Rg).
In theory, when the value of R is less than 5 A, the exchange
interaction is predominant. On the contrary, the electric multipole
interaction will predominate when the value of R is above 5 A.
Rc can be calculated according to the following equation given
by Blasse:

3V

1/3
Rc =2
¢ (4TrxN)

where V is the volume of the unit cell; y represents the total
concentration of Ni** and Er*" when Er*" emission intensity begins

(17)
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Fig. 15 NIR emission spectra of the 0.015Ni2*,0.06Nb>* double-doped
and 0.015Ni%*,0.13Er>*,0.06Nb>* tri-doped samples under 1064 nm exci-
tation (a); the dependence of o/l on C®3, C®3 and C'°3 (b). The inset
shows the dependence of the emission intensity of Ni2* at 1400 nm on the
Er®* concentrations.

to weaken; N is the number of available sites of dopant in each unit
cell.’* And here V = 1837.77 A%, 7 = 0.145 and N = 8. The calculated
value of R is about 14.464 A and is above 5 A. Thus, the energy
transfer mechanism is dominated by the electric multipolar inter-
action for the Y,Mg;Ge;0,,:Ni*",Er*",Nb*>" phosphor. The types of
electric multipolar interaction can be determined by fitting eqn (18)
following the Dexter energy transfer theory:

Iy

7 c'3 (18)

where I, denotes the emission intensity of Ni**: *T, — A, for
the Y,Mg;Ge;01,:0.015Ni>*,0.06Nb>" phosphor. I is the emission

Aex = 1342 nm

Aex = 1550 nm

Intensity (a.u.)

T T T
500 550 600 650 700
Wavelength (nm)

Fig. 16 UC emission spectra of Y,MgszGesO;,:0.015Ni%*, 0.13Er*,
0.06Nb>* phosphor with excitation at 1342 nm and 1550 nm.
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Table 2 Comparison of broadband sensitized Ni*, Er®*

UC materials

double-doped

Host Excitation (nm) Emission (nm) #ni_gr Ref
CaTiO; 1200 980 0.97 31

SrZrO; 1200 980 0.98 32
LaScO; 1180 980 0.99 33
Gd;Gas0,, 1180 980 098 34
Ca,;Ga,Ge;0,, 1180 980 096 35
MgGa,0, 1064 660 0.11 36
Y,Mg;Ge;0;, 1064 532/555/675 0.92  This work

intensity of Ni*: °T, — °A, for the Y,Mg;Ge;04,:0.015-
Ni** yEr**,0.06Nb>" phosphors. C is the total doping concentration
of Ni** ions and Er*" ions. 7 is a constant and the number of 7 can
be 6, 8 and 10, which corresponds to dipole-dipole, dipole-quad-
rupole and quadrupole-quadrupole interactions, respectively. The
dependence of IyI on C"® is shown in Fig. 15b. The linear
relationship displays the best fitting when n = 10. The results
indicate that the energy transfer from Ni** to Er** in Y,Mg;Ge;0;,:-
Ni**,Er**,Nb>* phosphors is a quadrupole-quadrupole interaction.

In addition, the Ni**, Er** double-doped Y,Mg;Ge;O4, phosphor
might have the potential to convert light within the broadband
range of 900-1700 nm into visible emission, considering the broad
absorption band (900-1700 nm) of the Ni*" and Er*" ions in the
Y,Mg;Ge;0;, matrix and the Ni** — Er’* energy transfer pathway
therein. To verify its broadband UC performance, the UC emission
of the Y,Mg;Ge;04,:0.015Ni>*,0.13Er**,0.06Nb>" phosphor with the
excitation of 1342 nm and 1550 nm are also measured. Similar to
that with 1064 nm and 980 nm excitation, the UC emissions at
532 nm, 555 nm and 675 nm due to the *Hy1/, = “Lisjs, “Ssp = “Lispe
and *Fy, — 1,5, transitions of the Er** are also observed under
excitation of 1342 nm and 1550 nm, respectively, as shown in
Fig. 16. Obviously, the UC emission under 1550 nm excitation is
performed by successive energy transfer between Er’" as well as
Er** excited state absorption since Er*" can be directly excited by
1550 nm light, while the UC emission under 1342 nm is realized by
the Ni** — Er’" energy transfer because the 1342 nm is not within
the absorption band of Er’*, but within the absorption band of
Ni*". It is worth noting that the Y,Mg;Ge;0,,:Ni** Er*" Nb>" phos-
phor in this work gives strong visible UC emission at 532 nm,
555 nm and 675nm under excitation of light in a wide near infrared
range, unlike the previously reported broadband sensitized Ni**,
Er** double-doped UC materials that gave near infrared UC emis-
sion at 980 nm. Table 2 shows the comparison of UC performance
between some reported Ni**, Er*" double-doped materials and the
Y,Mg;Ge;0,,:Ni*" Er**,Nb*>" phosphor in the present work. It can
be found that the energy transfer efficiency from Ni** to Er** in the
Y,Mg;Ge;0,,:Ni*>" Er**,Nb*>" phosphor is similar to that reported in
previous literature. The broadband sensitized visible UC perfor-
mance of the Y,Mg;Ge;01,:Ni*"Er** Nb>* phosphor might open up
new applications in the photoelectron field.

4. Conclusions

In this work, Ni**, Er’* and Nb*" tri-doped Y,Mg;Ge;0;,
phosphors have been synthesized by a conventional solid-
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phase reaction method. The UC emissions at 532 nm, 555 nm
and 675 nm have been observed under excitation of 980 nm,
1064 nm, 1342 nm and 1550 nm, respectively. It was found that
the Ni** — Er’" energy transfer, Er**-Er*" interaction as well as
Er*" excited state absorption provide abundant channels for
the UC process, making it capable of converting light within the
wide band range of 900-1700 nm into visible emission. The
additional Nb>" ions can reduce both the radiative transition
probability and nonradiative transition probability of Ni** and
Er** jons simultaneously and the decrease of nonradiative
transition probability is greater than that of the radiative
transition probability, which leads to a more intense UC
emission. The optimum UC emission intensity is achieved when
the doping concentrations of Ni**, Er** and Nb>" are 0.015, 0.13
and 0.06, respectively, of which the efficiency of Ni** — Er’*
energy transfer caused by the quadrupole-quadrupole inter-
action is as high as 92.1%. The newly developed UC material
in the present work has potential application in c-Si solar cells,
infrared detectors and other spectral conversion devices.
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