Near-infrared emission in Ho**-doped Yb3GasO1: garnet nanocrystals
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Abstract

The single-phase Ho**-doped Yb3GasO12 garnet nanocrystals were synthesized by the sol-gel combustion
technique using citric acid. Their structure, morphology and chemical composition were examined by the
powder X-ray diffraction and Energy-dispersive X-ray spectrometry with the scanning electron
microscope. The observed strong absorption band associated with the high content of Yb** ensures efficient
excitation of the Ybis-xHoxGax5060 garnets using 980 nm radiation. The near-infrared emission originating
from the Ho*": °I¢ — °Is and °I7 — 15 transitions is studied using the measurement of the steady-state and
time-dependent emission spectra. The proposed luminescence mechanism is discussed based on the
Yb*" — Ho*" energy transfer with contribution of the Ho>* — Yb** energy back transfer and Ho** «<» Ho®"

cross-relaxation processes.
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1. Introduction

Among the rare-earth (RE*") ions, Ho*" is one of the great interest luminescent activator in the near-

infrared region owing to °fs — °Is and °I; — I3 radiative transitions observed at wavelengths of ~1.2 um



and ~2.0 pum, respectively [ 1-4]. The near-infrared emission possesses many features that make it attractive
for various applications such as biological imaging [5], solid state lasing [6] or atmosphere pollution
monitoring [7]. Unfortunately, direct excitation of Ho>" ions by commercially available high-power InGaAs
laser diode (980 nm) is inefficient due to the absence of a suitable absorption band. However, this problem
can be solved by using suitable sensitizers: Er**, Tm** and/or Yb** [8-10]. Compared with Er*" and Tm?",
Yb*" is more feasible considering broad absorption band, large absorption cross section at 980 nm and
presence of only one excited level ?Fs [11]. Thus, the excitation of the Ho*"-Yb** pair by 980 nm laser
diode leads firstly to population of the Yb*": 2Fs, energy level and the absorbed energy is subsequently
transferred to the neighbouring Ho** ions.

Host lattice is another circumstance which can significantly affect the luminescence dynamics. Low
maximum phonon energy as well as low hydroxyl-group content of the doped host material are preferred
for reduction of non-radiative processes [12, 13]. Generally, oxide garnets show relatively low maximum
phonon energies [14, 15] with excellent mechanical, thermal and chemical properties in both
monocrystalline [16, 17] and polycrystalline form [18, 19]. Ytterbium gallium garnet (Yb3GasO12) belongs
to the cubic crystalline system, with the space group Ia3d [20]. YbsGasO1» with excellent predicted phase
stability [21] and high Yb** content can be utilized as a promising host for Ho>" ions. So far, although the
upconversion photoluminescence in oxide micro/nanophosphors containing Ho** and Yb*" ions has been
reported [22—24], the works about ~1.2 pm and =2.0 um emissions have been rarely reported [25].

In this work, we synthesized for the first time the Ho?*-doped Yb3GasO12 nanocrystalline powders via
the sol-gel combustion technique. Luminescence spectra in the near-infrared region were studied under
980 nm excitation as well as appropriate luminescence lifetimes. Furthermore, energy transfer mechanism

between Yb** and Ho®" was discussed systematically.

2. Experimental details

The garnet nanocrystals of composition Ybis—xHo.Gaz5060 with x =0.01, 0.1, 0.5, 1 and 2 at.% were
synthesized by a sol-gel combustion technique. High purity Ga (5N, HiChem) together with Yb2O3 and
Ho0205 (both 3N, HiChem) were dissolved in high-purity nitric acid. The excess HNO3 was removed at high
temperature. The metal nitrates dissolved in deionized water were subsequently chelated by citric acid
(molar ratio of citric acid:total metal ions = 2.5:1). The pH of the stirred solution was set to pH =8 (at
~25 °C) by dropwise addition of highly-pure ammonia solution. The solution was heated to <90 °C under
rigorous stirring to form a homogenous transparent-to-pink gel. The dried gel was decomposed in a furnace
at 800 °C for 2 h and subsequently at 1000 °C for 2 h to form white powder. Details of the synthetic

procedure can be found in the previous work [26].



The crystalline structure of the prepared samples was examined by X-ray diffractometer Bruker D8
ADVANCE in the Bragg-Brentano geometry equipped with Cu Ka radiation (1 = 1.5406 A). The scanning
range and step of the 20 angle were 5-90° and ~0.009°, respectively. The X-ray diffraction (XRD) patterns
were analyzed with the use of EVA software (EVA, ver.19, Diffracplus Basic Evaluating Package; Bruker
AXS GmbH, 2013). The chemical composition of the prepared samples was studied by Energy-dispersive
X-ray (EDX) spectrometer AZtec X-Max 20 (Oxford Instruments) attached to LYRA 3 scanning electron
microscope (SEM, TESCAN). The chemical composition (measured at U = 20 kV) was determined as an
average value from 5 measured points of each sample. The same device was used for SEM scans
acquisition. Diffuse reflectance spectra were recorded in the wavelength range of 200-1800 nm by a UV-
Vis-NIR spectrophotometer JASCO V-570, and the scanning step was 1 nm. For the photoluminescence
(PL) measurements, the excitation radiation of a wavelength of 980 nm emitted by a cw laser POL 4300
was used and the light was processed by a double grated SDL-1 monochromator. Steady-state emission
spectra were recorded in the spectral region of 1050—1350 nm for the Ho*": 3/ — °Is transition and in the
spectral region of 1800-2300 nm for the Ho*": 317 — 3Is transition. The scanning step was between 0.5 and
1 nm. Luminescence signal was detected by a thermoelectrically cooled InGaAs detector. The decay curves
of the Ho*": °Is — °Is and °I; — °Is transitions were recorded using a digital oscilloscope with a pulse width
of =30 ps. The Ho** decay curves were evaluated by single exponential function. All measurements were

carried out at room temperature.

3. Results and discussion
3.1. Structural properties

Fig. 1 shows the XRD patterns of prepared Ybis-xHoxGaxsOs0 (x =0.01, 0.1, 0.5, 1 and 2 at.%)
nanocrystalline samples. The XRD patterns of the samples confirm formation of single-phase cubic
Yb3GasO12 garnets (space group Ia3d). Table 1 presents average crystallite size and lattice parameter of
the samples. The average crystallite size was determined by Scherrer equation [27] and the values range

from =27 to =34 nm.
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Fig. 1. Powder XRD patterns of prepared Ybis-Ho,GaxsOso nanocrystals.

Table 1 Average crystallite size (d) and lattice parameter (a) of prepared Ybis--HoxGays0¢0 nanocrystals.

x (at.%) d (nm) a(A)

0.01 32.5 12.2052
0.1 343 12.1994
0.5 27.3 12.1968

1 30.1 12.2072

29.5 12.2085

3.2. Morphology and chemical composition

Fig. 2 presents typical image from SEM of Yb14.9H00.1Ga25060 sample. Highly porous sample is formed
by many agglomerates which is a typical feature for nanocrystals prepared by sol-gel combustion technique
using citric acid [26, 28]. Chemical composition of five Ybis-xHo.,Ga250¢0 (x = 0.01, 0.1, 0.5, 1 and 2 at.%)
nanocrystalline samples determined by EDX spectrometry is listed in Table 2. Theoretical composition is
listed for comparison. Holmium was not detected in the Ybi4.99H00.01Ga25060 and Ybi49Hoo.1Ga25060
samples due to its low content. All of the samples show good conformity of the intended and determined

chemical composition with respect to their character and measurement error.
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Fig. 2. SEM image of Ybi49H00.1Ga25060 nanocrystalline sample. The scale is 1000 nm.

Table 2 Theoretical and EDX-determined chemical composition of prepared Ybis-xHoxGazs0e0
nanocrystals.

X Yb Ho Ga @)
(at.%) (at.%) (at%) (at.%) (at.%)
0.01 Theoretical 14.99 0.01 25 60
) EDX 15.8 — 24.6 59.6
0.1 Theoretical 14.9 0.1 25 60
) EDX 16.7 — 25.7 57.6
0.5 Theoretical 14.5 0.5 25 60
) EDX 16.6 0.6 24 .4 58.4
1 Theoretical  14.0 1.0 25 60

EDX 14.2 1.0 24.3 60.5
) Theoretical 13.0 2.0 25 60
EDX 13.3 2.0 24.6 60.1

3.3. Diffuse reflectance properties

Diffuse reflectance spectra of prepared Ybis-:Ho.GaxsOeo (x=0.01, 0.1, 0.5, 1 and 2 at.%)
nanocrystalline samples are shown in Fig. 3. The broad and strong absorption band with maximum at
~925 nm corresponds to absorption by the Yb>" ions from the 2F7» ground state to the 2Fs) excited state
level. Absorption bands centered at ~1130, =640, =535, =485, =450, =415 and =365 nm may be attributed
to the transitions of the Ho®>" from the /s ground state to the excited states °Is, °Fs, *Fa/°Ss, *F3/°F2/’Ks,
SF1°Ge, >Gs and *He/*Hs, respectively. The Ybis \Ho,Ga»sOgo garnets show fundamental absorption bellow
300 nm as well as was observed in the Ybis—Er,GaxsOs0 garnets with y: 0-2 at.% [26]. Such a broad and



strong absorption band situated between ~850 and =1050 nm is associated with high Yb*" content in the

studied Ybis-xHoxGaz5060 garnets and makes these garnets suitable for efficient pumping by InGaAs laser.
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Fig. 3. Diffuse reflectance spectra of Ybis—xHo,GaxsOs0 nanocrystals. Inset shows detail of diffuse
reflectance spectra in the 350—700 nm region.

3.4. Luminescence properties

The Ho*':3Is — Iy emission spectra of YbisHo.GaxsOs0 (x=0.01, 0.1, 0.5, 1 and 2 at.%)
nanocrystalline samples under 980 nm excitation are shown in Fig. 4. The variation of integrated PL
intensity with x from the inset of Fig. 4 shows non-linear increment from x = 0.01 to x = 1. The observed
decrease of integrated PL intensity of Ybi13H02Gaxs0s0 sample is assigned to concentration quenching effect
[29]. Nevertheless, the integrated PL intensity of YbisHo2GaxsOs0 sample is still relatively high and
comparable to that of Ybi4sHoo sGazsOs0 sample. Fig. 5 presents the Ho?*: °I; — °Is emission spectra of the
Ybis-xHo,Gaxs0Os0 nanocrystalline garnets. The integrated PL intensity from the inset of Fig. 5 shows
maximum here for x = 0.5 and significant decrease of integrated PL intensity is observed for x > 0.5. This

suggests that population and depopulation of the °Is and °I7 energy levels include different mechanisms.
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Fig. 4. Emission spectra of Ybis-xHo.Gazs060 nanocrystals from 1050 to 1350 nm under excitation
wavelength of 980 nm with excitation intensity of 10 W/cm?. Inset shows the variation of integrated PL
intensity with x. The line from inset serves as a guide for the eye.
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Fig. 5. Emission spectra of Ybis-tHo,Gazs060 nanocrystals from 1800 to 2300 nm under excitation
wavelength of 980 nm with excitation intensity of 10 W/cm?. Inset shows the variation of integrated PL
intensity with x. The line from inset serves as a guide for the eye.

To further clarify the different origin of the Ho**: 3Is — °Is and °I; — °Is radiative transitions in the

Ybis-xHo,GaxsOs0 nanocrystalline garnets, the decay curves were recorded at the strongest emission

wavelengths. The Ho*": °Is — I emission decay curves were measured at 1209 nm and are presented in

Fig. 6. The emission decay curves for the Ho®": °I; — I3 transition were measured at 2087 nm and are

shown in Fig. 7. Both the Ho®": °Is — °Is and °I; — I3 radiative transitions exhibit a single exponential

decaying behaviour. The respective lifetime values 7(°Is — °Is) and 7(°I7 — °Is) were obtained by fitting the

data by the function: y =yo + A1-exp(—x/t), where yo and A; are the off-set and pre-factor, respectively.



The lifetimes 7(° — °Is) and 7(°I7 — °I3) are listed in Table 3 and graphically illustrated in the insets of
Figs. 6 and 7 for respective x in the Ybis-<HoxGa»s0e0 nanocrystals. The lifetime 7(°Is — °Is) exhibits slight
increase with increasing x from =245 ps (x = 0.01) to =272 us (x = 2) suggesting population of the /¢ level
by cross-relaxation (CR) processes [8, 30, 31]. The lifetime 7(°/; — °Is) exhibits higher sensitivity to x in
the YbisvHo,Gazs060 nanocrystals when compared with the 7(°Is — °Is). The 7(°I7 — °Is) first increases
from =15.63 ms (x = 0.01) to =16.38 ms (x = 0.1) and subsequently a significant decrease occurs for x > 0.1
up t0 =2.02 ms (x = 2). The observed 7(°/7 — °Is) decrease for x > 0.1 in the Ybis-.Ho,Ga25060 nanocrystals

suggests efficient depopulation of the °I7 level by CR processes and concentration quenching effect [8, 29—
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Fig. 6. Normalised decay curves of the Ho®": °Is — °Is emission in YbisHo:Ga»s060 nanocrystals under
excitation wavelength of 980 nm with excitation intensity of 12 W/cm?. Inset shows the variation of
1(°Is — °I3) with x.
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Table 3 Lifetime values of the Ho>": °Is — 3I5 and °I7 — °I5 emission in Ybis-yHo,GaxsOe0 nanocrystals.

X 1Cle =)  1CI — °I)
(at.%) (1s) (ms)

0.01 245+1 15.63+0.01

0.1 255+1 16.38+0.01

0.5 257+1 7.77+0.01

1 270+1 4.13+0.01

2 272+1 2.02+0.01

In order to explain the near-infrared emission mechanism in the Ybis—xHo,GaxsOs0 nanocrystalline
garnets, Fig. 8 presents the energy level diagram of Ho®* and Yb®" ions. When the garnets are excited by
980 nm wavelength laser, firstly the Yb** ions in the 2F7» ground state are pumped to the 2F’s; excited state.
The absorbed energy is then transferred to the neighbouring Ho>" ions by energy transfer process ET1: 2Fs)
(Yb*) + 35 (Ho*") — 2F7 (Yb*) + I (Ho>"), which populates the °/s level of the Ho*". Subsequently,
three different processes can take place from the Ho>": °I¢ level. (1) The radiative transition to the ground
state of the Ho*" (°Is — >Is) providing the observed ~1.2 pm emission. (2) The nonradiative relaxation (NR)
to the lower-lying °/7 level. (3) The energy transfer process ET2: 2Fs (Yb*") + %16 (Ho*") — 2F7 (YB*H) +
SF4/’S> (Ho*") in combination with the excited state absorption process ESAI1: s (Ho*") + a photon
— F4/°S> (Ho*"). Since the process (2) populates the Ho*": 317 level, the observed ~2 pm emission is
provided by the radiative transition to the ground state of the Ho** (°1; — °Is). Part of the energy from the
Ho*": 17 level can populate the Ho*": °Fs level by energy transfer process ET3: 2Fs; (Yb*™) + °I7; (Ho*")
— 2F70 (YB*Y) + °Fs (Ho*") in combination with the excited state absorption process ESA2: °I; (Ho*") +



a photon — 3Fs (Ho®"). The Ho>": °F4/°S levels pumped by process (3) may be efficiently depleted by NR
to the lower-lying °Fs level in combination with energy back transfer (EBT) process. Since the EBT process:
SF4/SS> (Ho*Y) + 2F72 (YB*) — I (Ho®") + 2Fs;2 (Yb*") has been proved in materials with high Yb**/Ho>*
content [30, 32, 33], it is inevitably present in the studied Ybis-Ho,GaxsOso garnets. Furthermore, CR
processes can take place between two Ho" ions, i.e. CR1: °F4/3S> +°I; — 5Fs + °Is and CR2: 317 + 51; — 313
+ s [8, 30, 31]. The probability of the CR1 and CR2 processes increases with increasing x in the
Ybis--HoxGaxsOs0 garnets leading to depopulation of the Ho**: °; level which can explain the observed
1(*I; — °Is) decrease for x > 0.1. The observed non-decreasing 7(°ls — °Is) even for the Ybi13H02Ga25060

sample suggests efficient ET1 process with contribution of the CR1, CR2 and EBT processes.
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Fig. 8. Schematic energy level diagram of Ho** and Yb** ions in the Ho**-doped YbsGasO2 with proposed
near-infrared emission mechanism under excitation wavelength of 980 nm.

4. Conclusions

The single-phase Ho**-doped Yb3GasO1> nanocrystals with 0.01, 0.1, 0.5, 1 and 2 at.% Ho>" were
synthesized by the sol-gel combustion technique using citric acid. Phase composition, morphology and
chemical composition were verified by XRD and EDX-SEM analysis. All prepared nanocrystals exhibit
high optical reflectivity in visible and near-infrared region with strong and broad absorption band observed
from ~850 to =~1050 nm due to the Yb*":2F7, — 2Fsp transition. Excited by 980 nm, two radiative
transitions of the Ho**: °Is — °Is and °I; — °Is were observed in the wavelength regions of 10501350 nm
and 1800-2300 nm, respectively. The lifetime 7(°lc — °Is) is very slightly increased with higher Ho®"
content. In contrast, the lifetime 7(>l; — °Is) is highly sensitive to Ho>* content with maximum of ~16.38 ms
in the Ybi49H00.1Ga2s060 sample and with further decrease for higher Ho®" concentrations. Based on the

energy level diagram describing energy transfer from Yb** to Ho**, it is concluded that the CR processes

are responsible for quenching of the Ho**: °I; level and these CR processes together with the EBT process



are responsible for pumping to the Ho**: °I¢ level. The above results show that Ho**-doped Yb3GasO1»

nanocrystals are promising materials for the near-infrared emission.
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