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Abstract: Manipulation of upconversion (UC) emission is of particular importance 

for multiplexed bioimaging. Here, we precisely manipulate the UC color output by 

utilizing the phonon-assisted energy back transfer (EBT) process in ultra-small 

(sub-10 nm) Gd2O3:Yb3+/Er3+ UC nanoparticles (UCNPs). We synthesized the 

Gd2O3:Yb3+/Er3+ UCNPs by adopting the laser ablation in liquids (LAL) technique. 

The synthesized Gd2O3:Yb3+/Er3+ UCNPs are small spherical and monoclinic 

structures. Continuous color-tunable (from green to red) UC fluorescence emission is 

achieved by increasing the concentration of Yb3+ ions from 0 to 15 mol%. A 

phonon-assisted energy back transfer (EBT) process from Er3+ ( 4 4
3/2 13/2S I→ ) to 

nearby Yb3+ ( 2 2
7/2 5/2F F→ ), which can significantly enhance red emission at 672 nm 

and decrease green emission, is responsible for the color-tunable UC emission by 

increasing the Yb3+ concentration in Gd2O3:Yb3+/Er3+ UC nanoparticles.  

 

Key words: Upconversion nanoparticles; Multicolor emission; Energy back transfer; 

Multiphonon relaxation; Cross relaxation 
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1. Introduction 

Lanthanide-doped upconversion nanoparticles (UCNPs) are a promising new 

generation of fluorescence nanoprobes in biological imaging.1-3 For practical purposes, 

there is no doubt that the multicolor nanoprobes will play a vital role in diagnosing 

diseases in the near future. The multicolor nanoprobes can be applied for multiplexed 

bioimaging, which not only enables real-time imaging and tracking of multiple targets 

simultaneously, but also allows scientists to understand, classify, and differentiate 

complex human diseases.4-10 Thus, the manipulation of upconversion (UC) emission 

is of particular importance. Many strategies have been devoted to designing and 

tuning the UC emission, and include selecting different sensitizer/activator 

combinations or their concentrations,11-14 utilization of appropriate energy transfer or 

migration pathways,15 and controlling the relaxation processes.16-18 The main 

mechanism (nonradiative energy transfer) of UC involves fundamental multipolar 

and/or exchange interaction between two lanthanide ions, which are strongly 

dependent on the average ion-ion distance.19 Thus, the selection of different 

sensitizer/activator combinations or their concentrations is a straightforward and 

useful approach to tune the multicolor emission. However, a high concentration of 

dopant ions can introduce luminescence quenching.20 To the best of our knowledge, 

the concentration of the activator ions (e.g., Er3+, Ho3+, and Tm3+) in UCNPs is 

usually constrained below 2 mol%, and the concentration of the sensitizer (Yb3+) is 

constrained below 20 mol%.21, 22  

Fluorides and oxides are most frequently used as host materials. Fluorides have 
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attracted much attention and exhibit high UC efficiency due to their low phonon 

energy, and UC multicolor fine-tuning based on different sensitizer/activator 

combinations or their concentrations in the fluorides has been achieved by several 

groups.22-25 Nonetheless, the toxicity of fluorine must be concerned for biomedical 

applications. Compared with fluorides, oxides are more suitable for biomedical 

applications due to their lower toxicity and desirable chemical stability.26 However, 

the ability of oxides to regulate the UC multicolor emission output with slight doping 

is often overlooked, because the phonon energy of the oxide matrices is higher than 

the fluorides, which is often perceived as deleterious.21 Despite this, it should be noted 

that the UC fluorescence can be effectively tuned by slightly changing the dopants 

concentration in oxides matrices.27-30 Lojpur et al. obtained visible green, yellow, and 

red fluorescence by doping with 1, 2.5, and 5 mol% Yb3+ ions in Y2O3:Yb3+/Er3+ 

nanoparticles.31 Green and red fluorescence have been obtained by doping with 0 and 

10 (or 15) mol% Yb3+ ions in Gd2O3:Yb3+/Er3+ nanomaterials.32, 33 However, the UC 

emission in these studies are relative monotonic without reflecting the fine-tuning 

capability of dopants in oxide hosts. More importantly, we still need a comprehensive 

understanding of the fluorescence-tuning mechanism.  

Our previous work has demonstrated that the lanthanide doped small Gd2O3 

nanoparticles synthesized by laser ablation in liquid (LAL) have great potential in 

bioimaging applications.34-36 In this work, we investigate the sensitizer (Yb3+) 

concentration-dependent multicolor UC emission in small-sized monoclinic 

Gd2O3:Yb3+/Er3+ UCNPs. We illuminate eye-compatible and continuously 
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color-tunable fluorescence (from green to red) via adjusting the Yb3+ concentration 

(from 0 to 15 mol%) in Gd2O3:Yb3+/Er3+ UCNPs. The UC mechanism for 

fluorescence tuning is also discussed systematically based on the experimental results 

and steady-state rate equations.   

2. Results and discussion 

The UC process employs invisible NIR light (980 nm) excitation to produce 

visible fluorescence (Fig. 1a). Digital fluorescence images of the as-prepared 

Gd2O3:Yb3+(x mol%, x=0, 2, 5, 10, and 15)/Er3+(2 mol%) UCNPs colloids are shown 

in Fig. 1b. These images are recorded by a digital camera under excitation at 980 nm 

without using any optical filters. Clearly, continuous visible fluorescence from green 

to red (left to right) is observed with the increase of Yb3+ concentrations from 0 to 15 

mol%. The multicolor emissions of UCNPs are naked-eye compatible and reflect their 

real fluorescence colors.  

The crystal structures of the Gd2O3:Yb3+/Er3+ UCNPs were characterized by 

XRD measurement. The as-prepared UCNPs colloids are doped on silicon substrates 

and evaporated for measurement. The XRD patterns of Gd2O3:Yb3+/Er3+ UCNPs 

shown in Fig. 2 match well with the monoclinic Gd2O3 (PDF#42-1465), which 

suggests that the different doping concentrations of Yb3+ do not change the 

monoclinic structure of the Gd2O3 in these nanoparticles.  

The morphology of Gd2O3:Yb3+/Er3+ UCNPs has no obvious difference. The 

typical TEM image (take Gd2O3:Yb3+(15 mol%)/Er3+ UCNPs for example) is 

provided in Fig. 3a, which shows that the as-prepared UCNPs possess a nearly 
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spherical shape. The large rings in the SAED patter (Fig. 3b) are evidence of a 

polycrystalline structure. The structure of the UCNPs is further identified by high 

resolution TEM (HRTEM), as shown in Fig. 3c, which shows that the interplanar 

spacing of the nanocrystals is measured to be 0.317 nm, which further corresponds to 

the d value of the (111) crystallographic plane of monoclinic Gd2O3 (d111 = 0.316 nm, 

PDF#42-1465). The corresponding size distribution histogram (Fig. 3d) of UCNPs 

shows that the average size of the as-prepared UCNPs is approximately 7.8 nm. The 

XPS is employed to analyze the components of the samples. As shown in Fig. 4a, 

peaks at 1188.7 and 1220.4 eV denote Gd3d5/2 and Gd3d3/2, respectively, which are 

consistent with the reported results.37, 38 The peaks at 141.0, 169.5, and 184.5 eV (Fig. 

4b) denote Gd4d, Er4d, and Yb4d, respectively, which also match well with the 

previous reports.39, 40 The peak intensity of the Yb4d is enhanced with the increase in 

the Yb3+ concentration. The above XRD and XPS results demonstrate that Yb3+/Er3+ 

ions are co-doped in the Gd2O3 host matrix successfully.  

Fig. 5 shows the UC fluorescence spectra of as-prepared Gd2O3:Yb3+(0–15 

mol%)/Er3+ UCNPs in the range of 400–750 nm, which were recorded under the same 

conditions. These UCNPs exhibit three emission bands in the visible range, including 

two green emissions and a red emission. The green emissions peaking at 528 and 547 

nm originated from the 2 4
11/2 15/2H I→  and 4 4

3/2 15/2S I→ transitions of Er3+ ions, 

respectively, and the red emission (672 nm) comes from the 4 4
9/2 15/2F I→  transition. 

Note that with the increase of Yb3+ concentration, the predominant emission for 

Gd2O3:Yb3+/Er3+ UCNPs shifts from the green band to red band. The corresponding 
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fluorescence images of the UCNPs (inserts in Fig. 5) and previous photographs of 

their colloids (Fig. 1b) depict visual evidence of the emission tuning process. The 

chromaticity coordinates were calculated from the UC emission spectra by the method 

using the 1931 CIE (Commission Internationale de l’Eclairage, France) system. As 

shown in Fig. 6, the calculated CIE chromaticity coordinates also reflect that the 

emission color shifts from the green region to the red region, and match well with 

their corresponding real fluorescence. 

The UC process mainly proceeds via an excited state absorption (ESA) and an 

energy transfer upconversion (ETU).19, 41 In the case of ESA, excitation takes the form 

of successive absorption of pump photons by the single activator ion. Fig. 7 displays 

the energy levels of Er3+ as well as the proposed UC mechanism of ESA in 

Gd2O3:Er3+ (0 mol% Yb3+) UCNPs. The 528, 547, and 672 nm emissions of Er3+ ions 

arise from the radiations of the 2
11/2H , 4

3/2S , and 4
9/2F  states, respectively. The 

ground state of Er3+ jump to the long-lived state via ground state absorption (GSA, 

4 4
15/2 11/2I I→ ), then populate 4

7/2F  state by ESA1 ( 4 4
11/2 7/2I F→ ). Subsequently, the 

excited state ( 4
7/2F ) relaxed to the 2 4

11/2 3/2
H S  state, from which the green 

emissions arises. Based on the energy gap law and experimental results, the 

multiphonon relaxation becomes competitive with the radiative decay when the gap is 

equal to or less than 4–5 times the phonon energy.28, 42 Gd2O3 is a well–known host 

for efficient upconversion with small phonon energy (~600 cm-1).32 The energy gap 

between the 4
7/2F  state and 2

11/2H  state is typically 1300 cm-1, which means that 

the energy gap can be bridged by ~2 phonons. The nonradiative relaxation from 4
7/2F  
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to the next state ( 2
11/2H ) is fast and radiative decay from the 4

7/2F  state cannot 

compete with multiphonon relaxation, thus no emission from the 4
7/2F  state is 

observed. After fast relaxation to the 2
11/2H  state, further nonradiative relaxation to 

the 4
3/2S  state, thus the low green emission (528 nm) from the 2

11/2H  state and 

intense green emission (547 nm) from the 4
3/2S  state are observed.  

The 4
9/2F  state is generally considered to be populated by ESA2 ( 4 4

13/2 9/2I F→ ) 

from the 4
13/2I  state, which arises from the nonradiative relaxation (~3620 cm-1) of 

the 4
11/2I  state, or by nonradiative relaxation (~3080 cm-1) from the 4

3/2S  state. The 

energy gaps of these two multiphonon relaxation processes need to be bridged by 

~5–6 phonons; thus, relatively low red emission is found in Er3+ ions. In addition, the 

Cross Relaxation (CR) processes: 4 4
7/2 9/2F F→ (~5190 cm-1): 4 4

11/2 9/2I F→ (~5030 

cm-1), among the Er3+ ions may take place due to the small energy mismatch, and 

contribute the population in the 4
9/2F  state. 

The ETU mechanism dominate in the Yb3+-Er3+ co-doping system, due to the 

large absorption cross-section of Yb3+ in the NIR region than that of Er3+. The 

essential difference between ETU and ESA is that the excitation in ETU is realized 

through energy transfer (ET) from nearby Yb3+ to Er3+ ions. Fig. 8a provides the 

energy levels of Yb3+ and Er3+, as well as the proposed UC mechanism of ETU in 

Yb3+-Er3+ codoped Gd2O3 UCNPs. Under NIR excitation at 980 nm, the Yb3+ 

continuously absorbs 980 nm photons and transfers the energy to Er3+ to populate the 

2
11/2H (528 nm), 4

3/2S (547 nm), and 4
9/2F (672 nm) states. Since green emissions 

decrease with increasing Yb3+ concentration in Gd2O3:Yb3+/Er3+ UCNPs while the red 
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emission increases, the tuning mechanism responsible should be considered.  

The CR process among the Er3+ ions and EBT from Er3+ to nearby Yb3+ ions 

have been found to have the ability to tune the intensity ratio of the red to green 

emission.31, 43 The CR ( 4 4
7/2 9/2F F→ : 4 4

11/2 9/2I F→ ) process, which we have 

mentioned above, dramatically populates the 4
9/2F  state and contribute red emission. 

Wei et al. have obtained green to red fluorescence by utilizing the CR between Er3+ 

ions.22 The EBT process of 4 4
3/2 13/2S I→ (Er3+, ~11730 cm-1): 2 2

7/2 5/2F F→ (Yb3+, 

~10200 cm-1) may readily take place due to a small energy mismatch (~1530 cm-1), 

which can be made up by emission of ~3 phonons. Therefore, the ET from 4
3/2S  

state of Er3+ to Yb3+ ions can be referred to the phonon-assisted EBT process.  

According to Dexter’s energy transfer theory, the probability of energy transfer 

has a 1
s

R  dependence on the distance between two ions. Thus, the probability of 

CR (
Er ErP
↔

) and phonon-assisted EBT (
Er YbP
→

) from Er3+ to Yb3+ ions can be 

simplified as in Eqs. (1–2):44  

1 s

Er Er Er ErP R
↔ ↔

∝ ,                    (1) 

1 s

Er Yb Er YbP R
→ ↔

∝ .                    (2) 

where Er ErR
↔

 and Er YbR
↔

 are the average distances of Er3+-Er3+ and Er3+-Yb3+, and 

s is a positive integer taking the values of 6, 8, and 10, which correspond to 

dipole-dipole, dipole-quadrupole, and quadrupole-quadrupole interactions, 

respectively. The Er ErR
↔

 and Er YbR
↔

can be expressed as in the following Eqs. 

(3–4):45, 46 

1/33
2( )

4Er Er

Er

V
R

C Nπ
↔

≈ ,                 (3) 
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1/33
2( )

4Er Yb

Er Yb

V
R

C Nπ
↔

+

≈ .                 (4) 

where 
ErC  and 

Er YbC
+

 are the doping concentration of the Er3+ ions, as well as the 

total doping concentration of Yb3+ and Er3+ ions, respectively. N is the number of 

available sites that the lanthanide ion can occupy in the unit cell, and V is the volume 

of the unit cell. In this work, we considered the effect of varying Yb3+ concentration 

on UC color tuning of Gd2O3:Yb3+/Er3+ UCNPs with Er3+ ions fixed at 2 mol%. The 

average Er3+-Er3+ distance (
Er ErR
↔

) in the monoclinic Gd2O3 host is fixed, thus the 

effect of the R process can be neglected. The values of N and V are constants in one 

host while the Er YbR
↔

 decreases gradually with increasing the Yb3+ concentration, 

and the phonon-assisted EBT probability is enhanced (Fig. 8b). The phonon-assisted 

EBT process suppresses the population in the 4
3/2S  state and increase the population 

in the 4
13/2I  state. Further, the ET process of 4 4

13/2 9/2I F→ (Er3+): 2 2
5/2 7/2F F→ (Yb3+) 

effectively populates in the 4
9/2F  state. Thus, the phonon-assisted EBT process 

significantly enhances the red emission at 672 nm while it decreases the green 

emission.  

To interpret the influence of a phonon-assisted EBT process on UC emission 

tuning, we introduced the following steady-state rate equations: 

4
1 2 2 4 4 4 0

( )
0Yb Yb

dP t
P P P R N P

dt
ω ω′= − − = ,                        (5) 

3
1 1 1 3 3

( )
0Yb

dP t
P P P R

dt
ω= − = ,                                  (6) 

2
1 0 0 2 2 1 2 2

( )
0Yb Yb

dP t
P P P R P P

dt
ω ω= − − = ,                          (7) 

1
4 0 1 1 1 1 1

( )
0Yb Yb

dP t
N P PR P P

dt
ω ω′= − − = ,                           (8) 
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1
0 4 0 1 0 0 1 1 2 2 1

( )
( ) 0Yb

Yb Yb Yb Yb

dP t
I P h P P P P P P RP

dt
σ ν ω ω ω ω′= + − + + − = .   (9) 

where 0P ( 0ω ), 1P ( 1ω , 1R ), 2P ( 2ω , 2R ), 3P ( 3ω , 3R ), and 4P ( 4ω , 4R ) are the 

population densities (ET rates from excited Yb3+ ions, radiation rates) of the 4
15/2I , 

4
13/2I , 4

11/2I , 4
9/2F , and 4

3/2S  states (Er3+), respectively. 0YbP  and 1YbP are the 

population densities of the ground state and excited state in Yb3+ ions, respectively. 

ω′  is the phonon-assisted EBT rate from Er3+ to Yb3+ ions, I  is the excitation 

intensity and ν  is the laser frequency, σ is the absorption cross section of Yb3+ ions, 

and the R  is the radiation rate of the 2
5/2F  state (Yb3+).  

The UC rates 1 1 1YbP Pω , 1 2 2YbP Pω  dominate and the linear decays 1 1PR , 2 2P R  

generally can be neglected in Eqs. (5–6). Doping with no Yb3+ ions (for Gd2O3:Er3+ 

UCNPs), the linear decay 4R  is dominated without the phonon-assisted EBT. Thus, 

we have 1 0P = , 2 0 0 2P Pω ω= , 3 0P = , and 4 0 0 1 4YbP P P Rω= , which means the 

green emission is dominated in Gd2O3:Er3+ UCNPs. In the Er3+-Yb3+ co-doping 

system, the phonon-assisted EBT rate ω′  cannot be neglected. The following 

relationships between the steady-state population densities ( 1P , 2P , 3P , and 4P ) and 

phonon-assisted EBT rate (ω′ ) are obtained from Eqs. (5–8): 

4 0 0 1 4 0( )Yb YbP P P R Pω ω′= + ,                          (10) 

3 0 0 0 1 3 4 0( )Yb Yb YbP P P P R R Pω ω ω′ ′= + ,                    (11) 

2 0 0 2P Pω ω= ,                                     (12) 

1 0 0 0 1 4 0( )Yb YbP P P R Pω ω ω ω′ ′= + .                       (13) 

1P  and 3P  are the strictly increasing functions of ω′ , while 4P  is a monotone 

decreasing function. At very high Yb3+ ions concentrations, the phonon-assisted EBT 
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rate ω′  is dominated and the linear decay 4R  can be neglected. Thus, we get: 

4 0 0 1 0 0Yb YbP P P Pω ω′= ≈ ,                         (14) 

3 0 0 1 3YbP P P Rω= ,                               (15) 

1 0 0 1P Pω ω= .                                  (16) 

Note that the 0YbP  is much larger than 1YbP , and therefore 4P  can be neglect 

compared with 3P , which indicates that the green emission can be greatly decreased 

and the red emission can be enhanced when the phonon-assisted EBT is highly 

efficient. These results agree well with the above experimental data. Due to the 

phonon-assisted EBT, the intensity ratio of the red to green emission gradually 

increases with increasing Yb3+ concentration, so that the real fluorescence color is 

continuously adjusted. 

3. Experimental section 

3.1 Materials 

All reagents were of analytical grade without further purification. Gd2O3, Yb2O3, 

and Er2O3 powder (99.99%) were purchased from Aladdin Chemistry Co. Ltd. The 

Deionized water without further purification is used. 

3.2 Syntheses 

We synthesized the Gd2O3:Yb3+/Er3+ UCNPs by adopting tow-steps, which 

combine LAL with a standard solid state reaction technique. The details were reported 

in our previous work.34-36 First, Gd2O3:Yb3+/Er3+ bulk targets were prepared by a 

standard solid-state reaction technique. Then, the prepared targets were fixed on the 
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bottom of the container and immersed in deionized water, and a microsecond 

Nd:YAG laser with a wavelength of 1064 nm, 6 µs pulse duration, repetition of 100 

Hz, and power of 70 mJ/pulse, was focused onto the surface of the bulk targets. The 

ablation process lasted 15 min. The ablated colloids were aged for 24 h; then, the 

upper aqueous suspension was collected for further measurement.  

3.3 Characterization 

One drop of the aqueous suspension was placed on a carbon coated copper grid, 

and the sample was observed using a transmission electron microscope (TEM, FEI 

Tecnai G2 Spirit, Netherlands) operating at 120 kV. A histogram of the particles size 

distribution was constructed by measuring the particles (249 in total) in the TEM 

image. The samples for XRD, XPS, and fluorescence spectra measurements were 

prepared as follows. Several drops of aqueous suspension were placed on a silicon 

wafer, and dried at 50 °C. This process was repeated several times until a thin white 

layer was formed. The crystalline structure of the samples was measured by using an 

X-ray diffractometer (XRD, D-MAX2200 VPC, Japan) with Cu-Kα radiation at 46 

kV and 26 mA, and 2θ ranging from 25°to 65°. The chemical compositions of the 

nanoparticles were determined via X-ray photoelectron spectrometry (XPS, 

ESCALab250, USA). The fluorescence spectrum of the UCNPs was recorded by a 

combined lifetime and steady state fluorescence spectrometer (FLS920, UK) at room 

temperature, equipped with a 980 nm laser.  
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4. Conclusion 

We investigated the sensitizer (Yb3+) concentration dependent UC fluorescence in 

ultra-small (sub-10 nm) Gd2O3:Yb3+/Er3+ UCNPs. An enhancement of 

phonon-assisted EBT from Er3+ to nearby Yb3+ ions can be induced by increasing the 

Yb3+ doping concentration. This process is directly suppressed in the green emission 

but is enhanced in the red emission. By harnessing this important feature, we 

precisely manipulate the UC color output (from green to red) by slightly increasing 

the Yb3+ ion concentration (from 0 to 15 mol%) in the Gd2O3:Yb3+/Er3+ UCNPs. 

These results show the potential application of the Gd2O3:Yb3+/Er3+ UCNPs as 

fluorescence nanoprobes in multiplexed bioimaging.  
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 Figure Captions 

Figure 1 (a) Schematic illustration of the UC process for UCNPs under NIR excitation. 

(b) Digital UC fluorescence images of the Gd2O3:Yb3+(0–15 mol %)/Er3+ UCNPs 

colloids under excitation at 980 nm (no optical filters were used).  

Figure 2 XRD patterns of the Gd2O3:Yb3+(0–15 mol %)/Er3+ UCNPs, compared to 

PDF#42-1465 for monoclinic Gd2O3.  

Figure 3 (a) Typical TEM, (b) SAD pattern, (c) HRTEM, and (d) Size distribution 

histogram of the Gd2O3:Yb3+(15 mol %)/Er3+ UCNPs. 

Figure 4 Gd3d, Gd4d, Yb4d, and Er4d XPS spectra of Gd2O3: Yb3+(0–15 mol %)/Er3+ 

Page 18 of 27Physical Chemistry Chemical Physics

P
hy

si
ca

lC
he

m
is

tr
y

C
he

m
ic

al
P

hy
si

cs
A

cc
ep

te
d

M
an

us
cr

ip
t



UCNPs.  

Figure 5 Room temperature UC emission spectra of the Gd2O3:Yb3+(0–15 

mol %)/Er3+ UCNPs under 980 nm excitation.  

Figure 6 CIE chromaticity diagram showing the color coordinates of the 

Gd2O3:Yb3+(0–15 mol%)/Er3+ UCNPs. 

Figure 7 Energy-level diagram of the Er3+ ions and proposed UC mechanism schemes 

of the Gd2O3:Er3+ UCNPs.   

Figure 8 Energy-level diagram of the Er3+ and Yb3+ ions and proposed UC mechanism 

schemes of the Gd2O3:Yb3+/Er3+ UCNPs. 
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Figure 1 
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Figure 2 
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Figure 3 
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Figure 4 
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Figure 5 
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Figure 6 
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Figure 7 
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Figure 8 

 

Page 27 of 27 Physical Chemistry Chemical Physics

P
hy

si
ca

lC
he

m
is

tr
y

C
he

m
ic

al
P

hy
si

cs
A

cc
ep

te
d

M
an

us
cr

ip
t


