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Abstract: In this paper, Nd*—Yb*—Er®*-doped p-NaYF4 nanocrystals with different Nd**
concentrations are synthesized, and the luminescence properties of the upconversion
nanoparticles (UCNPs) have been studied under 808-nm excitation for sensitive biological
applications. The upconversion luminescence spectra of NaYFs nanoparticles with
different dopants under 808-nm excitation proves that the Nd** ion can absorb the photons
effectively, and the Yb®* ion can play the role of an energy-transfer bridging ion between
the Nd®* ion and Er®* ion. To investigate the effect of the Nd** ion, the decay curves of the
4Sar2 — *l1512 transition at 540 nm are measured and analyzed. The NaYFs: 20% Yb®,
2% Er3*, 0.5% Nd** nanocrystals have the highest emission intensity among all samples
under 808-nm excitation. The UC (upconversion) mechanism under 808-nm excitation is
discussed in terms of the experimental results.
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1. Introduction

In recent years, lanthanide-doped upconversion nanoparticles (UCNPs) have attracted extensive
research interest [1-4]. Benefiting from the effective penetration depth of near-infrared (NIR) photons
in biological tissues and minimized auto-fluorescence background, UCNPs are widely used for a
variety of biological applications [5-8], such as labeling, imaging and photodynamic therapy. In most
cases, these UCNPs are doped simultaneously with sensitizer ions (for example, Yb3*) and activator
ions (for example, Er®¥*, Tm®",or Ho") [9]. The sensitizer ions absorb NIR photons and then transfer
the energy to the activator ions [10]. The energy transfer (ET) will excite the activators to their higher
excited states and eventually lead to the radiation of higher-energy photons [10]. The hexagonal
NaYFas, due to its low phonon energy and high chemical stability, has been confirmed as one of the
most efficient UCNP host [11].

However, the Yb®" ion-sensitized UC (upconversion) process is challenging for in vivo biological
applications, because of the narrow band absorption of Yb** ions, which has only one excited state
(%Fs12) corresponding to the absorption around 980 nm from 2F72 to 2Fs2. Water, the most concentrated
and significant NIR (near-infrared) absorber in biological tissues, also has high absorption around this
band, as shown in Figure 1. Therefore, using a continuous laser of 980 nm to trigger the UC process
would lead to the risk of overheating and even may induce cell and tissue damage [12,13]. It is very
urgent to use another NIR excitation laser corresponding to a low absorption region of water to realize
UC processes for biological applications of UCNPs.

Figure 1. Absorption of water in the NIR (near-infrared).
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According to Figure 1, water has a low absorption (Figure 1) around 808 nm, in contrast with that at
980 nm. Among rare earth ions, the Nd* ion has relatively strong absorption around 808 nm,
corresponding to the transition from “loz to “Fs2. Herein, we introduce Nd** ions into
NaYFs: 20% Yb**, 2% Er®* UCNPs, which has been reported as one of the most efficient UCP
(upconversion particle) materials [14]. Thus, Nd** ions will be a new NIR absorber and sensitizer to
address the issue of NIR laser-induced tissue damage by using excitation at 808 nm. Interestingly, the
Yb® ion can play the role of an energy-transfer bridging ion between an energy donor (Nd**) ion and
an energy acceptor ion (Er®") under 808-nm excitation [15]. Consequently, the laser-induced
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overheating effect under 808-nm excitation, especially for biological tissues, is expected to be greatly
minimized. Meanwhile, the Nd** ion has a large absorption cross-section around 800 nm [16], which is
expected to enhance the pumping efficiency of the Er* ions.

2. Results and Discussion

As shown in the transmission electron microscopy (TEM) images (Figure 2a-f), all of the
Nd*-Yb*—Er**-doped UCNPs have a uniform morphology with an average diameter between 20 nm and
35 nm. The calculated average particle size for different amounts of Nd** ions are shown in Figure 2n.
As the concentration of Nd3* ions increases, the average particle size decreases from ~34 nm to ~21 nm.

Figure 2. TEM (transmission electron microscopy) image and the size distribution of
NaYFa4: Yb/Er/Nd (20/2/X mol%) nanoparticles: (a,g) X = 0; (b,h) X = 0.25; (c,i) X = 0.5;
(d,)) X =1.0; (e,k) X =2.0; (fm) X = 3.0; (n) average nanoparticle diameter of NaYFa:
Yb/Er/Nd (20/2/X mol%).
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With the same concentration of Yb®* ions and Er®* ions, parts of the Y®* ions (r = 1.159 A) [17]
were replaced by Nd** ions (r = 1.249 A) [17]. This confirms that doping of the lanthanide ion with a
size larger than the Y3 ion in NaYFs host lattices should result in the formation of smaller
nanoparticles. The X-ray diffraction (XRD) patterns of samples in Figure 3 indicate that all of the
samples crystallize into the hexagonal NaYFs, which accords basically with the standard X-ray
diffraction JCPDS (joint committee on powder diffraction standards) 16-0334.

Figure 4 shows the upconversion luminescence spectra of NaYF4 nanoparticles with different
dopants. All four samples produce upconversion photoluminescence (PL) under excitation at 808 nm
using a power density of 3 W/cm?2. As shown in Figure 4, four major sensitized UC emission bands
centered at 410 nm, 520 nm, 540 nm and 655 nm, which correspond to the transitions of Er®* ions:
2Hoz — *lus2, 2Hi1z — *lisp2, *Sarz — “l1s2 and *Ferz — “l1si2, respectively, are observed. There are
emissions of Er®* ions even on the premise that NaYF4 host lattices are doped only with Er** ions. This
means that the UC emission of Er®* ions mostly results from the limited excited state absorption of
Er®* ions. The Yb®" ions can hardly absorb the photons at 808 nm. Therefore, doping with Yb**/Er*
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can only weaken the emission of Er®* ions by an energy back transfer process from Er®* ions to Yb**
ions. Moreover, it can be seen that the emission of Er3* ions is also weakened after doping with
Nd3*/Er®*, although Nd** ions can absorb the photons at 808 nm effectively. This shows that Nd** ions
cannot transfer their energy to Er®* ions efficiently. The excited Nd** ions lose their energy to the other
states radiatively or relax to their ground state non-radiatively. The intensity of upconversion
luminescence of NaYFs: Nd**/Er®* is lower than that of NaYFs: Yb%/Er®*, which shows that the
energy back transfer Er®* — Nd** is much more efficient than Er** — Yb®", even when the Nd**
concentration (0.5 mol%) is much lower than the Yb®" concentration (20 mol%). Furthermore, due to
codoping with Yb®" ions, the luminescence intensity of sample NaYFs: Nd**/Yb**/Er®* is much
stronger than that of NaYFa: Nd*Er®*. This shows that Yb®" ions can act as the bridging center to
prompt energy transfer from Nd®* ions to Er®* ions under 808-nm excitation.

Figure 3. XRD pattern of the as-synthesized NaYFa4: Yb/Er/Nd (20/2/X mol%) nanoparticles.
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Figure 4. Upconversion emission spectra using a log scale for the emission intensity of
NaYFa4: Er (2 mol%), NaYFa4: Yb/Er (20/2 mol%), NaYFa4: Yb/Er/Nd (20/2/0.5 mol%) and
NaYFa: Er/Nd (2/0.5 mol%) nanoparticles under 808-nm excitation.
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As shown in Figure 5a,b, four sensitized UC emission bands centered at 410, 520, 540 and 655 nm,
which correspond to the transitions of Er®* ions: 2Hoz — *lisi2, 2Hiz — “lis2, *Szz — *lis2 and
Far2 — 1512, respectively, are observed both under 808- and 980-nm excitation using a power density
of 2.5 and 250 mW/cm?, respectively. In this paper, we discuss only the green and red emission bands.
Figure 5c,d shows that the intensity ratio of green to red emission (Rgr) is higher under 808-nm
excitation than the ratio under 980-nm excitation. As the Nd** concentration increases, both the intensity
ratios of green to red emission under 980- and 808-nm excitation increase to a maximum and then
decrease gradually. Introducing Nd** ions with different amounts into NaYF4: Yb3*/Er®* has an effect on
the non-radiative energy back transfer from Er** ions to Nd*" ions and then influences the
cross-relaxation process of Er®* ions, which dominate the green-to-red emission ratio [18]. Therefore, it
is concluded that the Nd®* ions with a certain concentration are effective at originating the green
emission of Er¥* ions. In addition, the high intensity ratio of green to red emission under 808-nm
excitation shows that 808-nm excitation is favored over the green emission of Er®* ions for biomarkers.

Figure 5. Upconversion emission spectra of the NaYFs: YD/Er/Nd (20/2/X mol%)
nanoparticles under (a) 808-nm excitation and (b) 980-nm excitation. The inserted image
in (a) is the magnified green emissions; (c,d) the dependence of green and red emission
intensity on Nd** concentration and the dependence of Rgr on Nd** concentration of the
NaYFa4: Yb/Er/Nd (20/2/X mol%) nanoparticles under 808-nm and 980-nm excitation.
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The UC luminescence spectra presented in Figure 5a reveal the effect of Nd** concentration on the
emission intensity of Er®* under 808-nm excitation. The intensity of Er®* emissions is enhanced when
the concentration of Nd** ions ranges from 0.0 to 0.5 mol%, then decreases when the Nd®*
concentration exceeds 0.5 mol%. It can be concluded that co-doping with a low content of Nd** ions
will promote the upconversion emission of Er®* ions, and the upconversion intensity of Er®* ions
depends greatly on the concentration of Nd** ions. Therefore, the energy transfer from Nd** ions to
Er** ions is the main mechanism to produce the upconversion emission of Er®* ions. When the
concentration of Nd®* is more than 0.5 mol%, the upconversion intensity of the Er®* ions decreases
greatly. The more Nd* ions there are in the UCNPs, the shorter the distance is between the adjacent
ions. The energy back transfer from Er* ions to Nd** ions and the non-radiative cross-relaxation (CR)
between Nd** ions become particularly active once the concentration of Nd*" ions is higher than
0.5 mol%. As a result, some Er®* ions are de-excited by a resonant cross-relaxation energy transfer to
Nd3* ions [19], which leads to a decrease in the upconversion intensity of the 520-, 540- and 645-nm
emissions of Er®" ions. Furthermore, the distortion of the local symmetry around the Er®* ions is
another significant reason for enhancing emission. When the concentration of Nd** ions increases to
over 0.5 mol%, more and more Nd3* ions occupy interstitial sites, which will cause the increasing
defect centers. On the other hand, an Er®* ion may be surrounded by more than one Nd** ion with the
increase of Nd3* concentration. This renders the crystal field around Er** more symmetric again. The
UC emission is thus reduced. Therefore, for the sake of using the 808-nm excitation for biological
applications of UCNPs, Nd®* ions with a concentration of about 0.5 mol% are necessary to be doped in
NaYFa4: 20% Yb3*, 2% Er®* UCNPs.

In order to study the energy back transfer from Er®* ions to Nd** ions, the upconversion spectra of
prepared UCNPs under 980-nm excitation were detected. There are only the emissions of Er®* ions in
the visible light region. The energy transfer from Yb3* ions to Er®* ions is the main upconversion
mechanism under 980-nm excitation. The Nd** ion makes almost no positive contribution to the
upconversion emission of Er** ions under 980-nm excitation. However, the intensity of the
520-, 540- and 655-nm emissions of Er** ions decreases with increasing Nd** concentration, which
indicates that the Nd®* ion has a quenching effect on the upconversion emissions of Er®* under 980-nm
excitation. There may be an energy transfer from Er®* ions to Nd®*" ions. With increasing Nd**
concentration, the energy transfer from Er¥* to Nd** ions becomes more efficient. Some Er®* ions
transfer energy to Nd®* ions by three resonant cross-relaxation (CR) transitions:

*Farz (Er**) + *lorz (NOP) — 4l1sp2 (Er®) + *Forz (Nd®Y) (AE =—936 cm™Y)
112 (Er*Y) + *lorz (NA®) — 4lasr2 (Er®) + 4lasiz (NoY) (AE = +267 cm™?)
sz (Er¥) + 4oz (NA®Y) — 4l1s2 (Er®Y) + 4lisiz (Nd®) (AE = —644 cm™)

These three processes depopulate the “For2, *l112 and #1132 states of Er®*, respectively. As a result,
the luminescence of Er®* is quenched and gradually becomes weak with an increase in the Nd** ion
concentration. To avoid the energy back transfer from emitting ions to the primary sensitizer,
the Yb*'/Er¥*-doped core and Nd**/Yb3* co-doped shell should help, since the Nd** ion is separated
from the Er** ion in such a case. This idea has already been presented in the literature [20,21].
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In order to study the luminescence kinetics and the mechanism of the upconversion emission, the
decay curves of “Ss2 — *l152 (540 nm) for the samples were measured. The normalized decay curves
of the #Sz2 — “l1s2 transition at 540 nm for the NaYFa: Yb**/Er** without and with Nd** ions under
980-nm excitation are presented in Figure 6. Each of the decay curves of the samples could be fitted to
a single exponential function I(t) = loexp(—t/t), where | and lo are the emission intensities at time t and
zero, and 7 is the lifetime [22]. As shown in Figure 6, the lifetime decreases from 207 to 187 us after
doping with 0.5 mol% Nd** ions. It can be proven that there occurs an energy back transfer from Er*
ions to Nd** ions.

Figure 6. Luminescence decay curves of Er*: Sz, — “l1s2 transition in NaYFa: Yb/Er
(20/2 mol%) nanoparticles with and without Nd (0.5 mol%) co-doping. The inserted image
is the emission spectrum of the #Ss;2 — *l1s/2 transition under 980-nm excitation.
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The measured rise times are shown in Table 1 with respect to Nd** concentration. The rise time and
fall time of the 808-nm pulse is very short compared with that of the upconversion emissions and is
neglected. This shows in Table 1 that the rise time of samples NaYF4: Nd**/Yb*'/Er** is longer than
that of the sample NaYFs: Nd**/Er®* when the concentration of Nd** is lower than 1 mol%. The longer
rise times of such samples indicates that the energy transfer is the dominant mechanism for the
upconversion process of the Nd**—Yb3*—Er®* system with a small amount of Nd** ions under 808-nm
excitation. However, the rise time decreases from 1 to 0.4 ms as the concentration of Nd®* is increased
from 0.25 to 3 mol%. As the concentration of the Nd** ions is increased, the interionic distance is
decreased, and hence, the transition probability increases. As a consequence, the rise time decreases
with the increase of concentration, since the transfer rate is the inverse of time [23].

Table 1. Rise times and lifetimes for individual 540-nm upconversion emission of NaYFa:
Yb/Er/Nd (20/2/X mol%) nanoparticles.

%Nd* X=0 X =0.25 X=05 X=1 X=2 X=3
rise time (us) 724 1028 903 892 540 412
lifetime (pus) 203.6 185.6 171.6 161.8 151.1 150.6
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The normalized decay curves of the *Ss;2 — “l1s/2 transition at 540 nm for different amounts of Nd**
ions under 808-nm excitation are presented in Figure 7b. The calculated lifetimes are summarized in
Table 1. The lifetime of sample NaYFs: Yb*'/Er** agrees well with the lifetime of 230 us, which has
been reported [24]. As the Nd®* concentration increases, the lifetime of the “Sa» state decreases from
203.6 to 150.6 us. We will discuss this trend according to the formula t = 1/(T" + knr), where I" and knr
are the radiative and non-radiative decay rates, and t is the lifetime [25]. The Nd®* ions, having a larger
ionic radius than Y** ions, are beneficial for reducing the interionic distance. Both the radiative and
non-radiative decay rates of Er®* ions will speed up with the decrease of the separation distance [26].
Thus, the lifetime will decrease correspondingly. However, compared to the non-radiative decay rate,
the radiative decay rate increases more rapidly as the ionic separation distance decreases [27].
The radiative transition is the dominant process, which can be attributed to luminescence enhancement.
The observed emission enhancement is mainly due to the competition between the changes in radiative
and non-radiative decay rates. After reaching a certain distance, the higher the Nd®*" concentration is,
the faster the energy back transfer (Er** — Nd*") will be, which causes the decrease of the lifetime,
and the less the luminescence enhancement or even quenching. Furthermore, the increased Nd®*
concentration leads to a reduced average distance between the adjacent ions, which tend to
non-radiatively cross-relax (CR). The process is described as:

(*Far2:*lor2) — (“lasiz:*11s2) (AE = +102 cm™?)

The non-radiative CR depopulates partially the excited *Fzz level, resulting in a simultaneous
luminescence intensity and lifetime decrease with the increase of Nd** concentration [28].

Figure 7. () Luminescence rise and decay curves of the Er®*: #Sz;; — *l1s2 transition in
NaYFa: Yb/Er/Nd (20/2/X mol%) nanoparticles under a pulse 808-nm excitation
(pulse width = 11.05 ms); (b) luminescence decay curves of the Er®*: 4Ssp — “*lisp
transition in NaYF4: Yb/Er/Nd (20/2/X mol%) nanoparticles. The inserted image is the
emission spectrum of the Ss;2 — 4l15/2 transition under 808-nm excitation.
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In order to investigate the energy transfer mechanisms involved in the population of states of Er*
ions, the dependence of upconversion luminescence intensity on the 808-nm and 980-nm NIR
excitation power of UCNPs with X = 0.5 mol% as a sample is shown in Figure 8. The UC emission
intensity lup is proportional to the incident pumping power P as lup o< P", where n is the number of
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infrared multi-photons involved in a single visible photon generation [29]. The exponent power n
could be determined from the slope of linear regression in a double logarithmic plot of the emitting
intensity as the function of excitation intensity. The trend of the slope excited by 808-nm exactly
follows that excited by 980-nm under low-power and intermediate-power pumping conditions,
respectively. However, the measured slopes of the upconversion luminescence change from 1.72 to
1.30 for green fluorescence emission and from 1.60 to 1.27 for red emission in Figure 8a with
increasing pump power, due to the saturation effects. The number of the luminescence center (Er®*) is
a constant and does not change with the pump power. Therefore, the saturation effect is obviously
under high power excitation. In addition, it was reported that higher pump power can increase the
competition between linear decay and the upconversion process of the intermediate excited states,
which results in a significantly reduced slope, too [29]. The slopes of the green fluorescence are
1.24 and 1.74, and that of the red emission are 0.60 and 1.98 under low-power and intermediate-power
pumping conditions, respectively. Based on the slopes, the green and the red fluorescence emission
intensity are approximately proportional to the square of the pumping power under the
intermediate-power pumping condition, indicating that these emissions are performed by a two-photon
process, as well as the energy loss during the upconversion process, because n is smaller than 2. For
lower excitation powers, which are below or around an excitation power threshold, the upconverted
fluorescence intensity is weak, and the crystal is nearly transparent to the pump, thus resulting in it
ineffective at absorbing photons. As a result, the n values for the emissions are close to one under the
low-power condition [30]. These values of n in Figure 8a are smaller than those in Figure 8b, because
a photon’s energy at 808 nm is higher than that at 980 nm. It can be seen that the power threshold for
808-nm excitation is larger than that for 980 nm; because the concentration of the sensitizer Nd®* ions
for 808-nm excitation is much less than Yb3*" ions for 980-nm excitation and the Nd*-Yb*—Er®*
energy transfer may lead to more energy consumption. Furthermore, the n value for the green emission
is larger than that for the red one excited by 808 nm, indicating a faster growth of the green
fluorescence than the red one as the pump power increases. Because the n value for the green emission
is smaller than that for the red one excited by 980 nm, which is opposite of 808 nm, it can also be
proven that 808-nm excitation is favored to the green emission of Er3* ions.

Figure 8. Log-log plot of the upconversion emission intensity of NaYFs: Yb/Er/Nd
(20/2/0.5 mol%) nanoparticles as a function of the pump power under (a) 808-nm excitation
and (b) 980-nm excitation.
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Having analyzed the results obtained from the upconversion emission spectra, the measurements of
decay time and the dependence of luminescence intensity on excitation power, the upconversion
mechanism of the Nd**-Yb3*—Er®* system under 808-nm excitation has been proposed and is shown in
Figure 9. Nd** ions in the ground state are excited by an 808-nm laser and reach their excited state *Fs/
or 2Hoz2 corresponding to the transition *loz — (*Fsi2, 2Her2). The (*Fsi2, 2Hoz) excited states are
unstable; thus, some Nd** ions relax quickly to the “Fso state through a multi-phonon
non-radiative relaxation. The energy transfer (ET) between Nd* ions and Yb% ions,
2F7p (YD) + “Fap (Nd*Y) — 2Fsp (Yb®) + ‘4l (Nd®'), occurs with considerably high
efficiencies [31,32]. As a result, the 2Fs2 state of Yb®" ions is populated. Two subsequent successive
energy transfers from excited Yb** ions to Er®* ions bring the Er®* ions directly to their *Fz- state.
Some Er®* ions in the *F7.2 state relax to the lower 2Hi12, “Sz12 and *Foy2 states through the multi-phonon
relaxation, respectively; then, 2Hi12, *Sar2 and “For2 are populated. The electrons in the 2Hiu2, *S32 and
“Fo states jump to the ground state “lis2 and give the green (520 nm, 540 nm) and red
(655 nm) emissions.

Figure 9. Proposed energy transfer mechanism under 808-nm excitation in NaYFa:
YDb/Er/Nd nanoparticles. The dashed-dotted, dashed, dotted and full arrows represent
photon excitation, energy transfer, multi-phonon relaxation and the emission process,
respectively. For clarity, only dominant energy transfer processes are shown in the
proposed mechanisms.
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3. Experimental Section
3.1. Synthesis of Nd3*-Yb3*—Er®*-doped -NaYFa

YCl3 6H20 (99.999%), NdCls (99.99%), YbCls (99.998%), ErCls (99.995%), NaOH, NHaF, oleic
acid (OA), L-octadecene (ODE) and dry methanol were purchased from the Sigma-Aldrich (St. Louis,
MO, USA) company and used as raw materials without any further purification. The samples were
synthesized according to the molar composition of NaYo.7s—xYbo.2Ero.02NdxF4 (x = 0, 0.25, 0.5, 1, 1.5,
2 and 3 mol%). For the synthesis of the samples, the rare earth chlorides (containing 1 mmol rare earth
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chlorides in total) were added to the mixture of 15 mL ODE and 6 mL OA in a two-necked flask
(50 mL) and heated to 160 <T to form a transparent solution and then cooled down to room
temperature. A 10-mL methanol solution containing NaOH (0.01 g) and NH4F (0.148 g) was slowly
added into the two-necked flask and stirred for 30 min. Subsequently, the solution was slowly heated,
to remove the water, oxygen and methanol at 100 <C for 30 min, and then heated to 300 <C and
maintained for 1.5 h under argon atmosphere. After the solution cooled down naturally, samples were
collected by centrifugation and washed with ethanol three times.

3.2. Characterization

The absorption of water was measured by a UV-3101PC UV-VIS-NIR scanning spectrophotometer
(Shimadzu, Kyoto, Japan). The X-ray powder diffraction (XRD) analyses were performed on a Bruker
D8 Advance X-ray diffractometer (Billerica, MA, USA) with Cu Kqi irradiation (A = 1.54056 A).
The transmission electron microscopy (TEM) images were recorded on a JEOL JEM-1400
transmission electron microscope (Tokyo, Japan). The upconversion luminescence spectra were
recorded on a SPEX Fluorescence Spectrometer Fluordlog-3 (Jobin Yvon-Spex, Paris, France) with a
resolution of 0.02 nm, while the excitation sources used were an 808-nm and a 980-nm semiconductor
laser (BWT Beijing Ltd., Beijing, China) with a variable excitation power density range from 100 to
3300 mW/cm? and 2 to 250 mW/cm?, respectively. Transient decays at 540 nm were recorded using an
808-nm and a 980-nm Raman shifter pulsed laser and square-wave modulation of the electric current
input to the 808-nm and 980-nm diode laser, respectively, which were ultimately recorded using a
Tektronix DPO 4104 digital phosphor oscilloscope (Beaverton, OR, USA). All of the measurements
were performed at room temperature.

4. Conclusions

In this article, Nd**—Yb**—Er**-doped B-NaYFs nanocrystals with different Nd** concentrations
were synthesized, and the UC luminescence properties of the NPs have been studied under 808-nm
excitation, where water has lower absorption. All of the Nd*-Yb*—Er®*-doped UCNPs have the
hexagonal crystallization, the same as B-NaYFs, and have a uniform morphology. The average particle
sizes decrease along with the increase of Nd** concentration. The upconversion luminescence spectra
of NaYF4 nanoparticles with different dopants under 808-nm excitation proves that the Nd** ion can
absorb the photons effectively, and the Yb®* ion can play the role of an energy-transfer bridging ion
between the Nd** ion and Er®* ion. To investigate the effect of the Nd®** ion, the decay curves of the
4Sap — “lisp2 transition at 540 nm was measured and analyzed. The NaYFa: 20%Yb%, 2%Er",
0.5%Nd** nanocrystals have the highest emission intensity among all of the samples under 808-nm
excitation. It was concluded that the Nd** ion, with suitable content, has a positive contribution to the
upconversion emissions of Er®* ions. The energy back transfer from Er®* ions to Nd** ions becomes
more efficient when the Nd** concentration is more than 0.5 mol%. This was proven by the
dependence of the upconversion intensity on the concentration of Nd** ions and the decay curves of
540-nm emission under 980-nm excitation. The upconversion mechanism under 808 nm is a
two-photon process. These results make it possible to minimize the overheating effect in biological
applications by widening the wavelength of the excitation source to 808 nm. We believe that such
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luminescent UCNPs will provide a new tool for a wide variety of applications in the fields of
bioanalysis and biomedicine.
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