
Journal of Luminescence 247 (2022) 118854

Available online 2 April 2022
0022-2313/© 2022 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-
nc-nd/4.0/).

Luminescence nanothermometry via white light emission in Ho3+, Tm3+: 
Y2O3 colloidal nanocrystals 

Albenc Nexha, Maria Cinta Pujol *, Joan Josep Carvajal, Francesc Díaz, Magdalena Aguiló 
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A B S T R A C T   

Cubic Ho3+ and Tm3+ doped Y2O3 colloidal nanotriangles with lateral length sizes ~43 nm, were synthesized via 
thermal decomposition methodology. These colloidal nanocrystals, upon high power excitation at 808 nm, 
generate white light. The crystalline structure, size and shape, and the surface of the colloidal nanocrystals, were 
investigated before and after being exposed to laser excitation. Factors that might affect the generation of white 
light, such as the power of excitation source, the stability of the emission with time, and the temperature at 
which the colloidal nanocrystals were exposed, are analyzed. The white light displayed temperature-dependence 
optical properties, allowing the application of these nanocrystals as luminescent nanothermometers over a wide 
range of temperatures, from room temperature to 473 K. The relative thermal sensitivity and the temperature 
resolution of these luminescent nanothermometers are 3.38% K− 1 and 0.15 K, respectively, at 473 K, enabling to 
demonstrate a new highly sensitive mechanism for luminescence thermometry.   

1. Introduction 

White light emitters are at the core of a broad range of applications, 
including solar energy conversion technologies, lighting sources, back
light, full-color displays and biomedical imaging [1–4]. Diverse mate
rials have been reported as white light emitters, including quantum dots 
[5–8], semiconductor nanocrystals [9–11], small organic molecules 
[12–14], polymers [15–18], lanthanide complexes [19–22], and 
lanthanide doped inorganic materials [23–30]. 

Due to high luminescence efficiency and high thermal stability of the 
lanthanide materials (either embedded in a crystalline or amorphous 
host, or as part of organometallic complexes), the generation of the 
white light by these materials has attracted the curiosity of the scientific 
community. Rare earth oxides (RE2O3) portray, probably, the widest 
investigated materials to generate white light, including Y2O3 [24, 
31–34], Er2O3 [35–37], Yb2O3 [38,39], Gd2O3 [40,41], La2O3 [42], 
Sm2O3 and Tm2O3 [38], PrO2 and TbO2 [43]. In addition, RE2O3 have 
also potential for applications in bioimaging [44–46], diagnosis and 
therapy [46–48], and sensing [49–51]. 

Nevertheless, the mechanism of the generation of white light in rare 
earth materials, continues to be a subject of discussion [4]. Mechanisms 
such as photon avalanche [30,52], oxygen vacancy emission [53], 

electron-hole recombination [54], dispersive optical bistability [55,56], 
and blackbody radiation [3,43,52,57], have been proposed. However, 
there is, not yet, a general agreement on what triggers the production of 
white light in the rare earth emitters [4]. Additional factors that might 
affect the white light emission, involve parameters such as the stability 
of the white emission with time, power of the excitation source applied, 
and the temperature on which the emitting materials are exposed to 
Ref. [4]. 

We have chosen yttrium oxide based materials to investigate their 
capability as white light emitters, mainly due to their broad trans
parency range (0.2–8 μm) with a band gap of 5.6 eV, high thermal 
conductivity, high refractive index and low phonon energy, which have 
convert it, traditionally, in a suitable choice as host material for 
lanthanide ions in optical applications [58,59]. We doped these mate
rials with Ho3+ and Tm3+ ions. It is believed that dopants can facilitate 
the generation of the white light and enhance its brightness by reducing 
its thermal conductivity [60–62], besides of activating energy transfer 
processes from the doping ions to the hosts. 

If the optical properties of a material are temperature-dependent, the 
material can act as luminescent thermometer [63]. White light emitters 
do display temperature-dependence properties [23,24,64]. A broad 
band white emission, named thermal radiation (although mechanism 
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still under debate [4]), is applied to extract thermal knowledge. 
Different methods are implemented in order to measure the temperature 
via white light: direct application of the Planck’s law by a ratiometric 
method [23], adapting a ratiometric range within the wide band of the 
white light emission [24], or combining two emissions arising from two 
different mechanisms (the 4f-4f electronic transition of Nd3+ ions versus 
the broad band coming from the host [64]). 

Here, we explore the ability of highly monodispersed oleic acid 
coated cubic Ho3+ and Tm3+ doped Y2O3 colloidal nanotriangles to 
generate white light under excitation at near infrared (NIR) 808 nm 
wavelength. Factors affecting the white light emission, including the 
power of the laser applied, its stability with time, the temperature on 
which the emitters are exposed, are analyzed. Taking advantage of the 
temperature-dependent optical properties of the white light, we 
explored the possibility of using these colloidal nanotriangles for lumi
nescence nanothermometry, obtaining values of relative thermal sensi
tivity and temperature resolution of 3.38% K− 1 and 0.15 K, respectively, 
at 473 K, indicating that these materials act as highly sensitive lumi
nescent nanothermometers. 

2. Experiments 

2.1. Materials 

Yttrium acetate hydrate (Y(CH3CO2)3⋅H2O as Y(Ac)3⋅H2O, purity 
99.99%) and oleylamine (C18H35NH2, as OLAM, purity 70%) were 
purchased from Sigma Aldrich. Thulium acetate hydrate (Tm 
(CH3CO2)3⋅H2O as Tm(Ac)3⋅H2O, purity 99.99%) was purchased from 
Apollo Scientific. Holmium acetate hydrate (Ho(CH3CO2)3⋅H2O as Ho 
(Ac)3⋅H2O, purity 99.99%)), oleic acid (CH3(CH2)7CH = CH 
(CH2)7COOH, as OLAC, purity 90%), 1-octadecene (CH3(CH2)15CH =
CH2 as ODE, purity 90%), n-hexane (99%) and sodium nitrate (NaNO3, 
99%) were purchased from Alfa Aesar. Absolute ethanol (EtOH) was 
purchased from VWR Chemicals. 

2.2. Synthesis of Ho3+ and Tm3+ doped Y2O3 colloidal nanocrystals 

Thermal decomposition was applied to synthesize Ho3+ and Tm3+

doped Y2O3 colloidal nanocrystals in the shape of nanotriangles, 
following a previously reported methodology with slight modifications 
[65]. In a typical thermal decomposition synthesis of 3 mol% Ho3+ and 
5 mol% Tm3+ doped Y2O3 colloidal nanotriangles, 2.3 mmol of Y 
(Ac)3⋅H2O, 0.075 mmol of Ho(Ac)3⋅H2O, 0.125 mmol of Tm(Ac)3⋅H2O 
and 4 mmol of NaNO3, were mixed in a solution containing 25 mmol of 
OLAC, 25 mmol of OLAM and 15 mmol of ODE. The reaction mixture 
was heated to 413 K and degassed to remove residual oxygen for 0.5 h. 
After switching to nitrogen flow, the reaction temperature was increased 
to 583 K and held at this temperature for an additional 0.5 h, prior to 
letting it cool down naturally to room temperature. The nanotriangles 
were extracted by adding an excess of EtOH, followed by centrifugation 
at 5000 rpm for 10 min and redispersion in n-hexane. This purification 
cycle was repeated until the discarded supernatant was colorless. The 
final product of the reaction can be either stored as a solution by 
dispersing in an apolar solvent (n-hexane) or as powder by evaporating 
the liquid. 

2.3. Characterizations 

X-ray powder diffraction (XRPD) measurements were made using a 
Siemens D5000 diffractometer (Bragg-Brentano parafocusing geometry 
and vertical θ-θ goniometer) fitted with a curved graphite diffracted- 
beam monochromator, incident and diffracted-beam Soller slits, a 
0.06◦ receiving slit and a scintillation counter as a detector. The angular 
2θ diffraction range was set between 5 and 70◦. The data were collected 
with an angular step of 0.05◦ at 3 s per step. The sample was rotated to 
increase the statistics of the signal collected. Cu Kα radiation was ob
tained from a Copper X-ray tube operated at 40 kV and 30 mA. 

For the morphological characterization, transmission electron mi
croscopy (TEM) images were recorded using a JEOL JEM-1011 electron 
microscope operating at an accelerating voltage of 100 kV. For the 
preparation of the TEM grids, the nanocrystals were dispersed in n- 
hexane, and around 7 μL of the diluted dispersion were drop casted on 
the surface of a copper grid covered by a holey carbon film (HD200 
Copper Formvar/Carbon). 

Fourier Transform Infrared (FT-IR) spectra were recorded in the 
range of 400–4000 cm− 1 on a FT-IR IluminatIR II, Smith spectropho
tometer, to investigate the presence of the different functional groups on 
the samples to determine which surfactant species are attached onto the 
surfaces of the nanocrystals. 

The white light generated by the doped nanocrystals was recorded in 
a range from 400 nm to 2200 nm. The emission was recorded as three 
independent spectra: 400–750 nm, using a 750 nm shortpass dichroic 
filter (Thorlabs) to avoid the laser excitation; 850–1200 nm using an 
850 nm longpass dichroic filter (Thorlabs) to avoid the laser excitation; 
and 1200–2200 nm using an 850 nm longpass dichroic filter (Thorlabs). 
The first two spectra were collected using a Yokogawa AQ6373 optical 
spectrum analyzer, while the last one was recorded using a Yokogawa 
AQ6375 optical spectrum analyzer, operating in all cases with a reso
lution of 2 nm and an integration time of 1 s. The nanoparticles were 
excited by an 808 nm fiber-coupled diode laser operating at different 
powers. The laser beam was focused on the sample using a 20× mi
croscope objective (numerical aperture N.A = 0.4), generating a spot of 
approximately 10− 6 m in diameter on the sample. To record the 
temperature-dependence of the spectra, the setup was the same, except 
that the nanocrystals were introduced inside a heating stage (Linkam, 
THMS 600) equipped with a boron disk for improved temperature 
distribution. 

Fig. 1. Emission generated by the Ho3+, Tm3+:Y2O3 nanotriangles in the 
400–2200 nm spectral range, after excitation at 808 nm with a power of 0.6 W. 
The inset displays a picture of the white light generated. The different intervals 
of collection of the spectrum are marked, SP stands for shortpass filter, and LP 
for longpass filter used to avoid the excitation laser signal. The signals arising 
from the laser (around 800 nm and 1600 nm) are removed. The detector change 
from Yokogawa AQ6373 (operating between 400 nm and 1200 nm) to Yoko
gawa AQ6375 (operating between 1250 and 2400 nm) is also removed (the 
break in between 1200 and 1250 nm). 
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3. Results and discussion 

3.1. White light generated by Ho3+ and Tm3+ doped Y2O3 colloidal 
nanocrystals 

3 mol% Ho3+, 5 mol% Tm3+ doped Y2O3 (hereafter Ho3+,Tm3+: 
Y2O3) colloidal nanotriangles, in powder form, were excited at 808 nm 
using laser power ranging from 0.6 to 1 W. This doping ratio was 
selected due to their brighter emissions for Ho3+ and Tm3+ ions in the 
NIR region, compared to other ratios, as previously described [66]. 
Excitation with the 808 nm laser generated white light emission in these 
nanocrystals. We noted that in the absence of these lanthanide ions, or 
via excitation with 980 nm laser source, we could not observe the gen
eration of white light, hence these ions play a crucial role on triggering 
the white light. It is accepted that the white light emission is not specific 
to any oxide matrix, but is regarded rather as a general process as long as 
the NIR laser can be efficiently absorbed [4]. To that end, Tm3+ ions can 
efficiently absorb 808 nm laser source [66–68]. 

We recorded the emission over a wide range of wavelengths from 
400 nm to 2200 nm but avoiding the signal of the 808 nm laser source 
with the corresponding filters. For that, we split the collection range into 
three intervals: 400–750 nm (with a 750 nm shortpass dichroic filter), 
850–1200 nm (with an 850 nm longpass dichroic filter), and 1200–2200 
nm (with an 850 nm longpass dichroic filter). The collected signals, after 
excitation with a power of 0.6 W (power density ~400 W cm− 2), were 
combined to identify the shape of the white light emission. Results, 
summarized in Fig. 1, reveal the shape of the white emission through all 
the 400 nm–2200 nm range. The emission spectra of the nanocrystals 
display a very broad band extending from the visible to the near infrared 
spectral regions. The inset in Fig. 1 illustrates a picture of the white light 
emission obtained, revealing its high brightness. In general, the spectral 
shape of the emission consists of a broad unstructured band that increase 
monotonically, notably in the visible range interval from 400 to 750 nm 
(Fig. 1). The second interval from 850 to 1200 nm displays a constant 

intensity of the light. The last interval, from 1200 to 2200 nm displays a 
decreasing profile of the white emission. 

We should stress that to trigger the generation of white light and 
keep it stable, the nanocrystals have to be exposed to high laser powers 
(threshold power of 0.6 W or power density ~400 W cm− 2), and a 
temperature of around 313 K. After these pretreatments, the white light 
remains stable through time. Taking into account the pretreatments we 
have to apply, it seems that the mechanism after the generation of white 
light in Ho3+,Tm3+:Y2O3 nanotriangles resembles that of the thermal 
radiation [4]. Nevertheless, as stated above, a wide variety of mecha
nisms have been proposed [3,30,43,52–57], and this topic is still under 
debate [4]. 

Given the high intensity of the emission generated within the visible 
region and the fact most of the applications for these white light emitters 
take profit only of the emissions located in this region [1–4], we focused 
our attention on this spectral region. Hence, within the 400–750 nm 
range, we investigated the effect of several factors, such as the stability 
with time, the power of the excitation source, and the temperature at 
which the nanocrystals were exposed, on the generated white light 
emission. Concerning the stability of the spectrum with time, the white 
light generated by Ho3+,Tm3+:Y2O3 nanotriangles after 1, 3 and 7 days, 
recorded at an excitation power of 0.6 W, remains unchanged (Fig. 2 
(a)), implying highly stable white light emission. Next, we observed the 
effect of the power of the 808 nm laser excitation source on the intensity 
of the white light. The power of the laser was increased from 0.6 W to 1 
W (Fig. 2 (b)). Results indicated that it exists a proportional relationship 
between the emission intensity and the laser power applied (Fig. 2 (c)). 
In addition, we tested the stability of the white light emission by drop
ping the power of the laser back to 0.6 W at the end of the experiment 
and recording again the emission (labelled as 0.6 W (2) in Fig. 2 (b) and 
(c) to distinguish it from the one labelled as 0.6 W (1) recorded at the 
beginning of the experiment). The data show clearly that the shape 
(Fig. 2 (b)) and the intensity ((Fig. 2 (c)) of the emission matches the one 
recorded at the beginning of the experiment with the same power. 

Fig. 2. The effect of: (a) time, power of the excitation source (b) on the shape of the spectra, and (c) on the intensity, and (d) temperature at which the nanocrystals 
were exposed, on the white light emission. Numbers (1) and (2) within (b) and (c) stand for the emissions recorded with a 0.6 W excitation power at the beginning 
and at the end of experiment after reaching 1 W. 
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Last, to analyze the temperature-dependence of the white light 
emission, the colloidal nanocrystals were introduced in a heating stage 
to control the temperature in the range from 313 K to 473 K. It is 
generally accepted that the emissions rising from rare earth doped 
particles are temperature-dependent [66–71], regardless of their oper
ating range [63]. We observed that above 473 K, the white light emis
sion was ceased. Hence, upon excitation at 808 nm with 1 W to 
maximize the intensity of the white light emission, we recorded the 
evolution of the spectra over the 400–800 nm range. Results, presented 
in Fig. 2 (c) indicate a clear decrease of the intensity of the white light, 
with a more pronounced effect above 423 K. The important dependence 
of the intensity of the white light emission with the temperature, 
allowed us to explore the possibility of using this emission for lumi
nescence nanothermometry applications. 

3.2. Luminescent nanothermometry with white light emission 

To explore the application as luminescent nanothermometers of the 
white light emission arising from these nanotriangles in the visible, we 
selected three specific wavelengths in RGB (red-green-blue) region 
within the temperature range from 313 K to 473 K. Hence, we defined 
the blue wavelength at 475 nm, the green wavelength at 535 nm, and 
the red wavelength at 660 nm (Fig. 3 (a)). This strategy would allow us, 
in the future, to implement a RGB digital color sensor to develop fast, 

compact, low-cost and non-invasive temperature nanosensors, as we 
reported previously for other less efficient lanthanide doped lumines
cent nanoparticles with emissions in the different RGB spectral regions 
[72]. 

It can be observed in Fig. 3 (b) that as the temperature increases, the 
emission intensity in the red region decreased faster than in the other 
two regions. From its side, the emission intensity in the green region also 
decreased faster than in the blue region, although not as fast as the 
emission intensity in the red region. Last, the emission intensity in the 
blue region exhibits the smallest change with the temperature (Fig. 3 
(b)). Thus, these characteristics indicates that we can develop a lumi
nescent thermometer by calculating the intensity ratio of each particular 
wavelength as a function of temperature. We discarded the option of a 
ratiometric methodology as the white light emission arising from these 
nanotriangles is continuous, in which the intensity of different spectral 
regions decreases all together. 

According to that, we analyzed the evolution of the intensity, Δ, 
normalized to the intensity at the initial temperature (313 K). The data 
included in Fig. 3 (c), display the temperature-dependence of the 
normalized intensity. Within the temperature range explored, the in
tensity continuously decreased as the temperature increased. As done 
previously in the literature [24], we applied a phenomenological fitting 
model to describe this variation, using a third-order polynomial fitting 
model (R2 values above 0.99) for the interval from room temperature to 

Fig. 3. (a) Temperature-dependence of the spectra 
and selection of the blue (475 nm), green (535 nm) 
and red (660 nm) wavelengths of the white light 
emission. Effect of the temperature in: (b) the in
tensity of the red, green and blue wavelengths, (c) 
normalized intensity evolution vs. temperature for 
the selected wavelengths (scattered points are 
experimental data and lines are fitting lines according 
to Equation 1), (d) absolute thermal sensitivity Sabs, 
(e) relative thermal sensitivity Srel, and (f) tempera
ture resolution δT. (For interpretation of the refer
ences to color in this figure legend, the reader is 
referred to the Web version of this article.)   
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473 K. For this model, an equation of the following form was applied: 

Δ=A + A1T + A2T2 + A3T3 (1)  

where A, A1, A2 and A3 are constants to be determined from the fitting, 
and T stands for the absolute temperature. Having established the fitting 
equation, now we can analyze the thermometric performance of these 
nanocrystals by evaluating their absolute and relative thermal sensi
tivities, and their temperature resolution. 

The absolute sensitivity would allow us to compare the performance 

of the three different luminescent nanothermometers we propose in this 
paper, since their temperature-dependence emission properties are 
recorded under the same conditions. It is defined as the first derivative of 
the intensity ratio [73]: 

Sabs =
∂Δ
∂T

(2) 

Using Eq. (1) that describes the evolution of intensity with temper
ature, we can determine the absolute sensitivity of the white light 
generated by these doped nanocrystals, as follows: 

Sabs = A1 + 2A2T + 3A3T2 (3) 

On the other hand, the relative thermal sensitivity, used normally as 
a figure of merit to compare the performance of different thermometers, 
expresses the maximum change in the intensity ratio for each temper
ature degree and it is defined as [69]: 

Srel =
1
Δ

∂Δ
∂T

x 100% (4) 

This relative thermal sensitivity for our particular case is: 

Srel =
A1 + 2A2T + 3A3T2

A + A1T + A2T2 + A3T3 x100% (5) 

And finally, the temperature resolution, defined as the smallest 
temperature change that can be resolved in a given measurement, is 
another parameter that can determine the thermometric performance of 
a thermometer, expressed as [69]: 

δT =
1

Srel

δΔ
Δ

(6)  

where δΔ
Δ stands for the uncertainty in the determination of the intensity 

ratio (0.5% in the common situations [69]). Hence, the smallest the 
value of δT, the better the thermometric performance of a thermometer. 

Having determined the equations for Sabs, Srel and δT, now we can 
compare the thermometric performance of Ho3+,Tm3+:Y2O3 nano
triangles as a function of the particular wavelengths (blue, green and 
red) selected. The thermometric performance of these colloidal nano
crystals based on the third-order polynomial fitting model, as shown in 
Fig. 3 (c)–(e), reveals that the performance of the luminescent nano
thermometer based on the red wavelength (in terms of Srel and δT) is 
higher compared to the other two. 

Concerning Srel, the use of the red wavelength allows to have a higher 
sensitivity, 3.38% K− 1 (Fig. 3 (e)), bigger than the ones that one can get 
by using the blue (0.41% K− 1), and green (2.38% K− 1) wavelengths at 
high temperature (473 K). δT evolution with the temperature, presented 
in Fig. 3 (f), emphasizes that the use of the red wavelength allows 
sensing temperature changes with more precision than by using the blue 
and green wavelengths. 

The performance of Ho3+, Tm3+:Y2O3 colloidal nanocrystals as white 
light temperature sensors can be compared with other nano/micro 
materials operating via the principle of the white emissions or other 
types of luminescent thermometers operating in the visible region 
(Fig. 4). We are using for the comparison the maximum relative thermal 
sensitivity obtained by using the red wavelength in our work. Compared 
to other white light thermal sensors (all in gold line in Fig. 4) based on 
the blackbody radiation generated by the material when it is heated 
above a particular temperature, the performance of Ho3+,Tm3+:Y2O3 
nanocrystals is higher compared to other RE2O3 such as Er3+,Yb3+

doped Y2O3 particles [24], or Er3+, Yb3+ doped Gd2O3 combined with 
Au NPs [23]. 

In materials such as transparent Nd3+ doped-oxyfluorotellurite 
(TZPN) glass host matrix [64], the performance of which was deter
mined by the intensity ratio of the emission of the glass matrix (located 
at around 1480–1500 nm) and the emission of Nd3+ ions (located at 
around 1050–1070 nm), Srel is up to 2-fold higher compared to our Ho3+, 

Fig. 4. Variation of the relative thermal sensitivity with the temperature for 
white light emitters (in gold thick line and shape of a triangle, are depicted the 
Ho3+, Tm3+:Y2O3 colloidal nanocrystals), green light emitters (in green lines) 
and other types of rare earth based thermometers operating in the visible region 
(in red lines). Numbers stand for the corresponding references. (For interpre
tation of the references to color in this figure legend, the reader is referred to 
the Web version of this article.) 

Fig. 5. XRPD patterns of Ho3+, Tm3+:Y2O3 colloidal nanocrystals, as synthe
sized (strong gold line), after only heating the nanocrystals (medium gold line) 
and after the white light experiments (faded gold line). The reference pattern of 
cubic Y2O3 (PDF card 25–1200) is included for comparison. The sketches within 
the figures stand for the shape of the particles. (For interpretation of the ref
erences to color in this figure legend, the reader is referred to the Web version 
of this article.) 
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Tm3+ doped Y2O3 nanocrystals (Fig. 4). Nevertheless, a key advantage of 
Ho3+, Tm3+:Y2O3 is the fact that it operates through a large temperature 
range, including as well the physiological one (310–473 K), whereas for 
the Nd3+ ion embedded in TZPN glass, operates in high temperatures 
above 473 K. In addition, the maximum sensitivity for Nd3+ ion 
embedded in TZPN, is reached at around 493 K, while as the tempera
ture increases beyond 493 K, sensitivity continuously decreases, con
trary to the example of Ho3+, Tm3+ doped Y2O3 nanotriangles (Fig. 4). 
But the real advantage in our case is that we do not need to heat the 
material above a particular temperature to generate this white light, but 
we are generating it already at room temperature. Then, in the previous 
works reported in the literature, the white light was an artifact that af
fects to the reading mechanism used for lower temperatures (normally 
the luminescence intensity ratio between two emission peaks generated 
by the active lanthanide ion), and it has to be adapted to use these 
luminescent materials as luminescent thermometers at higher temper
atures. Instead, in our case, this is the first time that white light gener
ated at room temperature, and its variation as the temperature increases 
is used to determine temperature by luminescence means. 

The performance of Ho3+, Tm3+ doped Y2O3 can be compared also 
with other Er3+ green emissions-based thermometers (all in green color 
in Fig. 4). Clearly, the performance of our white light emitters is 

approximately 3-fold higher compared with those, including Er3+, Yb3+

embedded in GdVO4 [74], NaY(WO4)2 [75], Gd6O5F8 [76], or La2Ti2O7 
[77]. In addition, it can be extracted from Fig. 4 that the performance of 
Ho3+, Tm3+:Y2O3 luminescent nanothermometers is higher compared to 
other green emitting Er3+, Yb3+ doped in rare earth oxides (Y2O3 [78], 
Gd2O3 [79],or La2O3 [80]). The performance of other rare earth doped 
materials operating in the visible region (all in red color in Fig. 4) are 
relatively lower compared to Ho3+, Tm3+ doped Y2O3 white thermal 
sensors. Srel of these other materials, such as red emitters based on Eu3+

doped Y2O3 [81], or different Tm3+ based thermometers including sin
gle (Tm,Yb:Sr2GdF7 [82]) or dual emitting centers (Ho3+, Tm3+:KLu 
(WO4)2 [67], or Tm3+, Er3+, Yb3+:NaLuF4 [83]), is in the range of 2% 
K− 1 (Fig. 4). From the comparison of all these data, it can be concluded 
that our white light emitters clearly portray luminescent thermometers 
with a high relative thermal sensitivity, which may inspire investigating 
potential application for these temperature sensors. 

3.3. Characterization of Ho3+ and Tm3+ doped Y2O3 colloidal 
nanocrystals 

We investigated the crystalline structure, the morphological char
acteristics (size and shape) and the functional groups attached to the 

Fig. 6. TEM images and lognormal size distribution of the lateral length of Ho3+, Tm3+:Y2O3 nanocrystals: (a) and (d) as-synthesized; (b) and (e) after only heating 
the nanocrystals; (c) and (f) after the white light generation experiments. The sketches within the figures stand for the shape of the particles whereas the arrows in the 
size distribution graphs portray the parameter considered to determine their lengths. 
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surface of the Ho3+, Tm3+:Y2O3 colloidal nanocrystals, before and after 
generation of the white light. In addition, in order to distinguish if the 
observed effects are due to the laser exposure or the heating process, we 
mimicked the white light nanothermometric experiments, by exposing 
the colloidal nanocrystals in a heating plate for the same amount of time. 
The XRPD pattern of the as-synthesized nanocrystals by the thermal 
decomposition methodology display broad diffraction peaks, indicating 
poor crystallinity (Fig. 5, strong gold line). Nevertheless, some sharper 
peaks are detected, as well, that might be related to preferential growth 
orientations, as previously discussed [65].The pattern matched with the 
cubic crystalline structure of Y2O3 with space group Ia 3, with a slight 
shifting of the position of the diffraction peaks towards lower angles 
when compared to the reference pattern, as previously reported [65]. 

After the white light generation experiments, the data reveal that the 
crystallinity of the sample has improved (Fig. 5, strongly faded gold 
line), since the diffraction peaks appear sharper. Different new sharp 
peaks start to appear, mainly at the positions corresponding to the (222) 
and (440) planes, whereas the intensity of the (221), (400) and (622) 
peaks increased slightly. We presume that because of the high laser 
powers applied (a necessary condition for the white light generation), 
the heat provided to the sample lead to an improved degree of crystal
linity. In previous examples of white light emitting Y2O3 particles re
ported in the literature [24,31–34], such structural investigation after 
the generation of the white light has not been conducted. 

Finally, when the nanotriangles where exposed only to heat treat
ment, the crystalline pattern did not display any significant changes 
(Fig. 5, medium faded gold line). Logically, the XRPD pattern after heat 
treatment are expected to be similar with the one of the as-synthesized 
nanotriangles, since neither the organic surfactant that is coating the 
particles (oleic acid) cannot be removed at this temperature (the melting 
point is above 630 K) and either the host material Y2O3 exhibits any 
structural transformation within the room temperature to 473 K interval 
[84]. Hence, these clarifies that the main reason why the change of the 
crystalline profile is assigned to the laser exposure. 

The size and shape of the colloidal nanocrystals were analyzed via 
TEM. Ho3+,Tm3+:Y2O3 particles prepared by the thermal decomposition 
methodology display a triangular morphology (Fig. 6 (a)). Their average 
length size is ~43 ± 13 nm (Fig. 6 (d)), deduced after analyzing over 
100 nanocrystals through the ImageJ software. The size and shape of the 
same particles exposed only to the heating treatment, does not exhibit 

any change in shape (Fig. 6 (b)), and the size of these particles is in the 
same range, although slightly larger (~46 ± 12 nm, Fig. 6 (e)), 
compared to the as the as-synthesized ones. After the white light gen
eration experiments, the triangular shape of the particles is preserved 
(Fig. 6 (c)). On the other hand, it seems that their sizes are increased up 
to ~48 ± 15 nm (Fig. 6 (f)). Nevertheless, this difference is relatively 
small, and it is within the error of the measurement. 

Finally, we recorded infrared spectra of these nanocrystals via FTIR 
spectroscopy, with the goal to study the presence of the coating organic 
surfactants on their surfaces. FTIR data, summarized in Fig. 7, demon
strate that there are no changes in the nanocrystals before (strong gold 
line), only during heating (faded gold line) or after the white light 
generation (strongly faded gold line) experiments, and that they are in 
all trails coated with oleic acid moieties. The absence of the typical 
vibrational bands of OLAC and OLAM such as the ν (C––O) stretching 
band located at 1710 cm− 1 and the bending δ (NH2) band located at 
1595 cm− 1, and the presence of bands located at 1580 cm− 1, 1510 cm− 1 

and 1435 cm− 1, ascribed to the antisymmetric and symmetric stretching 
vibrations of the deprotonated carboxylic group (COO− ), respectively, 
indicate that the OLAC molecules were deprotonated and transformed 
into carboxylate anions, catalyzed by OLAM [85–87]. An additional 
observation that confirms that the nanocrystals after the white light 
generation experiments are coated with organic surfactant is their 
ability to be dispersed in apolar solvents, such as n-hexane. 

4. Conclusions 

In summary, we have reported the generation of white light emission 
from highly monodisperse oleic acid coated Ho3+, Tm3+ doped Y2O3 
colloidal nanotriangles, synthesized by thermal decomposition. We 
investigated different factors affecting the generation of white light 
emission, including the stability of the spectrum with time, the power of 
the laser applied, and the temperature at which the nanocrystals were 
exposed. Since the intensity of the emission of these Ho3+,Tm3+:Y2O3 
nanocrystals in the visible regime is highly dependent on the tempera
ture, we explored their potential applicability as luminescent ther
mometers. These nanothermometers are highly sensitive to the change 
of temperature, exhibit high values of the relative thermal sensitivity 
(3.38% K− 1) and temperature resolution (0.15 K) at high temperatures 
(473 K), within the wavelength range from 400 to 750 nm. Finally, the 
effects of the high laser powers used for the excitation of these nano
particles to generate white light on their crystalline structure, size, 
shape, and ligands attached to their surfaces have been analyzed. 
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