
This is an Accepted Manuscript, which has been through the 
Royal Society of Chemistry peer review process and has been 
accepted for publication.

Accepted Manuscripts are published online shortly after 
acceptance, before technical editing, formatting and proof reading. 
Using this free service, authors can make their results available 
to the community, in citable form, before we publish the edited 
article. We will replace this Accepted Manuscript with the edited 
and formatted Advance Article as soon as it is available.

You can find more information about Accepted Manuscripts in the 
Information for Authors.

Please note that technical editing may introduce minor changes 
to the text and/or graphics, which may alter content. The journal’s 
standard Terms & Conditions and the Ethical guidelines still 
apply. In no event shall the Royal Society of Chemistry be held 
responsible for any errors or omissions in this Accepted Manuscript 
or any consequences arising from the use of any information it 
contains. 

Accepted Manuscript

www.rsc.org/crystengcomm

CrystEngComm

http://www.rsc.org/Publishing/Journals/guidelines/AuthorGuidelines/JournalPolicy/accepted_manuscripts.asp
http://www.rsc.org/help/termsconditions.asp
http://www.rsc.org/publishing/journals/guidelines/


Crystengcomm 

Cite this: DOI: 10.1039/c0xx00000x 

www.rsc.org/xxxxxx 

Dynamic Article Links ►

ARTICLE TYPE
 

This journal is © The Royal Society of Chemistry [year] [journal], [year], [vol], 00–00  |  1 

Synthesis of NaYF4: Yb-Tm thin film with strong NIR photon up-

conversion photoluminescence using electro-deposition method 

Hong Jia,
a
 Cheng Xu,

 a
 Juecheng Wang,

a
 Ping Chen,

 a
 Xiaofeng Liu,*

a
 and Jianrong Qiu,*

 a b
 

Received (in XXX, XXX) Xth XXXXXXXXX 20XX, Accepted Xth XXXXXXXXX 20XX 

DOI: 10.1039/b000000x 5 

Rare earth doped fluorides with strong up-conversion (UC) luminescence have attracted growing attention due to their 
potential applications in photonics and biological areas. However, current techniques to process these fluorides into thin 
films have not been sufficiently developed. Here, we report for the first time the preparation of NaYF4 thin film doped with 
Yb3+, Tm3+ by electro-deposition and subsequent annealing. The as-deposited thin films were characterized by X-ray 
diffraction, scanning electron microscopy, thermogravimetry, differential thermal analysis and photoluminescence. Under 10 

the excitation by a near infrared laser diode at 980nm, the transparent NaYF4: Yb-Tm thin film exhibits bright visible 
upconversion luminescence from Tm3+ as a result of energy transfer from Yb3+. The results demonstrate that the electro-
deposition process provides a facile access to UC fluoride thin films which may have applications in photovoltaic devices. 
 

1 Introduction 15 

Up-conversion (UC) by nanoparticles or glass materials doped 
with rare-earth (RE) ions, such as Tm3+, Er3+, Ho3+, Nd3+, and 
Pr3+, have numerous potential applications, including biological 
labels, photovoltaic degradation, photodynamic therapy, three-
dimensional displays, and UC lasers [1-13]. These applications 20 

reply on the efficient synthetic procedures that process the UC 
materials into different forms, such as nanoparticles and thin 
films. Thin UC films are usually required when they are applied 
as spectral converters in photovoltaic cells to capture sub-
bandgap solar radiation [14-16], multilayer optical storage disks 25 

[17], and luminescent screens for optically written displays [18]. 
Up to now, different UC thin films made from RE activated 
fluorides [19, 20] or Oxides [21] have been prepared by Sol-gel 
method or spin-coating process. In Sol-gel process, a post-
deposition heat treatment is often applied to reduce the 30 

concentration of quencher -OH; while for spin-coating the film 
quality is usually jeopardized by the poor adhesion between the 
film and the substrate. In addition to these wet-chemistry route, 
oxide UC films was also accessed by Pulsed Laser deposition 
(PLD) [22, 23], which however is a complex technique of 35 

relatively high cost.  
NaYF4, a host of low phonon energy, is considered to be one of 

the most efficient UC luminescence host material reported to date 
[24-26]. However, as it contains fluorine, common methods such 
as chemical vapor deposition (CVD), PLD, atomic layer 40 

deposition (ALD), magnetron sputtering, and spray pyrolysis, are 
not suitable for the preparation of NaYF4 film. In this work, the 
NaYF4 thin film doped with Yb3+, Tm3+ is prepared by electro-
deposition for the first time. For the preparation of NaYF4 thin 
film, the electro-deposition are simple and cost-efficient and it 45 

shows several advantages compared to contemporary process, 
such as the relatively easy casting of large high-quality sample 

onto planar or curves surfaces, and excellent adhesion between 
film and substrate. The NaYF4:Yb-Tm thin films were 
characterized with X-ray diffraction (XRD), thermogravimetry 50 

(TG), differential thermal analysis (DTA) and scanning electron 
microscopy (SEM). Under the 980 nm laser diode, visible UC 
emission was observed from the films, and the related 
mechanisms were discussed. 

2 Experimental section 55 

Y(NO3)3, Yb(NO3)3 and Tm(NO3)3 (99.99%) were dissolved in 
deionized water respectively to get a concentration of 0.1 M for 
each solutions. These solutions were mixed with a volume ratio 
of V[Y(NO3)3]: V[Yb(NO3)3]: V[Er(NO3)3]=78: 20: 2, then the 
same volume of 0.2 M EDTA, 0.5 M sodium ascorbate were 60 

added into the mixed solution, forming the stable M-EDTA 
(M=Y, Yb, Tm) complex. Finally, 0.4 M NH4F was added to the 
above solution and the pH of mixture solution was adjusted to 6.6 
by 0.1 M NaOH. The solution was used as the precursors for 
electro-deposition afterwards. All samples were electro-deposited 65 

in a conventional three-electrode cell, in which an indium tin 
oxide coated glass (sheet resistance: 20 Ω/□, purchased from 
Xiangcity Technology Ltd), a platinum foil and 
Ag/AgCl/saturated KCl was used as working, counter and 
reference electrode, respectively. Each sample was deposited at 70 

60 °C for 40 min under the applied potential of 1.2 V (vs 
Ag/AgCl/saturated KCl). After the deposition, all the samples 
were cleaned and dried in air at 60 °C for 2 h, and then annealed 
at various temperatures (300 °C, 400 °C , 500 °C, 560 °C, 680 °C 
) for 2.5 h in nitrogen. 75 

The crystal structures of all the samples were studied by X-ray 
diffraction (XRD) with a RIGAKU D/MAX 2550/PC system 
operated at a step size of 0.02°at a scanning speed of 5°min-1 

using Cu Kα radiation (λ=1.5406 Å). Thermogravimetry (TG) and 
Differential thermal analysis (DTA) were carried out on the 80 
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TGA7 and DTA7 (Perkin Elmer Co. Ltd., USA) of the Perkin 
Elmer at a heating rate of 10°C/min. Scanning electron 
microscope (SEM) images were taken using a Hitachi S-4800 
scanning electron microscope. The UV-Vis diffuse reflectance 
spectra of the films were measured at room temperature on a 5 

Hitachi-4100 spectrophotometer. The UC luminescence of the 
samples was investigated using a FLS920 fluorescence 
spectrophotometer (Edinburgh Instrument Ltd., U. K.).  

3 Results and discussion 

3.1 Electrochemical reactions to NaYF4 10 

 

 
Figure 1. (a) the relation between current and the deposit time, (b) 
The relation between pH-value of the solution and the deposit 
time  15 

In electrochemical process, different reduction oxidation 
reactions are generally involved at different electrodes where the 
target materials are formed. For the electro-deposition process 
described here, the formation of NaYF4: Yb-Tm thin film was 
associated with the following equations: 20 

3 3
M EDTA M EDTA

+ +
+ → −                                             (1) 

6 7 6 6 6 6
C H O C H O H e

− +
→ + +                                               (2) 

3 3 3x

x
M EDTA xH H EDTA M

+ + − +
− + → +                    (3) 

3

4
4M Na F NaMF

+ + −
+ + → ↓                                                         (4)  

In the equations, the metal ion (M) is the Y, Yb, or Tm, and 25 

C6H7O6
- is sodium ascorbate. Under a positive applied voltage, 

H+ ions are released by the electrochemical oxidation of ascorbate 
anion and then reduced the pH of the solution at the surface of the 
working electrode; afterwards M3+ are solvated from the M3+-
EDTA complex. It has to be noted here that lanthanide-EDTA 30 

complexes are stable only at high pH-values (pH > 5) in the 
electrolyte solution [27-29]. At the electrode surface, however, as 
protons are continuously solvated the pH-value of the nearby 
solution can be much lower than that of the bulk (given in Fig. 1), 
such that M3+-EDTA complex only dissociate around the 35 

electrode, i.e., ITO substrate.  In the final step, M3+ and Na+ react 
with F- ions near the electrode surface, resulting in the deposition 
of NaYF4: Yb-Tm particles onto the ITO substrate. Figure 1(a) 
shows that the deposition current decreases rapidly in the first 
250 s and afterwards tends to stabilize, which is in consistence 40 

with the change of pH of electrolyte solution (Figure 1b). This 
result indicates that electro-deposition is closely related with the 
electron transfer process at the electrode surface. The formation 

of NaMF4 finally occurs via the solvation of M3+ from the M3+-
EDTA complex. During further deposition, the growth in 45 

thickness of the as-formed NaMF4 film is retarded as fluoride is 
not conductive, such that the reaction slows down and the current 
decreases.   
 
3.2 Characterization of the NaYF4 films 50 

 
Figure 2. (a) TG and DTA curves of NaYF4: Yb-Tm thin film 
precursor, (b) X-ray diffractions patterns for samples before and 
after annealing at different temperature. 
Figure 2(a) shows the TG–DTA curves of the as-deposited 55 

NaYF4: Yb-Tm thin film during heating from room temperature 
to 800 oC. An endothermic reaction starting from 94 oC and 
peaking at 135 oC was observed. The mass loss of 4.0% at 135 oC 

corresponds to the loss of the absorbed water on the film surface. 
No obvious mass loss was observed above 250 oC. Figure 2(b) 60 

shows the film XRD patterns of NaYF4: 20%Yb-2%Tm films as 
a function of annealing temperature from 300 °C to 680 °C. In the 
as-prepared film, the XRD can be indexed to the pure cubic phase 
of NaYF4 (JCPDS card No. 06-0342), and no other phase can be 
identified after annealing at 300 oC, 550 oC, 560 oC and 680 oC. 65 

The crystalline size as calculated from Scherrer equation 
increases from 152 nm (300 oC) to 188 nm (560 oC) due to 
temperature driven crystal growth for the fluoride particles. 
However, for the sample annealed at 680 oC diffraction intensities 
become smaller suggesting that the crystals of the NaYF4 tends to 70 

collapse. This result may relate with the chemical instabilities of 
fluoride on the ITO substrate at high temperature, or possibly due 
to the sublimation of the metal fluoride. 

 
Figure 3. (a) The absorbance of the transparent film after 75 

annealing at 560 oC for 2.5 h (the insert picture a is the 
transmittance of the annealed film), (b) the absorbance of the as-
deposited transparent film (the insert picture b is the 
transmittance of as-deposited transparent film) 

(a) (b) 

Page 2 of 6CrystEngComm

C
ry

st
E

ng
C

om
m

A
cc

ep
te

d
M

an
us

cr
ip

t



 

This journal is © The Royal Society of Chemistry [year] Journal Name, [year], [vol], 00–00  |  3 

The thin films deposited on ITO before and after annealing still 
exhibits satisfactory transparency. Figure 3 presents the 
absorption curves of the electro-deposited fluoride films. 
Compared with the annealed samples, the as-deposited film 
(without annealing) shows better transparency especially at 5 

shorter wavelength. This difference in transparency reflects the 
effect of annealing on the microstructures of the thin films. Due 
to increased scattering loss by the larger particles, the annealed 
films become slightly translucent, as can be seen from the digital 
pictures.  10 

 
Figure 4. SEM of transparent thin films before and after 
annealing: (a) SEM image of a cross-section of the as-deposited 
transparent film, (b) SEM image of the as-deposited film, (c) 
SEM image of a cross-section obtain from a film after annealing 15 

at 560 oC for 2.5 h, (d) SEM image of the film after annealing at 
560 oC for 2.5 h. (e) SEM image of a cross-section obtain from a 
transparent film after annealing at 680 oC for 2.5 h, (f) SEM 
image of the film after annealing at 680 oC for 2.5 h. 
The SEM images of the thin films before and after annealing are 20 

shown in Figure 4. From the cross- section image given in Figure 
3a, the film before annealing has a thickness of around 900 nm, 
and it consists of densely packed spherical particles of the size 
around 500±200 nm. Fig. 4c and 4d is the cross-section and 
surface SEM images of the NaYF4: 20%Yb-2%Tm film after 25 

annealing at 560 oC for 2.5 h. The film shows similar surface 
morphologies with regular orientation and ordered array of 
spheres. In addition, the thickness of the film is not changed with 
the increase in annealing temperature, while the surfaces of 
particles in the thin film become smooth as a result of crystal 30 

growth. At high temperature (680 oC), the NaYF4 particles seem 
unstable. As can be seen from Figure 4e and 3f, the spherical 
particles are all fused together and the initial morphology 
completely collapsed, which is also reflected by the weakening of 
the XRD intensity as shown in Figure 2b. This structural change 35 

may arise from the reaction of the deposited with the substrate 
glass or due to the sublimation of fluoride. The exact mechanism 
remains to be examined in more detail.  
3.3 Up-Conversion Photoluminescence Properties 

With the excitation by a 980 nm LD, UC emission was observed 40 

from the film (NaYF4: 20%Yb-2%Tm) annealed at different 
temperature for 2.5 h (Figure 5a). Three UC emission bands are 

clearly resolved. Blue emission bands observed from 486 nm are 
associated with the 1G4→

3H6 transitions, while red bands peaking 
at 655 nm are associated with the 1G4→

3F4 transition. The 45 

strongest and sharp peak at 797 nm matches with the 3H4→
3H6 

transitions of the Tm3+. The difference between the emission 
intensity is because 3H4 state excited process is populated via two 
excitation photons, which has higher transition probability than 
the three-photon excited state 1G4 (denoted in figure 5c and 5d). 50 

Although the UC emission at 797 nm is invisible to naked eye, a 
brightly visible blue UC emission can be clearly observed by 
naked eye.  
The films without annealing or annealing at different 
temperatures show similar UC emission bands. The UC emission 55 

intensity of the films increases with the annealing temperature 
from 300 to 560 oC, and then decreases at higher annealing 
temperature. The increase in UC can be obviously associated to 
the improvement in crystallinity of the films at high annealing 
temperatures. However, at 680 oC the particles in the film 60 

collapse possibly due to sublimation or reaction with the substrate, 
as found by the above structural analysis, as a result the UC 
emission was reduced. 

 
Figure 5. (a) and (b) UC emission spectra from the NaYF4: Yb-65 

Tm thin films before and after annealing at different temperature 
for 2.5 h, (c) Power dependence of UC intensity of the NaYF4: 
Yb-Tm thin film doped with 20%Yb, 2%Tm measured at 486, 
655 and 797 nm, respectively, (d) Proposed energy transfer 
mechanisms under 980 nm LD excitation in the NaYF4: 20%Yb-70 

2%Tm thin film. 
It is well known that the dependence of UC intensity on pump 
power is essential for identification of the UC mechanism. For 
any UC process, the relationship between the intensity (I) and the 
pump power (p) is approximately expressed by the following 75 

equation: 
n

I P∞                                                     (5) 
Where the number of pumping photons (n) required to exciting 
ions from the ground state to the emitting state can be determined 
from the slope of the photoluminescence (PL) versus the laser 80 

excitation power in a log-log plot. The dependence of UC 
luminescence intensity of the NaYF4: 20%Yb-2%Tm thin film 
upon pump power is shown in Figure 5c. The double logarithmic 
plot of the measured intensity of emission at 486 nm, 655 nm and 
797 nm versus the pump power yields three straight lines with 85 

(a) 

(c) 

(b) 

(d) 

(b) 

(d) 

(f) 

(c) 

(e) 

(a) 
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slope of 2.8, 2.2, and 1.5, respectively, illustrating the 797 nm 
emission is generated by two excitation photons while the 655 nm 
and 486 nm emission with three-photons excitation. The energy 
level diagrams of the Yb3+-Tm3+ ions as well as the energy 
transitions mechanism are shown in Figure 5d. Since Tm3+ ions 5 

have no excited energy level at round 980 nm, so the 
corresponding photons are absorbed exclusively by Yb3+ ions, 
which afterwards transfer this pump energy to nearby Tm3+ ions. 
Tm3+ ion was then promoted from its the ground state (3H6) to the 
3H5 state with the excessive energy dissipated by phonons. 10 

Subsequently, the Tm3+ ions in the 3H5 state relaxes 
nonradiatively to the lower state of the 3F4, and then populates to 
the 3F2,3 state by a second energy transition from the Yb3+ ion to 
the Tm3+ ion. However, the Tm3+ ion in the 3F2, 3 state is unstable, 
it relaxes to the 3H4 state through the efficient non-radiative 15 

transition. Lastly, the Tm3+ ion gives strong UC emission with the 
peak at 979 nm from the 3H4 state to the 3H6 state. The Tm3+ ions 

in the 3H4 state can also be excited to the 1G4 state by further 
energy transfer from the Yb3+ ions after absorbing another 
photons, and then decay radiatively to the 3F4 and 3H6 state 20 

generating red and blue UC emissions around at 655 nm and 486 
nm, respectively [30]. 

 
Figure 6. Time evolution of blue (486 nm), red (655 nm) and 
near-infrared emission (797 nm) UC luminescence, under pulsed 25 

980nnm excitation, from a thin film of the NaYF4: 20%Yb-
2%Tm annealing at 560 oC for 2.5 h.  
Figure 6 displays the time dependence of blue (Tm3+: 1G4→

3H6) , 
red (Tm3+: 1G4→

3F4) and near-infrared emission (Tm3+: 3H4→
3H6) 

UC luminescence in the NaYF4: 20%Yb-2%Tm thin film after 30 

cease of the excitation at 980 nm. Blue and red UC emission 
which are originate from the same 1G4 state (see Figure 4d) have 
similar lifetimes of around 740 µs; in comparison the 
intermediate 3H4 state has much longer decay times over 1 ms. It 
is because the rise components in the measurement should be 35 

determined through the lifetime of the latter state, however, the 
decay time of the UC luminescence kinetics are determined by 
the intermediate state of 3H4 [31]. 

4  Conclusions 

Thin films of NaYF4: 20%Yb-2%Tm is prepared by electro-40 

deposition followed by annealing at high temperatures. The 
deposited films is transparent, and show three UC emissions at 

797 nm, 655 nm and 486nm due to the transitions 3H4→
3H6, 

1G4→
3F4 and 1G4→

3H6 of Tm3+. The UC emission intensity of 
the NaYF4: 20%Yb-2%Tm thin films increases with the 45 

annealing temperature and the film annealed at 560 oC for 2.5 h 
in nitrogen exhibits strongest UC emission. Excited state 
absorption and energy transfer processes were proposed as the 
possible mechanisms based on the energy diagrams of Yb3+-Tm3+ 
ion pair. The result of the present study may pave the way 50 

towards the application of electro-deposited fluoride UC films for 
as spectral converter in solar cells.  
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Color Graphic 

 
The NaYF4: 20%Yb-2%Tm thin film prepared by electro-

deposition perform the strong UC photoluminescence. 
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