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it possible to collect the radiation energy 
outside the absorption range of the photo-
active material (usually silicon) by shifting 
its energy to a more suitable optical 
region. In addition, rare-earth doped CaF2 
compounds are promising luminescent 
materials as phosphors and in technolog-
ical applications as micro- and nanoscale 
thermometry for microelectronics and for 
biomedical assays.[4,16–18]

A comment deserves the CaF2 struc-
ture, also in view of similar ionic size of 
the trivalent lanthanide ions, inserted as 
dopants, and the Ca2+ ion. Calcium fluo-
ride has the typical fluorite structure, fol-
lowing the name (fluorite) of the mineral 
form of CaF2, which is a simple cubic 
arrangement of anions with 50% cubic 
sites filled with Ca2+. Thus, in this struc-
ture, calcium is eight coordinated by flu-
oride ions, a coordination environment 

suitable for the lanthanide ions, being eight one of the most 
common coordination number for lanthanides.[19]

Most of the above-mentioned applications require the cal-
cium fluoride material in the form of thin films. Several studies 
are available on the deposition of CaF2 thin films using phys-
ical vapor deposition techniques, such as sputtering,[20,21] elec-
tron beam evaporation,[22] pulsed laser deposition,[23,24] and 
molecular beam epitaxy.[25,26] Calcium fluoride films have also 
been deposited through sol–gel chemical routes using spin 
coating[27] or dip coating.[28] Among the chemical vapor depo-
sition approaches, atomic layer deposition has been applied to 
the deposition of CaF2 films.[29]

Nevertheless, even though various deposition methods have 
been applied to the fabrication of CaF2 films, a more versatile, 
easily scalable, fast, and industrially appealing approach is 
highly desirable.

The metal organic chemical vapor deposition (MOCVD) has 
the potential advantage of being a very reliable and reproducible 
method for the fast production of films with high uniformity 
degree in both thickness and composition over large areas. In addi-
tion, note that in the case of potential integration of these layers in 
photovoltaic cell production, plasma-enhanced CVD is the most 
common fabrication method for thin film Si-based cells.[30]

Calcium fluoride represents one of the most efficient hosts for up-conversion 
or down-conversion emissions. A simple metal organic chemical vapor 
deposition approach is applied to the fabrication of CaF2 nanostructured 
thin films using the fluorinated “second-generation” β-diketonate compound 
Ca(hfa)2•diglyme•H2O as a Ca-F single-source precursor. The versatility of the 
process is demonstrated for the fabrication of up-converting Yb/Er or Yb/Tm 
codoped CaF2 films on Si, quartz, and glass substrates. The Ln(hfa)3•diglyme 
(Ln = Tm, Er, Yb) precursors are used as sources of the doping ions. Struc-
tural, morphological, and compositional characterization of the films shows 
the formation of polycrystalline CaF2 films with a very uniform surface and 
suitable doping. In fact, an appropriate tuning of the mixture composition, 
i.e., the Ca:Ln ratio in the multicomponent source, permits the deposition of 
films with the desired stoichiometry. The films show promising up-conversion 
properties in the visible and near infrared regions upon laser excitation for 
both doping mixtures.
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Upconversion Films

Alkaline earth fluoride materials have attracted great atten-
tion due to a wide variety of applications in dielectrics, optics, 
optoelectronics, and photonics.[1–8] In particular, calcium fluo-
ride has been regarded as one of the most efficient hosts for 
upconversion (UC) or downconversion emissions, also due to 
its low phonon energy, which minimizes nonradiative de-excita-
tion processes.[9–15] UV–vis or NIR–vis energy conversion could 
enhance the efficiency of photovoltaic devices since it makes 
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MOCVD has been already applied to the deposition of the flu-
orite films; nevertheless, most of these reports used a fluorine-
free calcium source, thus a second precursor is needed as the 
fluorine source. The first report on the deposition of CaF2 with 
MOCVD dates back to 1989 when the bis(pentamethyl-cyclo-
pentadienyl)calcium was applied as calcium source together 
with SiF4 or NF3 as the fluorine source.[31] More recently, flu-
orine free β-diketonate has been applied as calcium source 
combined with the use of ammonium hydrogen fluoride as the 
fluorine source.[32] A few reports are described in the applica-
tion of fluorinated precursors to the fabrication of thin films 
where polyether adducts of the Ca bis-hexafluoroacetylacetonate 
have been applied, namely, the Ca(hfa)2•tetraglyme[33] and the 
Ca(hfa)2•diglyme•H2O.[34–36]

In this study, we report for the first time the synthesis 
of CaF2 films doped with Yb3+,Er3+ or Yb3+,Tm3+ through a 
simple MOCVD route on various substrates using a molten 
mixture consisting of the Ca(hfa)2•diglyme•H2O and the suit-
able Ln(hfa)3•diglyme [Ln = Yb, Er, Tm; Hhfa = 1,1,1,5,5,5-hex-
afluoro-2,4-pentanedione; diglyme = bis(2-methoxyethyl)ether] 
precursors in an appropriate stoichiometric ratio.

The advantages of the present approach are various:  
(i) the metal precursors represent also a source of fluorine, thus 
avoiding the use of harmful hydrogen fluoride (HF) or other 
fluorine sources during the deposition step; (ii) the application 
of all the required metal precursors in a unique multicompo-
nent mixture allows for an easy control of the precursor source 
by simply adjusting the stoichiometric ratio; and (iii) the use 
of the same polyether (diglyme) to complete the coordination 
sphere of calcium and lanthanide ions avoids the undesirable 
potential ligand exchange.

The structural, morphological, compositional, and lumines-
cent properties point to the formation of good quality CaF2 
films with promising upconversion properties reflecting the 
correct stoichiometry of the films.

The films were deposited on glass, quartz, and Si (100) sub-
strates. Given the same nature of the ligand and similar vapori-
zation temperature ranges of the single precursors,[19,35,36] no 
ligand exchange occurs and an efficient vaporization without 
thermal degradation takes place.

The X-ray diffraction (XRD) analysis of the samples CaF2:Yb 
18%, Er 2% (mol % with respect to the total metal content) 
deposited at 500 °C on Si (100) (Figure 1) exhibits patterns asso-
ciated with a cubic CaF2 phase (ICDD No. 35-0816). The dif-
fraction features observed at 2θ values of 28.25°, 32.75°, 47.00°, 
and 55.75° are associated with the 111, 200, 220, and 311 reflec-
tions, respectively. The XRD measurements of films deposited 
at lower and higher temperatures and on different substrates 
show similar patterns. A closer look to the patterns, recorded 
with a 0.02° resolution, of films containing different amounts 
of Yb3+ ions reveals a small shift of the peak positions with 
respect to those found for the undoped CaF2 film. In Figure 1b, 
a magnification of the 220 reflection is reported. The red line 
indicates the position of the ICDD CaF2 220 peak; a slight shift 
toward higher angles is found for all the Yb3+ doped CaF2 films. 
This behavior may be correlated on the one side to the ionic 
radii of the involved doping ions and on the other hand to the 
need of charge balance due to the different charge 2+ of Cal-
cium and 3+ of lanthanide ions, which can be compensated 

with additional fluoride ions. The lanthanide ions are supposed 
to substitute calcium, thus assuming an eight coordination, 
considering that the Ca2+ and Ln3+ ions have similar ionic radii, 
with Ca2+ = 1.12 Å and the Ln3+ ranging from 1.16 Å (La3+) to 
0.977 Å (Lu3+), in eightfold coordination.[37] In particular, the 
Yb3+, Er3+, and Tm3+ ions have ionic radii of 0.985, 1.004, and 
0.994 Å, respectively (in eightfold coordination),[37] i.e., slightly 
smaller than the Ca2+ ions. Therefore, a mere effect due to sub-
stitution of Ca2+ by Ln3+ ions gives rise to a shift toward higher 
2θ angles. The a-axis parameters of the CaF2:Yb, Er films and 
for an undoped MOCVD-grown CaF2 film have been deter-
mined as average of all the values obtained from the individual 
reflections by using the relationship between hkl and the lat-
tice parameter for a cubic structure, and they are reported in 
Table 1 as a function of the ytterbium doping. In this context, 
it is worth mentioning that the a-axis parameter has been esti-
mated using graphite as an internal standard (Figure S1, Sup-
porting Information). It can be noted that the a-axis parameters 
of the doped films are slightly smaller than that of the undoped 
sample, and, in particular, they decrease upon increasing the 
ytterbium doping up to 18%. On the other hand, the 23% 
doped sample shows the same a-axis parameter of the 18% 
ytterbium doped CaF2 film. The energy dispersive X-ray (EDX) 
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Figure 1.  a) XRD pattern of the CaF2:Yb(18%), Er(2%) film deposited at 
500 °C on Si. b) A magnification of the 220 reflection of the CaF2 films 
doped with different amount of Yb.
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analysis confirms that the Yb3+ ions are incorporated in the 
films, but further experiments are needed to clarify the reason 
of the observed similarity between the a-axis parameter for the 
two 18% and 23% ytterbium doped films. The decrease of the  
a-axis parameter may be related to the slight smaller ionic 
radius of Ln3+ vs Ca2+ and it clearly indicates that the lantha-
nide ions are incorporated in the crystalline lattice. Neverthe-
less, both the difference of the ionic radii of the metal ions and 
the effect of the charge compensation, which could be satisfied 
by the insertion of interstitial fluoride ions or clusters, has to be 
considered to explain the peak shift.

Quantitative EDX analysis confirms a uniform stoichiometry 
on the whole surface for all the films and for all the deposi-
tion temperatures. The EDX spectrum of a film deposited at 
500 °C (Figure 2) shows the L and M lines of ytterbium, the Kα 
and Kβ peaks of calcium, the Kα peak of fluorine, and the Kα 
peak of the silicon substrate. The erbium and thulium peaks, 
relative to the nominal concentration of 2%, are scarcely detect-
able, due to their low concentrations that are on the borderline 
of the detection limit of the EDX technique. It is worthy of 
noting the absence of C and O, whose Kα peaks should appear 
at 0.277 and 0.525 keV, respectively. The concentrations of the 
dopants, typically used for efficient UC emission,[38] of 18% of 
ytterbium and 2% of erbium or thulium for the CaF2 doped 
films, are found through EDX in samples deposited at 500 °C. 
The doping amount increases upon increasing the deposition 
temperature and, on the contrary, decreases at temperatures 
lower than 500 °C. This finding may be related to a different 

decomposition behavior of the precursors, i.e., the Ca precursor 
likely decomposes more easily at lower temperature, so the 
net result is a major amount of Ca with respect to Yb, which 
reflects on the lower doping ratio observed at the lower temper-
ature. Therefore, the deposition temperature permits an accu-
rate tuning of the stoichiometry. In any case, an appropriate 
tuning of the mixture composition, i.e., the Ca:Ln ratio in the 
multicomponent source, permits the deposition of films with a 
desired stoichiometry at whatever temperature.

Microstructure and morphology of CaF2 films have been 
studied by field emission scanning electron microscopy (FE-
SEM). The FE-SEM images of the films deposited on Si (100) 
do not show a homogeneous surface. Film deposited at 500 °C 
for 90 min (Figure S2a, Supporting Information) shows some 
swelling, while films deposited for 60 min show a significant 
cracking as observed in Figure S2b (Supporting Information). 
These effects are likely due to the considerable difference in 
the thermal expansion coefficients of the CaF2 film and that 
of the Si substrate. In fact, the linear thermal expansion coef-
ficient of CaF2 spans in the range 16.5–19.4 × 10−6 °C−1 versus 
the linear expansion coefficient of Si that is 2.6 × 10−6 °C−1. The 
different behavior of swelling or cracking is essentially due 
to the different thickness, about 1 µm for sample reported in 
Figure S2a and 500 nm for the sample reported in Figure S2b. 
Optimization of deposition conditions, i.e., very slow cooling 
rate (3 °C min−1) from deposition temperature to room tem-
perature, yields almost crack-free films on Si (Figure 3a). In 
Figure 3b, the cross section of the film deposited on Si at 500 °C 
allows the thickness estimation of about 550 nm. Being the 
duration time 60 min, a growth rate of about 9–10 nm min−1 
may be derived. The presently observed growth rate is similar 
to that previously reported for the deposition of pure CaF2 
from the same precursor under similar conditions.[34] FE-SEM 
images of films grown on glass and quartz show a smooth 
homogeneous surface throughout the entire 10 × 20 mm2 sur-
face. The Yb, Er co-doped CaF2 films show crystalline grains of 
about 150 nm (Figure 3c,d). The CaF2:Yb,Tm have a uniform 
surface with crystalline grains of about 200 nm (Figure 3e,f). 
The FE-SEM investigations confirm the homogeneity of the 
film surfaces, independently of the deposition temperature.

Upconversion measurements in the visible and near-infrared 
regions show that all the samples under investigation show 
bright luminescence upon 980 nm laser excitation. The spectra 
of CaF2:Yb,Er films deposited on Si (100) substrate at 500 °C 
are shown in Figure 4a. Upon laser excitation at 980 nm, Er3+ 
emissions in the green region around 525 and 550 nm due to 
2H11/2 → 4I15/2 and 4S3/2 → 4I15/2 electronic transitions, respec-
tively, and in the red region, around 660 nm due to 4F9/2 → 4I15/2  
transitions, indicating that Yb3+ → Er3+ UC processes are pre-
sent. The complete assignments of the emission bands are 
reported in the caption of Figure 4 and are in perfect agreement 
with the bands observed in the energy level diagrams for the 
Er3+ and Yb3+ ions and upconversion mechanisms upon 980 nm 
laser excitation (Figure 4b). It is noted that the red emission 
is stronger than the green one so that the luminescence at the 
naked eyes appears to be yellow-orange. The enhancement of 
the red emission with respect to the green one can be ascribed 
to the high Yb3+ concentration (around 18% with respect to 
the total metal content) in the CaF2 host, as also observed for 

Adv. Mater. Interfaces 2017, 4, 1700245

Table 1.  Values of the a-axis parameters of the CaF2:Yb3+, Er3+ films 
grown on quartz at 500 °C.

Sample Yba)  
[%]

A-axis  
[Å]

CaF2 (ICDD No. 35-816) – 5.4630

CaF2 film Undoped 5.46(0)

CaF2 film 7 5.45(3)

CaF2 film 18 5.44(6)

CaF2 film 23 5.44(5)

a)Determined by EDX.

Figure 2.  EDX spectrum of the CaF2:Yb(18%), Er(2%) film deposited at 
500 °C on Si (001).
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other upconverting nanomaterials.[39] The emission spectra of 
the samples doped with Tm3+ show several bands in the UV, 
visible, and NIR regions, with the strongest band observed in 
the blue region. The upconversion properties are similar for 
the film deposited on Si (Figure 5a) or on quartz (Figure 5b). 
The spectrum may be assigned considering the following Tm3+ 
transitions: (I) 1D2 → 3H6; (II) 1D2 → 3F4; (III) 1G4 → 3H6, (IV) 
1D2 → 3H5, (V) 1G4 → 3F4, (VI) 1G4 → 3H5, (VII) 3H4 → 3H6. 
For both kinds of co-doped samples, the UC emission is clearly 
visible, indicating that an efficient Yb3+ → Er3+ or Tm3+ energy 
transfer is present. Some differences in the relative intensities 
of the Tm3+ emission bands are observed for samples deposited 
on silicon and quartz substrates, in particular for the 1D2 → 3F4 
and 1G4 → 3H6 emission transitions. Presently, this behavior 
cannot be easily rationalized, and it could be tentatively attrib-
uted to an effect of cross-relaxation processes among the Tm3+ 
ions, due to possible clustering of the lanthanide ions.[40] Addi-
tional experiments using samples at different Tm3+ concentra-
tion would be necessary in order to shed light on this issue.

A simple process has been applied to the fabrication of CaF2 
based films, using the M(hfa)ndiglyme complexes, which act as 

single-source precursors. Deposited films are pure CaF2 with 
highly homogeneous surfaces. Depending on the substrate 
nature further optimization may be needed to avoid cracking on 
Si substrates. The films show promising up conversion prop-
erties in the visible and near-infrared regions upon laser exci-
tation for both doping mixtures. Finally, the present MOCVD 
approach is very challenging also in view of its easy scalability, 
which makes it very attractive for industrial scaling up.

Experimental Section
Film Deposition and Characterization: The films were deposited on 

glass, quartz, and Si (100) under low-pressure in a horizontal hot-wall 
reactor, in the 450–550 °C temperature range. An appropriate ratio of 
the Ca, Yb, and Er (or Tm) complexes were used at 120 °C, a suitable 
temperature for an efficient vaporization without thermal degradation. 
Under this condition the source is a molten mixture, since the 
Ca(hfa)2•diglyme•H2O and Ln(hfa)3•diglyme melt in the 106–109 °C and 
72–76 °C ranges, respectively. The Ln(hfa)3•diglyme precursors were 
synthesized as previously reported in refs. [19] and [41]. Heating 
rates of 40 and 8 °C min−1 were used for the reactor chamber and the 
vaporization reservoir, respectively. Argon was used as a carrier gas, 
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Figure 3.  FE-SEM images of the CaF2:Yb(18%), Er(2%) deposited at 500 °C: a) plan view and b) cross section of films deposited on Si (001); c) low 
and d) high magnification of films deposited on quartz. e) Low and f) high magnification FE-SEM images of the CaF2:Yb(18%), Tm(2%) deposited at 
500 °C on quartz.

Figure 4.  a) Room temperature UC emission spectrum of a CaF2:Yb(18%), Er(2%) film deposited on Si substrate at 500 °C. The peaks correspond to 
the Er3+ transition: (I) 2H1/2 → 4I15/2; (II) 4S3/2 → 4I15/2; (III) 4F9/2 → 4I15/2. b) Energy level scheme for the Er3+ and Yb3+ ions and upconversion mecha-
nisms upon 980 nm laser excitation (laser intensity 3.2 W mm−2).
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while oxygen as the reactant gas was introduced in the main flow into 
close proximity to the reaction zone.

Film structure was analyzed by XRD in glancing incidence mode 
(0.5°) using a Smartlab Rigaku diffractometer, equipped with a 
rotating anode of Cu Kα radiation operating at 45 kV and 200 mA. Film 
morphology was analyzed by FE-SEM using a ZEISS SUPRA 55 VP field 
emission microscope. The films deposited on Si were analyzed as-dep, 
while films deposited on glass or quartz were Au-coated prior FE-SEM 
characterization. The EDX spectra were recorded using an INCA-Oxford 
windowless detector, having a resolution of 127 eV as the full width half 
maximum (FWHM) of the Mn Kα.

For the luminescence characterization, the samples were excited at 
980 nm using a diode laser as the source (CNI Optoelectronics Tech), 
with an intensity of 3.2 W mm−2. The emission spectra were detected 
by a Black Comet SR Spectrometer (StellarNet Inc), with optical spectral 
resolution of 1 nm.
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Supporting Information is available from the Wiley Online Library or 
from the author.
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