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A B S T R A C T   

This work reports the ellipsometric study of trivalent erbium (Er3+) doped monocrystalline barium yttrium 
fluoride (BaY2F8), which has recently been shown to be one of the best photon upconversion (UC) materials 
available. This spans the BaY2F8 applications in a large range of wavelengths, from ultraviolet (UV) to near- 
infrared (NIR). We detail the optical properties of BaY2F8: Er3+ (0.5 mol%, 10 mol%, and 30 mol%), 
measured via variable angle spectroscopic ellipsometry over a spectral range from 300 nm to 1800 nm, reporting 
for the first time the indices of refraction for BaY2F8:Er3+. The upconversion external photoluminescence 
quantum yield (ePLQY) of the BaY2F8:Er3+ samples have also been studied by exciting at [JG]λ = 1588 nm λ =

1493 nm. The highest ePLQY of BaY2F8 was found for the largest dopant concentration 30 mol% Er3+ reaching 
the value of [JG]1.07% ± 0.12%, at an irradiance of 9.512 × 10− 2W/cm23.62% ± 0.01%, at an irradiance of 
(6.23 ± 0.45) × 10− 2 W/cm2. The refractive index (λ = 589.3 nm) was determined to be 1.4808± 0.014 for 0.5 
mol%, 1.4980± 0.003 for 10 mol%, and 1.5022± 0.006 for 30 mol%. Increasing Er3+ doping concentration 
increased the refractive index. All samples decreased monotonically with increasing wavelength. The Brewster 
angle of BaY2F8:Er3+ is observed to be ≈ 56∘, whilst the Abbe number of the samples was found to be as high as 
124.62. These findings provide valuable insight into the optical properties of BaY2F8:Er3+ in the wide range of 
frequencies that is has proven useful.   

1. Introduction 

Fluoride compounds doped with rare-earth (RE) ions are attractive 
for optical applications as they exhibit low phonon energies and optical 
transparency over a broad spectral range [1–5]. The photoluminescence 
of the RE ions is influenced by the host material, which plays an 
important role in achieving a highly-efficient photon upconversion (UC) 
emission. 

Barium yttrium fluoride (BaY2F8) presents an attractive host candi-
date; it has been shown to be one of the most efficient host materials for 
UC [6], and has favourable chemical and mechanical properties [7]. The 
crystal structure of BaY2F8 is monoclinic, with space group C2, and the 
RE ions occupy the Y3+ sites (C2 local point symmetry) [7–9]. Owing to 
its exceptional properties, RE ion-doped BaY2F8 has been extensively 
studied for its potential application as a solid-state laser host [10–12], 
and as prospective high-density optical media for scintillators [13–16]. 

UC is an anti-Stokes type optical emission process which exhibits a 
non-linear power dependency [17], where long wavelength radiation is 
converted to a shorter wavelength via a two or multi photon mechanism 
[17–21]. UC materials have received increasing attention in recent years 
for a huge variety of applications, for example, in microscopy and 
multimodal in vivo imaging [22,23], medical photodynamic therapy for 
cancer treatment [24], theranostics [25,26], dye lasers [27], optical 
thermometry [28], thermal sensors [29,30], and for the enhancement of 
photovoltaic (PV) devices [19,21]. This last application makes use of a 
large range of wavelengths, and requires high photoluminescence 
quantum yields (PLQY) at low irradiance. The PLQY is independent of 
instrument settings, and is therefore an important figure-of-merit for 
comparing the efficiency of the UC mechanism or the performance of UC 
materials, and evaluating UC enhancement techniques. 

Hexagonal sodium yttrium fluoride (β-NaYF4) doped with trivalent 
erbium (Er3+) has been a usual choice due to its relatively wide 

* Corresponding author. 
E-mail address: J.Marques@hw.ac.uk (J. Marques-Hueso).  

Contents lists available at ScienceDirect 

Journal of Luminescence 

journal homepage: http://www.elsevier.com/locate/jlumin 

https://doi.org/10.1016/j.jlumin.2020.117639 
Received 6 July 2020; Received in revised form 4 September 2020; Accepted 7 September 2020   

mailto:J.Marques@hw.ac.uk
www.sciencedirect.com/science/journal/00222313
https://http://www.elsevier.com/locate/jlumin
https://doi.org/10.1016/j.jlumin.2020.117639
https://doi.org/10.1016/j.jlumin.2020.117639
https://doi.org/10.1016/j.jlumin.2020.117639
http://crossmark.crossref.org/dialog/?doi=10.1016/j.jlumin.2020.117639&domain=pdf
http://creativecommons.org/licenses/by/4.0/


Journal of Luminescence 230 (2021) 117639

2

absorption and UC excitation spectra [31–35]. Ivaturi et al. [35] 
investigated the infrared (λ = 1523 nm) to near-infrared (λ = 980 nm) 
PLQY of β-NaYF4:Er3+ embedded in a perfluorocylobutane (PFCB) 
polymer host matrix. The best performance was determined for 25 mol% 
Er3+ with an external PLQY (ePLQY) of 6.5% ± 0.7% at an irradiance of 
(0.097 ± 0.004) × 10− 2 W/cm2. PFCB was chosen as the host matrix due 
to its transparency at near-infrared (NIR) and having a matching 
refractive index of β-NaYF4:25 mol% Er3+ [32,36]. 

It has been shown that monocrystalline BaY2F8 doped with Er3+ can 
achieve even greater ePLQY [37,38], with best performance determined 
for 30 mol% Er3+ with an ePLQY of 9.5% ± 0.7% at an irradiance of [JG] 
(0.47 ± 0.03) × 10− 2 W/cm24740 W/m2 (or 47.40 × 10− 2 W/cm2), 
achieved due to the high absorption coefficient of the UC material [38]. 
Due to the strong absorption, high [JG]externalePLQY, broad spectrum, 
and stability of BaY2F8:Er3+, it is an ideal UC material and has been used 
to obtain a NIR UC record efficiency in PV devices [39,40]. 

Due to the non-linear power dependency of UC and the influence a 
refractive index mismatch between the surrounding material and the 
fluoride crystals doped with RE ions has on scattering, and therefore the 
UC process efficiency [41,42]; the suitably of BaY2F8 for lanthanide 
doping and optical applications in a large range of the ultraviolet (UV) to 
NIR spectrum stipulates the accurate determination of the dispersion of 
the refractive index necessary, however, it is still not explored in the 
literature. 

To the best of our knowledge, this paper describes for the first time 
the spectral index of refraction (n) in the 300 nm–1800 nm range, the 
extinction coefficient (k), the Brewster angle (θB), and the Abbe number 
(νD) of BaY2F8, measured for three different Er3+ doping concentrations 
(0.5 mol%, 10 mol%, and 30 mol%). 

2. Experimental and analytical techniques 

2.1. Crystal synthesis 

BaY2F8 single crystal samples, doped with Er3+, were developed by 
Mega Materials s.r.l-Pisa-Italy. The crystals were grown by the Czo-
chralski method in a custom-built furnace as presented previously in 
Refs. [37]. To avoid contamination, growth fluoride powders with a 
purity of 99.999% (5 N) were used, and the furnace evacuated to pres-
sures below 10− 7 mbar before the growth process. [JG]The powders 
placed in the crucible were measured with 10− 3 g precision. Typical 
crystal weight is 10 g. This translates to a precision of ± 0.01% in 
weight. During growth, the rotation rate of each sample was 5 rpm, the 
pulling rate 0.5 mm/h, and the temperature of the melt approximately 
1200 K. The rods were cut by a diamond saw synthesis. [JG]Fourier 
transform infrared spectroscopy (FT-IR) analysis (Thermo Scientific 
Nicolet iS 5 FTIR Spectrometer) was conducted to detect hydroxide (OH) 
impurity within the samples. However, we were unable to detect a peak 
in any of the samples at 3621 cm− 1; a wavenumber where OH peaks 
[43]. [JG]More information about the synthesis of the crystals can be 
obtained from Ref. [37]. 

The diameter of the 0.5 mol% and 10 mol% Er3+ samples was (4 ±
0.229) mm; and for 30 mol% Er3+, (10 ± 0.229) mm. The thickness of all 
the prepared samples was (2 ± 0.229) mm. 

2.2. Sample preparation 

To avoid non-specular scattering of the incident beam and depolar-
ization of the specularly reflected beam during ellipsometric measure-
ments, the surface of each BaY2F8:Er3+ sample was lapped (via a wet 
process) using an optical fibre polisher (Buehler FibrMet) to ensure 
surface roughness features, that is, the arithmetic average roughness 
(Ra), were less than 10% of the probe beam wavelength. This was firstly 
done using a 9 m grade aluminium oxide (Al2O3) abrasive lapping film 
disc, then a 1 μm grade Al2O3 disc. 

As each sample is semi-transparent, and considered ‘optically thick’ 
(i.e., > 0.1 mm thick), the rear surface of each sample was roughened to 
avoid a second beam mixing coherently with the first and the partially 
polarized beam entering the detector. 

An optical phase-shifting interferometer (ZYGO ZeGage Pro) was 
used to examine and quantify the surface roughness, step heights, and 
other topographical features of the BaY2F8:Er3+ substrates. [JG]The 
instrument employs a high resolution 1.9-million-pixel image sensor, 
with measurement results being ISO 25178-compliant. The instrument 
model is known to exhibit excellent agreement with precise contact 
stylus metrology measurements on reference specimens standardised in 
ISO 5436 Part 1:2000 [44]. 

2.3. Photoluminescent quantum yield 

The ePLQY quantifies the emission efficiency of the media or sample 
as a whole, and is therefore defined as the ratio of the number of emitted 
photons (φUC) to the number of incident photons (φin) (Eq. (1)): 

ePLQY =
φUC

φin
(1) 

The ePLQY measurements where performed on the BaY2F8: Er3+

single crystals using a calibrated spectrofluorometer (Edinburgh In-
struments, FLS920) equipped with an integrating sphere (Jobin-Yvon), 
using a 6 W super-continuum (SC) laser (Fianium) as the excitation 
source, and a liquid-nitrogen cooled NIR photon multiplier tube (PMT; 
Hamamatsu, R-5587). 

The excitation intensity was measured with the sample in the 
chamber and also with the sample absent from the chamber, with the 
total number of observed incident photons determined, and ultimately 
used to calculated the ePLQY. 

The excitation focused beam size was measured using the 20/80 
knife-edge scan technique [45,46]; and was determined to have a spot 
diameter beam area of [JG](8.726 ± 0.5) × 10− 3 cm2 (6.74 ± 0.47) ×
10− 2cm2. A maximum power of [JG](0.83 ± 0.2) mW (4.19 ± 0.02) 

mW was achievable at the chosen wavelength from the SC laser, 
resulting in a power density of [JG]9.512 × 10− 2 W/cm2(6.23 ± 0.45) ×
10− 2 W/cm2. 

2.4. Spectroscopic ellipsometry and analysis 

Variable-angle spectroscopic ellipsometry (VASE) measurements 
were performed (J.A. Woollam Base VASE) over a spectral range of 300 
nm–1800 nm. The spectroscopic scan measures the change in polariza-
tion state of light reflected from the surface of a sample. The instrument 
employs a rotating analyzer, with an AutoRetarder that modifies the 
light beam polarization before it reaches the sample. This confers high 
accuracy to the technique, and relative errors lower than 0.2% can be 
achieved [47,48]. A stacked solid-state photodiode detector unit is used, 
consisting of silicon (Si) and indium gallium arsenide (InGaAs) detectors 
which provide a continuously measurable spectral range. 

Spectroscopic ellipsometric measurements were conducted using 
light incident angles of 65∘ to 75∘, at 5∘ increments, relative to normal on 
the front surface of the sample. These angles were selected as the delta 
data for these three angles of incidence where close to Δ = 0∘ or Δ =

180∘, which, for an optically thick bulk sample are considered satisfac-
tory [49–51]. 

The instrument measures the ellipsometric parameters expressed as 
psi (ψ, the amplitude component) and delta (Δ, the phase difference), 
based on the assumption that the sample Jones matrix is diagonal, and 
are defined [52] as (Eq. (2)): 

ρ=Rp

Rs
= tan(ψ)eiΔ (2)  

where Rp/Rs is the complex ratio of the p− and s− polarized light 
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components of the reflected amplitudes. These are analysed using the 
Fresnel equations [49] in a computer-based modelling technique, 
including an optical layer model to directly determine the optical con-
stants [53]. The polarizer azimuth was tracked to the ψ value being 
measured, thus, minimizing errors. 

The ellipsometry data, taken from the sample substrate, was fit, in a 
non-linear regression sense, to an optical model to determine complex 

refractive index [50] (Eq. (3)): 

n̂ = n + ik (3) 

The Abbe number (νD) of each BaY2F8:Er3+ sample has been deter-
mined, quantifying the mean and partial refractive index (n) dispersion, 
over the spectral range, for the ellipsometric analysis, and is defined 
[54–56] as (Eq. (4)): 

Fig. 1. (a) Interferogram (left) and the corresponding surface wavefront profile (right) of the BaY2F8: 30 mol% Er3+ sample; (b–d) Upconversion photoluminescence 
spectra of each sample, as annotated, detailing the number of events for the samples measured under λ = 1493 nm excitation and power density of (6.23 ± 0.45) ×
10− 2 W/cm2; (e) Mean (± S.D.) ePLQY of the samples measured; and (f, insert) Photograph of the 30 mol% Er3+ sample. 
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νD =
nD − 1
nF − nC

(4)  

where nD, nF, and nC are the refractive indices of the material at the 
wavelengths of the sodium D (λ = 589.3 nm), hydrogen F (λ = 486.1 
nm), and hydrogen C (λ = 656.3 nm) lines, respectively. 

The (complex) Brewster angle (θB), or the polarization angle, of each 
sample at which reflection coefficient for p-polarization (rP) = 0, has 
been calculated, which provides maximal sensitivity to the properties of 
the sample, and is defined [57,58] as (Eq. (5)): 

θB = arctan
(

n2

n1

)

(5)  

where n1 is the refractive index of the initial medium through which 
light propagates (the ‘incident medium’); and n2 is the measured 
refractive index of the other medium. Note: rP is defined [57,58] as (Eq. 
(6)): 

rp =
n2cosθincident − n1cosθtransmitted

n1cosθtransmitted + n2cosθincident
(6)  

where θincident and θtransmitted are the angles of incidence and transmittance 
upon a medium. 

3. Results and discussion 

The interferogram measurements, and corresponding surface wave-
front profiles for selected region, obtained from the optical phase- 
shifting interferometer are shown (Fig. 1a). Each sample was lapped 
and intermittently examined with the interferometer until the arith-
metic average roughness (Ra) was determined to be within an acceptable 
limit. Result shown is the final surface roughness measurement ob-
tained. The 10% and 30% Er3+ samples where lapped to an Ra of < 30 
nm (i.e., less than 10% of the shortest probe beam wavelength), and the 
0.5% Er3+ sample was lapped to [JG]an [JG]a mean Ra of [JG]36.287 
nm36 nm ± 4 nm. 

The obtained photoluminescence spectra, and the determined ePLQY 
of the BaY2F8 samples for the corresponding Er3+ doping concentrations, 
measured under [JG]λ = 1588 nmλ = 1493 nm excitation, are compared 
(Fig. 1b [JG]and to Fig. 1[JG]ce). [JG]It is generally more common to 
measure the PLQY for the transition 4I11/2→4I15/2 (in the 980 nm range), 
as this accounts for approximately 97% of UC emission [59], and 
including higher photon emission in the calculation would increase 
PLQY only fractionally. However, the ePLQY of the BaY2F8 sample with 
0.5% Er3+ doping needed different excitation slits (and therefore, a 
different excitation wavelength) to get a measurable emission. 
Furthermore, the measured emission signal of the 0.5% Er3+ doped 
BaY2F8 sample, with excitation wavelength of λ = 1520 nm, was low 
enough for a double excitation wavelength to be detected, caused by 
secondary order effects. Thus, all samples where measured with an 
excitation of λ = 1588 nm to allow comparable results to be produced 
All samples where measured with an excitation of λ = 1493 nm, an 
excitation slit width of 22 nm, and with an approximately constant 
power density of (6.23 ± 0.45) × 10− 2 W/cm2 to allow comparable 
results to be produced. The excitation wavelength λ = 1493 nm was 
selected as the absorption coefficient of BaY2F8:Er3+ is known to reach 
its highest peak centred at 1493 nm [37,60]. The area underneath each 
spectrum represents the total number of emitted photons between [JG] 
920 nm940 nm and [JG]1060 nm1040 nm which is directly propor-
tional to the ePLQY of the samples. [JG]The emission slit widths 
changed between measurements to protect the detector and were: 22 nm 
for the 0.5 mol% Er3+ sample; 3 nm for the 10 mol% Er3+ sample: and 1 
nm for the 30 mol% Er3+ sample. As a result, although the ePLQY results 
of each sample are directly comparable with each other, the resolution 
and intensity of the spectra peaks obtained aren’t. [JG]The 10 mol%, 
and 30 mol % Er3+ doping levels present a similar distribution: the 

highest peak centred at 1002 nm, with a second peak at 978 nm. The 0.5 
mol% Er3+ doped sample, however, only presents a single peak, at 972 
nm. As anticipated, the ePLQY changes drastically within different Er3+

doping concentrations, with the absolute highest ePLQY value observed 
for the BaY2F8: 30% Er3+ sample reaching the value of [JG]1.07% ±
0.12%3.62% ± 0.01%. The doping concentration of Er3+ significantly 
impacts the UC emission process, and therefore the ePLQY. This is due to 
the concentration quenching mechanism; whereby high doping levels may 
result in the quenching of excitation energy, whereas low doping levels 
may result in low absorption of the incident light [61]. 

The photoluminescence findings of the current study are consistent 
with those of Boccolini et al. [37] and Fischer et al. [38] who found that 
30 mol% Er3+ doped BaY2F8 samples yielded best ePLQY performance. 
We obtained an ePLQY [JG] = 1.07% ± 0.12%of = 3.62% ± 0.01% [JG] 
because the maximum irradiance was as low as 9.512 × 10− 2W/cm2at 
an irradiance of (6.23 ± 0.45) × 10− 2 W/cm2 under illumination at λ =

1493 nm, while Fischer et al. [JG]obtained an ePLQY = 9.50% ± 0.70%, 
measured with a more optimal UC energy transfer probability excitation 
λ = 1520 nm, and a maximum irradiance as high as 47.40 × 10− 2 

W/cm2.measured a ePLQY of ≈ 3.6% at an irradiance of ≈ 6.5 × 10− 2 

W/cm2 under illumination at λ = 1520 nm. 
For the ellipsometric measurements, the experimental Delta (Δ) data 

for angle of incidence of 65∘, 70◦, and 75◦ where found to generally 
distribute Δ ≈ 0◦ for all three samples [49]. States that Δ, that is, the 
phase shift (difference), should always be either 0◦ (for angles of inci-
dent greater than the θB) or 180◦ (for angles of incidence less than the 
θB) for a transparent bulk sample, as the light beam entering the detector 
will always be linearly polarized. A bulk sample here is considered to be 
an optically thick substrate with no coatings or multilayer on its surface. 
The experimental and calculated data of each sample was compared; 
with the experimental-versus-modelled difference of the ψ, that is, the 
amplitude component, for each sample reviewed (Fig. 2) and found to 
distribute around 0. 

Two optical layer models where assessed to determine best fit: (a) a 
single isotropic Cauchy optical constants function based layer [62]; and 
(b) a generalized oscillating Sellmeier optical layer [63]. These models 

Fig. 2. The upper limit, lower limit, and the mean difference between the 
combined calculated and experimental ψ data for all samples over the spectral 
range. The values show dominant errors which are approximately random and, 
with the exception of λ ≈ 1000 nm, caused by the Si → InGaAs detector change, 
and < 400 nm which shows greater error, are distributed around zero. 
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are typical for the parametrization of the index of transparent or 
semi-transparent materials. Neither method insists on Kramers-Kronig 
consistency. 

The Cauchy function describes the dispersion over part of the spec-
tral range, and fits the optical constants using the iterative Levenberg- 
Marquardt fitting algorithm [64,65]. The index of refraction (n), and 
extinction coefficient (k), are represented by a slowly varying function 
of wavelength (λ), and an exponential absorption tail [49,66]. Initial 
values for layer thickness (1 mm) and An (1.45) were selected to simu-
late the interaction of polarized light with the sample and generate data. 

The generalized oscillating Sellmeier optical layer fits the optical 
constants on a normal basis over the full spectral range. The Sellmeier 
and Pole oscillator terms describe zero broadening oscillators, thus, the 
model is only fit to the real part of the dielectric function (ε1) spectrum, 
since the imaginary part of the dielectric function is zero (i.e., 2 = 0) [49, 
51]. 

The mean-squared error (MSE) is used as the maximum likelihood 
estimator, defined to represent the quality of the match between data 
calculated from the model and experimental data [49]. The 
Levenberg-Marquardt multi-iterative regression algorithm is employed 
for all model minimizations and for analysis of the calibration data to 
obtain calibration parameters. The model is used to calculate the ad-
justments to the variable parameters, at a given point on the MSE sur-
face, as the solutions of the linear set. Convergence is reached when 
successive iterations are unable to improve the MSE. The resulting 
best-fit parameter values are evaluated for (a) sensitivity, expressed in 
terms of a confidence limit; and (b) possible correlations, expressed in 
terms of a set of two parameter correlation coefficients. 

The results of the indices of refraction, modelled using the isotropic 
Cauchy optical constants function based layer and the two-pole general 
oscillating Sellmeier layer, were found to be near identical in profile. 
With the Cauchy layer found to be the best-fit (i.e., a lower MSE value) 
for all three samples. 

The complex indices of refraction of each sample, over the spectral 
region, are shown (Fig. 3), with the index of refraction and extinction 

coefficient listed (Table 1). The reference wavelength λ = 589.3 nm (the 
sodium D line [67]) is selected for the description of the index of 
refraction. The index values presented show that BaY2F8 with 30 mol% 
Er3+ doping has the highest index of refraction of the samples studied. 
The index of refraction exhibits strong dispersion over the spectral range 
where the absorption of the material is zero, and decreases mono-
tonically with increasing wavelength. It can be seen that the increasing 
Er3+ concentration results in a higher overall value for n. 

In comparison, En-Cai et al. [68] investigated the spectroscopic 
properties of trivalent holmium ion (Ho3+) doped BaY2F8, and calcu-
lated a refractive index of 1.51 (λ = 589.3 nm) using a one-term Sell-
meier dispersion equation with parameters from Ref. [69]. Similarly, 
Toncelli et al. [70] in a study of europium ion (Eu2+) doped BaY2F8, 
report that the matrix has a monochromatic refractive index of around 
1.5. The values of these studies agree with the ones reported here. 

The high Abbe number (i.e., > 40) of each BaY2F8 sample (Table 1) is 
consistent with other material groupings, accomplished in accordance 
with a materials refractive index value and dispersion characteristic, 
whereby refractive indices < 1.55 typically have a magnitude of νD 
above 40. The large νD magnitudes found for the samples is represen-
tative of their low dispersion over the measured spectra. 

The measured ψ and Δ parameters determined as a function of angle 
of incidence, between angles 15◦–90◦, are presented (Fig. 4). ψ 
approximately equals 42◦ (trending towards 45◦ as angle incidence 
decreases to 0◦) and Δ approximately equals 180◦ at normal angle of 
incidence, which corresponds to the reflected beam exhibiting the same 
polarization state as that of the incident beam. As the angle of incidence 
increases, ψ decreases until it reaches a minimum for all three samples at 
about 56◦ angle of incidence, and is identified as the Brewster angle 
(Table 1). ψ does not go to 0◦ for any of the samples, rather its minimum 
value (seen for 30 mol% Er3+) at the Brewster angle is 0.88◦. The Δ value 
of the three samples does not change abruptly from 180◦ to 0◦ at the 
Brewster angle, rather this transition occurs over a range of angles of 
incidence centred on the Brewster angle. This is known to occur for bulk, 
bare substrates, where increasing values of the extinction coefficient 
lead to larger values of ψ at the Brewster angle and a broader transition 
region for Δ. Assuming a refractive index of 1.00027717 for air [71], 
and using the measured n value of BaY2F8: 30 mol% Er3+ of 1.5022; the 
theoretical θB value equates to 56.3◦, showing good agreement with our 
measurements. 

4. Conclusion 

An ellipsometric study of single BaY2F8 crystal samples, with Er3+

doping concentrations of 0.5 mol%, 10 mol%, and 30 mol%, has been 
presented, together with the corresponding Cauchy dispersion formulae 
parameters, for the first time. It has been shown that, depending on the 
Er3+ doping concentration, BaY2F8: Er3+, has a refractive index of 
1.4808 ± 0.014 for 0.5 mol%, 1.4980 ± 0.003 for 10 mol%, and 1.5022 
± 0.006 for 30 mol%. The Abbe number of each sample is 90.62; for 0.5 
mol%, 98.25; for 10 mol%, and for 30 mol%, 124.62. The Brewster angle 
of the samples, irrespective of Er3+ doping concentration, was observed 
to be 56◦. 

The highest ePLQY measured in this study was for a BaY2F8: 30 mol% 
Er3+ sample of thickness (2 ± 0.229) mm, reaching the value of [JG] 
1.07% ± 0.12%3.62% ± 0.01%, obtained under [JG]λ = 1588 nmλ =

1493 nm excitation and with a maximum irradiance of [JG]9.512 ×
10− 2 W/cm2(6.23 ± 0.45) × 10− 2 W/cm2. 

The determined optical properties provide insight to aid the devel-
opment of improving or optimizing the UC emission and efficiency 
performance of Er3+ doped BaY2F8. With the refractive indices of 
BaY2F8:Er3+ known, and given the influence the refractive index 
mismatch between host material and doped fluoride crystals has on the 
UC efficiency due to the scattering effects [42]; it is recommended that 
future work is conducted to identify an encapsulate material with 

Fig. 3. (a) The ellipsometric real part of the pseudo index of refraction (n) 
values of the BaY2F8:Er3+ samples. Data determined by applying the Levenberg- 
Marquardt fitting algorithm to the ellipsometric data over the spectral range; 
and (b) Mean (± S.D.) refractive index values (λ = 589.3 nm) of the single 
BaY2F8 crystal samples, by Er3+ doping concentration. Numbers in the paren-
theses on x-axis labels represent number of repeat measurements. 
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optimum refractive index properties to enhance PLQY performance 
when embedding BaY2F8:Er3+ into an optical device. 
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and luminescence properties of Ce3+ doped K2LaCl5, J. Lumin. 85 (1–3) (1999) 
1–10, https://doi.org/10.1016/S0022-2313(99)00170-2. 

[15] A.C. De Mello, A.B. Andrade, G.H. Nakamura, S.L. Baldochi, M.E. Valerio, 
Scintillation mechanism of Tb3+ doped BaY2F 8, Opt. Mater. 32 (10) (2010) 
1337–1340, https://doi.org/10.1016/j.optmat.2010.04.016. 

[16] A.C. de Mello, A.B. Andrade, G.H. Nakamura, S.L. Baldochi, M.E. Valerio, 
Luminescence properties of Er3+ and Tm3+ doped BaY2F8, J. Lumin. 138 (2013) 
19–24, https://doi.org/10.1016/j.jlumin.2012.12.001. https://linkinghub.elsevier 
.com/retrieve/pii/S0022231312007107. 

[17] F. Auzel, Upconversion and anti-Stokes processes with f and d ions in solids, Chem. 
Rev. 104 (1) (2004) 139–174, https://doi.org/10.1021/cr020357g. 

[18] A. Shalav, B.S. Richards, T. Trupke, K.W. Krämer, H.U. Güdel, Application of 
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