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Abstract
Measuring the temperature below the surface of a thermal barrier coating (TBC) using a thin
phosphor layer is challenging primarily due to the absorption and scattering of laser excitation
light and phosphor luminescence as they propagate through the coating. One way to increase
phosphor luminescence could be to use upconversion phosphor thermometry, which is
investigated in the current study. It is attractive because using longer excitation wavelengths
reduces the absorption and scattering in TBCs as 8% wt. yttria-stabilize zirconia (8YSZ)
generally has lower scattering and absorption coefficients around 1000 nm than at 532 and
355 nm. Therefore, the viability of upconversion to measure the temperature at the bottom of a
TBC was evaluated for the first time and was compared with the more conventional
downconversion phosphor thermometry. The current work involved an experimental study of
several phosphors with lanthanides doped in the 8YSZ host, which were excited through
downconversion by pulsed 355 nm and 532 nm laser light and through upconversion with
965 nm laser light. The YSZ:Er,Yb and YSZ:Ho,Yb phosphors show promise for upconversion
phosphor thermometry. The experimentally acquired optical phosphor characteristics were used
to simulate laser light and phosphor luminescence propagation in TBCs using Kubelka–Munk
theory. This was to evaluate the signal strength with upconversion excitation compared to
downconversion excitation. Upconversion excitation resulted greater signal strength from an
embedded phosphor layer than 532 nm excitation and much higher than 355 nm excitation.
Upconversion lifetime phosphor thermometry also resulted in improved phosphor lifetime
temperature sensitivity. Coupled with reduced interference from background luminescence from
impurities in TBCs with upconversion, it is a promising method for temperature measurements
with the thermographic phosphor embedded in or underneath a TBC.

Keywords: thermal barrier coating, phosphor thermometry, upconversion, Kubelka–Munk

(Some figures may appear in colour only in the online journal)

1. Introduction

Thermal barrier coatings (TBCs) typically consist of a yttria
stabilized zirconia (YSZ) topcoat secured to a metal substrate
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with a bond coat. The purpose of TBCs is to protect the
metal substrate from high temperatures. With higher operat-
ing temperature, for example, in gas turbines, comes higher
efficiency, but if the temperature of components becomes too
high, the lifetime of TBC coated components can be signific-
antly reduced [1]. Therefore, accurate temperature measure-
ments in TBCs at the bond coat and the surface of the TBC
can be used to balance the system’s efficiency with the com-
ponents’ lifetime.

The phosphors in this study consist of 8YSZ as the host,
which is widely used as the ceramic top coating of TBCs,
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doped with trivalent lanthanides (Ln3+), which replaces Y3+

content so that the 8.7% atomic percentage (8%weight) of rare
earth elements remains constant in the TBC.With this method,
the physical properties of the TBC material remain very sim-
ilar while the optical properties of the lanthanide doped layer
change.

Downconversion phosphor thermometry, i.e. excitation
wavelength shorter than emission wavelength, with phosphor
layers embedded on top of the bond coat layer and on the
surface of TBCs, has been used [2–5]. In addition, downcon-
version measurements on uniformly lanthanide-doped TBC
layers have also been performed [6, 7]. However, to the
authors’ knowledge, no study has been conducted to evaluate
the use of upconversion phosphor thermometry, i.e. excitation
wavelength longer than emission wavelength, for temperature
measurements in a TBC.

Phosphor thermometry strategies using a uniformly doped
TBC, in the hundreds of micrometres thick, results in issues
with regards to the sensing depth not only in situations with
temperature gradients in the TBC but also due to the temper-
ature dependence of the absorption and scattering coefficients
of the YSZ material [8, 9]. These temperature sensitivities do
not influence the temperature measurements of a thin phos-
phor coating at the bottom of a TBC if one can assume uni-
form temperature in the phosphor layer and if the changes in
absorption and scattering coefficients of the TBC with tem-
perature do not drastically reduce the phosphor luminescence
leaving the coating.

YSZ TBCs can contain impurities in the form of lanthan-
ide ions, whichmake the TBCmaterial optically active and can
interfere with detecting the desirable phosphor luminescence
signal [2]. This is particularly an issuewhen the phosphor layer
is at the bottom of the TBC, as the excitation laser light is
stronger at shallow depths into the TBC, and the path length
of the stimulated luminescence is shorter if it is emitted at a
shallow depth in the coating. Upconverting phosphor lumines-
cence has previously been used to assess the delamination pro-
gression in TBCs [10]. Only a thin section on the bottom of a
YSZ TBC was doped with Erbium and Ytterbium and excited
using 980 nm laser light, and the 562 nm emissionwas used for
delamination assessment. One benefit of upconversion lumin-
escence in this application was the reduction in luminescence
originating from rare earth impurities in the YSZ TBC. This
is because most rare earth elements are not effectively excited
by 980 nm without the Yb3+ sensitiser ion [10].

Kubelka–Munk simulations have been applied to describe
laser light and downconversion phosphor luminescence
propagation in TBCs [3, 11–13]. These models have been
used to predict the temperature sensing depth in situations
with uniformly lanthanide-doped TBC coatings and temper-
ature gradients in the TBC [11]. This was performed using
lifetime phosphor thermometry. These models also showed
that an embedded phosphor layer underneath an undoped YSZ
layer suffers from significant signal reduction. One poten-
tial benefit of using upconversion phosphor thermometry is
the lower absorption and scattering of the excitation laser
light in YSZ with laser light around 970 nm compared with

355 nm and 532 nm, which allows the laser light to penetrate
deeper. Upconversion excitation at approximately 970 nm
was therefore compared with 355 nm and 532 nm excita-
tion using Kubelka–Munk modelling for three different 8YSZ
TBC deposition processes, atmospheric plasma spray (APS),
electron beam physical vapour deposition (EB-PVD), and sus-
pension plasma spray (SPS) using literature values for the
scattering and absorption coefficients of 8YSZ for the differ-
ent deposition techniques. However, the quantum efficiency of
phosphors with different excitation wavelengths must also be
considered to evaluate the optimal excitation wavelength.

The purpose of this study is then to, for the first time, eval-
uate upconverting phosphor thermometry for use in TBCs by
first characterising a range of phosphors and then simulating
the situation where the phosphors YSZ:Er,Yb, YSZ:Er, and
YSZ:Ho,Yb are applied in thin phosphor layers at the bottom
of a TBC using Kubelka–Munk modelling.

2. Experimental setup

Only the 8YSZ Zr0.913Y0.087O1.9565 host was used for the phos-
phors in the current study, where the Y3+ content was replaced
by lanthanides to preserve the same physical properties as the
common 8% weight Y3+ YSZ used in TBCs. For example,
the composition of YSZ:Er,Yb with 1% Er3+, and 3%Yb3+ is
Zr0.913Y0.047Er 0.01Yb0.03O 1.9565, the same as in [10]. YSZ:Er
was selected because its luminescence has been shown to be
insensitive to the gas oxygen environment [14] and because of
its promise shown in previous work [15]. YSZ:Tm was selec-
ted due to the promise shown with Tm3+ doped in YAG [16].
YSZ:Er,Yb, YSZ:Ho,Yb, and YSZ:Tm,Yb were selected due
to the efficient upconversion of Er,Yb, Ho,Yb, and Tm,Yb
reported in literature [17–21]. The YSZ:Er,Yb phosphor has
previously been used for upconversion lifetime phosphor ther-
mometry using excitation at 1064 nm and was shown to have
a temperature-sensitive decay time up until 1450 K, where the
decay time was around 40 ns [22]. However, the most effective
upconversion excitation wavelength is around 970 nm due to
ytterbium’s efficient energy transfer (ET) at that wavelength.

All the phosphors in this study were acquired from Phos-
phor Technology Ltd and are listed in table 1. The phosphors
have a tetragonal crystalline phase (t-YSZ), which is not the
tetragonal prime phase (t′-YSZ) that is typically used in TBCs
as it resists transformation to other phases [23, 24]. How-
ever, the powders’ tetragonal phase should not result in differ-
ent optical phosphor characteristics compared to t′-YSZ phos-
phors in terms of emission spectra and phosphor luminescence
lifetime in this study.

First, the phosphors were characterised with downcon-
version excitation. Then upconversion excitation and emis-
sion spectra for a selection of these phosphors was then also
acquired. Finally, YSZ:Er,Yb and YSZ:Ho,Yb were calib-
rated for upconversion lifetime phosphor thermometry up to
1200 K.

The UV downconversion emission spectra were performed
with the third harmonic (355 nm) from a 5 ns pulse duration
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Table 1. Overview of phosphors studied and the way the phosphors were characterised. The excitation wavelengths are given in nm in the
cells of the table. If it instead says N/A, the phosphor was not characterised with any wavelength.

Phosphor

Excitation wavelength for
downconversion emission
spectra (nm)

Excitation wavelength
for downconversion

lifetime calibration (nm)

Excitation wavelength for
upconversion emission
spectra (nm)

Excitation wavelength
for upconversion lifetime
calibration (nm)

YSZ:Er(1%),Yb(3%) 355, 532 355 965 965
YSZ:Ho(1%),Yb(3%) 355, 532 355 965 965
YSZ:Tm(1%),Yb(3%) 355 355 965 N/A
YSZ:Er(1%) 355, 532 355 N/A N/A
YSZ:Tm(1%) 355 355 N/A N/A

10 Hz Nd:YAG laser, and a RazorEdge (Semrock LP02-
355RU-25) filter was used to remove laser light. In addition,
downconversion emission spectra with the second harmonic
output of the laser (532 nm) were also recorded with a
notch filter (THORLABS NF5333-17) to remove elastically
scattered 532 nm laser light. All emission spectra used the
same laser pulse energy with a fluence of 16 mJ cm−2 for
both 355 and 532 nm excitation and were recorded on an
Avantes AvaSpec-ULS2048XL-EVO at room temperature.
The presented emission spectra are averages of 100 single-shot
emission spectra. The same 10 Hz laser system was used for
downconversion lifetime calibrations with 355 nm excitation
wavelength with the same calibration methodology developed
in [25].

To obtain the upconversion excitation and emission spec-
tra of the phosphors specified in table 1, a 90 ps pulse length
optical parametric oscillator (OPO) output was scanned in the
wavelength range between 890 and 1000 nm. The repetition
rate of the laser system was 5 Hz, the mean laser pulse energy
was 2mJ, and the laser spot diameter was approximately 4mm
resulting in a laser pulse fluence of 16 mJ cm−2. An 850 nm
shortpass filter was used to remove the elastically scattered
laser light from the emission spectra which were the average
of 100 single-shot spectra.

After the optimal excitation wavelength for upconversion
luminescence was determined, this wavelength was used to
perform the upconversion lifetime calibration for the phos-
phors using the same laser system and the same laser energy
and fluence settings as for the emission spectra recording.
To investigate the general impact of using a 90 ps excita-
tion source instead of a 5 ns pulse duration excitation laser
source, the downconversion lifetime calibrations were per-
formed once again for YSZ:Er,Yb, YSZ:Ho,Yb, and YSZ:Er
with the same laser pulse energy, fluence, pulse duration, and
phosphor luminescence collection system as for the upconver-
sion calibration, but with a 355 nm excitation wavelength. This
was performed to allow a comparison of the phosphor lumines-
cence intensity differencewith the two excitationwavelengths.
However, it is important to note that the phosphor lumines-
cence signal will scale with the square of the pulse excitation
irradiance (Wm−2) with upconversion excitation as it is a two-
photon process. On the other hand, downconversion excitation
will scale linearly with pulse excitation irradiance.

All lifetime calibrations of the YSZ:Er,Yb, YSZ:Ho,Yb,
and YSZ:Er phosphors used a 550 nm bandpass filter with

full width at half maximum (FWHM) of 50 nm. For YSZ:Tm
and YSZ:Tm,Yb a 458 nm bandpass with FWHM of 10 nm
was used. All phosphors were coated on a Hastelloy C sub-
strate, and the phosphor coating consisted of a mixture of HPC
binder (ZYP coatings), ethanol, and phosphor powders for all
the investigations in this study. The mean thickness of the
coatings was 20 µm, which was measured with a thickness
gauge (Elcometer 456) to ensure the expected coating thick-
ness. When applying an embedded phosphor layer within a
TBC it would ideally not be applied with a binder like HPC but
instead with the same technique as the whole TBC is manufac-
tured. This is to ensure minimal changes in the thermal prop-
erties of the TBC. However, it has been found that using an
HPC binder does not change phosphor luminescence charac-
teristics noticeably when compared with pure phosphor forms
[26, 27]. Therefore, the gathered phosphor luminescence char-
acteristics with HPC binder are representative of the behaviour
of pure phosphors as well. However, the scattering coefficients
of the 8YSZ powders mixed with the binder will not be rep-
resentative of a pure 8YSZ coating.

3. Phosphor result and discussion

The emission spectra of all phosphors in figure 1 have emis-
sions which were expected based on the lanthanides doped in
8YSZ. Note the strong emission around 965 nm for the phos-
phors with Yb3+. The stronger infrared (IR) emission from
Er,Yb than Ho,Yb is probably due to the better match of the
energy levels between Yb3+ and Er3+ than Yb3+ and Ho3+

seen in figure 4.
YSZ:Er can be excited through downconversion with

355 nm, and 532 nm laser light and the phosphor’s emission
intensity has been found to be stronger with 532 nm excitation
[15]. The decay time trend, however, was similar for YSZ:Er
for both 355 nm and 532 nm excitation [15]. The good excita-
tion efficiency with 532 nm is due to the proximity of Er3+

energy levels to 532 nm light, as demonstrated in figure 5.
The room temperature emission spectrum with 532 nm excit-
ation is plotted for YSZ:Er, YSZ:Er,Yb, and YSZ:Ho,Yb in
the zoomed view in figure 1. The integrated emission intensity
in the spectral range from 525 nm to 575 nm (the same range
as the FWHM of the bandpass filter used for lifetime calib-
ration) was 2.6, 2.2, and 1.8 times stronger for 532 nm than
355 nm excitation for YSZ:Er, YSZ:Er,Yb, and YSZ:Ho,Yb,
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Figure 1. Downconversion phosphor emission spectrum with 355 nm excitation. The zoomed view between 510 and 580 nm includes the
emission spectra with 532 nm laser excitation.

Figure 2. Upconversion excitation spectra of Yb3+ doped in 8YSZ
phosphors.

respectively. However, the IR emissions between 950 nm and
1100 nm for YSZ:Er,Yb with 532 nm excitation was 40% of
the luminosity with 355 nm excitation andYSZ:Ho,Yb’s emis-
sions in the same spectral range could not be detected with
532 nm excitation. In a previous study YSZ:Er was found to be
approximately 25 times more luminous for emissions around
550 nmwith 532 nm excitation than 355 nm excitation, but the
difference compared to the result shown in the present study
is unclear beyond that 7YSZ was used in that study, and in the
current study, 8YSZ is used [15].

The upconversion excitation spectra are shown in figure 2
for the three tested phosphors. The peak excitation wavelength
was found to be 965 nm which is quite far from the often-
used 980 nm excitation wavelength for phosphors with Yb3+.
However, this is the expected excitation peak for YSZ doped
with Yb3+ [28, 29].

Figure 3. Upconversion emission spectrum of Yb3+ doped 8YSZ
phosphors excited at 965 nm.

The emission spectra obtained using an excitation
wavelength of 965 nm are shown in figure 3. The upconversion
emission spectra of YSZ:Er,Yb shows a much stronger emis-
sion around 660 and 680 nm due to the 4F9/2 to 4I15/2 transition
(figure 4) than with downconversion excitation in figure 1.
YSZ:Ho,Yb’s upconversion emission spectra is very similar
to its downconversion emission spectrum. YSZ:Tm,Yb had
very weak luminescence in the visible spectrum with upcon-
version; therefore, no upconversion lifetime calibration was
performed with the phosphor.

The upconversion process of YSZ:Ho,Yb illustrated in
figure 4 is enabled through ground state absorption (GSA) of
the Yb3+ ion from ground state 2F7/2 to excited state 2F5/2 with
the 965 nm excitation laser light. This energy is then trans-
ferred to the Ho3+ ion through energy transfer upconversion
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Figure 4. Energy level diagram with simplified energy transfer dynamics for upconversion luminescence. The transitions are based on
[17–19, 30]. The wavy lines represent non-radiative transitions.

Figure 5. Energy level diagram with simplified energy transfer dynamics for downconversion luminescence with both 532 nm and 355 nm
excitation. The transitions are based on [17–19, 30–32]. The wavy lines represent non-radiative transitions.

(ETU) to Ho3+ energy levels. The phosphor then decays
with wavelengths shorter than the excitation wavelength. For
YSZ:Er,Yb in figure 4, the same process occurs, but direct
excitation of the Er3+ ion with 965 nm excitation is also
possible through GSA and excited state absorption (ESA)
processes.

When performing downconversion calibrations, the Yb3+

ETs are a loss in relation to the efficiency of visible phos-
phor luminescence emission, as illustrated in figure 5. This
results in YSZ:Er,Yb being less luminous than YSZ:Er around
550 nm, as seen in figure 1. Therefore Yb3+ co-doping should
only be performed if upconversion excitation will be used.

The results of the 90 ps laser pulse lifetime calibra-
tions using upconversion and downconversion are shown in
figure 6(a). No significant difference in the lifetime beha-
viour was observed between the nanosecond or picosecond
excitation pulse lifetime calibrations. Therefore, the lifetime
calibrations performed with the 5 ns laser are not shown in
figure 6(a) except for YSZ:Tm, and YSZ:Tm,Yb because cal-
ibrations with the 90 ps laser were not conducted. A 550 nm
bandpass filter with an FWHM of 50 nm was used for all cal-
ibrations with Ho3+ and Er3+. This results in the 5S2/5F4 to 5I8
transition being characterised for Ho3+ and the 3S3/2 to 4I15/2
transition for Er3+.
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Figure 6. Temperature calibration in (a) of YSZ:Er,Yb and YSZ:Ho,Yb with both IR and UV excitation and only UV calibration for
YSZ:Er, YSZ:Tm, and YSZ:Tm,Yb. For IR excitation, the 965 nm wavelength was used; for UV, the 355 nm excitation wavelength was
used. The colour map in (b) results from decay time distribution analysis using the maximum entropy method [34, 35] on the YSZ:Er,Yb
phosphor with 355 nm excitation. It shows that the same 140 ns lifetime component appears with 355 nm excitation of YSZ:Er,Yb as the
short decay component of YSZ:Er,Yb with IR excitation.

The same laser excitation energy, excitation pulse dur-
ation, and signal collection system were used for YSZ:Er,
YSZ:Er,Yb, and YSZ:Ho,Yb for both upconversion (IR data
in figure 6(a)) and downconversion (UV data in figure 6(a)) to
allow signal strength comparison. However, no excitation scan
was performed around 355 nm excitation, so the downcon-
version phosphor luminescence intensity with UV light could
most likely be improved with an OPO or dye laser system.
The upconversion decay times are consistently longer than the
downconversion decay times in figure 6(a). This is consistent
with the typical behaviour that upconversion through ETU res-
ults in longer decay times than downconversion or direct excit-
ation through GSA/ESA [32]. The longer decay time is caused
by the emission energy level being populated through ET from

a longer-lived state, in this case, the 2F5/2 energy level of the
Yb3+ ion [32].

The temperature sensitivity is improved with upconversion
as the decay time becomes 320 times shorter for YSZ:Er,Yb
from 450 K to 1200 K with upconversion, as shown in
figure 6(a), but with downconversion, the decay time only
becomes 60 times shorter. For YSZ:Ho,Yb, the decay time
becomes 80 times shorter with upconversion and 40 times with
downconversion in the same temperature range. For YSZ:Er
with 355 nm excitation, the decay time became 50 times
shorter in the same temperature range. Mono-exponential
decay curve fitting was performed with an adaptable fitting
window algorithm as described in [33], with c1 = 1 and c2 = 6.
Rise times were measured with c1 = 0.5 and c2 = 3.5.
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Table 2. Relative peak phosphor luminescence intensity for phosphor luminescence from 550 nm FWHM 50 nm. Data is based on emission
spectra and lifetime calibrations. The values, in general, change with temperature, and the data extracted from the lifetime calibration data
are averages in the temperature range from 500 to 1200 K. The emission spectra data is based on characteristics at room temperature in
figures 1 and 3. Data is not presented with decimal places because the numbers vary with temperature, and such precision is not
representative of the mean differences.

Relative integrated phosphor luminescence Relative peak phosphor luminescence intensity

Excitation wavelength (nm) YSZ:Er,Yb YSZ:Ho,Yb YSZ:Er YSZ:Er,Yb YSZ:Ho,Yb YSZ:Er

355 1 4 4 1 5 3
532 2 7 11 2 9 9
965 7 11 — 1 3 —

The integrated phosphor luminescence and peak phosphor
luminescence are compared in table 2 with YSZ:Er,Yb as
the baseline phosphor. The values are based on the collected
emission spectra and the lifetime calibrations. For YSZ:Er,Yb
and YSZ:Ho,Yb, the integrated luminescence is significantly
improved with upconversion excitation, but as the lifetimes
also become longer (figure 6(a)), the peak phosphor lumines-
cence reduces with upconversion excitation. The relative phos-
phor luminosity in table 2 is true for the laser pulse irradiance
used in the current study. However, the relative luminosity
may change with other pulse irradiances, as downconversion
and upconversion excitation scale differently with excitation
irradiance due to the former being a one-photon process and
the latter being a two-photon process. For lifetime phosphor
thermometry, the peak luminescence is of most importance
as it is the factor which is directly coupled to the signal-to-
noise ratio (SNR) of the signal. For the intensity ratio, the
integrated signal is often of greatest importance. However, a
long decay time will lead to greater background accumulation
and background contributions to the signal. With 355 nm and
532 nm excitation, YSZ:Er and YSZ:Ho,Yb have very sim-
ilar integrated phosphor luminescence. Because YSZ:Ho,Yb’s
decay time is shorter than YSZ:Er’s decay time (figure 6(a)), it
leads to YSZ:Ho,Yb’s improved peak phosphor luminescence
for the 355 nm and 532 nm excitation wavelengths relative to
the integrated phosphor luminescence.

Both YSZ:Er,Yb and YSZ:Ho,Yb have long rise times
in their lifetime behaviour when excited through upconver-
sion. For YSZ:Ho,Yb, this rise time is resolvable in the entire
temperature range of figure 6(a) as ‘Ho,Yb rise time’, but
for YSZ:Er,Yb, the rise lifetime component could not be
measured for temperatures above 920 K. This is because
YSZ:Er,Yb has a short lifetime component in its lumines-
cence with nanosecond rise time which conceals the relatively
slow increase in luminescence intensity at higher temperat-
ures. This short lifetime component of YSZ:Er,Yb is appar-
ent in the zoomed-in view of the phosphor luminescence in
figures 7(a) and (c), in contrast to YSZ:Ho,Yb in figures 7(b)
and (d). The decay time of this component of YSZ:Er,Yb is
approximately constant at 140 ns for all investigated temperat-
ures, as shown in figure 6(a) with ‘IR short Er,Yb’. This decay
time was found by doing lifetime fitting exclusively on the ini-
tial decay curve in the zoomed-in phosphor luminescence in

figures 7(a) and (c). The source of this constant decay time
in the investigated temperature range is not known and fur-
ther investigations are required to understand the reason for
the lack of temperature dependence. However, the photomul-
tiplier tube (PMT) was operated in a regime in terms of gain
and phosphor luminescence intensity where detector effects
are not likely to produce these results [36].

The fast initial rise in luminescence in YSZ:Er,Yb fol-
lowed by a short decay with a 140 ns decay time is caused
by the quick population of the higher energy levels of Er3+

through GSA from ground state 4I15/2 to 4I11/2 and then an
ESA from 4I11/2 to 4F7/2 as illustrated in figure 4. This is pos-
sible for the YSZ:Er,Yb phosphor because Er3+ can be used
for upconversion luminescence through GSA and ESA with
excitation at approximately 980 nm without co-doping with
Yb3+ [30, 37–39]. Therefore, direct population of Er3+ can
be performed without transitions from Yb3+ ions. This pop-
ulation is much faster than the slow rise time component of
YSZ:Er,Yb due to ETU from the 2F5/2 to 2F7/2 transition of
the Yb3+ ion [40]. The luminescence increase behaviour of
YSZ:Ho,Yb does not have this quick initial luminescence peak
and subsequent decay. It only has the relatively slow rise time
component due to the ETU from the Yb3+ ion because Ho3+

cannot effectively be excited by the 965 nm laser light directly.
The origin of the initial decay of YSZ:Er,Yb with upcon-

version in figures 7(a) and (c) with a 140 ns decay time is
the same as the short decay components of YSZ:Er,Yb with
355 nm excitation. The decay components of YSZ:Er,Yb’s
decay with 355 nm excitation was resolved using the max-
imum entropy method (MEM) [34, 35] on the lifetime cal-
ibration of the phosphor. The result of the MEM analysis is
the colour map in figure 6(b), where the colour bar is in log
scale to better resolve theweighting,α, of the different lifetime
components. A high α value means that the lifetime is signi-
ficant in the luminescence decay. The short 140 ns is consist-
ently a part of the decay time distribution of YSZ:Er,Yb decay
with 355 nm excitation, which supports the idea that the ini-
tial decay of YSZ:Er,Yb with upconversion is a short decay
component which also appears with downconversion excita-
tion. The longer lifetime components of YSZ:Er,Yb’s initial
decay in the upconversion phosphor luminescence cannot be
resolved in the decay curve due to them being overlapped with
the luminescence increase caused by the ETU process.

7
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Figure 7. Appearance of upconversion decay curves. YSZ:Er,Yb at 500 K (a) and 1000 K (c). YSZ:Ho,Yb at 500 K (b) and 1000 K (d). The
time scale on the x-axis was normalised based on the measured lifetime shown in figure 6(a). The short-lived luminescence around time 0 s
was removed for improved clarity of the phosphor luminescence.

4. Kubelka–Munk model

Upconversion excitation of an embedded phosphor layer in
a TBC with light at approximately 965 nm was compared
with 355 nm and 532 nm excitation using Kubelka–Munk
modelling for three different 8YSZ TBC deposition processes
APS, EB-PVD, and SPS. The Kubelka–Munk model is a one-
dimensional light-propagation model appropriate for highly
scattering and weakly absorbing media [41] which is the case
for 8YSZ TBCs. The governing equation for the propagation
of the laser light in such media is:

d
dx

{
Ilaser
Jlaser

}
=

[
−(Klaser + Slaser) Slaser

−Slaser Klaser + Slaser

]
×
{

Ilaser
Jlaser

}
(1)

where Ilaser is the laser intensity propagating into the coating
and Jlaser is the laser intensity propagating out of the coating.
Slaser is two times the scattering coefficient, slaser, and Klaser is
two times the absorption coefficient of the laser light, klaser. S
and K are used instead of s and k to account for the diffuse
nature of the laser light propagating in the TBC. In situations
with a phosphor in the TBC, some of the absorbed energy is
converted to phosphor luminescence. The amount of lumines-
cence is determined by the efficiency of laser intensity conver-
sion to the phosphor emission wavelength region of interest.

The governing equation for phosphor luminescence is:

d
dx

{
Iphos
Jphos

}
=

[
−(Kphos + Sphos) Sphos

−Sphos Kphos + Sphos

]
×
{

Iphos
Jphos

}
+

[
q·Klaser

2
q·Klaser

2

− q·Klaser
2 − q·Klaser

2

]

×
{

Ilaser
Jlaser

}
(2)

where the second term is how luminescence is induced in the
coating, where q is a term related to the quantum efficiency
in the conversion of laser intensity to the phosphor lumines-
cence intensity for the phosphor emission line of interest. This
is often considered a constant for downconversion excitation.
However, the excitation efficiency with upconversion will in
general depend on the laser intensity due to it being a multi-
photon process. The propagation of phosphor luminescence is
described in the first term where Iphos is the phosphor lumin-
escence intensity propagating into the coating and Jphosis the
luminescence intensity propagating out of the coating. Sphos
is two times the scattering coefficient, sphos, and Kphos is two
times the absorption coefficient of the luminescence, kphos. S
and K are used instead of s and k to account for the diffuse
phosphor luminescence propagation in the TBC. The differ-
ential equations in equation (2) were solved using appropriate
boundary conditions discussed in [11, 12].
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Table 3. Absorption and scattering values used in modelling. Data on 8YSZ APS and EB-PVD is primarily from [42] and supplemented
with [8]. SPS data is from [43]. The absorption at 355 nm for the SPS coating is taken from the APS absorption data, as the absorption
values of SPS at low values are not shown in the study [43].

APS EB-PVD SPS

Wavelength
(nm)

Value
range

Absorption
(M−1)

Scattering
(M−1)

Absorption
(M−1)

Scattering
(M−1)

Absorption
(M−1)

Scattering
(M−1)

355 High 1.5·103 1.45·105 1.6·103 12·104 1.5·103 11·105
Low 0.75·103 1.05·105 0.7·103 7·104 0.75·103 10·105

525–575 High 270 1.35·105 1.2·103 4·104 90 8.5·105
Low 90 0.95·105 0.3·103 2·104 30 8.0·105

965 High 100 1.10·105 1.2·103 1·104 70 5.0·105
Low 10 0.75·105 0.2·103 0.6·104 30 4.5·105

5. Modelling

The values for the absorption and scattering coefficients for
the APS, EB-PVD, and SPS deposition techniques were taken
from the literature. For each TBC application process, three
excitation wavelengths were simulated, 965 nm, 532 nm, and
355 nm. The scattering and absorption values for the differ-
ent TBC application processes and wavelength ranges can be
seen in table 3. The range 525–575 nm represents the range
of scattering and absorption values for the phosphor lumines-
cence and 532 nm laser excitation light. The upper and lower
range of coefficients is partly based on variations due to dif-
ferent porosities in TBCs with the same coating application
technique, but also differences in literature values in some
instances. EB-PVD has the lowest scattering coefficient of the
three coating techniques, and SPS has the highest. SPS gener-
ally has the lowest absorption coefficient, and EB-PVD has the
highest. These differences result from how the TBC materials
are structured with the coating techniques, where the columnar
microstructure of EB-PVD results in a relatively low scatter-
ing coefficient and increases absorption coefficient relative to
APS, which has a laminar microstructure [42]. The scattering
and absorption coefficients in table 3 are valid for a perpen-
dicular angle of incidence of the laser light to the TBC sur-
face. Other angles of incidence could lead to different scatter-
ing and absorption coefficients, especially for EB-PVD, which
is anisotropic. The pore size distribution with SPS results in a
smaller mean diameter than APS, leading to more pores and
pore interfaces acting as scattering sites [43] and resulting in
SPS having higher scattering coefficients than APS.

Previous Kubelka–Munk simulations for YSZ TBCs in the
context of lifetime phosphor thermometry have used reference
data where the scattering coefficients of both APS and EB-
PVD were lower towards the UV than the visible region, but
these coefficients were from 7YSZ [11, 44, 45]. The scattering
coefficients for 8YSZ are higher in the UV than for 7YSZ,
leading to poor UV light penetration through 8YSZ coatings.

The Kubelka–Munk modelling assumes isotropic scatter-
ing, which is generally not true for EB-PVD due to its colum-
nar microstructure, which also results in the scattering coef-
ficient increasing deeper into the TBC [45]. Additionally, the
averaged scattering coefficients in EB-PVD coatings increase
with thickness of the coating as this affects the columnar grain

diameter [42]. The anisotropic nature of EB-PVD coatings
has previously been accounted for by increasing the scatter-
ing coefficient deeper into the TBC to improveKubelka–Munk
modelling accuracy [46]. However, this was not performed in
the current study due to the difficulty in defining appropriate
scattering coefficients at different depths. The scattering and
absorption values in table 3 for EB-PVD have higher uncer-
tainty than the other coating techniques due to the anisotropic
nature of the coating and due to the difficulty of separating
scattering and absorption effects in the UV to visible region.

In total, 1215 different scenarios were simulated as the
lower and upper bound values in each cell of table 3 were
used in addition to the average of the upper and lower bound
values. By simulating all these different scenarios, one under-
stands the range of results possible based on the variation
in TBC scattering and absorption coefficients. The signific-
ant variations are mainly a result of different porosities of
8YSZ in the TBC. A low porosity leads to higher absorption,
but lower scattering and high porosity lead to lower absorp-
tion and increased scattering [42]. In addition, the pore archi-
tecture, meaning size distributions and arrangement of grain
boundaries, also affects the scattering and absorption coeffi-
cients. The scattering coefficients are consistently larger than
the absorption coefficients which is needed for the Kubelka–
Munk model to be accurate. Therefore, if absorption and scat-
tering coefficients are similar, one should use the four-flux
model instead for improved accuracy [41].

The 965 nm laser light consistently has the lowest absorp-
tion and scattering coefficients in table 3, which should allow
the laser light to penetrate deeper into TBC coatings. Based on
the absorption increase of 980 nm light due to Yb3+ doping in
various hosts, an absorption coefficient increase of 400 m−1

for 3% Yb3+ doping in YSZ is reasonable [47–50]. Addi-
tionally, it was found that 0.5% and 6.5% of Yb3+ doped
in YSZ resulted in absorption coefficients of 163 m−1 and
1844 m−1 with 966 nm excitation light, respectively [28].
Therefore, a lower estimate of 300 m−1 and a high estimate
of 800 m−1 are reasonable estimates of the absorption coef-
ficient increases caused by 3% Yb3+ doping for the 965 nm
excitation wavelength. This value is added to the absorption
coefficient in table 3 for the absorption of 965 nm light in
a Yb3+ doped TBC layer. No increase in absorption coeffi-
cients was accounted for due to lanthanide doping for the 532
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and 355 nm excitation wavelengths because the laser excita-
tion wavelength was not tuned to perfectly overlap with a spe-
cific phosphor transition. The actual absorption coefficient for
doped 8YSZ with 355 nm and 532 nm excitation may there-
fore be slightly different from the values reported in table 3.
The quantum efficiency factor q in equation (2) was set to 0.5
for all three excitation wavelengths as in previous studies [11,
12], but it has no impact on the relative luminescence values in
this study as it is just a multiplicative constant. Therefore, the
quantum efficiency dependence on laser intensity with upcon-
version excitation is not captured in the Kubelka–Munk sim-
ulations. The reflectance at the thermally grown oxide layer
interface is assumed to be 20% [10].

In uniformly phosphor-doped TBC and temperature gradi-
ents in the coating, the phosphor luminescence originates from
a range of temperatures. Therefore, the resulting luminescence
will contain components with varying decay times represent-
ing locally different temperatures [11, 12]. Due to the differ-
ent absorption characteristics of the UV and IR excitation laser
light, one could potentially use that to have different sensing
depths with two excitation depths. If one knows the sensing
depth of the two excitation wavelengths, one can then measure
the temperature gradient in the TBC. However, this methodo-
logy requires careful calibration of the phosphor TBC or very
accurate absorption and scattering parameters (including tem-
perature dependence) to provide accurate temperature gradient
measurements. This is because a TBC material’s absorption
and scattering parameters are not constant with temperature
[8, 9]. The use of dual depth sensing to measure temperature
may be feasible but exciting an embedded thin phosphor coat-
ing is a conceptually simpler technique which could be com-
plimented with a thin phosphor layer or pyrometry measure-
ment on the surface of the TBC to get the temperature gradient
in a TBC. Therefore, the situation with a thin phosphor layer
at the bottom of a TBC but on top of the metal oxide layer is
simulated in the present study with a comparison between 355,
532, and 965 nm excitation wavelengths. The simulated TBC
coating consists of an undoped 180 µm thick 8YSZ coating on
top of a 20 µm 8YSZ coating doped with different combina-
tions of Yb3+ and Er3+ or Ho3+, which sits on the bond coat.
This results in a total thickness of 200 µm of the simulated
8YSZ TBC coating.

6. Modelling results and discussion

The laser intensity into and out of an APS TBC is shown in
figure 8(a), and the phosphor luminescence, assuming con-
stant temperature in the phosphor layer underneath the TBC, in
figure 8(b). Due to the relatively thin phosphor layer, a temper-
ature gradient in the TBC will not alter the results fundament-
ally. Therefore, this simulation will also give a general indic-
ation of the absorption and scattering in that situation. The
355 nm laser wavelength is much more quickly absorbed in
the TBC than the IR and 532 nm excitation light (figure 8(a)).
This results in greater phosphor luminescence for the IR and
532 nm excitation than for 355 nm in figure 8(b). The error

bars and the shaded regions show the standard deviation in the
laser and phosphor luminesce at different parts of the coating
based on the range of absorption and scattering coefficients
simulated. The result of most interest in figure 8 is the intensity
of the phosphor luminescence leaving the surface of the TBC
shown in figure 8(c). This is the intensity of Jlum at the sur-
face of the coating. Figure 8(c) shows that 965 nm excitation
results in approximately seven times stronger mean phosphor
luminescence than 532 nm. 355 nm excitation is three times
weaker than 532 nm excitation due to the higher scattering and
absorption for 355 nm excitation.

With the EB-PVD technique in figure 9, the lower scatter-
ing leads to higher laser intensities deeper in the coating and,
in turn, greater conversion of laser pulse energy to phosphor
luminescence. The mean phosphor luminescence leaving the
TBC, as seen in figure 9(c), is six times stronger for 965 nm
excitation than for 532 nm excitation, and the 355 nm excita-
tion was much weaker than both.

With the SPS technique in figure 10, very high scattering
values lead to very low laser intensities deeper in the coating,
as most laser light is not absorbed in the TBC but scattered
out of the surface of the TBC, as seen by the high values of
the Jlaser in figure 10(a) for all excitation wavelengths. The
mean phosphor luminescence leaving the TBC was 20 times
larger with upconversion excitation than 532 nm, as indicated
in figure 10(c).

The 965 nm excitation is the brightest excitation
wavelength assuming constant conversion efficiency from
laser intensity to phosphor luminescence intensity, as seen
in (c) for figures 8–10. The 532 nm excitation results in less
bright phosphor luminescence, but the phosphor lumines-
cence with 355 nm excitation is far lower than the 532 nm and
965 nm excitation sources. However, as seen by the error bars
in (c) for figures 8–10, the range of simulated coefficients pro-
foundly impacts the phosphor luminescence leaving the TBC.
The phosphor luminescence intensity with 965 nm excitation
leaving the TBC with the EB-PVD coatings is approximately
7 and 50 times stronger than the APS and SPS application
techniques, respectively. This is due to the overall lower scat-
tering coefficients for the EB-PVD coatings compared to the
other coating application techniques.

To determine the optimal excitation wavelength for an
embedded thin phosphor coating, be it 532 nm or 965 nm, one
needs to account for the efficiency with which the phosphor is
excited by the laser light. Therefore, the relative peak lumin-
escence intensity results from table 2, which contains inform-
ation about the relative conversion efficiency of laser light to
phosphorescence, were multiplied by the luminescence leav-
ing the TBC surface in (c) for figures 8–10, and the results are
presented in figure 11 below. YSZ:Ho,Yb excited with 965 nm
is the configuration in figure 11 that results in the strongest
phosphor luminescence intensity for all TBC application tech-
niques covered in this study owing to the better penetration of
965 nm excitation laser light and the relatively efficient emis-
sion fromYSZ:Ho,Yb. Figure 11 highlights again that the EB-
PVD TBC application method results in superior phosphores-
cence luminescence leaving the surface of the TBC.
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Figure 8. APS TBC application method. Laser intensity at different depths in the TBC (a) and phosphorescence intensity at different depths
with phosphor-doping only in the bottom 20 µm of the 200 µm deep TBC (b). Excitation with UV (355 nm), visible (532 nm) and IR
(965 nm) is shown for emission at 550 nm. (c) Shows the phosphor luminescence close to the TBC surface propagating out of the coating.

Figure 9. EB-PVD TBC application method. Laser intensity at different depths in the TBC (a) and phosphorescence intensity at different
depths with phosphor-doping only in the bottom 20 µm of the 200 µm deep TBC (b). Excitation with UV (355 nm), visible (532 nm) and IR
(965 nm) is shown for emission at 550 nm. (c) Shows the phosphor luminescence close to the TBC surface propagating out of the coating.

Figure 10. SPS TBC application method. Laser intensity at different depths in the TBC (a) and phosphorescence intensity at different
depths with phosphor-doping only in the bottom 20 µm of the 200 µm deep TBC (b). Excitation with UV (355 nm), visible (532 nm) and IR
(965 nm) is shown for emission at 550 nm. (c) Shows the phosphor luminescence close to the TBC surface propagating out of the coating.
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Figure 11. Relative peak phosphor luminescence leaving the TBC
with adjustments for the relative peak luminescence of each
phosphor using table 2. The plots show the minimum, maximum,
lower and upper quartiles, mean, and median values in the peak
phosphor luminescence leaving the coating. Note that the
luminescence values are multiplied by 5 for the APS coating
method and 40 times for the SPS method.

7. Conclusions

The 8YSZ phosphors YSZ:Er,Yb, and YSZ:Ho,Yb were
selected for detailed characterisation using upconversion
phosphor thermometry. The integrated phosphor lumines-
cence with upconversion excitation was approximately six
times brighter for YSZ:Er,Yb and three times brighter
for YSZ:Ho,Yb than excitation with 355 nm. The integ-
rated luminescence and peak phosphor luminescence with
532 nm excitation were approximately twice as bright for the
YSZ:Er, YSZ:Er,Yb, and YSZ:Ho,Yb phosphors compared
with 355 nm excitation.

The phosphors were more temperature sensitive
with upconversion thermometry, where YSZ:Er,Yb and
YSZ:Ho,Yb were five and two times more temperature sensit-
ive with upconversion excitation, respectively, compared with
downconversion. YSZ:Er,Yb and YSZ:Ho,Yb had long rise
time components with upconversion excitation, which did not
exist with downconversion excitation. This leads to a very low
background fluorescence impact on the phosphor decay as the
phosphor decay curve is delayed in time from the excitation
pulse. This, coupled with the already low background fluor-
escence generated with upconversion excitation, is promising
as it would reduce the interference from impurities in YSZ
TBC in situations with an embedded thin phosphor-doped
YSZ layer with undoped YSZ on top.

Kubelka–Munk simulations were performedwith a 200µm
thickYSZTBCwhere the bottom 20µmwas a phosphor layer.
Upconversion excitation was shown to result in more phosphor
luminosity leaving the TBC than 532 nm and 355 nm excita-
tion for APS, SPS, and EB-PVD, assuming the same excita-
tion efficiency for all wavelengths. Accounting for phosphor

excitation efficiency, it was found that upconversion using the
YSZ:Ho,Yb phosphor remained the most luminous option.

Upconversion lifetime phosphor thermometry is promising
for temperature measurements in a TBC with an embedded
phosphor layer owing to the increased temperature sensitivity,
reduced fluorescence background influence, and good signal
strength compared to downconversion excitation.
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