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Shedding Light on Luminescence Lifetime Measurement
and Associated Data Treatment

Waygen Thor, Jean-Claude G. Biinzli,* Ka-Leung Wong,* and Peter A. Tanner*

InI(t) = InI(0) — kt (1b)

Luminescence lifetime is a crucial parameter in photophysical studies that bears

essential physical and chemical information and that is used to quantify a variety
of phenomena, from the determination of quenching mechanisms to tempera-
ture sensing and bioimaging. The current perception of lifetime measurement is
that it is a trivial and fast experiment. However, despite this apparent simplicity,
measuring luminescence decay and fitting the obtained data to a suitable model
can be far more intricate. In this perspective, the influence of experimental

parameters and fitting procedures on the determination of lifetimes are inves-

The lifetime reflects not only radiative
processes, but all the deactivation routes
of the luminescent state. We can classify
these in short as emission of photons
(described by the radiative lifetime, )
and all other nonradiative routes (which
we simplify as the nonradiative lifetime,
Tyr), according to:

tigated and, through carefully chosen examples, it is shown that large variations, 1 1

up to 10%, can be induced by varying parameters such as the data acquisition

1
L AD DL )

T T

time, the baseline evaluation, or the mathematical fitting model. In order to

present to a wider audience, detailed mathematical descriptions are kept out

of the manuscript.

1. Introduction

After being populated, a specific luminescent species releases
photons over time with a first-order steady-state kinetics decay
characterized by a rate constant k [s™'].

I(t) = I(0)exp (1a)

The associated luminescence lifetime 7 [s] is an important
experimentally determined parameter which is defined as 1/k
or as the time after the excitation pulse for the light intensity
to drop to 1/e (=1/2.71828...) of the initial value I(0)."! Taking
natural logarithms of Equation (1a) we have:
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Emission lifetimes can vary over 15-16
orders of magnitude; for example, they
are in the ps—ns range for singlet emission
of organic materials (S; — So), ns range for
electric dipole (ED) allowed transitions of
di- or tri-positive lanthanide ions (4"~ '5d — 4f), ps—s range
for spin-forbidden triplet emission of aromatic compounds
(T1 — So), ps range for magnetic dipole (MD) allowed transitions
of transition metals or lanthanides, ps-ms range for forced ED
4f* — 4f" transitions of lanthanides, and to second-hour regimes
for persistent luminescence (Figure 1).

The measured lifetime can be used to: 1) indicate the purity of
a sample, since it should be strictly monoexponential for a pure
analyte if no processes occur other than light emission and
nonradiative decay from the luminescent level; 2) reveal and
characterize the different luminescent species when emission
spectra overlap;l?! 3) distinguish static and dynamic quenching
mechanisms of luminescence; 4) estimate the energy transfer
efficiency, ngr, from a donor to an acceptor: gy = 1 — - where

7 and 7, are the lifetimes of the donor in the presence and
absence of the acceptor, respectively; 5) measure temperature,
for example, in cellulo?®! or invivo;*! 6) perform luminescence
lifetime bioimaging,”®! particularly of deep tissues;®! 7) determine
activation energies of quenching mechanisms.”) Detailed
reviews are available for the techniques and implementation
of lifetime measurements,® and we attempt not to overlap with
these. Rather, we focus on the time-domain determination of life-
times and analysis methodology, and by carefully selected exam-
ples, we present experimental evidence that measurement
conditions and data treatment procedures may considerably
influence the final estimated value of the lifetime. We limit
our quest to compounds with decay lifetime in the time span
from ns to s, but present data for solid state samples and solu-
tions, inorganic or organic. For each sample, focus is made on a
particular aspect of the experimental procedure and/or of the
sample characteristics. The chemical structures, syntheses of
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Figure 1. Approximate time ranges for common luminescence processes.
The grey and violet bars below point to the time-domains ideal for the two
main experimental techniques used to determine lifetimes, TCSPC (time-
correlated single-photon counting) and MSC (multichannel scaling); fluor.
fluorescence, lum. luminescence.

samples and instrumentation employed are described in the
Supporting Information.

2. Examples of Fitting Luminescence Decay
Curves

There are two main experimental techniques for measuring
luminescence decays. The first one simply measures lumines-
cence intensity at a given emission wavelength following the exci-
tation pulse (typically 10 Hz repetition rate) and in a constant
time window that is swept over the entire measurement time.
The output is a graph of photon counts versus time and the
method is sometimes referred to as multi-channel scaling
(MSC).®! In the second technique (TCSPC) the sample is excited
by a high-repetition light source (typically 1 MHz) and one single
photon is detected after each pulse, and a histogram of photon
arrival times on the detector, measured with ps precision, is
established;'® a variant of this technique is the analog
mean delay (AMD) method that can detect multiple photons
simultaneously."®® The common time domain for which these
two techniques are used is shown in Figure 1.

Although seemingly simple, the determination of lifetimes is
prone to several experimental problems/artefacts. Common ones
are 1) detector saturation by too large signals so that the linear
relationship between the number of photons emitted and the sig-
nal intensity is lost; 2) excessively noisy emission in the case of
weak emitters; 3) non-constant baseline; or 4) spurious signal
due to interference from the excitation lamp pulse that is
extremely intense so that it is not always totally removed by
filters/monochromators — not to mention photodecomposition
of the sample or an insufficiently cleaned sample cuvette/holder!
We stress here the absolute need to proceed to a blank measure-
ment before starting lifetime determination on the sample.
In addition, we show below that the model used to fit the data
and the sampling time domain of the data set also play non-
negligible roles.

An additional point is error reporting. When fitting a lumines-
cence decay with a given model, standard deviation calculations
are provided, often summarized with the adjusted coefficient of
determination Ridi (1 meaning a perfect fit), and with standard
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deviations affecting each parameter, particularly the lifetime.
These deviations are usually very small when the model is cor-
rect. One must keep in mind that they are intimately linked to the
model used, are of a statistical nature, and do not correspond to
the experimental error that should be reported. The latter should
consider reproducibility of the experiment, if possible, by mea-
suring each sample at least thrice, measuring 2-3 samples of the
investigated material, and, also, checking the influence of the
measurement parameters (data recording parameters), and of
the chosen data treatment model. If this is not possible, at least
replicate samples should be obtained and measured. Since the
subject of this work is the influence of data treatment, most
of the lifetimes reported here have exceedingly small (or zero)
associated fitting uncertainties.

2.1. Testing a Monoexponential Decay: Which Formula to Use?
Is It Really Monoexponential?

In the following, the decays have been measured by a photomul-
tiplier and displayed 1) as the number of photons emitted at a
given wavelength at time ¢, I(t); or 2) through an oscilloscope,
in voltage - pV or mV. Normalization is often performed on data
to focus on the underlying distribution shape. This is either made
by setting the most intense value of I(f) to 1; or in [0,1] normali-
zation, by setting the smallest one to 0 and the most intense value
of I(t) to 1. The same value of lifetime results from a monoexpo-
nential decay fit of the original data or for either of these two alter-
natives, but other parameters may vary. For a logarithmic
ordinate, normalization is essential if some data are negative.

The equations most often used to fit a dataset exhibiting
monoexponential decay are:

I(t) = I, + 1(0)exp(—t/7) (3a)

where, compared with Equation (1a), the baseline correction, I,
is inserted in software such as Origin or others. If this is not a
freely varying parameter, the baseline counts can be taken as the
value before the light pulse, if possible, otherwise as the value
approached at, or after, the end time of the data recording.

Alternatively, a linear fit of the form y = a + bt is made by
taking logarithms:

log,o(I(t) — I,) = log;(1(0) — 0.43429¢t/7 (3b(i))
Or natural logarithms:

In(I(t) — I,) = InI(0) — t/7 (3b(ii))

In these equations t [s] is time and 7 [s] is the lifetime. At time
t=0, for a dataset [0,1] normalized, we expect that I(0) + I, =1,
but this will not be the case for a fit where there is an incorrect
baseline or deviation from monoexponentiality. Normally, the
optional Equation (3a(i)), rather than Equation (3b(ii)), is chosen
because the ordinate is clearer in powers of ten. The linear fit
then has the slope —0.43429.../z. The minimizing problems of
an exponential fit (Equation (3a)) and a logarithm-linear fit
(Equation (3b)) are different (as described in the Supporting
Information for an Eu(IIl) helicate, Section 2.1.1, Figure SI,
Table S1, Supporting Information) so that one should also be
prepared to obtain a different result if both equations are
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employed. Besides, taking logarithms compresses the data and
minimizes the sum of squares error (SSE) for the transformed
data, whereas the exponential fits minimize the SSE for the orig-
inal data.

The Guggenheim (Equation (3c)) and Phase-Plane methods
are available for fitting exponential data with constant, but
unknown baselines.'""! In the linear fit of the Guggenheim
method, y = In[I(t) — I(t+ At)] (note that it usually employs
In rather than log) is plotted against time, ¢, in an equation of
the form y = a + bt:

In[I(t) — I(t + At)] = In{K[1 — exp(—At/7)]} — t/z (30)

where At represents the increment between readings and
should be in the region at least 27 to 37; K is a fitting constant.
The linear slope b is —1/z. The Guggenheim method is popular
because it eliminates the need for acquiring a base line, gives
accurate measurements, and is simple.

Figure 2a shows the room-temperature (RT) emission
spectrum of [Yb(TTA)s;phen] (TTA = thenoyltrifluoroacetonate,
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phen = 1,10-phenanthroline). The sample has not been recrystal-
lized and excitation was performed through the ligand level at
355 nm, taking advantage of the antenna effect. The emission
occurs from the 2Fs /2 to the ’F, J2 J-multiplet. The data fits accord-
ing to Equation (3a) and (3b(i)), and (3c) for the timescale
0-195 ps are displayed in Figure 2b—d and Figure S2 and S3
(Supporting Information) and the results are listed in Table 1.
The table not only shows the comparison between the fits using
the different equations, but also the effect of constraining some
parameters and reducing the number of freely varying ones.

There is a significant difference between the 3-parameter
monoexponential fit (Item 1) and the 2- (Items 3-5) or
1- (Item 2) parameter linear fits in this casel Moreover, one sees
the great importance of the baseline choice since the difference
in resulting parameters between the constrained choices of
I, =0 (Item 3) and I, = 4.0404E-3 (Item 4) (i.e., choosing the
value fitted in Figure 2b, Item 1) is enormous. The I(0)
values also differ considerably for Items 1,3 and 4. The
Guggenheim method yields a result 13.5% different from the
exponential fit.

b
®) 1.0
@ 0.8 I(t) = 1, + 1(0)exp(-t/7)
c
=]
8 0.6 1, =0.00404(2)
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Figure 2. a) 355 nm excited room temperature emission spectrum of [Yb(TTA);phen] in the solid state. b,c) Luminescence decay measured at 995 nm.
The data have been normalized [0,1] in Origin. b) The fit with Equation (3a) and c) using Equation (3b(i)). d) Guggenheim fit of the same data with

At =20 ps. Refer to Table 1 for fitted lifetimes.
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Table 1. Comparison of exponential and linear fits of the monoexponential
decay of an un-recrystallized solid-state sample of [Yb(TTA);phen] in the
range 0-195ps. Excitation wavelength: 355 nm, analyzing wavelength:
995 nm; 94 744 time data.

I 1(0) 7 [us] R?

Item  Equation Figure N? adj

1 (3a) 2b 3 404(2)E3  0.94346(1) 10.04(0) 0.9993
2 (3bi) s2 1 0] U] 12.59(0)  0.9864
3 (3bi) 2 2 0] 0.502(1)  14.60(0) 0.9608
4 (3bi) s3 2 [4.04E-3]  1.158(5)  9.25(0) 0.9676
5 (3¢) 2d 2 na. na. 11.40(1)  0.9583

AN is the number of freely varying parameters. ®Here, and in the following, the
bracketed number represents the standard deviation as applied to the last
significant figure(s). Rgdj is the adjusted coefficient of determination of the fit.
The square brackets represent that the parameter is constrained in the fit; n.a. not
applicable. The value of At in the Guggenheim fit was fixed near 27 (i.e., at 20 ps).
Refer to the Supporting Information for the discussion of items 2—4.

However, visual examination of the two linear fits
Equation (3b) and (3c) is extremely useful since it enables one
to assess the deviation from exponentiality, as represented here
by the deviation from linearity. This deviation occurs because
there is an initial fast decay. Hence, to answer the question in
the title of this section, one can see from this deviation that the
data do not well represent monoexponential decay. Fitting the
dataset with a double exponential function (Figure S4,
Supporting Information) yields lifetimes of 3.08 and 10.67 ps,
with the longer lifetime weighted 8.8 times more than the short
lifetime. The fitted longer lifetime differs from that of the mono-
exponential fit by 6%.

In fact, this example is a perfect illustration of the use of
lifetime measurements to assess the purity of a sample. The com-
pound [Yb(TTA);phen] has previously been reported to exhibit
monoexponential decay with the lifetime of 12.01 £ 0.02 ps in
the solid state,!*? 10.4 and 11.9 ps in toluene and CCl,,™*' respec-
tively. The present sample preparation was not conducted in an
inert atmosphere and the compound was not recrystallized. The
deviation from monoexponential decay for our sample indicates
sample impurity.

2.1.1. Conclusions

The type of fit, choice of baseline, and number of freely varying
parameters all considerably influence the value of the fitted life-
time. When data have been normalized [0,1], the fitted parameter
1(0) should be close to 1.0, and I, should be zero, which is not the
case in the examples above. These fitted values, in addition to the
observation of nonlinearity in the logarithmic plot, indicate devi-
ations from monoexponentiality.

The largest deviations of the parameter Ridi occur for the
linear fit methods and the smallest for the fit with Equation (3a).
In addition to a monoexponential fit, it is good to employ a linear
representation to visually investigate deviations from monoexpo-
nential decay. Otherwise, a high value of R? 4 ~ 1in the former fit

(as in Figure 2b) might encourage one to think that the dataset

Adv. Photonics Res. 2025, 6, 2400081 2400081 (4 of 12)

www.adpr-journal.com

clearly represents monoexponential decay and that the sample is
pure. The present exercise puts in perspective the reporting of
lifetimes with 2-3 significant digits in the literature.

2.2. Fitting a Biexponential Rise and Decay Function Curve

We consider here the case where both the population (kp) and
depopulation (k) kinetics of the excited state have been mea-
sured. This type of experiment offers insight into the mechanism
of the excited state population but often necessitates sophisti-
cated equipment because the population kinetics can be
extremely fast. There are exceptions though, particularly when
it comes to the luminescence of lanthanide ions.

Figure 3a shows the room temperature °D, emission spec-
trum of Y,05:Eu®". The luminescence decay after a short laser
pulse is displayed in Figure 3b. The intensity rise occurs due to
nonradiative energy transfer from the higher-lying donor state to
>D,, with subsequent nonradiative and radiative decays from the
°Dy level to the ’F; manifold (J=0-6) (Figure 3c). The consid-
ered donor state to Dy is °D;. The overall kinetics of °D,
emission is not first-order, so an appropriate fit is required.
The graph can be fitted (in red) by the donor—acceptor biexponen-
tial function:

I(t) = Aexpfi — Bexp_% + I 4)

where A and B are constants; I, usually a parameter in the fitting
equation, represents the baseline counts; and 74 and 7p are the
lifetimes of the emissive (acceptor, *Dy) and populating (donor,
>D;) states, respectively, shown in Figure 3c. The time to maxi-
mum emission intensity is denoted by t,,., where for pulsed
excitation:*!

— 1 2N
bnax = { [1_]51 — T;l] }ln l:TD] (5)

and the total time monitored is denoted by t,. Here, we have
measured ty,,, from the experimental rise and decay graph of
Dy, with the dataset normalized [0,1], as in Figure 3b. The fit
to Equation (4) in Figure 3b, where (tiol/tmax = 38.5) gives
reliable parameter values, as shown in the figure:
7p = 7p, = 96.6 i, 74 = 7p, = 1.17 ms, and tya = 0.26 ms.
However, fitting the decay over short time spans, total/tmax < 4
gives unrealistic values of 7o and zp. Then, when tium/tmax
increases beyond ~3.7, there is a big change in parameter values,
and the values gradually become closer to those of Figure 3D, as
shown in Figure 3d. Both lifetime values are only slightly depen-
dent upon the iteration algorithm employed (the Levenberg
Marquardt here, but we also used Orthogonal Distance
Regression). Moreover, the parameter I, has been freely varied
in these fits and displays the same abrupt change around the
ratio tywal/tmax ~ 3.7 (Figure S6, Supporting Information).
Subtraction of the baseline in Figure 3b, so that the constant
values near 10 ms correspond to zero counts, gives the same life-
time parameters as in Figure 3b, using Equation (4). However, if
the value of the parameter I, is constrained in the fitting,
using an inaccurate value can lead to large errors in the lifetimes
75 and 7p. Figure 3d displays values of these lifetimes, together
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Figure 3. a) 464 nm (°D,) excited room temperature emission spectrum of Y,O5 doped with 1 at.% Eu**. b) Emission rise and decay measured at 611 nm
under 464 nm excitation. The monitoring time, By, is shown to extend to the end of the data set in this case. The fit, in red, uses Equation (4).
¢) Schematic diagram of relevant energy levels and decay processes. The full upward vertical arrow represents population of >D,, followed by nonradiative
decay to °D;. Wavy downward arrows represent nonradiative processes, whilst straight ones represent radiative ones. The lifetime of °Ds, 7p,, is given by:

% = ki + kJ" + k§ ; and the lifetime of °Do, p,, is given by % = k{, + k{', where the k are rate constants. d) Values and errors of the fitted lifetimes z,,
1 0

and 7p when inaccurate values are fixed for the baseline. Refer to Figure S7 and Table S1 (Supporting Information). e) Variation of fitted acceptor, za, and
donor, 7p, lifetimes according to Equation (4), with increasing monitoring time, b1, relative to time to maximum intensity, t.,. The error bars in the fits
lie inside the points. The acceptor A is *Dg and the donor D is °D. f) Rise and decay of °D; luminescence. The fitted °D, lifetime using Equation (4) is

given as 100 ps and the rise time for D, w°Dy is 25 ps.

with the fitting errors, for various fixed errors in baseline counts
(Figure S7, Table S2, Supporting Information).

The point of this rather involved discussion is to emphasize
that the total time taken for data fitting can have a severe impact
upon the calculated lifetime values. The decay timespan typ
needs to be appropriate, i.e., long enough so that the function
can appropriately fit the decay part of the curve. Moreover, it
seems better to keep the baseline I}, as an adjustable parameter.

In this example, the rise time of °D, (Figure 3b) is equal to
the decay lifetime of *D;, the kinetics of which is displayed in
Figure 3f, in line with the assumed energy transfer mechanism
(Figure 3c).

2.2.1. Conclusion

When fitting biexponential rise and decay functions, make sure
that the decay tail is long. The monitoring time, ., needs to be
~10 times that of t,,,, in the present case to reach correct life-
times. Hence, it is advised to check the values of the lifetimes
when using different monitoring times. Equation (5) is useful
for checking the value of t,,,, after the two lifetimes have been

Adv. Photonics Res. 2025, 6, 2400081 2400081 (5 of 12)

fitted and then estimating if the considered t, value is long
enough.

2.3. For What Range Should We Measure Lifetime?

Literature data often report monoexponential lifetimes without
stating the measurement (i.e., the fitting) range. However, the
lifetime value would change if another timescale range were
employed. We demonstrate this with a dinuclear europium hel-
icate [Euy(L<%)s] at 15uM concentration in 0.1M tris buffer
(pH 7.4), excited at 355 nm into the ligand levels.!"” The fit of
the entire decay (0-12.5 ms) with Equation (3a) in Figure 4a is
reasonably good (Rid]. =0.9989), except at the beginning, and

yields the reported literature value 7= 2.43 ms.'" Trimming
the first 0.30 ms results in a slightly better fit ( Rid]. =0.9990) with

a shorter lifetime, 2.37 ms (Figure S8a, Supporting Information).
Trimming more data points at the beginning of the decay leads to
a smooth decrease of the lifetime from 2.43 to 2.22 ms when the
first 2 ms of data are removed. This tendency is the same if the fit
is stopped at 11 ms instead of 12.5 ms (Figure S8b, Supporting
Information).
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Figure 4. a) Room temperature D, emission decay of a europium helicate [Eu,(L<%)3] at 15 pM concentration in tris buffer.'™! b) Plot of fitted mono-
exponential lifetime values when employing shorter calculation ranges (¢ ms) than starting at 0 ms up to 12.5ms.

Shortening the fitting time of the decay curve is revealed to
have a more important effect on the lifetime value. Figure 4b
indicates a continuous increase of the calculated lifetime from
2.43ms to 2.90ms when the fitting range is shortened from
12.5 to 4 ms. This figure can be fitted with a monoexponential
function as indicated and the fitted value of 7 at infinite time
(te) is 2.40ms. The decay curve only approaches zero in
Figure 4a after ~#11 ms so recording the decay for at least five
lifetimes appears to be compelling, with longer measurement
times being recommended.

To summarize the behavior of the fitted lifetime in the present
example: it decreases with increasing measurement time
(Figure 4b), while decreasing when the initial portion trimmed
at the beginning is longer (Figure S8, Supporting Information).
We do not offer explanations for these observations, but we per-
ceive that the variations are of importance. For instance, if the fit
is stopped at 3t or if it starts at 0.5, variations in the present case
with respect to the fit in Figure 4a amount to 6.6% and 3.3%,
respectively. A further example, with varying data measurement
times in the ns range, is given later in Figure 7e,f.

2.3.1. Conclusions

Fit the lifetime decay curve over a range of >5 lifetimes (10 being
recommended). The Rgdi parameter measures the proportion of

the variance in the dependent variable (normalized intensity) that
is predictable from the independent variable (time) in the regres-
sion model, adjusted for the number of parameters employed.
The highest value of this parameter at a certain calculation range
may not correspond to the “true” value of the lifetime because the
range may not be optimal.

2.4. For What Wavelength Should We Measure Lifetime Decay?
the Case of YAG:Ce®"

Figure 5a displays the RT emission spectrum of yttrium alumi-
num garnet (Y3AlsOq,, YAG) doped with 0.5 and 5at.% Ce*"
while the decay curves are illustrated in Figure S10

Adv. Photonics Res. 2025, 6, 2400081 2400081 (6 of 12)

(Supporting Information). For the higher concentration of
Ce*", the excitation spectrum is broader because Ce** occupies
more diverse sites and Ce*™-Ce®" interaction is stronger,
whereas the emission spectrum is red-shifted due to self-
absorption."® The relevant energy levels of Ce** are shown in
Figure 5b. It has been shown that for different Ce*" systems,
the reciprocal lifetime is proportional to the electric dipole
moment matrix element squared, the wavelength to the power
—3, and a Lorentz refractive index term.l'”) Other studies have
shown that for different fluorescent proteins, the fluorescence
lifetime decreases as the emission wavelength increases.'®
We investigate herein the results for one system, YAG:Ce*", with
emission from one excited state, 5d;. We anticipated that the
Ce*" lifetime would be independent of the wavelength moni-
tored,!"” but other studies have concluded that the lifetime varies
as 172.2% For one excited state in a fixed environment, the life-
time comprises all radiative and nonradiative processes and is
constant with measured wavelength. If not, other factors are
at play, such as emission from ions in slightly different
environments.

With excitation at 460 nm into the intense absorption band,
since the emission spectrum is broad, what wavelength should
we use to monitor the lifetime? Despite the fact that most studies
monitor the lifetime at the emission maximum, it is worth not-
ing that the saturation of the detector should be considered to
prevent an instrumental artifact. If the wavelength chosen is
overlapping with the region for self-absorption, the lifetime mea-
sured can be affected and is normally lengthened.*"

The decay curves are not exact monoexponential functions and
have been fitted with both Equation (3a) and the biexponential
Equation (6), where both parameters A and B are positive:

I(t) = Aexp*/™ + Bexp "2 + I (6)

Experimental results for the emission decay of the YAG:Ce*"
sample at different wavelengths are fitted in Figure 5c on a log
scale and the resulting lifetimes from monoexponential and biex-
ponential fits are plotted in Figure 5d. Shorter lifetimes are usu-
ally associated with Ce’" ions near defects, at surface sites, or
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Figure 5. a) 460 nm excited RT emission and 540 nm excitation spectra of YAG doped with 5 and 0.5 at.% Ce’*. b) Scheme of relevant energy levels: 5d,
and 5d, represent the two lowest 5d states and are both degenerate. c) Decay curves of the 0.5 at.% sample for Ce*>" emission when monitoring different
wavelengths of the transitions from 5d;. d) Plot of lifetime against analyzing wavelength for the longer lifetime, 78.5-84 ps (A = 0.85-0.88) obtained from
biexponential fits (circles, using Equation (6)) and the monoexponential fits (triangles, using Equation (3a)).

due to faster migration and transfer to killer traps. In the present
case, the nonradiative lifetime at different wavelengths is not
known and it may vary also with wavelength. The general trend
of measured lifetime (Figure 5d) is an increase with increasing
wavelength, instead of the expected constant response.

2.4.1. Conclusion

Although the lifetime of luminescence from one state under a
constant environment in a crystal should be independent of
emission wavelength, even for the same transition, the measured
lifetime does vary experimentally with the monitoring wave-
length due to numerous factors. To answer the question at
the start of this section, normally the lifetime at the emission
maximum is stated, but one must be aware of detector saturation
effects.

It is therefore important to report the monitoring wavelength,
in addition to the excitation wavelength, and monitoring time
duration, when reporting lifetime data.

2.5. Average Lifetimes
2.5.1. Multiexponential Decays

In cases of non-monoexponentiality of luminescence decay, as
detected by inspection of the linearized plot (cf. Equation (3b,c)),
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or simply pointed to by an unsatisfying value of Rgdi, some

authors apply a multiexponential model and then calculate aver-
age lifetimes. However, there are several definitions of the aver-
age lifetime.”? We illustrate these parameters by using the
emission decay results of YAG doped with 5at.% Ce’*, with
the dataset normalized [0,1]. The higher concentration of
Ce*", compared with that in Section 2.4, leads to a shorter life-
time (~48 ns using Equation (3a), Rﬁdi =0.9905), due to concen-
tration quenching. Moreover, the decay deviates more from
monoexponentiality.

First, for excited state donors surrounded by static acceptors
(defects), acting as nonradiative recombination centers, when the
emission decay is non-monoexponential due to a complex non-
radiative process, the average lifetime 7; is:

(1) = / " 1(5)dt/1(0) )

0

Second, if the emission is non-monoexponential because there
is a distribution of radiative rates, the average lifetime (z,) is:

(0,) = A P bt / A " (1)t 8)

In using these equations, since the integration limit is from
zero time, we have normalized the dataset [0,1]. For the total
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Table 2. Comparison of average lifetimes for YAG:Ce®" 5at.% at RT:
Aexc =460 nm, A, =530 nm, measurement range 0-800 ns. Figures in
brackets indicate the maximum deviation.

Item Symbol Equation Magnitude [ns]
Average lifetime (7y) (7) 46.8
Average lifetime (72) (8) 78.8
Intensity-weighted lifetime (TViw 9) 59.2(8)
Amplitude-weighted lifetime (T) aw (10) 44.7(4)

decay in the region 0-800ns, the calculated lifetimes (z)
and (r,) are 46.8 and 78.8 ns, respectively (Table 2).

Third, if the emission decay is not monoexponential but can
be fitted by a biexponential or multiexponential function,
representing two or more types of emitters, the average lifetime
can be expressed as the intensity-weighted lifetime, (z);, or
amplitude-weighted lifetime (z),,,. Taking the biexponential case
in Equation (6):

(t)iw = (Aci + Br3)/(Ary + Bry) ©)
(T)aw = (Am1 + Bry) /(A + B) (10)

The biexponential fit (Equation (6)) of the entire curve gives
7, =13.46(9) ns (A = 0.388(2)) and 7, = 65.5(1) ns (B = 0.582(2))
(Riy; =0.9994), so that (7);,, =59.3ns, and (7),,, = 44.4ns. The
reader is referred to the discussion of uses of (z);,, and (r),,, else-
where."'*%¥ The intensity-weighted lifetime usually refers to the
average lifetime of a collection of different excited-state popula-
tions. The amplitude-weighted lifetime can be used to estimate
energy transfer efficiency.

Conclusion: Choose the relevant average lifetime which is
appropriate for your application and define it. There are signifi-
cant differences in the magnitudes of these parameters.

2.5.2. Stretched Exponential Decays

Many relaxation phenomena in physics are complex and cannot
be modeled by (multi)exponential models but, rather, they obey a
stretched exponential (or Kohlrausch) function:**

I(t) = exp W=)F with 0<p<1 (11)

where 7 (unit: s) provides an average over the fast early rates and
slow long-lived rates. The parameter § represents the degree to
which the measured decay differs from a purely exponential
decay (8=1).2Y

This function is flexible and is applied empirically, even if a
corresponding supporting model is not available.””! This hap-
pens for instance for the luminescence of semi-conductor phos-
phors featuring a random distribution of trap states, such as CdS
quantum dots for which #=0.5.*% This type of function has
been applied recently in the analysis of the luminescence decay
of Er'"™ in a pseudo coreshell structure in which Er*™ coordi-
nated to a fluorinated organic ligand fitted with a triazole linker
at its outskirt bearing aromatic groups. The Er,Y; ,L; systems
studied have non-exponential luminescence decay that were

Adv. Photonics Res. 2025, 6, 2400081 2400081 (8 of 12)

www.adpr-journal.com

modeled with Equation (11); the extracted § values vary between
0.5 and 0.73 depending upon the concentration of Er**.2”)

2.6. Why Do Biexponential Functions Often Adequately Fit
Persistent Luminescence Decays?

Persistent luminescence is distinct from phosphorescence and
often involves thermally activated emission from a chromophore
by transfer of the excitation energy from trap (storage) states
(Figure 6a,b). Figure 6c shows the RT persistent luminescence
spectrum of hexagonal CsCdCl; doped with 1at.% Mn*", after
charging with UV-excitation at 300 nm for 10 min. The emission,
upon removal of the excitation source, is due to the T — %A
transition of Mn**, which is thermally populated from the traps.
The normalized persistent luminescence decay, Figure 6d can
also be fitted by other equations but here we focus upon
Equation (6), as subsequently described.

We have equated the normalized counts of emission to the
population of the trap states that lead to emission from Mn*".
The logic is that the trap — Mn®" energy transfer rate is
dependent upon trap depth (and hence temperature) if it is an
activation process, and the lifetime of Mn?" at the ms scale is
negligible compared with the longer timescale of persistent lumi-
nescence. The trap levels are not discrete but possess inhomoge-
neous broadening.

Then, we fitted different temporal regimes, for example: from
monitoring time 0-10s; from 0 to 20 s... etc. by monoexponential
fits (Equation (3a)) and obtained a lifetime 7 in each case. The
adjusted coefficients of determination, Rid]., were between

0.997 and 0.993.

These lifetime values are plotted against the end time of mon-
itoring in Figure 6e. The lifetimes become longer for longer
monitoring times and the graph can be fitted by a monoexponen-
tial function, as shown in Figure 6e. We interpret these results to
show that the lifetime becomes longer when populating the
excited state of Mn* since the activation energy required to
empty a deeper trap becomes greater. The shallower traps empty
first. The rate of trap emptying has an exponential dependence
with activation energy and is faster for more shallow traps.

The fitted red curve in Figure 6d is the biexponential fit
(Equation (6)) to the entire persistent luminescence decay,
R? 4 = 0.9993, with one long lifetime (46.6(0) s) and one shorter

lifetime (7.7(0) s). The monoexponential fit in the inset of the
same figure shows the lifetime of 38.2(0) s with Ridi =0.9929.

From Figure 6e, since the lifetime increases with time, it is evi-
dent that the persistent luminescence decay will be fitted better
by using two lifetimes than using just one. Hence, this is the
simple reason that biexponential fitting is superior to monoexpo-
nential fitting of persistent luminescence. In fact, including
another exponential term in the fit (triexponential) more closely
fits to the decay, with 7z values of 72.7, 31.0 and 3.7s
(R, = 0.9999).

2.6.1. Conclusion

The lifetime of persistent luminescence changes according to the
measurement period because it depends on whether shallow or
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Figure 6. a) Distinction between phosphorescence (Phos) (a) and persistent luminescence (PersL), b) since both can have long lifetimes. In the first case,
the compound is excited (Exc) to a singlet state which can fluoresce (Fluor) and/or undergo intersystem crossing (Isc) to a triplet state which then may
emit radiation by phosphorescence (Phos). By contrast, one scenario of PersL involves excitation into the conduction band, or a lower state if available,
and then storage (charging) in a trap state. When thermally activated, excitation transfer to the dopant ion can occur, followed by emission, PersL.
c) Persistent luminescence spectrum of hexagonal CsCdCl; doped with 1at.% Mn?' after charging for 10 min, using 300nm UV radiation.
d) Normalized persistent luminescence decay (black). The red line shows a fit by Equation (6). Fitted parameters: A=0.299(1), B=10.6653(0),
I, =0.0027(0), 71 = 7.6(0) s, 7, = 46.6(0) s. The inset shows the corresponding fit by the monoexponential function Equation (3a) in blue. Fitted param-
eters: /(0) =0.8171(1), I, = 0.0045(1), 7= 38.2(0) s. e) Plot of the lifetimes obtained by the monoexponential fit z(t) = 7, + 7(0)exp(—z/B) for selected

monitoring periods, from 0 to ts, from the start of persistent luminescence decay in (c). Fitted parameters B=281.8(4.8) s, 7., =37.8(1) s, and

7(0) = —35(1) s.

slightly deeper traps are being emptied. It becomes longer at lon-
ger times. Biexponential fits are better than monoexponential fits
because they take this into account by employing short and long
lifetimes as an average of the increasing lifetime. The derived
parameters, however, have a restricted meaning.

2.7. What Is the Precision of Measuring a ns Lifetime Using a
ns Pulse?

Many scientists in biosciences work with organic dyes that have
noticeably short lifetimes, i.e., in the ns range.”® Their equip-
ment is, however, often limited to lasers emitting light pulses
in the ns second range too, and photomultiplier detectors.”*
Therefore, the question arises as to whether measurements of
ns lifetimes with such light sources are meaningful. We illustrate
the case by choosing the popular endoplasmic reticulum (ER)
tracer dye ER-Tracker-Green, Figure 7a; it is a derivative of
BODIPY coupled with the oral hypoglycemic drug Glibenclamide,
which has a highly selective binding to the endoplasmic reticulum,
and it is non-toxic to cells at low concentrations. The dye is
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cell-permeant and a highly selective stain for the endoplasmic
reticulum in live cell imaging. Figure 7b shows the RT excitation
and emission spectra of the dye at 10 pM concentration in water.
The emission maximum is at 511nm and the Stokes shift is
small: 10 nm.

In this case, the excitation pulse decay and the sample decay
overlap to some extent. Lakowicz/®>! advises to use a zero- decay
time scattering sample to measure the prompt. However,
because of the small Stokes shift of the sample, the measured
wavelengths are different for the sample and the prompt, and
this can lead to color effects in the photodetector. Instead of
using a metal plate for the prompt, one can use a standard with
a very short lifetime which emits at the same wavelength as the
sample. It is then assumed that the measured response is the
instrument response. Another approach,®f is to employ a stan-
dard with known lifetime which emits at the same wavelength as
the sample. A list of such standards with tabulated monoexpo-
nential lifetimes is given in the book of Lakowicz. ¥

In the present case, subtraction of the normalized prompt and
the sample decay over the range 0-50 ns leads to a rise and decay
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Figure 7. a) Formula of ER-Tracker-Green dye. b) Emission spectrum of the dye at 10 uM concentration in water, using 450 nm excitation. c) Subtraction
of the prompt from the dye decay, with both [0,1] normalized. d) Monoexponential fit (blue) of prompt (orange). ) Monoexponential fits of dye decay for
different ranges. f) Fitted monoexponential lifetimes from e) plotted against length of measurement range. 7o, A and B are fitting parameters.

of emission, Figure 7c, because the prompt decay is far from
monoexponential (Figure 7d). However, the prompt decay is
short 7~0.6ns compared to the sample lifetime ~5ns, the
prompt contribution to the decay has completely vanished after
~10 ns. Hence, we have fitted the lifetime using different time
delays starting from the first one at 0 ns up to the one starting at
30.1 ns, Figure 7e. The fitted lifetime becomes longer when mov-
ing away from the start at 0 ns, and the values can be fitted by a
monoexponential function, Figure 7f. There are several explana-
tions for this. First, and most likely in the present case, the shorter
ranges contain contributions from the fast prompt, leading to
shorter lifetimes. Another explanation is that the local environ-
ment of dye molecules differs slightly, leading to a dispersion
of lifetimes. Since some molecules have faster decay their contri-
bution at longer times is less, so the measured lifetime increases.

The experimental process was repeated five times with reini-
tialization of the software and detector every time. The resulting
error between the five measurements was found to be below 1%.

2.7.1. Conclusion

One must use care when measuring ns lifetimes using a ns
pulsed laser, by examining the pulse shape and duration.
Subtraction of the prompt may not be feasible. Several methods
for the lifetime measurement in this timescale have been given
by Lakowicz.®e
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2.8. Summary and what Other Parameters Are Critical when
Measuring Lifetimes?

1) Record the lifetime decay over an appropriate timescale, such
as between 5 and 10 times the estimated lifetime value. Check
the derived parameter values (Section 2.3). 2) Check the decay for
short and long times after the laser pulse. At short times, traps or
defect sites in inorganic phosphors may produce a fast compo-
nent, or a slow rise; the long tail of the decay represents random
noise and/or migration between activator ions. 3) The value of I,
is critical and incorrect values lead to incorrect lifetimes
(Section 2.2; above, Table 1; Figure 3e). In some cases, I, may
be taken as the zero intensity/counts before the laser pulse.
Some instruments do not permit observation of this before
the laser pulse. It is usually kept as an adjustable parameter.
4) Trimming the first part of the lifetime curve (Figure S8b,
Supporting Information), or recording for longer timescales
(Figure 4b; Figure 7f), usually leads to a different lifetime value.
5) Reducing the number of datapoints fitted, whilst keeping the
same calculation range generally gives similar fitted lifetimes, with
increasing statistical error for fewer datapoints (Section 2.8.3).
6) Widening the entrance slit (Section 2.8.1) or saturating the detec-
tor (Section 2.8.2) can drastically change the recorded lifetime
value. Saturation effects can be checked by using a neutral density
filter and re-recording the lifetime decay. Reduce the slit width of
the emission monochromator until a constant lifetime is obtained.
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2.8.1. Conclusion

In view of the many factors involved, all experimental conditions
used to measure the decay and all the details regarding the fitting
procedure should be given when reporting luminescence life-
times. Moreover, and importantly, lifetime values should not
be reported at too high precision. Real experimental errors,
and not only reproducibility or statistical error from the fitting
procedure, should be given.

3. Take Home Messages

The lifetime measurement is a good yardstick of the sample
purity. A perfectly exponential decay represents an uncontami-
nated sample. All chromophores have the same environment
and hence the same lifetime, even for transitions to different ter-
minal states from the same initial state. Normally, the deter-
mined lifetime will differ if different ranges or different
emission wavelengths are employed for its measurement.
Different fitting methods give different results.

We estimate that the usual precision of lifetime determination
is between 2% and 3%, although as demonstrated earlier, results
may differ by as much as nearly 10% depending on experimental
factors and models used for fitting the decays. When reporting an
emission lifetime, besides the sample details and temperature,
include the excitation source and wavelength, the emission wave-
length, the measurement range, and the fitting procedure. The
experiment should be repeated at least three times on each of at
least two different samples of the materials investigated to enable
the experimental error to be calculated. This is seldom, if ever,
done. Do not overestimate the precision.
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