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INTERNATIONAL ELECTROTECHNICAL COMMISSION

NANOMANUFACTURING - KEY CONTROL CHARACTERISTICS -

Part 3-3: Luminescent nanomaterials — Determination of fluorescence
lifetime of semiconductor quantum dots using time correlated single
photon counting (TCSPC)

FOREWORD

1) The International Electrotechnical Commission (IEC) is a worldwide organization for standardization comprising
all national electrotechnical committees (IEC National Committees). The object of IEC is to promote international
co-operation on all questions concerning standardization in the electrical and electronic fields. To this end and
in addition to other activities, IEC publishes International Standards, Technical Specifications, Technical Reports,
Publicly Available Specifications (PAS) and Guides (hereafter referred to as “IEC Publication(s)”). Their
preparation is entrusted to technical committees; any IEC National Committee interested in the subject dealt with
may participate in this preparatory work. International, governmental and non-governmental organizations liaising
with the IEC also participate in this preparation. IEC collaborates closely with the International Organization for
Standardization (ISO) in accordance with conditions determined by agreement between the two organizations.

2) The formal decisions or agreements of IEC on technical matters express, as nearly as possible, an international
consensus of opinion on the relevant subjects since each technical committee has representation from all
interested IEC National Committees.

3) IEC Publications have thg'form of ‘recommendations [forjinternational' useyandyare accepted by IEC National
Committees in that sense. While 'all reasonable’efforts*are made ‘to-ensure’that the technical content of IEC
Publications is accurate, IEC cannot be held responsible, for, the way in which they are used or for any
misinterpretation by any end user.

4) In order to promote international uniformity, IEC National Committees undertake to apply IEC Publications
transparently to the maximum extent possible in their national and regional publications. Any divergence between
any |IEC Publication and the corresponding national or regional publication shall be clearly indicated in the latter.

5) IEC itself does not provide any attestation of conformity. Independent certification bodies provide conformity
assessment services and, in some areas; access to IEC marks -of conformity. IEC is not responsible for any
services carried out by independent certification bodies.

6) All users should ensure that they have the latest edition of this publication.

7) No liability shall attach to IEC or its directors, employees, servants or agents including individual experts and
members of its technical committees and IEC National Committees for any personal injury, property damage or
other damage of any nature whatsoever, whether direct or indirect, or for costs (including legal fees) and
expenses arising out of the publication, use of, or reliance upon, this IEC Publication or any other IEC Publications.

8) Attention is drawn to the Normative references cited in this publication. Use of the referenced publications is
indispensable for the correct application of this publication.

9) Attention is drawn to the possibility that some of the elements of this IEC Publication may be the subject of patent
rights. IEC shall not be held responsible for identifying any or all such patent rights.

The main task of IEC technical committees is to prepare International Standards. In exceptional
circumstances, a technical committee may propose the publication of a Technical Specification
when

e the required support cannot be obtained for the publication of an International Standard,
despite repeated efforts, or

o the subject is still under technical development or where, for any other reason, there is the
future but no immediate possibility of an agreement on an International Standard.

Technical Specifications are subject to review within three years of publication to decide
whether they can be transformed into International Standards.

IEC TS 62607-3-3, which is a Technical Specification, has been prepared by IEC technical
committee 113: Nanotechnology standardization for electrotechnical products and systems.



-4 - IEC TS 62607-3-3:2020 © IEC 2020

The text of this Technical Specification is based on the following documents:

Enquiry draft Report on voting
113/490/DTS 113/529/RVDTS

Full information on the voting for the approval of this Technical Specification can be found in
the report on voting indicated in the above table.

This document has been drafted in accordance with the ISO/IEC Directives, Part 2.

A list of all parts in the IEC 62607 series, published under the general title Nanomanufacturing —
Key control characteristics, can be found on the IEC website.

The committee has decided that the contents of this document will remain unchanged until the
stability date indicated on the IEC website under "http://webstore.iec.ch” in the data related to
the specific document. At this date, the document will be

e reconfirmed,

e withdrawn,

e replaced by a revised edition, or

e amended.

IMPORTANT - The 'colour inside’ logo on the cover page of this publication indicates
that it contains colours which are considered to be useful for the correct understanding
of its contents. Users should therefore print'this-document using a colour printer.
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INTRODUCTION

Fluorescence lifetime is considered as the average time that luminescent materials spend in
the excited state before emitting a photon and returning to the ground state. Fluorescence
lifetime can vary widely from picoseconds to hundreds of nanoseconds, even to microseconds
or milliseconds, depending on the type of luminescent nanomaterials.

Fluorescence lifetime is an important property of luminescent materials. Fluorescence lifetime
does not depend on fluorophore concentration, absorption by the sample, thickness of the
sample, method of measurement, fluorescence intensity, photo-bleaching, and/or excitation
intensity. It is affected by external factors, such as temperature, polarity of solvent, and the
presence of fluorescence quenchers. Fluorescence lifetime is sensitive to internal factors that
are dependent on fluorophore structure.

The possible applications of measuring fluorescence lifetime include the following:
a) determine the environment that the sample molecules inhabit, e.g. viscosity, pH value,
temperature, polarity, and solvation, etc.;

b) uncover the size and shape of the sample molecules, and the distances between different
parts of the molecules;

c) learn about the contributions of each component in a mixture of sample molecules, through
time-resolved spectra of overlapping emissions;

d) reveal the molecular_interactions;

e) obtain the kinetic and dynamic rates.

Time-correlated single photon counting (TCSPCY is a“widely used, sensitive, reproducible and
precise technique to measure the photon arrival time in applications characterized by a strong

demand in terms of temporal resolution suchasfluorescence lifetime spectroscopy and imaging,
photon migration and/time:of flight. measurements.
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NANOMANUFACTURING - KEY CONTROL CHARACTERISTICS -

Part 3-3: Luminescent nanomaterials — Determination of fluorescence
lifetime of semiconductor quantum dots using time correlated single
photon counting (TCSPC)

1 Scope

This part of IEC 62607, which is a Technical Specification, provides a method for determining
the fluorescence lifetime of semiconductor quantum dots (QDs) using the time correlated single
photon counting (TCSPC) technique. TCSPC is suitable for testing fluorescence lifetime in the
range from picoseconds to nanoseconds. This document is only applicable to liquid samples
that are stable dispersions of QDs. It is not applicable to solid samples.

This document includes:

outlines of the experimental procedures,

data processing, and

case study.
2 Normative references

The following documents are referred to in the text in such a way that some or all of their content
constitutes requirements of this document.-Fordated references, only the edition cited applies.
For undated references;nthes latestaieditiond-of:/the- referenced4document (including any
amendments) applies.

ISO 3696, Water for analytical laboratory use — Specification and test methods
ISO 385, Laboratory glassware — Burettes
ISO 648, Laboratory glassware — Single-volume pipettes

ISO 1042, Laboratory glassware — One-mark volumetric flasks

3 Terms, definitions, and abbreviated terms

3.1 Terms and definitions

For the purposes of this document, the following terms and definitions apply.

ISO and IEC maintain terminological databases for use in standardization at the following
addresses:

e |EC Electropedia: available at http://www.electropedia.org/
e |SO Online browsing platform: available at http://www.iso.org/obp

3.11

time correlated single photon counting

TCSPC

technique based on detecting single photons of periodical light signal, measuring the detection
times, and building up the distribution of the photon numbers with respect to the detection time
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3.1.2
fluorescence lifetime
parameter describing the time evolution of the decay of the fluorescent radiant intensity

Note 1 to entry: For a single exponential decay, the decay means that fluorescent radiant intensity decreases along
the time axis to 1/e of the initial maximum value.

[SOURCE: "Glossary of terms used in photochemistry, 3rd edition (IUPAC Recommendations
2006)" Pure Appl. Chem. 79, 293-465 (2007)]

3.2 Abbreviated terms
TCSPC time correlated single photon counting

IRF instrumental response function
OPO optical parametric oscillator
QDs quantum dots

SHG second harmonic generation
THG third harmonic generation
FHG fourth harmonic generation
YAG yttrium aluminium garnet

EHT extra-high tension

4 Test principle

TCSPC is an established technique for the measurement of fluorescence lifetimes in the
picosecond and nanosecond time scale. Detection of single photon delay times following
multiple pulsed excitations yields a distribution /that”is’equivalent to a fluorescence intensity
decay that would beobserved followingiacsingle pulse/excitation of‘anlensemble of fluorophores
in the same sample. The TCSPCstechnique: -requires:-a-high repetition rate light source to
accumulate a sufficient number of photon events for precise statistics in the probability
histogram of arrival times.

Figure 1a is an illustration of how the histogram is formed over multiple cycles. In the example,
fluorescence is excited repetitively by short laser pulses. The time difference between excitation
and emission is measured by electronics that act like stopwatches. In Figure 1b, the typical
result in time-resolved fluorescence experiments is a histogram with an exponential drop of
counts towards later times.

2\
>
8 .
.
Laser pulse .
l: Fluorescence photon \ ﬁ\ .
/l . | , | . .
I | '
| | | I\ | o
| [ | :
j I ! \ | \ ' -
I T | .
| [ ' : >
|<7—>| Time
Start-stop time 1 Start-stop time 2 IEC IEC
a) b)

Figure 1 — The schematic of start-stop times in time-resolved
fluorescence measurement with TCSPC
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5 Sample preparation

For the measurement of fluorescence lifetimes of QDs with TCSPC, a homogeneous and stable
dispersion of QDs sample is needed. The solvent should be compatible with the surface
chemistry of QDs sample to produce a clear dispersion, while not interfering with the
fluorescence lifetime of QDs sample.

When performing the dilution, care should be taken to avoid QDs aggregation due to desorption
of ligand molecules from QDs. Compatible solvent with 0,1 % to 0,5 % mass fraction of ligand
molecules dissolved can be employed to dilute the QDs samples, which ensures the diluted
QDs are stable and well-dispersing.

Measure the lifetime of QDs samples with different concentrations and assure that it does not
change significantly with concentration. If the lifetime varies significantly, QDs aggregation may
take place. To avoid aggregation, increase the concentration of ligand molecules or use a more
compatible solvent.

During the analysis, reagents shall be recognized analytical grade, water shall be at least
Grade 2, in accordance with ISO 3696 as appropriate.

All volumetric glassware shall be class A, in accordance with ISO 385, ISO 648 or ISO 1042 as
appropriate.

A case study for determining,flaorescence lifetime/of semicanductar QDs is shown in Annex A.

6 Measurement

6.1 TCSPC fluorescence spectrometer

TCSPC is based on the detection’of the ‘arrivaltimes'of individual photons after optical excitation
of a sample. A TCSPC fluorescence spectrometer usually contains light source, detector,
constant fraction discriminator (CFD), time-to-amplitude converter (TAC), analog-to-digital
converter (ADC) and memorizer (MEM), as shown in Figure 2.

Pulse light source

& »'m

Detector Discriminator

Data readout

5l
Sample Detector  Discriminator EC

Figure 2 — The working schematic of TCSPC fluorescence spectrometer

The wavelength of the light source is selected to match excitation wavelength of the QDs sample.
Table B.1 shows typical laser input excitation sources used in TCSPC.

6.2 Measurement procedure
6.2.1 Instrument preparation

Prepare the instrument following the user manual and operation instructions.
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6.2.2 Fluorescence lifetime decay curve measurement

a) The absorption spectrum of QDs sample is recorded and the absorption peak wavelength
is measured.

b) The emission spectrum is recorded with QDs sample excited at the absorption peak or a
shorter wavelength.

NOTE Take CdTe QDs as an example. The absorption peak of CdTe QDs is located below 500 nm; so, set the
excitation wavelength below 500 nm (e.g. 474 nm), with an emission wavelength of 620 nm.

c) According to the absorption peak wavelength, choose the appropriate light source and set
the appropriate instrument parameters.

NOTE Take CdTe QDs as example. Choose the picosecond pulsed diode lasers light source in the range
200 nm to 400 nm, pulse width of < 1 ns, pulse repetition rate of 0 MHz to 80 MHz, and power of 0,2 mW to 2 mW.

d) An appropriate volume of sample (50 uL to 2 000 pL) is added into a quartz cuvette. Then
the cuvette is put into the instrument sample holder. Make sure the position of the sample
is in the excitation beam.

e) Estimate the expected lifetime and review the pulse repetition rate. The pulse repetition
period of the light source should not be shorter than 10 times the longest lifetime to be
measured. The pulse width should be set to 50 ps to 300 ps; and the light source (CW)
power should be setto 0,2 mW to 2 mW.

f) Check the detector signal (in counts per second). Ensure that the signal is below saturation
and pulse pile-up level. With TCSPC, the signal count rate from the detector should not
exceed 5 % of the rate of the exciting light source.

g) Set up the measurement parameters and ensute to gain '@ proper/spectrum with a short
trailing stretch, as shown in Figure 3b. To obtain a proper fitting result, the far end of the
tail that only contains detectorbackgroundhoise and no yvaluable information on the decay
kinetics should be excluded.

Intensity [Counts]
5
%
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£
/
Intensity [Counts]
5
A
/
Intensity [Counts]
5
%
7

.- I
10% 'l \‘*w\. 2 102 |
[Arey’ | 10
10' 10’ *ﬂ) 10'
10° 10° 10°
0 200 400 600 800 0 200 460 660 800 1000 1200 0 500 1000 1500 2000 2500 3000
Time [Channels] Time [Channels] Time [Channels]
IEC IEC IEC
a) narrow measurement range b) suitable measurement range c) broad measurement range

Figure 3 — Examples for typical single exponential decay
curves obtained in different measurement ranges

NOTE For single exponential decay, the number of collected photons is set as 2 000 to 10 000. It is enough for
most luminescent materials to set the number of collected photons as 2 000 to 10 000. A higher number of
collected photons needs more unnecessary testing time.

h) Start the measurement, and record the fluorescence decay curve. The measurement will
stop manually or automatically when the number of collected photons reaches the set value.
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