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nanoapplications is playing a key role too. 
Realistic proposals range from thermally 
driven gene expression[2,3] to tumor metabo-
lism control[4] and targeted therapy,[5,6] as well 
as temperature management in nanoscale 
high-power electronics.[1]

These factors have led to the advance-
ment of a widespread collection of nano-
thermometry techniques based on various 
materials, exploiting different mecha-
nisms and optimized to operate at specific 
regimes or temperature ranges. Nanoscale 
thermometry is the subject of several 
review articles.[7–11] This work differenti-
ates itself from the existing literature due 

to its focus. Many reviews present a selection of nanoscale ther-
mometry techniques with emphasis on their phenomenological 
description and their known applications. We instead focus on 
the in-depth analysis of their fundamental mechanisms. Our 
aim is to identify the absolute, intrinsic strengths and limits—
both fundamental and practical—of each selected technique 
within a clear classification and benchmarking framework. We 
also present and discuss selected applications where nanoscale 
thermometry shows potential for significant impact and we high-
light outstanding challenges and open opportunities in the field.

2. Classification and Benchmarking

The range of available nanothermometry techniques is remark-
ably large, varying in material, underlying mechanism, and spe-
cific applicability. Given the stated focus of this review, we ought 
to define the framework within which the selected techniques are 
evaluated. The various methods are classified in type and scope 
and are benchmarked based on a few key performance factors, 
which include sensitivity, resolution, range, and utility.

2.1. Classes of Thermometers

Micro- and nanothermometry techniques can be categorized 
following various criteria. This usually matters for the pur-
pose of comparing directly limits and performance of different 
methods within each class.

2.1.1. Primary (Absolute) versus Secondary (Calibrated) Thermometers

The first major criterion for categorizing different nanothermom-
etry techniques is fundamental. Thermometers are classified 
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C. Bradac, I. Aharonovich
School of Mathematical and Physical Sciences
Faculty of Science
University of Technology Sydney
Ultimo, NSW 2007, Australia
E-mail: carlo.bradac@uts.edu.au
S. F. Lim
Department of Physics
North Carolina State University
Raleigh, NC 27695, USA
H.-C. Chang
Institute of Atomic and Molecular Sciences
Academia Sinica
Taipei 106, Taiwan
I. Aharonovich
Centre of Excellence for Transformative Meta-Optical Systems
University of Technology Sydney
Ultimo, NSW 2007, Australia

The ORCID identification number(s) for the author(s) of this article 
can be found under https://doi.org/10.1002/adom.202000183.

Q2
Q3
Q4

Q5

1. Introduction

Nanothermometry is the ability to measure—and potentially con-
trol—temperature at the nanoscale and it has become a topic 
of fervent research. The interest emerges from a combination of 
factors, which are being developed organically and feed off one 
another. Advancements in material science are making available 
nanomaterials, which can probe the nanoscale regime while dis-
playing physicochemical properties highly sensitive to temperature 
variations. Simultaneously, the steady development of a wide range 
of nanotechnologies[1]—e.g., in nanophotonics, nanoelectronics, 
nanofluidics, and nanomedicine—calls for the capability to monitor 
processes, objects, and devices, which occur and operate at nano-
metric scales, and can be strongly affected by local temperature 
changes. The prospect to develop disruptive thermometry-based  
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as primary or secondary on the basis of the underlying thermo-
dynamic laws, principle, and quantities used to determine the 
temperature.[12]

Primary thermometers are based on state equations where 
temperature is a state variable and it is therefore determined in 
an absolute manner. Typical examples include the equations for 
ideal gases, the speed of sound in a gas, the Johnson–Nyquist 
(thermal) noise in an electrical resistor, etc. In all these cases, 
there is an equation, f (T, q1,q2, …, qn) = 0, which allows the 
absolute derivation of the temperature T from knowing the 
other quantities qi. Primary thermometers are often inconven-
ient from a practical standpoint due to low reproducibility, slow 
response time, and lack of ease of operation.[13]

Secondary thermometers are relative. Knowledge of the 
measured quantity is not sufficient to derive directly the tem-
perature; they instead require calibration against a reference 
system. In secondary thermometers, changes in temperature 
produce corresponding variations to an observable, O, but the 
dependence O(T) needs to be determined using known refer-
ence values, for instance fixed points such as triple points of 
gases and liquids or melting points of metals, which occur 
reproducibly at the same temperature and have been agreed 
upon in the International Temperature Scale (ITS-90).[14] While 
obvious, this aspect is crucial as the calibration process can be 
nontrivial. For instance, some secondary nanothermometers 
rely on mapping temperature changes directly onto variations 
in photoluminescence (PL) intensity. If the precalibrated nano-
thermometer is used in an environment, which absorbs or scat-
ters light at the sensor’s operating wavelengths, the resulting 
temperature reading could be inaccurate. This is, in fact, one 
of the most critical limitations of many proposed all-optical 
nanothermometry techniques. Nevertheless, in general sec-
ondary (nano)thermometers are highly reproducible, have a 
fast readout and can be used flexibly in a wide range of applica-
tions. Most of the nanothermometers discussed in this review 
belong to the class of secondary thermometers.

2.1.2. Nature of the Signal

Thermometry techniques can also be classified based on the 
type of signal they utilize to map temperature—e.g., electric, 
magnetic, optical, etc. This matters for utility reasons (cf. Sec-
tion 2.2.5), meaning that the nature of the measurement might 
determine whether the technique is compatible with specific 
applications. For instance, an all-optical technique is likely less-
invasive than one requiring the reading of an electrical signal, 
making it more suitable for uses such as measuring tempera-
ture inside a living cell. In this work we focus mainly on ther-
mosensing methods based on optical measurements.

2.1.3. Sensor versus Sensorless Techniques

The distinction in this case is between methods that rely 
on a physical sensor in contact with the object to be sensed 
(e.g., nanoparticle-based thermometers) and those where the 
temperature reading is done remotely or contactless (e.g., an 
infrared (IR) thermometer or pyrometer). For contact-sensors, 

this classification is relevant to determine the utility of the 
technique (cf. Section 2.2.5), for it might impose limits on its 
use in certain contexts. For instance, a nanoparticle-based ther-
mometer might not be suitable for measuring the temperature 
inside a cell if the nanoparticle itself is cytotoxic.

2.2. Benchmarking

Having a large range of nanothermometry techniques available 
means that there is an equivalently large spread of performance 
and applicability.

2.2.1. Spatial Resolution

Defining the spatial resolution of a thermometry technique 
is nontrivial at the nanoscale.[15,16] In this regime, the sensor-
plus-object system might consist of just a small number of 
fundamental constituents (e.g., atoms). The granularity of 
the sensed object becomes important. As a (large quantum) 
system is subdivided into smaller and smaller subdomains, 
there might be a limit to what is the smallest grain for which 
the concept of temperature distribution holds. The size of the 
sensor, how it compares with that of said grains and how local-
ized is the sensor–object interaction also matter. Intuitively, it 
is desirable for the sensor to be smaller—for this should give 
the sensor sufficiently high resolution and low thermal load to 
measure the temperature of the object’s subdomains without, 
simultaneously, affecting their temperature. Heat transfer also 
becomes nontrivial at the nanoscale. The Fourier heat con-
duction theory is valid only when there are enough scattering 
events such that the heat carriers (electrons or phonons) can 
exchange energy with the surrounding medium. When the 
size of the system—object and/or sensor—is much smaller 
than the mean free path (MFP) of the heat-carriers, very few 
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scattering events can occur and the heat transport becomes 
nondiffusive as the carriers move ballistically without colli-
sions.[17–19] Furthermore, as heat-carriers have a distribution of 
MFPs, from nanometers to hundreds of micrometers,[20] there 
is a complex spectrum of behaviors: from fully diffusive for 
carriers with MFPs shorter than the size of the heat source 
to ballistic for those with longer MFPs, and quasi-ballistic for 
those which fall in between.

There are additional caveats to account for when the sen-
sors reach the quantum regime—some nanothermometers 
can, in fact, be as small as individual atoms or electrons.[21–23] 
To work as temperature sensors these quantum systems 
should ideally show “thermal” characteristics, i.e., the tem-
perature should be a monotonic function mappable onto the 
expectation value of an observable. Briefly, this is easier to 
understand for a quantum-sensor, which is only weakly cor-
related to the heat bath of the larger surrounding system and 
can be described through mean-field, perturbation theory. In 
this case the temperature becomes a monotonic function that 
can be mapped continuously, for instance, on the energy of 
the sensor’s quantum state. Less obvious is the scenario of 
a quantum-sensor, which is strongly correlated to the local 
environment. In this case, the overall sensor–object system 
is described through a many-body-model in which the wave-
functions are strongly interdependent. The sensor could be 
much more susceptible to local fluctuations other than tem-
perature (e.g., spin-flip events), which would hinder its use as 
a temperature sensor or limit its signal resolution due to a 
lower signal-to-noise ratio (cf. Section 2.2.2). Real (quantum) 
systems usually lie in between these extreme descriptions and 
their specificities (e.g., coherence time[21,22]) should be consid-
ered when determining both spatial and signal resolution for 
temperature measurement.

2.2.2. Signal Resolution and Sensitivity

Signal resolution and sensitivity are often used interchangeably. 
While being both crucial in determining the ability of a tech-
nique to resolve the changes of an observable, they are funda-
mentally different.

Sensitivity is an absolute quantity: it specifies the smallest, 
absolute amount of change that can be detected by the sensor. 
The emphasis is on the absolute relationship between the 
independent (i.e., temperature, T) and the dependent variable 
(i.e., measured observable, O): intuitively, a “steeper” derivative 
(∂O/∂T) corresponds to a higher sensitivity.

Resolution, unlike sensitivity, resolution is a relative quan-
tity. It is the degree to which a change can be detected. The 
emphasis is on the smallest change detectable over the noise 
and it is thus often referred to as noise-floor measurement. It 
is a relative quantity: it can be improved for instance by sacri-
ficing temporal bandwidth, i.e., by integrating the signal for a 
longer time to average-out the noise. For this reason, it is gener-
ally expressed, for temperature measurements, in K Hz−1/2. In 
determining the resolution of a nanothermometry technique it 
is also important to consider the fundamental limit set by ther-
modynamics on the concept of temperature (cf. Section 2.2.1). 
Due to the small size, the temperature of a nanoparticle 

experiences fluctuations that can be quantified via the standard 
deviation σth expressed as[24]

T
k

VCV

σ =th
B 	 (1)

where kB is the Boltzmann constant, V is the volume of the 
nanoparticle, and CV is its constant volume heat capacity per 
unit volume. The characteristic time scale of these fluctuations, 
τrel, is defined by the heat exchange between the particle and its 
environment. A nanoparticle in a homogeneous medium has 
τrel on the order of a2/α, where a is the radius of the crystal 
and α is the thermal diffusivity of the medium. The thermal 
fluctuations can be determined as tσ τ /th rel m , where tm is the 
integration time of the measurement. The limit on the noise 
floor ηth,T is thus set by the thermal fluctuations and can be 
estimated as

T
k

aC
T

V

η σ τ
α

= ≈th, th rel
B 	 (2)

The resolution of a technique should always be evaluated 
against this noise floor limit ηth,T.

In this review, we discuss the sensitivity and resolution of 
selected nanothermometry techniques separately. Note also 
that, in general, we benchmark different techniques using the 
so-called relative sensitivity, defined as[7,23]

S
O T

O
=

∂ ∂/
r 	 (3)

which allows for standardizing the various methods regardless 
of the difference in underlying working principle—and meas-
ured observable, O.

2.2.3. Range

Every thermometry technique is based on a set of physicochem-
ical relationships that hold—or work optimally—in a specific 
range of temperatures. Range might prevent the practical use 
of a method in specific applications (e.g., a nanoparticle-based 
sensor that is not chemically stable at high temperatures is not 
suitable for high-power electronics measurements). Notably, 
certain nanothermometers (e.g., those based on color centers 
in nanodiamonds (NDs); cf. Section  3.4) can have multiple 
working mechanisms, which allows for switching between 
them based on the temperature range they are optimal at. It 
should be noted that often sensitivity and resolution can be 
temperature-dependent, i.e., better or worse depending on 
which temperature range the sensor operates at.

2.2.4. Accuracy, Precision, Reproducibility, and Stability

Thermometers can be benchmarked based on a series of 
other characteristics, which are ubiquitous and applicable to 
any type of sensor. A nanothermometer should be accurate 
and precise—the reading should be close to the true value of 
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temperature, with no dispersion among its measured values. It 
should be reproducible and stable—it should maintain accuracy 
over consecutive thermal cycles and its measurement should 
stay consistent over time. Fast response, which is associated 
with small heat capacity and good thermal contact, is also desir-
able characteristic. In general, in this review these factors are 
considered in cases where a technique either shows limitation 
or excellence in performance with respect to other techniques.

2.2.5. Utility

While there is not a rigorous definition of utility, in this review, 
we highlight techniques which, owing to their unique conveni-
ence or ease-of-measurement, have a wider range of applica-
bility than homologous alternative methods. For instance, an 
all-optical thermosensing technique based on mapping tem-
perature, noninvasively, onto the fluorescence intensity of the 
nanothermometer ranks higher in utility than one that requires 
measuring, with direct access to the object, a combination of 
multiple signals or quantities.

2.2.6. Limitations and Thermal Equivalent Noise (TEN)

One aspect often overlooked when discussing nanothermom-
etry techniques is the assessment of their reliability, especially in 
nonideal practical applications where it might be hard to control 
for every parameter affecting the temperature reading. In cer-
tain cases, effects other than temperature can alter the value of 
the observable onto which temperature is mapped. This means 
that the measured value might not be an accurate reading of the 
true temperature, but rather TEN.[25] Effects known to give rise 
to TEN are, for instance: i) variable response of the nanother-
mometers to different laser excitation powers, ii) self-absorption 
by the nanoprobe of its own photoluminescence, iii) wavelength-
dependent absorption and scattering of light by the environment, 
iv) apparent wavelength shifts caused by absorption/emission 
of the surroundings, which can alter the spectral shape of the 
signal, and v) heating of the nanosensor either due to laser 
absorption or nonradiative, phonon-assisted decay processes.

These effects can be partially mitigated by, for instance: mon-
itoring the response of the sensor i′) under different excitation 
powers, ii′) at different depths in the sample, and iii′) off- and 
in situ—all while temperature is kept constant, to quantify the 
(sample-specific) TEN.

In this review, we discuss the main sources of thermal equiv-
alent noise specific to each type of nanothermometer.

3. Thermometers Based on Nanoparticles

This class of nanothermometers consists of nanoparticles 
placed in direct contact with the object to be sensed. Most 
nanoparticle-based thermometers provide temperature read-
ings through temperature-associated changes in an observ-
able—e.g., photoluminescence intensity, emission wavelength, 
full width at half maximum (FWHM), lifetime, etc. They are 
semi-invasive as they tend to have a negligible impact on the 

target system. This is due to their relatively small size and 
ability to be dispersed over the object, which allows for the 
probing of local temperatures in different target regions during 
the same measurement.

In contrast, thermometers such as thermocouples and 
fiber-optic sensors are considered invasive, as they require 
relatively bulkier inserts to probe the object, often in multiple 
locations.[26]

Finally, techniques such as computerized tomography (CT), 
photoacoustic, infrared thermography, and magnetic resonance 
imaging (MRI) thermometry are deemed noninvasive as the 
measurement does not require a physical sensor to be in con-
tact with the system.[26]

In this review we discuss a selection of nanoparticle-based 
thermometers for which the readout of the temperature is done 
optically, i.e., through monitoring of their photoluminescence 
and associated observables. These techniques are summa-
rized in Table 1 and are described in detail in Sections 3.1–3.4. 
Figure 1 displays the relative sensitivity Sr and operating tem-
perature of some of these techniques, for direct comparison.

3.1. Organic Dyes

Organic dyes are fluorophores, which display temperature-
dependent photoluminescence intensity and lifetime and can 
thus be used for thermosensing applications. One of their main 
advantages over other nanothermometer candidates is their 
versatility. There is a vast range of available—and even design-
able—organic fluorophores tailored for parameters including 
absorption and emission wavelength, spectral range, solubility, 
and ability to be functionalized to target specific analytes.

3.1.1. Fundamental Mechanism(s)

Organic dyes are compounds of carbon-based molecules, which 
display strong photoluminescence under optical excitation. 
Their spectral properties depend on their specific molecular 
species, symmetry, and structure, as well as factors such as 
surrounding solvent or host-matrix, concentration, pH, and 
temperature. The fundamental mechanisms behind the photo-
luminescence versus temperature dependence do differ for dif-
ferent classes of molecular dyes, but it is possible to identify a 
few general principles.
Fluorescence Quenching: A first class of dye-nanothermometers 
consists of molecules whose photophysics is susceptible to a 
series of factors—including temperature—which can alter the 
dye’s quantum yield and thus its photoluminescence signal. 
The temperature-dependent quenching mechanism might vary 
from dye to dye, but the generalized, fundamental photody-
namics can be described resorting to the Jablonski energy-level 
model (Figure 2a).

From the ground state—usually a singlet state, S0—the 
molecule can absorb a photon and be excited into singlet or 
triplet states, Si and Ti (i  ≥ 1), respectively. Note that each 
electronic state has different vibrational and rotational states 
and the energy of the first excited triplet state T1 is normally 
lower than the energy of the corresponding singlet state S1. 
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Furthermore, the singlet–singlet transition, 
S0↔Si, is more probable than the singlet–tri-
plet transitions S0↔Ti, as the latter involves 
a change in spin multiplicity. After absorp-
tion of a photon, the dye molecule from the 
excited singlet state Si (i > 1) quickly relaxes 
(timescale approximately ps) to the lowest 
singlet state S1 through internal conver-
sion (IC) and without emission of a photon. 
It then decays back to the ground state S0 
either radiatively (fluorescence) or nonra-
diatively (through IC or external conversion 
(EC)). Alternatively, it can undergo the radi-
ationless, spin-forbidden S1 → T1 transition 
between two states of different multiplicity 
(intersystem crossing (ISC)). The subse-
quent transition T1  → S0 is either radiative 
(phosphorescence) or nonradiative (ISC or 
EC). The decay S1 → S0 is faster than T1 → 
S0 as the latter is a spin-forbidden radiative 
transition between two states of different 
spin multiplicity. Note that the EC process 
refers to interactions between the excited 
molecule and the surrounding environment 
(e.g., with the solute). These processes are 
photoluminescence-quenching processes 
and can involve different mechanisms 
including energy transfer or collision/diffu-
sion-induced interactions between the dye 
and the nearby atoms and molecules. The 
population of the excited singlet state (S1) 
and triplet state (T1) depends on the compe-
tition among all these different photophys-
ical processes and can be generalized by the 
system of coupled equations

t
k k k k k k

d[S ]
[S ] ( )[S ] [T ]1

S 0 r,f ic isc,S T ec,S 1 isc,T S 11 1 1 1 1= − + + + +− − 	 (4)

t
k k k k k

d[T ]
[S ] ( )[T ]1

isc,S T 1 r,p isc,T S isc,T S ec,T 11 1 1 0 1 1= − + + +− − − 	 (5)

where I k= [S ]a S 01  is the light absorption rate proportional to the 
population [S0] in the ground state and the rate constant of exci-
tation kS1. The quantities kr,f and kr,p are the radiative rate con-
stants for fluorescence and phosphorescence; k −isc,S T1 1

, k −isc,T S1 0, 
and k −isc,T S1 1 are the rate constants for the intersystem cross-
ings S1  → T1, T1  → S0, and T1  → S1, respectively. The quan-
tity kic is the rate constant for the internal conversion, while 
kec, S and kec,T are the rate constants for the external conversion 
quenching in the singlet and triplet states.

The reason molecular dyes of this type can be used as nano-
thermometers lies in the fact that some of the rates in Equa-
tions  (4) and (5) are temperature dependent. As the tempera-
ture changes, so does the relative probability for the excited 
molecule to decay to the ground state via the radiative or non-
radiative path(s)—effectively altering the molecule’s photolu-
minescence intensity (and lifetime). It should be remarked 
that the change in decay rates with temperature can involve 

Table 1.  Benchmarking of various nanothermometers: sensitivity and temperature range.

Nanothermometera)[ref ] Sr [K−1] at 300 K Sr,m [K−1] at (Tm) ΔT [K]

ODs Ruphen (PL intensity)[27] 0.0093 0.0114 (273) 280–315

Bis(pyrene) propane (PL ratio)[28] 0.387 0.256 (310) 310–465

Rhodamine-B (PL Intensity)[29] 0.02 0.0267 (287) 287–363

Fluorescein (PL anisotropy)[30] 0.057 0.069 (293) 293–352

Triarylboron (wavelength shift)[31] 0.005 0.0078 (373) 223–373

QDs CdSe (wavelength shift)[32] 1.61 × 10−4 1.61 × 10−4 (293) 293–323

CdSe/ZnS (PL intensity)[33] 0.019 0.025 (313) 278–313

CdSe/ZnS (wavelength shift)[34] 2.67 × 10−4 2.68 × 10−4 (287) 284–320

Zn1−xMnxSe/ZnCdSe (PL ratio)[35] 0.018 0.07 (134) 134–400

CdTe (PL lifetime)[36] 0.008 0.011 (333) 293–333

UCNPs Er3+/Yb3+ CaF2 (PL ratio)[37] 0.015 0.02 (318) 293–318

Tm3+/Yb3+ CaF2 (PL ratio)[37] 0.002 0.002 (318) 293–318

NaYF4:Er3+, Yb3+ (PL ratio)[38] 0.0114 0.0116 (298) 298–334

NaLuF4:Yb, Er (PL ratio)[39] 0.009 0.011 (273) 273–348

ZnO:Er3+ (PL ratio)[40] 0.0098 0.011 (278) 278–463

β-NaYF4:20%Yb2%Er (PL ratio)[41] 0.0157 0.0164 (294) 294–334

(Gd,Yb,Er)2O3 (PL ratio)[42] 0.017 0.017 (300) 300–1050

NDs NV (PL intensity)[43] 0.01 0.01 (295) 295–400

GeV (ZPL linewidth)[44] 0.0064 0.0064 (305) 150–400

SiV (ZPL shift)[45] 1.61 × 10−5 1.61 × 10−5 (285) 285–305

SnV (ZPL shift)[46] 8.66 × 10−5 8.67 × 10−5 (295) 295–315

GeV (anti-Stokes)[23] 0.014 0.13 (150) 150–400

a)Benchmarking of a selection of nanothermometry techniques, organized by type: organic dyes (ODs; 
green), quantum dots (QDs; violet), upconversion nanoparticles (UCNPs; orange), and nanodiamonds 
(NDs; cyan). The table lists, for each technique, the basic mechanism, the relative sensitivities Sr at 300 K, 
and Sr,m at the temperature Tm where the relative sensitivity is the highest, and the temperature working 
range ΔT.Q7

Figure 1.  Relative sensitivity Sr  = (∂O/∂T)/O versus temperature for a 
selection of nanothermometry techniques. These have been extracted 
from published data (corresponding references are indicated on the 
graph). The curves are color-coded as per Table 1: organic dyes (green), 
quantum dots (violet), upconversion nanoparticles (orange), and nano-
diamonds (cyan).
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complex and competing effects. Therefore, dye-nanothermom-
eters of this type require calibration against a set of reference 
temperatures.

Nanothermometers of this type have been extensively used, for 
instance, in aerodynamics (Figure 2b) where dyes are mixed with 
paints to monitor pressure and temperature on aerodynamic and 
aircraft surfaces.[47,48,27] These so-called pressure-sensitive paints 
(PSP) work on the principle that oxygen can quench—via the afore-
mentioned external conversion mechanism—the photolumines-
cence of certain dyes such as Rhodamine B, platinum porphyrins, 
ruthenium polypyridyls, pyrene derivatives,[49] β-diketone chelates 
of Tb3+, Eu3+ and Sm3+,[50] to cite a few. Briefly, optical illumination 
drives the dye molecules to the excited state from which they decay 
to the ground state either radiatively, emitting photons at longer 
wavelengths, or nonradiatively. Oxygen can quench the dye’s pho-
toluminescence by providing an additional nonradiative decay path, 
which competes with the radiative one. The total decay rate of the 
dye molecule can be written following the Stern–Volmer model

τ = = + +− ( )1
r nr qk k k pk 	 (6)

where for simplicity kr and knr collect all the (intrinsic) radiative 
and nonradiative decay rates listed explicitly in Equations (4) and 

(5), kq is the (extrinsic) nonradiative decay rate due to the interac-
tion with oxygen (equivalent to kec, S and kec,T in Equations (4) and 
(5)), and p is the oxygen pressure. In general, the rate constants knr 
and kq for the nonradiative and quenching processes are tempera-
ture dependent. The inverse of the rate k is the molecule’s lifetime 
τ. Note that Equation  (6) is general and can refer to any experi-
mentally observed photoluminescence process, i.e., it can either 
refer to the molecule’s fluorescence (S1 → S) or phosphorescence 
(T1 → S0). Also, while the rightmost term in Equation  (6) refers 
explicitly to the case of oxygen-driven (collisional) quenching, the 
equation can be adapted to include terms for different quenching 
effects (e.g., for Forster resonant energy transfer, FRET),

( )1
r nrk k k C kjj j∑τ = = + +− 	 (7)

where each rate kj (with corresponding relevant parameter(s) 
Cj) refers to a specific external conversion decay channel.

The quantum yield η of the dye molecule is defined as the 
ratio between the radiative and the total (radiative plus nonra-
diative) decay rates

k

k k pk
η =

+ +
r

r nr q

	 (8)

Figure 2.  Fundamentals of organic dyes nanothermometry. a) Jablonski energy-level model illustrating the main excitation and decay processes in 
organic molecules. b) Fluorescence-based temperature (red) and pressure (blue) measurement using three pressure-sensitive paints containing 
molecular dyes: ODU (empty circles), MCD (squares), and UWA (triangles). Temperature measurements are taken at a constant pressure of 197 kPa 
and pressure measurement at a constant temperature of 273 K. Adapted with permission.[27] Copyright 1998, Springer-Verlag. Inset: representative 
pressure distribution measured on the surface of a model plane (size ≈1.2 × 1.0 m2) in a wind tunnel. Adapted with permission.[62] Copyright 2005, 
Springer-Verlag. c) Dependence between the normalized intensity of Rhodamine B (inset) in deionized water and temperature (graph, left), used to 
measure the temperature distribution in various microfluidic structures due to Joule heating (heat maps, right). Adapted with permission.[29] Copyright 
2001, American Chemical Society. d) Temperature mapping based on the excimer–monomer relative fluorescence in bis(-pyrene) propane (inset). Note 
the monotonic increasing (blue squares, 300–375 K) and decreasing (red circles, 375–465 K) dependence for different temperature ranges. Adapted with 
permission.[28] Copyright 1998, John Wiley & Sons. e) Temperature measurement based on polarization anisotropy of fluorescein (inset) dissolved in 
a glycerol–water mixture. Theoretical curve (solid green line) and experimental measurements (green diamonds) along with the calculated corrected 
curve (red solid line) due to the use of a high-NA objective in the experiments. Adapted with permission.[30] Copyright 2009, Optical Society of America.
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From Equations  (6) and (8), the ratio between the quantum 
yield η0 at a reference pressure p0 and the quantum yield η at at 
any other pressure p is given by the expression

k k pk

k k p k

I

I

η
η

=
+ +
+ +

=0 r nr q

r nr 0 q

0 	 (9)

where the far-right equality holds as the photoluminescence 
intensity I is proportional to the quantum yield. Equation  (9) 
can be written in the more compact form

I

I
A B

p

p
= +







0

0

	 (10)

where A = (kr + knr)/(kr + knr + p0kq) and B = (p0kq) /(kr + knr + 
p0kq) are determined experimentally and such that A + B = 1, 
while I0 is the photoluminescence intensity measured at a ref-
erence pressure p0. Note that Equation  (10) establishes a direct 
relation between pressure and photoluminescence intensity (and 
lifetime) of the dye molecules. Temperature comes into play indi-
rectly as the coefficients A and B depend on temperature via knr 
and kq. Temperature acts in two ways. On the one hand, the non-
radiative decay rate knr can be decomposed into two components, 
one independent (knr,0) and one dependent (knr,T) on temperature 
(T)—with the latter displaying an Arrhenius-type behavior, i.e.

k k k T

E

k T= +
−



enr nr,0 nr,

nr

B 	 (11)

where Enr is the activation energy for the nonradiative 
process(es) and kB is the Boltzmann constant. On the other 
hand, temperature can also affect oxygen diffusion in the pol-
ymer matrix—the paint—hosting the dye. For a diffusion-lim-
ited quenching reaction, the quenching rate kq is given by the 
Smoluchowski equation

π σ= + +4 ( )( )q p q p qk N R R D D 	 (12)

where Dp and Dq are the diffusion coefficients of the probe 
(i.e., the dye molecules) and the quencher (i.e., oxygen) in the 
polymer, while Rp and Rq their respective molecular radii; N is 
the number of molecules per millimole and σ is a factor that 
depends on the quenching mechanism and is related to the 
probability of each collision to cause quenching[51] The diffu-
sion coefficients Di (i = p, q) also depend on temperature and 
are described by the Stokes–Einstein equation

D
k T

R
i

iπµ
=

6
B 	 (13)

where μ is the viscosity of the host or solvent. Under constant 
pressure, the dye molecules can thus be used as nanothermom-
eters since the parameters A, B, and Di all depend on tempera-
ture and affect the molecules’ photoluminescence intensity.

As discussed above, due to the complex temperature-
dependent dynamics of these rates, calibration of the dyes’ pho-
toluminescence signal against a known set of temperatures is 
required for use in nanothermometry. Also, while this analysis 
is applicable to both fluorescence (singlet-to-singlet decay) and 

phosphorescence (triplet-to-singlet decay), the latter is usually 
much more susceptible to extrinsic (oxygen-driven in this case) 
quenching, in virtue of its longer radiative lifetime involving 
the triplet state of the molecule. The inset in Figure  2b shows 
how pressure sensitive paints can be used to measure pressure 
loads over the surface of an aircraft in a wind tunnel using the 
Stern–Volmer model of Equation (10). A similar map can be real-
ized for temperature, either by operating at constant pressure or 
by using a polymer binder impermeable to oxygen to avoid the 
external conversion quenching (i.e., kq ≈ 0). The aircraft is obvi-
ously a macroscopic object, but the pressure and temperature on 
its surfaces can be read with a spatial resolution that is ultimately 
determined by the resolution of the optical system used to detect 
it (approximately diffraction limit). The sensitivity of this class of 
dye-nanothermometers is the order of ≈0.5–4% K−1 in the range 
≈90–800 K, but limited to approximately tens of K per each type 
of dye.[49] Figure  2b shows the pressure and temperature map-
ping onto the photoluminescence intensity of three dyes based 
on ruthenium (ODU, MCD) and platinum octaethylporphyrin 
(UWA) compounds.[52] Note that to avoid the practical compli-
cations due to the dual pressure-temperature dependence, the 
organic molecules can be encapsulated in polymer shells with 
low oxygen permeability. In this case the quantum yield is simply

k

k k
η =

+
r

r nr

	 (14)

Using the temperature dependence for knr from Equa-
tion (11) in Equation (14), we can write

I I I

I I I

E

k T T
T T

T T

[ ]
[ ]

−
−

= −





ln
1 10

0

nr

B ref

ref

ref

	 (15)

where I0 = I(T = 0) and Iref = I(T = Tref ) are the photolumines-
cence intensity at absolute zero and at a reference temperature 
Tref, respectively, while IT = I(T) is the photoluminescence inten-
sity at the temperature T to be determined. For I I IT T−| | / 10ref �  
and I I IT T / 10

2
ref �  over a certain temperature range, Equa-

tion (15) can be approximated by the Arrhenius form

I

I

E

k T T
T

T

= −





ln
1 1nr

B refref

	 (16)

Note that the Arrhenius plot of ln( / )refI IT T  versus 1/T gives 
a linear slope of Enr/kB usually over only a limited range of 
temperatures, which again highlights the fact that a calibration 
curve should be used in practical applications.

Examples of dye-based, temperature sensitive compounds 
that are independent of pressure include, for instance, PtTFPP 
and Ruphen molecules embedded in polyacrylonitrile (PAN) 
nanoshells.[27] Their photoluminescence shows temperature 
dependence with sensitivities of the order of 1.1% K−1 for the 
PtTFPP-PAN and 1.4% K−1 for the Ruphen-PAN complexes (in 
the range ≈280–320 K), and are nearly independent of pres-
sure, making them more robust temperature nanosensors. In 
the Ruphen-PAN case, the particularly robust insensitivity to 
pressure is due to both the PAN shell preventing oxygen from 
quenching the fluorescence, and the intrinsically short lifetime 
of the dye (<1 µs).
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Besides application in aerodynamics, molecular dyes of 
this class have been successfully used to map temperatures 
and temperature gradients inside microfluidic systems.[29,53,54] 
One of the first and most representative examples of this 
technique used Rhodamine B molecules diluted in deionized 
water flowing in microfluidic channels (Figure  2c).[29] After 
calibration of the photoluminescence intensity-versus-tem-
perature response, the solution was electrokinetically pumped 
through complex, multibranched microfluidic circuits with 
steep angles and constrictions to map the temperature distri-
bution of the solution at these critical points as a consequence 
of Joule heating. Figure  2c shows the temperature mapping 
achieved with such technique; the sub-micrometer spatial res-
olution is given by the optical microscope used for detection 
(approximately diffraction limit) while the sensitivity achieved 
was ≈1–2% K−1 over the range 290–360 K. Similar approaches 
based on coating the structure to map with thin films of ther-
mosensing dyes have also been developed.[55,56] These coating-
based methods though have two main drawbacks. They are only 
capable of measuring 2D, surface temperature distributions 
and can potentially have a non-negligible thermal load capable 
of altering the temperature of the surface itself.

These photoluminescence dyes have also been used in bio-
logical settings, where the temperature of specific organelles 
within cells has been mapped onto variations of the lumi-
nescence intensity and lifetime of the molecular dyes (cf. 
Section 4.1).[57–61]

Photoluminescence Lifetime: Analysis of Equation  (7) reveals 
that PL quenching is directly related to changes in lifetime. 
This is due to temperature—as well as effects such as resonant 
energy transfer, intersystem crossing or external conversion 
processes—affecting the relative contribution of radiative and 
nonradiative rates, which then result in changes of the dye’s 
measured lifetime. Mapping temperature changes onto varia-
tions in photoluminescence lifetime can be advantageous. In 
PL intensity measurements higher resolutions are achieved 
through increasing the signal-to-noise ratio by integrating for 
longer times. This can be problematic in thermometry meas-
urements as long laser excitation can result in local heating 
and thus incorrect temperature reading. Conversely, lifetime 
measurements can be carried out with fast photodetectors 
with a high signal-to-noise ratio (e.g., avalanche photodiodes 
or photomultipliers) rather than spectrometers, and with rela-
tively shorter integration times (individual excitation–emission 
cycles for dyes are usually in the ns–ms time scale). Tempera-
ture-driven changes in the lifetime of, for instance, Rhodamine 
B[63–65] and Kiton Red[66] (a water-soluble, sulfonated derivative 
of Rhodamine B) dyes have been effectively used for thermo-
sensing applications.
Monomers–Excimer Fluorescence: Another class of dye-based 
nanothermometers is that of excimer-forming dyes. One 
example of such dyes is bis(-pyrene) propane (BPP),[28] which 
can be used as a model to understand the mechanism behind 
the temperature-dependent photoluminescence of this class 
of dyes. Bis(-pyrene) propane consists of fluorescent mono-
mers (pyrene rings) connected through a flexible propyl alkane 
linkage. As one monomer is excited by UV light (at ≈345 nm) 
it can decay radiatively (fluorescence at ≈380 and ≈400 nm) or 
nonradiatively with rates kr and knr, respectively. Alternatively, 

the excited monomer can form, with rate kov, an excimer with 
the nearby unexcited monomer by overlapping with it, upon 
rotating around the flexible bond. This can often involve inter-
action between the π-electrons of the excited and unexcited 
monomers to establish a stable molecular excimer. In analogy 
with the monomer, the newly formed excimer can decay radia-
tively or nonradiatively with respective rates k ′

r and k ′
nr , or dis-

sociate back, with rate kd, to the excited-plus-ground monomer 
pair. When decaying radiatively, the excimer fluoresces at longer 
wavelengths than the monomer and its spectrum is broad and 
featureless. The ratio of the excimer to monomer fluorescence 
intensity Ie/Im is given by[67]

( )
e

m

r ov

r d

I

I

k k

k k k
=

+

′

′ 	 (17)

where k′ is the total decay rate of the excimer. The resulting flu-
orescence spectrum is temperature dependent as both the rates 
kov and kd vary with temperature. This dependence however is 
not straightforward. The rate kov for an excited pyrene ring to 
rotate to the excimer position depends on the intramolecular 
rotational relaxation rate: k CTµ~d , where C is a constant, T is 
the temperature, and μ is the molecular viscosity in the prox-
imity of the excimer. The viscosity varies with both temperature 
and pressure following an Arrhenius-type relation. Dye-nano-
thermometers of this type have been used, for instance, mixed 
in polymer and resin matrices to measure the substance tem-
perature during extrusion.[28,68] In these cases the overlap rate 
kov, has been shown to vary with temperature following empir-
ical equations.[69] As the temperature increases so does the 
fraction of free volume in the polymer host alongside the mol-
ecules’ motility and thus the rate kov. Correspondingly, the fluo-
rescence ratio Ie/Im increases with temperature, Equation (17), 
so long as the dissociation rate is slower than the excimer decay 
rate, i.e., kd ≪ k′ (Figure 2d, blue squares). However, once the 
excimer state is formed, its dissociation rate obeys itself to an 
Arrhenius-type law with its activation energy being associated 
to breaking the intramolecular bond. Simultaneously, as the 
temperature increases, the dissociation rate kd increases until it 
can drive the ratio Ie/Im to switch, Equation (17), from being an 
increasing function of temperature to being a decreasing one 
(Figure 2d, red circles).

Analysis of this complex temperature dependence calls for a 
couple of important observations. The practical use of this class 
of excimer-forming dyes as thermosensors requires calibration 
against a set of reference temperatures. Furthermore, the trends 
ruled by kov and kd can be competing,[28] and the observable 
Ie/Im might go from being a monotonically increasing function 
of temperature to be a monotonically decreasing one—which 
requires prior knowledge of the operating range to unequivo-
cally correlate values of fluorescence and temperature. Note 
that similarly to the case of pressure-sensitive paints, due to the 
dependence between the fraction of free volume (and associated 
molecular viscosity μ) and kov, this class of dyes has also been 
employed to measure hydrostatic pressure effects on polymers 
via changes in photoluminescence intensity and lifetime.[69,70] 
Analogous methods based on monomer–excimer conversion 
have been shown to achieve temperature measurement sensi-
tivities as high as ≈4.5% K−1, over the range 290–335 K.[71]
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Monomers–Exciplex Fluorescence: Very similar to the class of 
excimer-based nanothermometers is that of exciplex-forming 
dyes—an exciplex is the equivalent of an excimer but with the 
molecules involved being of different species. The underlying 
mechanism can be generalized using a two-state equilibrium 
model. The molecules of different species can exist in equi-
librium either as separate monomers or as an exciplex. Tem-
perature affects the number of molecule-pairs existing in one 
equilibrium state relative to the other.

A representative example is that of perylene and N-allyl-
N-methylaniline (NA) molecules in a soft elastic polystyrene 
matrix.[72] The photoemission from the compound shows spec-
tral features at 463 and 475  nm (attributed to perylene mono-
mers) as well as a broad band centered at 551  nm (attributed 
to exciplex formation between perylene and NA); NA alone 
is nonemissive in the considered spectral excitation/emis-
sion regions. As the temperature increases, the ratio between 
the emission at the lower wavelengths (463 and 475  nm) and 
at longer wavelengths (551 nm) increases with an isoemissive, 
unchanging point at 543 nm.

The ratio Im/Ie between the relative intensity follows an 
Arrhenius-type relation where the activation energy Ea is the 
activation enthalpy between the two equilibrium states. Note 
that, conveniently, this measurement is ratiometric, i.e., self-
referencing, with a spatial resolution determined by the resolu-
tion of the optical microscope (i.e., diffraction limited). In this 
specific example, the reported sensitivity of the technique was 
≈1% K−1, over the range 298–358 K. An aspect to consider for 
the utility of the technique is the importance of controlling the 
relative concentration of the molecules of different species to 
maximize the change in PL intensity ratio as the temperature 
changes.
Twisted Intramolecular Charge Transfer (TICT) Fluorescence: TICT 
compounds are molecules, which can exist in two different pho-
toluminescent excited states.[73] They belong to a wide family 
of molecules, typically heteroaromatic compounds, which can 
undergo intra- and intermolecular photochemical reactions in 
the excited state leading to different molecular conformations 
as well as relaxation processes. Representative examples include 
pyrene-containing triarylboron molecule compounds[31,74] and 
(N,N-dimethylamino)benzonitrile (DMABN) compounds,[75] 
which can show two intrinsic fluorescence bands, one origi-
nating from the so-called local excited state (LE, short wave-
lengths) and the other from the TICT state (long wavelengths). 
The probability of each molecule to be in one of the two states 
depends on several factors including the polarity and viscosity 
of the surrounding microenvironment as well as temperature. 
Careful choice of both the compounds and the surrounding 
microenvironment (e.g., via microencapsulation of the dye)[74] 
can lead the fluorescence response to be almost solely driven 
by temperature. The fluorescence response is characterized 
both by a change in the dye’s quantum yield—which increases 
as temperature increases—and in emission wavelength—e.g., 
from orange–red (≈590 nm) to green–yellow (≈560 nm). Tem-
perature sensing using this method has been shown to achieve 
sensitivities of ≈0.1% K−1, over the range 243–413 K, with a spa-
tial resolution of 4 µm.
Spin Crossover: Another class of molecule-based nanother-
mometers is that of spin crossover molecular materials. These 

typically consist of molecular metal complexes showing bista-
bility, i.e., the ability to exist in two stable states for a given 
range of perturbations.[76] This occurs, for instance, in some 
transition metal ions for which the d-orbitals lose degeneracy 
when interacting with ligands. According to crystal field theory, 
these transition-metal complexes can exhibit a low-spin (LS) 
ground state and a high-spin (HS) ground state (metastable) 
electron configuration of the metal’s d atomic orbitals. The 
quantum LS state in its equilibrium geometry is slightly more 
stable (i.e., lower energy) than the HS state, also in its equi-
librium geometry, but the complex can cross over—bidirection-
ally—between the two states, LS ↔ HS. At low temperature, 
LS is the thermodynamically stable state, but above a certain 
threshold temperature T1/2, the thermodynamically stable state 
is the HS one. This is due to the competition between enthalpy, 
which favors the low-energy fundamental state (LS) at low tem-
peratures, and entropy, which favors the most disordered ther-
modynamic phase (HS) at high temperatures and compensates 
for the energy increase. The temperature T1/2 is the tempera-
ture at which there is equal probability for the system to be in 
the LS and HS state. For completeness, the LS → HS cross-
over can be induced by other stimuli other than temperature, 
including pressure, and light irradiation.[77]

When the other parameters are controlled for, a change in 
temperature can induce the spin crossover, which is accom-
panied by a change in the absorption and emission optical 
properties of the molecules. In more advanced applications, 
these bistable molecular metal complexes have been chemi-
cally linked to photoluminescent subunits whose fluorescence 
is quenched as a function of temperature through interaction 
with the metal ions of the complex. Nanothermometers of this 
kind have been demonstrated, for instance with Fe-based[78,79] 
(sensitivity ≈2% K−1, over the range 305–325 K) and Ni-based 
complexes linked to fluorescent molecular segments[80] (sensi-
tivity ≈3–4% K−1, over the range 300–338 K). For these nano-
thermometers, calibration curves are required. Their photody-
namics is complex—dictated by the energies of the LS and HS 
states, as well as by the photoluminescence-quenching effects, 
which are due to the interaction of the fluorophore molecule 
with the metal ions (e.g., via electron transfer and energy 
transfer) and which depend on which state (LS or HS) the 
bistable molecule is in.[80]

Polarization Anisotropy Fluorescence: When an ensemble of pho-
toluminescent molecules is excited optically by a linearly polar-
ized laser beam, the re-emitted photoluminescence is only 
partially polarized due to the random orientation of the mol-
ecule transition dipole moments with respect to the electric 
field vector of the excitation light. The so-called polarization 
anisotropy (ϱ) is thus the ratio between the two possible output 
polarizations–parallel (I∥) and perpendicular (I⊥) to the excita-
tion polarization[81]

I I

I I
=

−
+

⊥

⊥2
�

�

� 	 (18)

Assuming that the angle between the molecule’s absorption 
and emission dipoles is zero, geometric considerations give a 
theoretical value of ϱ = 0.4. Note that experimental values are 
usually lower due to depolarization factors including secondary 
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fluorescence, excitation energy migration between molecules, 
rotational motions and torsional vibration of the molecules. 
Also note that the angle between the absorption and emission 
dipoles can be nonzero if, for instance, the molecule is excited 
to higher energy levels from which it then decays via radiation-
less conversion to the level of its main fluorescence. Tempera-
ture affects the measured value for ϱ due to molecular rotation 
related to Brownian motion, specifically

τ
τ

= +





1 1
1

0

F

R� �
	 (19)

where ϱ0 is the value for ϱ at a reference temperature, while 
τF and τR are the molecules’ fluorescence lifetime and the rota-
tional relaxation time, respectively. The quantity τR depends on 
temperature (T) through the Debye–Stokes–Einstein equation

V

k T
τ µ

=R
B

	 (20)

where V is the hydrodynamic volume of the molecule, μ is the 
viscosity of the solvent, and kB is Boltzmann constant. Equa-
tion (19) highlights how the measured fluorescence anisotropy 
ϱ depends on the relative rate at which, on average, the mol-
ecules rotate with respect to their fluorescence decay rate. Since 
τR depends on temperature, Equation (20), the observable ϱ can 
be used to map temperature (Figure 2e). This approach is rati-
ometric and hence immune to factors such as fluctuations in 
the excitation, as well as photoinstability and inhomogeneous 
distribution of the molecules. However, it requires calibra-
tion as the temperature dependence is not as straightforward 
as Equation  (20) might indicate. Alongside τR the viscosity μ 
and potentially also the fluorescent lifetime τF can depend on 
temperature. Optimization of the method can be achieved by 
controlling the viscosity μ and the hydrodynamic volume V in 
order to affect τR such that it is of the same order of magni-
tude of τF.[82] The technique relies on measuring the fluores-
cence anisotropy of an ensemble of molecules and has a spatial 
resolution given by the microscope (approximately diffraction 
limit). Temperature measurement employing this method have 
been carried out, for instance, using fluorescein molecules[30] 
(sensitivity ≈4–5% K−1, over the range 293–343 K), and green-
fluorescent protein in living organisms[83] (sensitivity ≈1% K−1, 
over the range 297–308 K).

3.1.2. Benchmarking

Spatial Resolution: Organic dyes consist of molecules with 
sizes in the nanometer range. While the molecules themselves 
reach the nanoscale, most measurements are conducted on 
ensembles and, as the techniques are optical, their resolution is 
usually limited by diffraction.
Sensitivity[7]: The reported sensitivity of dye-based nanother-
mometers spans over the range ≈0.1–4.5% K−1 and while the 
fundamental mechanisms among the various methods might 
be quite different, many of the techniques are based on meas-
uring changes in photoluminescence intensity—in many cases 
in ratiometric measurements.

Range[7]: ]One of the main shortcomings of thermosensing 
techniques based on organic dyes is their limited operating 
range—a few tens of degrees around room temperature. Tech-
niques using microencapsulation of the dye molecules in host 
matrices have however shown to work on greater ranges (e.g., 
243–413 K).[74]

Utility: Organic dyes are very versatile. They are largely used in 
biological applications as they are bright, owing to a relatively 
high quantum yield, and can be functionalized to target different 
biomoieties, for instance within cells. With respect to nanother-
mometry, the number of organic dyes with thermosensing capa-
bility is large. Several molecular dyes are available commercially 
and can cater for specific experimental needs accounting for sur-
face biochemistry and functionalization, as well as photo excita-
tion/emission wavelengths—mainly in the UV–visible range, but 
with some options also in the near-IR spectral region.
Limitations and Sources of TEN: Organic dyes have some short-
comings that limit their use in practical realizations. One of the 
main drawbacks of some organic dyes is that temperature varia-
tions are mapped onto changes in the dye’s photoluminescence 
intensity or lifetime. This means that experimental factors such 
as fluctuations of the excitation source, photobleaching of the 
dye—which is common in many organic fluorophores—vari-
ations of pH and inhomogeneous distribution of the dye can 
invalidate the measurement and are a potential source of TEN. 
This problem is severe, especially for environments (e.g., cells 
and tissues) that display light scattering and absorption, as 
well as considerable composition and refractive index inho-
mogeneities. This issue can be partially mitigated by means of 
ratiometric measurements: the signal from the thermosensing 
dye is normalized to that of a reference dye, which emits at a 
different wavelength and whose photoluminescence is inde-
pendent of temperature. This has been achieved for instance 
by coupling the thermosensitive Rhodamine B with the ref-
erence dyes Rhodamine-110, Rhodamine-560, or Sulforho-
damine-101.[84] However, absorption and scattering response 
of the environment might be wavelength-dependent, which 
means that even ratiometric measurement are not immune to 
TEN in practical realizations, when different wavelengths are 
used as signal and reference. Furthermore, even ratiometric 
methods still requires ensuring that the concentrations for 
the signal and the reference dyes are homogeneous, which 
can be achieved for instance by encapsulating both dyes in a 
(polymeric) nanoshell.[85] Excimer- and exciplex-based nano-
thermometers are self-referencing. They map temperature onto 
changes in photoluminescence intensity ratios between a tem-
perature-dependent and temperature-independent signal, with 
emissions being, conveniently, at different wavelengths. Their 
use though still requires accounting for the possible wave-
length-dependent response of the environment to avoid TEN.

The change in photoluminescence for some of these organic 
dyes depends on several factors other than temperature, e.g., 
changes in polarity, viscosity, or ionic strength of the surrounding 
medium as well as the concentration of other molecular species. 
While these effects can be controlled, for instance by encapsu-
lating the dye in matrices of specific host materials, they require 
additional material synthesis and fabrication steps. To mitigate 
the effect of these parameters on TEN, an off- and in situ calibra-
tion is required. Another problem often overlooked in practical 
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realizations relying on organic dyes is that of self-absorption. 
Due to the partial spectral overlap between the dyes’ absorption 
and emission spectra, their photoluminescence emission spectra 
is red-shifted as emitted photons are self-absorbed by nearby dye 
molecules. Note that this effect increases with the concentration 
of the dye, which thus needs accounting for.

Finally, it should be noted that the temperature-dependent 
photoluminescence of organic dyes is often nonlinear with tem-
perature—many processes show an Arrhenius-type relation. 
Linearity is not a strict requirement in nanothermometry, but 
it is something to consider as the nonlinearity leads to the sen-
sitivity of the dye-nanothermometer being different depending 
on the operating range of temperatures.

3.2. Quantum Dots (QDs)

Semiconductor QDs are an obvious choice as candidate nano-
thermometers: they are small (size approximately nm) and dis-
play tunable and temperature-dependent photoluminescence. 
They are also resilient against photobleaching and, specific to 
biological applications, they display acceptable biocompatibility 
and biofunctionality after surface modification.[86]

3.2.1. Fundamental Mechanism(s)

Quantum dots are semiconductor nanoparticles whose elec-
tronic properties differ significantly from those of their bulk 
counterpart. As the size of the QD reduces to values comparable 
to the Bohr radius of the electron–hole bound state, quantum 
confinement of both the electron and hole wavefunctions leads 
to the discretization of the absorption and emission spectra and 
to an increase of the QD’s effective bandgap relative to the bulk 
material. The absorption and luminescence of QDs can thus be 
tuned to specific photon energies by controlling their composi-
tion, size, and shape. This is attractive for photoluminescence-
based nanothermometry as certain applications require specific 
wavelengths to operate effectively—e.g., within the biological 
window for biomedical applications.[87,88] From a practical 
standpoint, QDs are readily available and have been synthe-
sized from many II–VI and III–V materials (e.g., ZnS, CdS, 
ZnSe, CdTe, and PbSe), with emissions ranging from the UV 
to the infrared (Figure 3a).[86,89–91] In nanothermometry, core–
shell composite quantum dots (e.g., CdSe, Cds, and CdSeTe 
cores coated with ZnS shells) have found large applicability, as 
the higher bandgap inorganic shell produces desirable effects 
for (bio)sensing and (bio)imaging applications. For instance, it 

Figure 3.  Fundamentals of quantum dots nanothermometry. a) Representative QD core materials organized by emission wavelength and relative 
to spectral region of interest for (bio)imaging and sensing. b) Absorption spectra of 8.5 and 4.5 nm PbS QD, recorded at 12, 100, 200, and 300 K. 
c) Relation dEg/dT for PbS QD’s. Calculated contributions to dEg/dT are shown as dotted/dashed black lines, while the solid blue line is the sum of 
all contributions. Symbols are experimental values (black squares: phosphate glass host; red triangles: oxide glass host). d) Temperature-dependent 
spectral shifts of a single QD over the range 24.4–43.6 °C. The right panels show the average emission intensity (top) and the spectral linewidth vari-
ation (bottom) as a function of temperature. e) Temperature-dependent photoluminescence spectra of colloidal Zn1−xMnxSe–ZnCdSe nanocrystals 
(core diameter ≈3.7 nm, shell thickness ≈0.4 nm) collected in 20 K intervals and normalized to total integrated intensity, showing intensity transfer 
between Mn2+ and excitonic bands as a function of temperature. a) Reproduced with permission.[89] Copyright 2005, Springer Nature. b,c) Adapted with 
permission.[92] Copyright 1998, American Physical Society. d) Reproduced with permission.[53] Copyright 2007, American Chemical Society. e) Adapted 
with permission.[35] Copyright 2010, American Chemical Society.
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improves their radiative quantum yield by quenching surface 
nonradiative recombination processes—which is beneficial for 
increasing the signal-to-noise ratio of the photoluminescence-
based temperature measurement. Additionally, the outer 
shell isolates the inner, often toxic, core—which is important 
in bioapplications, as well as for reducing photo-oxidative 
degradation.

For the purpose of thermosensing, temperature affects 
both the emission wavelength and the intensity of the QD’s 
photoluminescence signal. It follows that either quantity 
can be used to monitor temperature variations in the QD’s 
surroundings.
Wavelength Shift: The wavelength shift caused by tempera-
ture variations is usually different for different types of QDs 
depending on their type and intrinsic characteristics. Neverthe-
less, it is ultimately determined by the combination of a few 
temperature-dependent mechanisms that alter the energy gap 
Eg: lattice dilation, quantum confinement, mechanical strain, 
and electron–phonon coupling.[92–95] In bulk semiconductors, 
the dependence between the energy gap and temperature, dEg/
dT, is known experimentally[96,97] and has been extensively 
studied from a theoretical point of view.[98] The measured tem-
perature dependence of energy bands (at constant pressure) is 
mainly due to the thermal expansion of the lattice and the renor-
malization of band energies by electron–phonon interactions.

α β= − +/( )g 0
2E E T T 	 (21)

where Eg is the energy gap, which may be direct or indirect, 
E0 is its value at 0 K, and α and β are constants. Theoretical 
analyses show that the temperature dependence in bulk semi-
conductors is such that E T∆ ~g

2 for T ≪ ΘD and E T∆ ~g  for 
T ≫ ΘD, with ΘD being the Debye temperature of the material.

However, size plays an important role and the relation dEg/
dT for a QD (Eg being the energy of the lowest exciton transi-
tion for QDs) can diverge significantly from bulk values—more 
than an order of magnitude in specific cases.[92] When the 
radius r of the QD is larger than the Bohr radius, rB, of the elec-
tron–hole bound state, i.e., r > rB, the values of dEg/dT for QDs 
approach those for the bulk. However, when r ≤ rB, the energy 
Eg—and thus the related QD emission wavelength—becomes 
almost independent of temperature. This is mainly because in 
the strong quantum confinement regime (r  ≤ rB), the energy 
levels of a QD are determined more by the size of the structure 
rather than by the lattice potential. Figure  3b highlights this 
size dependence in PbS quantum dots. Over the temperature 
range 12–300 K, the measured energy shift in absorption for 4.5 
nm PbS quantum dots is much weaker (approximately tenfold) 
than that for the 8.5 nm ones, which show instead a depend-
ence close to the bulk, dEg/dT  ≈ 500 µeV K−1. Besides being 
interesting from a fundamental point of view, this depend-
ence makes size a crucial parameter in practical applications 
as it determines both the spatial resolution and the sensitivity 
of QD-nanothermometers based on photoluminescence wave-
length shifts.

From a fundamental point of view, the dependence dEg/
dT for QDs—thus their variation in absorption and emission 
spectra—is dominated by two mechanisms: lattice dilation, 
[dEg/dT ]a, and electron–phonon coupling, [dEg/dT ]e − ph.[93] 

Other contributions include shifts of the quantum-confined 
energy levels due to thermal expansion, [dEg/dT ]we, and due 
to mechanical strain and pressure from surface tension [dEg/
dT ]s.[99] The individual contributions to dEg/dT for the repre-
sentative case of PbS quantum dots are shown in Figure 3c as 
dotted/dashed black lines; their sum is shown as the solid blue 
line, and the experimental data is represented with red trian-
gles and black squares.

For the lattice dilation contribution, [dEg/dT ]a, variations 
in temperature alter the material lattice constant, a, effectively 
changing the bandgap energy

E
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E

a
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As noted above, this effect diminishes as the size of  
the QD decreases, while it approaches bulk values for QDs’ 
sizes r r2 ~ B.[100]

The effects of electron–phonon coupling on the QD’s energy 
levels, term [dEg/dT ]e − ph, can be calculated with perturbation 
theory.[101,102] In a QD the promotion of an electron from occu-
pied to unoccupied levels results in a change of the self-energy 
ΔE
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where l is the angular momentum of the electron, n represents 
all other quantum numbers for the electron, and lp and ωp are 
the angular momentum and frequency of the phonon. Thus ΔE 
is the result of intraband (coupling to like-carrier states) and 
interband (coupling to opposite-carrier states) contributions. 
The interband contributions decrease as the size of the QD 
decreases due to ΔE being inversely proportional to the spacing 
in energy between the quantum-confined energy levels (Equa-
tion (23)). The intraband self-energy is related to the electron–
phonon coupling strength, S, and the Bose occupation factor, nb

E

T
S r

n

T
S r k

T

ω( ) ( )∆
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→∞

d

d

d
b

B� 	 (24)

As the temperature increases, the average energy and density 
of phononic states increases and so does the absolute value of 
electron–phonon coupling energy. Both coupling to optical pho-
nons and deformation-potential coupling to acoustic phonons 
are present but for strong-confinements (i.e., small QD size), 
the deformation-potential coupling to acoustic modes domi-
nates and produces a contribution linear with temperature to 
the self-energy ΔE.[103]

Other effects that contribute to dEg/dT are shifts of the 
quantum-confined energy levels due to thermal expansion and 
mechanical strain, [dEg/dT ]we and [dEg/dT ]s, respectively. The 
term [dEg/dT ]we can be determined as (dEg/dr)αLr, with αL  = 
(1/r) (dr/dT) being the thermal expansion coefficient of the 
material, while the term [dEg/dT ]s can be estimated from the 
pressure coefficient of energy (dEg/dP), which should vary neg-
ligibly with size from the bulk value.
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Emission Linewidth: Alongside wavelength shifts, temperature 
also affects the FWHM, Γ, of the QD photoluminescence 
peak. Band-edge recombination of electron–hole pairs in QDs 
gives rise to a typical near Gaussian emission band[104] and, as 
the temperature increases, so does the linewidth (Figure  3d). 
There are two main mechanisms responsible for the linewidth 
change: inhomogeneous broadening—due to variations in size, 
shape, composition, etc., of the nanocrystals—and homoge-
neous broadening—due to scattering of the excitons by optical 
phonons and acoustic phonons[105,106]

(e 1)inh LO
/ 1LO BT T E k Tσ)(Γ = Γ + + Γ − − 	 (25)

where Γinh is the inhomogeneous broadening, σ is the exciton–
acoustic phonon coupling coefficient, ΓLO is the exciton–lon-
gitudinal optical (LO) phonon coupling coefficient, ELO is the 
LO-phonon energy and kB is the Boltzmann constant. The 
inhomogeneous contribution is independent of temperature 
while the homogeneous one depends on it and, as discussed 
above, is dominated at low temperatures by the excitons inter-
action with acoustic phonons.[94] Note that the coupling of exci-
tons with acoustic phonons increases as the size of the QD 
decreases.[100,107] Also, coupling to dephasing process at the sur-
face (e.g., surface defects or trap states) is possible, which can 
affect the homogeneous linewidth in the small size regime.[108] 
Figure 3d shows a representative temperature variation of the 
emission wavelength’s FWHM for CdS QDs (≈7–12 nm, core–
shell) over the range 24.4–43.6 °C.[32]

Emission Intensity: Alongside emission wavelength and 
linewidth, variations in temperature also drive changes in the 
luminescence intensity of QDs, with their emission becoming 
weaker as the temperature increases (Figure 3d). This phenom-
enon seems to be ubiquitous in QDs and has been attributed 
to the activation of phonon-assisted processes and thermally 
assisted energy transfer processes from bulk to surface (nonra-
diative) states.[33] Interestingly, this thermally induced lumines-
cence quenching in QDs is linear at room temperature.[109,110] 
While not necessary, linearity is a desirable feature for thermal 
sensing for it ensures a constant sensitivity over the working 
temperature range of the nanothermometer.
Photoluminescence Lifetime: Temperature-driven changes in 
the emission intensity of QDs can be accompanied by corre-
sponding changes in their lifetime. A raise in temperature 
usually leads to a decrease in the luminescence efficiency of 
the excitons due to the thermal activation of phonon-assisted 
electron–hole recombination. Simultaneously, as temperature 
increases, so does the probability of energy transfer from bulk 
excitons to nonradiative surface trap states.[111,112] Both mecha-
nisms alter the relative contribution of radiative and nonra-
diative decay rates, which translates in an overall change in 
photoluminescence lifetime. Temperature measurements based 
on changes in lifetime have been realized using, for instance, 
CdTe and CdSe quantum dots.[36,113,114]

This analysis shows that QDs are strong nanothermometer 
candidates capable of mapping temperature onto variations of 
different experimental observables, e.g., photoluminescence 
wavelength, linewidth, and intensity. Yet, it also highlights 
that the temperature-to-observable mapping process is non-
trivial. Several factors are at play simultaneously and their 

contribution can either be dominant or negligible at different 
size regimes. Notably, while independent studies on the same 
type of QDs report similar trends, the specific values of, for 
instance, dEg/dT, can be different[92,115]—which indicates the 
temperature variation to be somewhat system-dependent. It fol-
lows that nanothermometry techniques based on monitoring 
the photoluminescence of QD-nanosensors require calibration 
curves specific for the type, characteristics and size of the QDs 
employed. Additionally, PL-based nanothermometry using QDs 
is not absolute. The PL detection can be affected by fluctua-
tions of the excitation sources, absorption and scattering from 
the surrounding medium, as well as photoblinking of the QDs 
themselves. To mitigate these shortcomings, dual emission 
materials have been explored with the idea of normalizing the 
QDs PL to a reference signal. The measurement becomes ratio-
metric, thus immune to instabilities, as these affect both the 
measured signal as well as the reference, simultaneously. The 
first report of such an approach employed colloidal manganese-
doped semiconductor Zn1−xMnxSe–ZnCdSe core–shell QDs.[35] 
These nanocrystals show strong temperature-dependent lumi-
nescence involving two distinct but interconnected processes: 
the direct excitonic and the Mn2+ dopant ion emissions. The 
interdynamics between these two processes is thermally 
assisted; specifically, the relative intensity of the excitonic emis-
sion increases with temperature as population is transferred 
between the dopant and the excitonic states.[116] Figure 3e illus-
trates the method showing how temperature can be determined 
by measuring the temperature-dependent ratio between the 
excitonic (higher energies) and the Mn2+ (lower energies) emis-
sion intensities.

3.2.2. Benchmarking

Spatial Resolution: QDs can be as small as just a few nm, thus 
the sensors themselves reach the nanoscale size regime. How-
ever, most photoluminescence-based techniques are optical and 
thus diffraction-limited. This means that the spatial resolu-
tion of the measurement is of the order of the excitation wave-
length—unless the nanosensor is isolated and its position with 
respect to the measured object can be known by more accurate 
means than optical imaging.
Sensitivity: The reported sensitivity of QD-based nanother-
mometer spans over the range 0.01–2.2% K−1,[33,117,118] with the 
highest sensitivity achieved by measuring changes in emission 
intensities in (CdSe)ZnS QDs, over the range 278–313 K.[119] It 
is worth pointing out that the thermal sensitivity (and stability) 
of QDs can be enhanced by design. This includes surface modi-
fication, e.g., with ligands,[95] as well as specific excitation/detec-
tion schemes, e.g., multiphoton fluorescence-imaging.[117,120]

Range: Techniques based on QDs are often characterized—
owing to specific practical interest—in the vicinity of room 
temperature, or above. There are however several fundamental 
studies showing operating temperature as low as a few degrees 
K.[93,121]

Utility: Quantum dots are among some of the best developed 
temperature nanosensors. This stems from a series of char-
acteristics that make them very flexible in terms of range of 
applicability. They display size-tunable absorption and emission 
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wavelength, from the UV to the infrared, which makes them 
suitable for applications with specific wavelength requirements, 
e.g., in biomedical applications.[122–124] Quantum dots can be 
water-soluble and can be readily functionalized to target spe-
cific biomolecules[125,126]; they are also resistant to pH (5–7), 
ionic strength and other environmental variations.[127]

Limitations and Sources of TEN: Besides the standard limitations 
associated to photobleaching, photoblinking and—specific to 
bioapplications—possible long-term toxicity,[9,128,129] quantum 
dots possess a series of other aspects that need to be consid-
ered for use in nanothermometry. Similarly to organic dyes, 
they experience self-absorption, as their absorption and emis-
sion spectra partially overlap. This can cause both changes in 
photoluminescence emission intensity and wavelength—and 
thus temperature readings far from the true value. Note that 
self-absorption varies with the concentration of the lumines-
cent QDs and must therefore be controlled during the course 
of the experiment.[130] Another possible cause of TEN is heating 
due to laser excitation and phonon-mediated nonradiative pro-
cesses, which themselves are temperature-dependent as elec-
tron–phonon coupling increases with increasing temperature.

Furthermore, due to their small size—thus high surface-to-
volume ratio—control experiments need to be carried out to 
ensure that when quenching is observed, it is due to tempera-
ture changes rather than chemical reactions occurring at the 
surface.[131] It should also be noted that intensity quenching can 
involve the escape of carriers to dark surface trap states, which 
has two associated issues. The thermal response of the QD 
intensity is surface/environment dependent, requiring calibra-
tion for each specific case. Also, for many QD systems thermal 
quenching has been found to be not fully reversible, causing 
repeatability and reliability concerns.[132]

Finally, general considerations apply to QDs as they do to 
other optical nanothermometers and must therefore be con-
trolled for with specific calibration measurements. They include 
fluctuations in QDs concentration and in excitation power, as 
well as wavelength-dependent absorption and scattering of light 
by the surrounding environment.[9]

3.3. Upconversion Nanoparticles (UCNPs)

UCNPs are nanoscale particles that exhibit photon upconver-
sion: their emission is at shorter wavelengths (e.g., visible) 
than their absorption (e.g., NIR). They are highly photostable, 
immune to bleaching, and show high signal-to-noise ratio—
which is ideal for imaging biological samples due to the 
very low tissue autofluorescence.[133,134] Rare-earth ion doped 
upconverters operate via real, long-lived (approximately tens 
to hundreds of ms), intermediate states. The upconversion 
mechanism in UCNPs (Figure 4a) is based on either sequen-
tial excitation of the same emitting center in singly doped 
rare upconverters (addition de photon par transfert d’energie, 
APTE),[135] or via excitation of two centers and subsequent 
energy transfer in codoped rare-earth upconverters (energy 
transfer upconversion, ETU).[136–138] Fluorescence transition 
from the higher excited state to the ground state leads to fluo-
rescence, which is observed as anti-Stokes emission. These 
properties make UCNPs ideal for 3D imaging and monitoring 

of biological processes over long time periods. Also, their 
imaging benefits from depth discrimination: the two-photon 
mechanism confines the focal volume to where the photon den-
sity is high and excludes fluorescence from regions outside it. 
The use of UCNPs as nanothermometers in 2D, in water has 
been demonstrated by Vetrone et al.[38] as well as others.[39] In 
general, the use of lanthanide-based materials for luminescent 
thermometry is well-established owing to their strong thermo-
metric response and desirable (temperature-dependent) emis-
sion features.[139,140]

Both fluorescent dyes[29,80,84,141] and nanoparticles[110] are sen-
sitive to local temperature changes and manifest this sensitivity 
through the change in their peak positions, relative peak inten-
sities and lifetimes. Owing to their nonblinking[142] and non-
bleaching properties, UCNPs allow for long term monitoring 
of the temperature changes in living systems, as opposed to for 
instance dye molecules, which are more prone to bleaching.

The nanothermometry capabilities of UCNPs are due to the 
emission of the Er3+ rare-earth ion,[143] specifically the intensity 
ratio of the 2H11/2 to 4I15/2 (525 nm) over 4S3/2 to 4I15/2 (545 nm) 
transitions, as shown in Figure  4a. The electrons in the 4f 
shell of rare earths are shielded from the surroundings by the 
filled 5s and 5p shells, and therefore the influence of the sur-
rounding matrix on the optical transitions within the 4f shell is 
small, whether in crystals or in solution.

It follows that UCNPs display reduced sensitivity to physi-
ological changes such as salt concentration[41] and pH while 
monitoring cellular temperatures.[144] UCNPs have also been 
used to measure the temperature of the interior nanoenvi-
ronment of magnetically heated iron oxide nanoparticles[145] 
and have been shown to enable direct measurement of the 
local temperature with high temporal (approximately ms) and 
thermal resolution (0.3–2.0 K),[42] as well as sensitivity (10−3% 
K−1),[146] all with simple equipment requirements. The emission 
of the dopant ions is sensitive to temperature in some configu-
rations due to closely spaced energy levels being thermally cou-
pled.[147,148] Moreover, these thermally coupled energy levels are 
not sensitive to other environmental factors such as scattering 
or tissue autofluorescence. Thermally coupled emissions, such 
as for the Er3+ rare-earth ion, can be in the visible, such as in 
the intensity ratio (RHS) of the 2H11/2 to 4I15/2 (525  nm) over 
4S3/2 to 4I15/2 (545 nm) transitions[149] (Figure 4a), or in the red 
to near infrared, with the Tm3+ rare-earth ion, such as in the 
intensity ratio (RHS) of the 3F2,3 to 3H6 (700 nm) over the 3H4 to 
3H6 (800 nm) transitions. The relative intensity of the two green 
bands can be understood by considering the energy separation 
between the nearest excited states Er: 2H11/2 and Er: 4S3/2, which 
is only several hundred wavenumbers. The population distribu-
tion on Er: 2H11/2 and Er: 4S3/2 should be dominated both by 
thermal distribution and nonradiative relaxation. The popu-
lation of the Er: 2H11/2 and 4S3/2 levels varies as a function of 
the Boltzmann distribution. Measurements of the Boltzmann 
distribution between the two closely spaced states with varying 
temperatures show that the natural log of this ratio is inversely 
proportional to the temperature in the range relevant to most 
biological systems. Figure  4b, shows the dependence of the 
I525/I545 ratio on temperature. The measurements show a pre-
dictable rise in the ratio as temperature increase, as well as that 
the ratios are independent of particle aggregation.
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However, the primary excitation of the UCNPs occurs in 
the near infrared, where the absorption coefficient of water 
is high and can vary for different biological tissues, resulting 
in some reservations regarding the use of these nanoparticles 
as temperature sensors. Specifically, the absorption coeffi-
cient of water at 980 nm is about 20 times larger than that at 
800 nm.[150] At 980 nm CW excitation, thermal heating of the 
biological environment, may hamper the measurement pro-
cess, as seen in small animals, and in cellular systems. The 
more widely used sensitizer, the Yb3+ rare-earth ion absorbs 
primarily at 980 nm, corresponding to the 2F7/2 to 2F5/2 tran-
sition, whereas the Nd3+ rare-earth ion sensitizer absorbs at 
800  nm, corresponding to the 4I9/2 to 4F5/2 transition. The 
Nd3+ ion has an absorption cross section one order of mag-
nitude greater at 800  nm than the Yb3+ sensitizer.[150–152] 
Furthermore, infrared upconversion bioimaging at the 
molecular scale, occurs at a much higher intensity under a 
tightly focused excitation beam, and is normally coupled with 
pulsed excitation to provide higher peak powers, for sharper 

discrimination along the z-axis. Upconversion imaging is par-
ticularly suited to long-term single molecule imaging tech-
nology, that is resistant to photobleaching and is excited at 
longer wavelengths, which serves as a powerful tool to study 
physiological processes that take time to unfold, such as dis-
ease progression.

Figure 4c (left panel) shows a plot of ln(I525/I545) versus 1/T 
measured for both the β-NaYF4:20%Yb, 2%Er UCNPs and 
β-NaYF4:40%Yb, 2%Er@NaYF4:20%Yb@NaNdF4:10%Yb core–
shell–shell UCNPs at 976 and 806  nm, respectively. Since the 
population of the Er: 2H11/2 and Er: 4S3/2 levels fluctuates as a 
function of the Boltzmann’s distribution[148]

R
I

I
A

E

k T= =
− ∆

e525

545

B 	 (26)

where by taking the slope of the ln(I525/I545) versus 1/T plot, 
a ΔE of 887.170 cm−1 (806  nm, core–shell–shell with Nd) and 
966.176 cm−1 (976 nm core only) is obtained (the pre-exponential 

Figure 4.  Fundamentals of UCNPs nanothermometry. a) Energy level diagram of the sensitization of erbium by neodymium and ytterbium at 806 
and 976  nm excitation, respectively. Insets: transmission electron microscopy of both β-NaYF4:20%Yb, 2%Er (top) and β-NaYF4:40%Yb, 2%Er@
NaYF4:20%Yb@NaNdF4:10%Yb particles (bottom). Scale bars are 100 nm. b) Plot of ln(I525/I545) versus 1/T. c) Experimental data for ln(I525/I545) versus 
1/T (left panel) for β-NaYF4:20%Yb, 2%Er excited at 976 nm and β-NaYF4:40%Yb, 2%Er@NaYF4:20%Yb@NaNdF4:10%Yb excited at 806 nm. The sen-
sitivity over the working temperature range is plotted against temperature (right panel). d) Time-resolved decay for each of the visible emitting levels 
for β-NaYF4:20%Yb, 2%Er at 1.0 × 104 W cm−2 (left panel) and 5.6 × 104 W cm−2 (right panel). The 4F3/2 decay is only shown in the right panel where 
the measured intensity was sufficient to produce a readable signal. e) Plot of measured temperature converted from spectroscopic ratio against time 
at a fixed power for particles without Nd (β-NaYF4:20% Yb3+, 2%Er3+) and with Nd (β-NaYF4:40%Yb3+, 2% Er3+@NaYF4:20%Yb3+@NaNdF4:10%Yb3+) 
in air (left panel) and in water (right panel). Powers used were 8.0 × 104 and 5.3 × 104 W cm−2 for 976 and 806 nm, respectively. Adapted with permis-
sion.[41] Copyright 2018, Frontiers Media S.A.
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factor A is derived from the fit). The calculated difference 
between the 545 and 525 nm peaks is 700 cm−1. The absolute 
sensitivity S is defined as

S
R

T
A

E

k T

E

k T= =
∆ − ∆d

d
e

B
2

B 	 (27)

where the higher the temperature, the greater the sensitivity. 
Given the calculated ΔE, a plot of the sensitivity against tem-
perature is shown in Figure 4c (right panel). The higher sensi-
tivity expands the applicability to environmental and electronics 
sensing where typical critical operating temperatures are 
higher.

Figure  4d displays the decay spectra for 4F3/2(blue), 
2H11/2(green), 4S3/2(green), and 4F9/2(red) emissions at two dif-
ferent excitation intensities. It can be seen that at a higher exci-
tation intensity (5.6 × 104 W cm−2) in Figure  4d (right panel), 
the 4F9/2 and 4S3/2 states excitation pathways are more strongly 
coupled as evidenced by the narrowing of the gap between their 
rise times (Table  2). This has been attributed to the increase 
in phonon coupling to the lattice OH vibrations at higher 
laser intensity. Therefore, excitation intensity is a parameter 
in upconversion nanoparticle nanothermometry that must be 
strongly controlled in order to avoid inadvertently affecting the 
I525/I545 ratio, due to alteration of the optical pathways involved 
in ratio reporting.

For the temperature measurement to be accurate, the effect 
of the pump laser on local heating (due to the increased prob-
ability of higher energy level transitions) must be considered. 
Figure 4e shows the dependence of the local temperature with 
time duration of irradiation in air (Figure  4e, left panel) and 
water (Figure  4e, right panel), respectively.[41] Neither 976  nm, 
nor 806 nm excitation introduces a local temperature rise over 
time at laser intensities ≈104 W cm−2. However, this is not 
always the case and is a direct consequence of using pulsed 
laser excitation. Previous studies where continuous excita-
tion was employed reported local heating due to the pump 
laser.[150] Therefore, the laser mode of operation should be care-
fully considered when using upconversion nanocrystals for 
thermal sensing. While continuous wave lasers are affordable 
and highly adaptable to many laboratories, the probability of 
local heating is high. In contrast, pulsed wave excitation under 
a tightly focused beam, which is typical in single-molecule 
imaging, does not cause appreciable local temperature rise in 
the sample.

Photoluminescence Lifetime

Besides fluorescence intensity ratios between different transi-
tions, temperature also affects the lifetime of UCNPs. Albeit 
usually characterized by a lower sensitivity,[153,154] mapping 
temperature onto lifetime changes can be advantageous for a 
series of reasons. The method is for instance immune to inho-
mogeneities in the concentration of nanoparticles. It is also 
insensitive to scattering and absorption from the surrounding 
medium, which can be wavelength-dependent and can affect 
differently the collection of light of the different transitions. 
As mentioned before (cf. Section 3.1), it also potentially allows 
for shorter acquisition times avoiding the risk of local heating 
caused by the laser excitation. The change in the lifetime of 
UCNPs with temperature can be understood invoking pho-
non-mediated, nonradiative relaxation processes,[154,155] and 
can depend on the morphology and size of the nanoparticles. 
This is because, for instance, a higher surface-to-volume ratio 
would favor nonradiative transitions involving interactions 
with surface groups.[156] The total decay rate has both radiative 
and nonradiative components. The nonradiative one displays 
an Arrhenius-type behavior,[156] which allows using the life-
time of UCNPs as an observable to map the temperature of its 
surroundings. Lifetime-based thermometry utilizing UCNPs 
has been realized in several systems[139] including β-Na(Gd/
Lu)F4,[155] β-NaGdF4:Ybc+-Er3+,[156] Er:Yb:NaY2F5O,[153,157] 
YWO6:Yb3+-Er3+,[154] and CaLa2ZnO5:Er3+-Yb3+,[158] to cite a few.

3.3.1. Benchmarking

Spatial Resolution: Upconversion nanoparticles can be synthe-
sized down to sizes <10 nm.[159] However, the emission inten-
sity is directly correlated to the total number of dopants, which 
makes smaller sizes impractical. Furthermore, due to the low 
absorption cross-section, the luminescence efficiency is rela-
tively low compared to quantum dots and dyes. Larger particles, 
sizes >50 nm, are sufficiently bright to be imaged at the single 
particle level.[160]

Sensitivity: UCMP-based thermal sensing have been demon-
strated at high temporal (approximately ms) and thermal reso-
lution (0.3–2.0 K)[42] and sensitivity (10−5% K−1)[146] with simple 
equipment requirements. Newer core–shell nanoparticles with 
higher luminescence efficiency,[41] are expected to enhance the 
sensitivity even further.

Range: While most studies have been focused 
on temperature mapping in biological sys-
tems at physiological temperatures, Dong 
and Zink, have demonstrated sensing over 
the range 295–973 K.[145]

Utility: Upconversion nanoparticles are 
uniquely suited for biomedical sensing due 
to their insensitivity to pH and salt concen-
tration in the surrounding medium. How-
ever, the low luminescence efficiency and 
spectral changes with pump laser power, 
means that calibration is required. Also, 
while the infrared excitation is desirable to 
reduce background autofluorescence, it may 

Table 2.  Lifetime and rise time for β-NaYF4:20% Yb3+, 2% Er3+.

Bluea) H S Red

5.6 × 104 W cm−2

Lifetime [µs] 53.792 352.113 267.308 432.339

Rise time [µs] 13.125 20.125 35.000 35.000

1.0 × 104 W cm−2

Lifetime [µs] N/A 344.471 272.405 558.971

Rise Time [µs] N/A 45.500 59.500 91.875

a)Lifetime and rise time were fitted from the time-resolved decay for β-NaYF4:20% Yb3+, 2% Er3+ from 
Figure 4d. The lifetime was fitted as a single exponential for the emission’s decay and the rise time was 
defined as the time between the laser excitation and the maximum point of the decay curve.

Q8
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lead to sample heating. Other infrared excitation wavelengths 
are thus currently explored, such as 800 and 915  nm,[161] or 
pulsed excitation applications.[122–124,162,163] While lanthanide 
doped UCNPs are basically considered as chemically nontoxic, 
toxicity due to nanoparticle size is a concern. It remains to 
be seen whether surface modification resulting in changes to 
the hydrodynamic size, surface charge and surface functional 
groups will remediate the toxicity issue.
Limitations and Sources of TEN: Upconversion nanoparticles are 
some of the most widely used nanothermometers. A recent 
report[25] however, has expressed concerns about their reliability 
as thermosensors due to often-overlooked artifacts that can 
lead to inaccurate temperature readings. A known issue is the 
dependence of the rare-earth ions’ spectral emission on excita-
tion power. This is especially relevant when UCNPs are used 
in complex biological media, and the environment’s scattering, 
absorption, changes in refractive index, and deformation of 
the focal volume can result in excitation power densities much 
different from their nominal value. The problem can become 
hindering when the optical transitions used to estimate the 
temperature involve multiphoton absorption processes with dif-
ferent multiplicity.[164] For instance, the probabilities of two- and 
three-photon absorption have different power-law scaling with 
respect to the excitation power. If temperature is mapped onto 
the ratio of the corresponding emission peaks, a change in exci-
tation power is phenomenologically indistinguishable from a 
change in temperature, and thus a cause of TEN.

Another factor is partial self-absorption due to the rare-earth 
ions having overlapping absorption and emission spectra. 
Quantifying the effect of self-absorption is nontrivial as it 
depends on the concentration and doping of the UCNPs, as well 
as other experimental conditions such as the optical path trav-
elled by the emitted light through the UCNPs themselves. The 
surrounding environment plays again an important role as it 
can display wavelength-dependent absorption and scattering—
not ideal when temperature is measured as ratio between dif-
ferent spectral lines from the UCNPs. This issue can however 
be partially mitigated by monitoring emission lines spectrally 
close to one other.

All these factors—excitation power, self-absorption and inter-
action with the environment—should be carefully controlled 
for, ideally with both off- and in situ calibrations, especially 
since they are strongly case-specific. Failure to control for these 
effects can lead to thermal equivalent noise up to several tens 
of degrees.[25]

3.4. Nanodiamonds

Nanodiamonds are nanoparticle or nanoscale bulk materials 
with linear size <100  nm. They can be host to complexes of 
foreign atom-like defects, which are known as color centers. 
Diamond color centers are attractive as, besides displaying 
photostable fluorescence, they are solid-state systems, which 
can retain their quantum spin-optical properties at room tem-
perature. The most studied diamond color centers are the 
nitrogen-vacancy (NV) center[165] and the group IV (SiV, GeV, 
SnV, and PbV)[166] color centers. These have been successfully 
employed for quantum-enabled nanoscale sensing[167,168] and 

are an obvious choice for nanothermometry. Fluorescent nano-
diamonds can emit light at different wavelengths and display 
temperature-dependent spin-optical properties, which allows 
for (parallel, multicolor) imaging and temperature monitoring. 
They are photostable up to several hundreds of K. They are 
nontoxic and can be functionalized to target specific biological 
moieties, which is attractive for sensing applications in biomed-
ical settings.

3.4.1. Fundamental Mechanism(s)

The first proposals for diamond-based nanothermometers date 
back to 2010 and stemmed from the idea of mapping tempera-
ture variations onto changes in the luminescence and ground-
state spin energy of the well-studied NV center.[169,170] For 
completeness, it should be noted that the temperature depend-
ence of the NV’s zero-phonon line (ZPL) energy and linewidth 
had already been investigated at the time of its first identifica-
tion a few decades earlier.[171]

The NV center is an atom-like defect consisting of a substitu-
tional nitrogen atom adjacent to a vacancy (i.e., a missing carbon 
atom) in the diamond matrix. The center has C3v symmetry with 
the C3 axis lying along the N–V direction. In its negatively charged 
state—i.e., upon trapping an additional electron from elsewhere 
in the lattice—the NV center displays triplet ground and excited 
states (Figure 5a). The ground triplet state, 3A2, exhibits an axial 
zero-field fine splitting between the ms = 0 and ±1 spin sublevels 
(Dgs ≈ 2.88 GHz, at room temperature) mainly due to spin–spin 
interaction. The transverse zero-field splitting, Egs, is zero for 
perfect C3v symmetry making the +1 and −1 sublevels nominally 
degenerate. The excited spin triplet state, 3E, is associated with a 
broadband photoluminescence emission with a ZPL wavelength 
at 637 nm. The excited state is an orbital doublet, in which degen-
eracy is lifted by nonaxial strain into two orbital branches with each 
orbital branch being formed by three spin states. Above 150 K, the 
fine structure of the 3E excited state becomes analogous to that of 
the 3A2 ground state with a zero-field splitting between the ms = 0 
and ±1 spin sublevels (Des ≈ 1.42 GHz, at room-temperature) and 
a strain-dependent splitting Ees of the ms = ±1 sublevels. Figure 5a 
shows a simplified, working model for the NV energy level scheme 
where the ground and excited state triplets and the metastable sin-
glets are displayed.

Notably, the spin of the ground state can be polarized, 
manipulated, and read out optically.[172]

Optical polarization: optical excitation from the ground to 
the excited state is spin conserving. Yet, as the NV decays from 
the excited to the ground state, spin-selective, nonradiative 
ISC through the metastable singlets competes with the spin-
conserving, direct radiative decay. This process preferentially 
depopulates the ground ms  =  ±1 sublevels and populates the 
ms = 0 sublevel.

Manipulation: applying a microwave field resonant with the 
ground state axial zero-field splitting (Dgs ≈2.88 GHz) allows for 
the manipulation of the ground state population by driving the 
ms = 0 ↔ ±1 transitions.

Optical readout: as the ms  = 0 state scatters more photons 
than the ±1 ones, the spin state population of the ground level 
can be detected through optically detected magnetic resonance 
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(ODMR)—a drop in fluorescence of up to ≈30% is observed 
when the system is in the ms = ±1 states rather than in the ms = 
0 one. Furthermore, in the presence of an applied magnetic 
field, B, the ms  =  ±1 levels split, displaying resonances sepa-
rated by 2gNVμB, where gNV = 2003 is the NV Lande factor and 
μB is the Bohr magneton. Note that local strain (thus pressure 
and temperature) can also lift the ms = ±1 degeneracy.[172]

As the temperature varies, the NV center undergoes a series 
of changes including in fluorescence intensity, ZPL wavelength 
barycenter and linewidth, as well as changes in the axial, Dgs, 
and the transversal, Egs, zero-field splitting energies. Any of 
these quantities can thus be used to map temperature values.
Photoluminescence Intensity: One of the first demonstrations of dia-
mond-based nanothermometry, exploited the dependence of the 
NV center PL intensity on temperature.[169] In the experiment, the 
PL emission intensity of NV centers hosted in diamond nanopar-
ticles (size ≤35 nm) was found to decrease up to fourfold as tem-
perature increases over the range 320–670 K. A 2.7-fold reduction 

in PL lifetime was also reported leading to the possibility of meas-
uring the temperature of the diamond nanoparticles and their sur-
roundings by monitoring either of these quantities.

The drop in PL intensity as temperature increases is explained 
invoking the breakdown of the NV optical polarization mechanism 
(cf. optical polarization above). Optical excitation of the NV center 
preferentially depopulates the ground ms = ±1 sublevels and popu-
lates the ms = 0 sublevel which, upon laser excitation, scatters more 
photons than the ms = ±1 sublevel (the intersystem crossing rate 
from the excited ms = 0 state to the metastable singlets is 10−4 times 
that from the ms = ±1 states).[165] As the temperature increases, the 
spin–lattice relaxation rate increases (this rate equals 2 Hz at 100 
K and 1 kHz at 300 K) and as a consequence the population of all 
triplet sublevels equilibrates. This effectively neutralizes the optical 
polarization mechanism of the center, subsequently reducing—in 
a nontrivial manner—its photoluminescence.

As expected, the relative change of the radiative and non-
radiative rates also results in a corresponding change in PL 

Figure 5.  Fundamentals of diamond-based nanothermometry. a) Simplified energy level scheme of the diamond nitrogen-vacancy (NV) center. 
b) Temperature shifts of the NV− spin (ΔDgs, left panel) and visible (ΔEV, right panel) resonances [black points: measurements; blue curves: fit obtained 
using Equation (32)]. The contributions of thermal expansion Eex(T) to each shift alone are depicted as dashed black curves. Insets: example ODMR 
(left) and photoluminescence spectra (right) of the resonances at 5 K [green] and room temperature [red]. Reproduced with permission.[174] Copyright 
2014, American Physical Society. c) Left: confocal scan of a single cell. The cross marks the position of a gold nanoparticle excited by the laser to heat 
its surroundings; the circles represent the location of two nanodiamonds (NV1 and NV2) used for thermometry. Right: measured change in tempera-
ture at the positions of NV1 and NV2 relative to the incident laser power applied to the gold nanoparticle. Reproduced with permission.[22] Copyright 
2013, Springer Nature. d) Left: spectra at 15 °C (blue) and 29 °C (red) of SiV centers in diamond. The ZPL peak red-shifts as the temperature increases. 
Right: peak position as a function of temperature. Reproduced with permission.[45] Copyright 2018, American Institute of Physics (AIP). e) Temperature 
dependence of the ratio (IAS/IS) between the PL intensity of GeV centers in a nanodiamond under anti-Stokes and Stokes excitations. Adapted with 
permission.[23] Copyright 2019, American Association for the Advancement of Science.
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lifetime.[169] However, it should be noted that these temper-
ature-dependent variations in PL intensity and lifetime were 
found to differ dramatically from nanodiamond to nano-
diamond requiring calibration of each nanocrystal against a 
known set of temperatures prior to their practical use. Also, the 
PL intensity measurement is nonratiometric, which implies 
that light absorption or scattering from the surrounding 
medium might hinder the accuracy of the temperature reading 
and hence the utility of the method. In 2015, a refined tech-
nique for measuring temperature by monitoring the ampli-
tude of the NV center’s ZPL was demonstrated.[43] The tech-
nique relies on measuring the ratio between the amplitude of 
the NV’s ZPL and the value of the background fluorescence 
at the NV’s ZPL wavelength. The latter involves vibrational 
excitations in the NV’s excited state, which obey temperature-
dependent Boltzmann statistics and can be accurately modeled 
semiempirically. While several quantities—specifically ZPL 
amplitude, linewidth and Debye–Waller factor (DWF, i.e., the 
ZPL area divided by the total area of the spectrum) depend 
on temperature (see below), the aforementioned amplitude 
ratio has a larger temperature sensitivity than both DWF and 
linewidth.[173] The method was shown to achieve a noise-floor 
temperature resolution of 0.3 kHz K−1.

In the context of nanodiamond-based thermometry, photolumi-
nescence intensity measurements are often employed in combina-
tion with other quantities to measure temperature (see below).
Spectral Shift: The effects of pressure and temperature on 
the energy levels of the NV center—thus on its visible and 
infrared ZPL emissions—have been studied in depth.[174–176] 
For diamond color centers, there are two main contributions 
to the temperature shift in the ZPL energy. 1) Strain caused by 
thermal expansion/contraction perturbs the electronic ener-
gies of the atom-like defect. 2) The vibrational frequencies of 
the electronic levels change as the potential energy functions 
(curvature) of the electronic levels vary. This can be equivalently 
described as outcome of quadratic electron–phonon interaction.

As temperature varies, so does the relative distance between 
the equilibrium positions of the nuclei and the associated 
energy of the electronic levels. Accordingly, all the zero-phonon 
transition energies shift, which results in the observation of a 
shift in ZPL energy ΔEex(T)—as thermal average of all zero-
phonon transitions[43]

E T
E

Q
Q T( ) ( )∆ =

∂∆
∂∆ex

el

ex 0

ex 	 (28)

In Equation  (28), Qex(T) is the mass-weighted nuclear dis-
placement coordinate of thermal expansion, ΔEel = (Eel,i − Eel,j) 
is the difference in energy between the ith and the jth electronic 
states and the derivative is calculated at Qex = 0. Since thermal 
expansion and hydrostatic pressure are related, Equation  (28) 
can be rewritten in a more compact form

E T AP T( ) ( )∆ =ex
	 (29)

where A = 14.58(6) MHz GPa−1 is the hydrostatic pressure shift 
of the ZPL and ( ) ( )d

0
P T B e t t

T

∫=  is the pressure of thermal 
expansion; B = 442 GPa is the bulk modulus of diamond and 
e(T) is the diamond volume expansion coefficient.

The energy of a zero-phonon transition also depends 
on the vibrational density of modes, ρ(ω), and the Bose-
Einstein thermal distribution of vibrational occupation 
n T k Tω = −ω( , ) 1/(e 1)/ B� , specifically

E T n T∫ ω δ ω ρ ω ω( ) ( ) ( ) ( )∆ =−
Ω

, de p
0
� 	 (30)

where Ω ≈ 165 meV is the highest vibrational frequency of dia-
mond and δ(ω) is the average vibrational frequency difference 
between the electronic states, which is defined by
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	 (31)

In Equation (31), Qa and ωi,α are the mass-weighted displace-
ment coordinate and frequency of the αth mode in the ith elec-
tronic state, respectively. The derivative is evaluated at Qa  = 0 
and the sum is over all modes with frequency ωi,α = ω.

The total ZPL shift is thus ΔE (T) =  − ΔEex(T) − ΔEe − p(T). 
The quantity ΔEex(T) can be determined[172] using the known 
values for the NV− hydrostatic pressure shifts A and the volume 
thermal expansion coefficient of diamond e(T) (note that e(T) 
varies with the purity of the diamond sample). The quan-
tity ΔEe − p(T) can be approximated[174] to E T b Tii

i∑∆ ≈− =
( )e p 4

, 
which produces the following expression for ΔE(T) (termi-
nating the expansion at T5)

2 3 4 5
1 2 2 3
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3 4
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4 5E

e
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e
ABT b

e
AB T b

e
AB T∆ ≈ − − − +



 − +



 	 (32)

Interestingly, the parameters of ΔEe − p(T) are an order of 
magnitude larger than those of ΔEex(T), at their respective 
powers of T. This reveals the importance of electron–phonon 
interactions in determining the energy shifts.[174] Figure  5b 
(right panel) shows the shifts of the NV− visible ZPL (ΔEV) 
resonance as a function of temperature. With reference to 
Figure  5a, note that the model can be applied specifically to 
determine the temperature dependence of Dgs, Egs, and Des and 
Ees by determining the corresponding expressions for ΔDgs(T), 
ΔEgs(T), and ΔDes(T), ΔEes(T)—the parameters Ags, Aes, and 
δgs(ω), δes(ω) can be obtained from first-principles.[173] Figure 5b 
(left panel) shows the temperature dependence of the NV− cent-
er’s Dgs through monitoring the shift in frequency of the spin 
transitions ms = 0 ↔ ±1 in a ODMR measurement.
ZPL Width: For color centers in crystalline hosts, the ZPL 
linewidth in the emission spectrum displays a temperature-
dependent broadening, which can be both inhomogeneous and 
homogeneous in nature.

One of the main mechanisms responsible for the inhomo-
geneous broadening of the ZPL is spectral diffusion. Spectral 
diffusion occurs due to charge fluctuations in the local envi-
ronment surrounding the defects. It produces a Gaussian 
profile for the center’s ZPL, which can vary with tempera-
ture if the dynamics of these charge fluctuations is thermally 
activated.[177]

The homogeneous broadening is instead due to dephasing 
of the center’s electronic state caused by quadratic elec-
tron–phonon coupling. It depends both on the spectrum 
and population of the phonon modes of the crystalline host 
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surrounding the defect and is associated with a Lorentzian 
lineshape.[178,179] For temperatures T below the Debye temper-
ature, ΘD, the centers’ ZPL linewidth, γ, is expected to display 
a dependence Tγ ~ 7, at least in the ideal case in which only 
nondegenerate electronic states are involved in the transition 
(in diamond ΘD  ≈ 2 × 103 K). However, in different experi-
mental studies the ZPL linewidth of diamond NV centers has 
been found to show broadening captured by the polynomial 
relation aT3 + bT5 + cT7 (with a, b, and c constants) where the 
weight of the T3, T5, or T7 dependency varied significantly 
from study to study.[180,181] The T3 behavior has been attrib-
uted to different mechanisms. These include: i) involvement 
of degenerate electronic states and ii) the decrease in bond 
strength as temperature rises leading to an increased density 
of low-energy local phonons in the excited state of the color 
center, as well as iii) fluctuating fields originating as phonons 
modulate the distance between the color center and other 
defects in the crystal (this effect would show dependence on 
the purity of the sample).[182] Using perturbation theory, the 
T5 dependence of the ZPL linewidth at low temperature has 
instead been attributed to transitions between different com-
ponents of the degenerate state following phonon scattering 
(dynamic Jahn–Teller effect).

From this analysis, it follows that methods based on map-
ping temperature onto the ZPL linewidth of diamond color 
centers require calibration against a reference set of tempera-
tures, possibly specific to each nanoparticle host.
Spin-Resonances: The nitrogen-vacancy center has spin-
dependent photoluminescence (cf. optical polarization, 
manipulation, and optical readout above), which allows 
sensing schemes based on monitoring shifts in the spin reso-
nance frequencies (i.e., shift in the ms  = 0 ↔  ±1 transitions) 
through the defect’s fluorescence as a function of external per-
turbations including magnetic and electric fields, as well as 
temperature.[172,183]

With reference to Figure  5a, the crystal field parameter 
Dgs depends on temperature, axial electric field and strain; 
the transverse ZFS parameter Egs is nominally equal to zero 
but can be nonzero due to local strain. This means that in 
the absence of external magnetic and electric fields it is pos-
sible to map temperature changes onto relative energy shifts 
between the ms = 0 and ±1 ground sublevels of the NV center. 
It is important to note that the suppression of local electric 
and magnetic fields is nontrivial. The NV center is an atom-
like system in a solid-state host and its energy can be affected 
by axial electric fields due to lattice defects and axial magnetic 
interactions with, for example, spin impurities. To isolate the 
contribution of temperature on Dgs and Egs from those due 
to local fields, specific sequences involving laser, microwave, 
and radio-frequency pulses have been developed.[184] From a 
practical point of view, the measurement of the energy shifts 
is carried out optically by detecting drop in photolumines-
cence intensity (cf. optical readout) as the microwave field 
becomes resonant with the ms = 0 ↔ ±1 transition frequen-
cies. Over the temperature range 280–330 K it was empirically 
found that dEgs/dT = −0.4(2) kHz K−1 and dDgs/dT = −74.2(7) 
kHz K−1 (this corresponds to a sensitivity of 2.59(2) × 10−3% 
K−1). The trend of Dgs with temperature has been explained 
using a model based primarily on the thermal expansion of 

the crystal lattice. According to the model, the effect of lattice 
expansion on Dgs is[170]
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where r12 is the displacement between the two spins z12 is the 
component of r12 along the NV symmetry axis, and R is the 
distance between two basal carbon nuclei. This model is only 
partially successful and a more accurate dependence of Dgs 
on temperature likely requires considering additional vibronic 
effects.

The practical use of the NV spin-resonances to measure 
temperature at the nanoscale has been successfully realized 
in 2013.[21,22] The method demonstrated achievable resolutions 
of 1.8 mK Hz−1/2 in a pure bulk diamond crystal and 200 mK 
Hz−1/2 in nanodiamonds having a spatial resolution of 200 nm 
in living cells.[22] Figure  5c shows these results. Two nanodia-
monds containing NV centers were placed inside a living cell 
and used to measure local changes in temperature as an inci-
dent laser heated up gold nanoparticles in the nanodiamonds 
surrounding.
Group IV Color Centers: Diamond-based nanothermometry has 
been explored using color centers in diamond other than the 
NV center, specifically the so-called group IV emitters. These 
are atom-like complexes hosted in the diamond matrix and con-
sisting of an atom from the group IV column of the periodic 
table (Si, Ge, Sn, and Pb) located in between two missing carbon 
atoms (vacancies) in a split-vacancy configuration.[166] The 
nanothermometry techniques developed using nanodiamonds 
hosting these color centers are mainly all-optical methods. They 
are based on monitoring temperature-dependent changes in 
photoluminescence intensity, as well as position and linewidth 
of the center’s ZPL wavelength.

While there is a strong parallelism between group IV emit-
ters and NV centers regarding the nature of the temperature 
dependence of these quantities, there are also some differences. 
For instance, the shift and broadening of the spectral lines of 
SiV and GeV centers are mainly due to second- and first-order 
electron–phonon interaction in the excited state. The electron–
phonon interaction rate is much higher than the spontaneous 
decay rate resulting in the strong temperature-dependent modi-
fication of the linewidth and position of the emission wave-
length. A characteristic T3 dependence of the zero-phonon line 
position is observed for SiV and GeV centers (above specific 
thresholds temperatures) as two-phonon processes dominate 
over single-phonon processes.[185,44] These specificities lead 
to the magnitude, and thus the sensitivity, of each method to 
be color-center specific. Nanothermometry techniques using 
silicon-vacancy (SiV),[24,45] germanium-vacancy (GeV),[44] and 
tin-vacancy (SnV),[46] centers are all well established. Figure 5d 
shows the representative example of the SiV center: spectra 
recorded at 288 and 302 K reveal that the ZPL peak shifts to 
longer wavelengths as temperature increases.

Interestingly, a multiparametric analysis scheme has been 
recently proposed to increase the resolution/speed of PL-based 
temperature measurements.[24] The scheme is mentioned here 
as its effectiveness—a tenfold improvement in resolution/
speed—has been demonstrated by measuring temperature via 
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the PL signal of diamond SiV centers. Note however that the 
scheme is not restricted to diamond color centers and could 
be implemented in other systems. In the demonstration, an 
overall 103-fold improvement is reported but the multipara-
metric method only accounts for a factor 10. Briefly, rather than 
monitoring one specific physical quantity—e.g., ZPL intensity, 
linewidth, wavelength, etc.—the proposed scheme monitors a 
set of them and assigns weights to each quantity to minimize 
noise. The multiparametric analysis improves the resolution 
by improving the signal-to-noise ratio of the measurement; or 
equivalently, it reduces the acquisition time for a fixed precision 
in resolution.

Also recently, an original diamond-based nanothermometry 
approach has been proposed. The method is based on meas-
uring the PL intensity of diamond color centers under anti-
Stokes excitation.[23] The method relies on exciting, optically, 
the color centers with a laser at longer wavelengths (lower 
energies) than the centers’ emission ZPL. The extra (missing) 
energy that causes upconversion of the photons is acquired 
by absorption of phonon(s) with an efficiency that depends on 
the phonon spectral density, i.e., the phonon density of states 
multiplied by the transition amplitude. The resulting intensity 
of the emission exhibits an Arrhenius-type exponential scaling 
with temperature, e ( / )a B≈ −A E k T , with kB being the Boltzmann 
constant, Ea the value for the activation energy fixed at the dif-
ference in energy between the anti-Stokes excitation laser and 
the color centers’ ZPL, and A the amplitude fitting constant. To 
make the measurement ratiometric (Figure 5e), the anti-Stokes 
PL emission is normalized to the PL emission obtained under 
traditional Stokes excitation at shorter wavelengths (higher 
energies). The exponential dependence of the anti-Stokes 
excitation mechanism with temperature results in a relatively 
highly sensitivity, ≈1.3% K−1 (at 300 K), which is comparable or 
slightly higher than conventional Raman-based temperature 
measurements, yet with a much higher spatial resolution (set 
by the diffraction limit of the detection system).

3.4.2. Benchmarking

Spatial Resolution: Fluorescent NDs containing color centers 
can be of any size ≥5  nm. Note that the number of color 
centers, thus the corresponding PL intensity, scales with the 
volume of the particle, which means that NDs can be tailored 
to meet ad-hoc, application-specific requirements. As per other 
nanoparticle-based sensing techniques the spatial resolution of 
the measurement is set by the diffraction limit of the detection 
apparatus, unless the position of the nanosensor is established 
by more accurate means.
Sensitivity: The reported sensitivity of ND-based nanothermom-
eter spans over the range 0.0015–1.3% K−1. Nanodiamond-based 
thermometry has also been shown[23] to achieve some of the 
highest noise-floor temperature resolutions ≈1.8 mK Hz−1/2.
Range[23]: Nanodiamond-based techniques are among the more 
versatile in terms of range. In fact, diamond and its hosted 
fluorescent color centers are stable to up to 1000 K. From a 
practical point of view though, due to such a large range, at dif-
ferent temperatures certain mechanisms might become domi-
nant or negligible over others for determining the temperature 

dependence of an observable. Calibration of the nanothermom-
eter is thus necessary in most cases.
Utility: Nanodiamonds rank highly in overall utility. The variety 
of color centers the diamond matrix can host results in the 
NDs being capable of absorbing/emitting over a large por-
tion of the spectrum, from the visible to the near infrared.[186] 
Notably different color centers can coexist in the same nano-
particle allowing for parallel, multicolor imaging and tempera-
ture sensing. Nanodiamonds are nontoxic, they are generally 
chemically inert and thus robust against changes in the local 
chemical environment, but they can also be readily function-
alized to a large range of target-specific biomoieties,[187] which 
makes them ideal for biomedical applications. Simultaneously, 
nanodiamonds can resist harsh environments, which is cru-
cial for certain applications such as monitoring temperature in 
high-power electronics.[1]

Limitations and Sources of TEN: Diamond-based nanother-
mometers suffer from the same general limitations discussed 
at length for other nanothermometers (e.g., wavelength-
dependent absorption and scattering from the surrounding 
environment and fluctuations in laser excitation power), as well 
as some specific ones.

They are for instance subject to self-absorption and the asso-
ciated changes in photoluminescence emission intensity and 
wavelength. It should be noted however that some diamond-
based thermometry schemes can rely on collecting the photolu-
minescence signal from individual, single-photon emitters[22,23]; 
and are therefore immune to the problem.

Another factor to consider is heating of the diamond nano-
probe, either due to laser excitation or to phonon-mediated 
nonradiative processes. These problems are not unique to dia-
mond nanothermometers and have already been discussed. 
We specifically mention them here because in nanodiamonds 
they have been studied in detail in optical levitation experi-
ments, where absorption of the excitation laser from diamond 
impurities and surface carbon has been found to cause gra-
phitization and burning of the diamond nanoparticles them-
selves.[188] While the laser powers used in these levitation 
experiments far exceed (by several orders of magnitude) those 
used in nanothermometry applications, the same absorp-
tion mechanisms could cause local thermal heating of the 
diamond probe and must therefore be considered for TEN. 
Related to thermal heating is also the fact that methods based 
on reading out the spin state of diamond NV centers rely on 
microwave excitation,[21,22,174] which is readily absorbed in bio-
logical environments and can be a source of error. Further-
more, methods based on the NV spin read out cannot deter-
mine whether the measured energy shift in the ground spin 
sublevels is due to temperature changes or to variations in 
local electric/magnetic fields. This is another potential source 
of TEN especially in biological environments where local fluc-
tuating electric and magnetic fields are present and can mimic 
temperature effects.[189,190] Note that separating the effects of 
temperature and local fields is possible, but requires advanced 
experimental procedures.[21] It should also be emphasized that 
these issues only apply to methods based on the spin readout 
of diamond NV centers.

Finally, similarly to QDs, nanodiamonds can be very small 
(approximately a few nm). In thermometry applications, control 
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experiments (e.g., off- and in situ) should therefore be carried 
out to separate between photoluminescence changes due to 
temperature variations and those due to interaction with sur-
face ligands, surfactants and trap states.

4. Selected Applications

4.1. Biological and Medical Applications

Nanothermometry finds most of its application in biomedicine. 
Here, one of the key challenges is overcoming light scattering 
and absorption of the biological medium, which can affect the 
resolution of many of the nanoscale thermosensing techniques. 
Over the past few decades, various types of temperature sensors 
operating in the first and second biological windows, BW-I (700–
950  nm) and BW-II (1000–1350  nm), have been developed for 
use in life science. Biothermometry can be classified into three 
categories based on the systems under investigation: a) sub-
cellular, b) cellular, and c) tissue. A number of comprehensive 
review articles are already available in the literature on these 
research topics.[10,11,191–193] We summarize the recent advance-
ments (mostly for the period 2016–present) and briefly discuss 
some salient examples of these three classes of thermometry.

4.1.1. Subcellular Thermometry

Measuring intracellular temperature is a topic of inten-
sive investigation in biophysics for it can help elucidate the 
dynamics of target metabolic processes inside living cells. The 
types of nanothermometers employed in this context include 
organic dyes,[194] fluorescent proteins,[195,196] polymers,[197] and 
inorganic nanoparticles[198–204] (cf. Sections 3.1–3.4). Dye-based 
fluorescent probes are often employed for targeted imaging and 
temperature sensing of mitochondria—the source of biological 
energy generation within cells. However, due to rapid pho-
tobleaching of the dyes, temperature measurement with indi-
vidual molecules is not possible. Similar problems also affect 
fluorescent proteins, which are nonetheless desirable thanks to 
their ability to be genetically engineered to label specific bio-
targets. Conversely, inorganic nanoparticles, e.g., rare-earth-
doped nanoparticles[198] and fluorescent nanodiamonds,[199–204] 
are considerably more photostable even under extensive laser 
excitation. They can thus be observed individually in living cells 
over extended periods of time. Nevertheless, one of the major 
drawbacks that limits their use for nanothermometry, is their 
inability to directly target specific biomolecules and organelles. 
Specific targeting is indeed possible but requires an additional 
step involving chemical modification of the nanoparticles’ 
surfaces, inevitably limiting their utility (cf. Section  2.2.5). 
The spatial resolution achieved so far by temperature sensing 
techniques based on single-particle nanothermometers is 
≈200 nm.[22] This is set by the diffraction limit of light, as many 
of these techniques rely on collection of photoluminescence 
in this spectral region through an optical system. Subdiffrac-
tion resolution is however possible if other microscopy tech-
niques are used in parallel, e.g., super-resolution fluorescence 
microscopy.

Recently, fluorescent carbon nanoparticles—nanodia-
monds[199–204] and carbon dots[205,206]—have been explored as 
suitable and promising nanosensors for thermometry. These 
nanoparticles are appealing for their inherent biocompatibility, 
low cyto-toxicity, and high photostability. In this regard, fluo-
rescent nanodiamonds are particularly attractive for subcellular 
temperature sensing as each nanoparticle can contain bright 
ensembles of color centers, which can be readily imaged at 
the single-particle level by standard confocal microscopy. The 
nanodiamonds can be engineered to host one or more types of 
color centers—consisting of different complexes of atom-like 
defects—which allows for wavelength tunability as well as par-
allel, multicolor imaging. While less versatile in this respect, 
carbon dots are comparatively more useful for ensemble tem-
perature measurement of entire cells due to their smaller 
sizes. Some of the most successful thermosensing applications 
employing nanodiamonds include determining the local ther-
mostability of cell membrane and monitoring the local temper-
ature of a living cell as laser-induced heating was taking place 
at sites of interest. For instance, Tsai et  al.[199] conjugated 100 
nm fluorescent nanodiamonds to gold nanorods through non-
covalent interactions. These two-in-one nanohybrids were then 
deposited on the plasma membrane of a cell cluster derived 
from the human embryonic kidney cell line (HEK293T), as 
shown in Figure  6a,b. A single laser (594  nm) was employed 
both for heating and for monitoring the temperature of these 
ad-hoc-designed nanohybrids inside the cells or onto the cells’ 
membrane. They were able to determine that a local tempera-
ture of up to 333 K was necessary to rupture the membrane of 
the human cells under study. By extension, all-optical methods 
of this nature can be used to measure and control (usually 
increase) the temperature of a living organism both at the intra- 
and intercellular level—provided that the absorption and scat-
tering of the biological environment allows for the detection of 
the optical signal through the tissues.

4.1.2. Cellular Thermometry

On a larger scale, temperature sensing of whole cells has been 
achieved using a variety of nanosensors: carbon dots,[205,206] 
organic dyes,[207] fluorescent polymers,[208] and silver nanoclus-
ters.[209] A common defining feature of these sensors is their 
extremely small size (approximately nm). They can disperse 
uniformly throughout the cells, and thus enable the mapping of 
intracellular temperature and the monitoring of temperature-
driven metabolic activities. However, it should be noted that 
the measurement of intracellular temperatures is a nontrivial 
undertaking and there are still inconsistencies between calcu-
lations and measurements,[210–212] which calls for the careful 
design of any future experiment in this direction.

In the context of cellular-scale thermometry, the results of 
Tsuji et  al.[208] are representative of the achievements of the 
field. Tsuji and collaborators recently investigated the ther-
mogenesis of brown adipocytes. These are fat cells that pos-
sess a large number of mitochondria and carry out the func-
tion of maintaining body temperature by heat production. The 
direct measurement of heat production at the single-cell level, 
was achieved by employing fluorescent polymers—consisting 

Adv. Optical Mater. 2020, 2000183



U
NCORR

EC
TE

D P
RO

OF

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59 

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59 

www.advancedsciencenews.com

© 2020 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim2000183  (23 of 29)

www.advopticalmat.de

of a thermosensitive unit, a cationic unit, and two fluores-
cent units–as nanothermometers. The polymers were pas-
sively incorporated into the fat cells for the detection of heat 
production following the treatment with carbonyl cyanide 
p-trifluoromethoxyphenylhydrazone, which is an uncoupling 
agent known to accelerate thermogenesis in mitochondria. 
The researchers observed an increase from 30 to (34.4 ± 0.2) °C 
of the intracellular temperature upon treatment. They also 
reported that the increase is significantly higher in matured 
brown adipocytes than in their precursor cells, which goes from 

30 to (32.3 ± 0.2) °C (Figure 6c–f). Further studies with agonist 
stimulation provided additional proof that the temperature 
rise is due to endogenous thermogenesis rather than to global 
heating of the culture medium.

4.1.3. Tissue Thermometry

The first demonstration of tissue thermometry was performed 
using the temperature-dependent fluorescence signal of green 

Figure 6.  Nanoscale thermometry: bioapplications. a,b) All-optical diamond NV-based nanothermometry: a) temperature-dependent fluorescence 
spectra of 100 nm fluorescent nanodiamond (FNDs) illuminated by a 594 nm laser in solution. Inset, top-left: enlarged view of the temperature-induced 
shift of the ZPLs for spectra acquired at 28–75 °C. Inset, bottom: TEM image of a typical FND decorated with citratecapped gold nanorods (GNR).  
b) Merged bright-field/fluorescence images of an HEK293T cell cluster with GNR-FNDs attached to the plasma membrane after exposure to the 594 nm 
laser in the presence of PI (45 mm) at different time points. Intracellular PI was observed almost immediately after laser irradiation of the particle indi-
cated by the white arrow. Scale bar: 10 µm. c–f) Intracellular temperature imaging analysis in brown adipose cells (BACs) and pre-BACs in response to 
uncoupler stimuli using the intracellular cationic fluorescent polymeric thermometer R-CFPT. c) Fluorescence response and temperature resolution of 
R-CFPT in a BAC extract under microscopy observation. d) Pseudocolor confocal images of the fluorescence ratio (Em. 560–610 nm/Em. 500–520 nm) 
in R-CFPT-incorporated matured BACs at 15 and 31 min after 10 × 10−6 or 30 × 10−6 m carbonyl cyanide p-trifluoromethoxyphenylhydrazone (FCCP) 
treatment. The scale bar is 20 µm. e) Intracellular temperature change during stimulation of matured BACs with FCCP (n = 8, 9, or 9 cells for 0.1% 
dimethylsulfoxide (DMSO), 10 × 10−6 m FCCP, or 30 × 10−6 m FCCP, respectively). f) Intracellular temperature change during stimulation of pre-BACs 
with FCCP (n = 7 or 16 cells for 0.1% DMSO or 10 × 10−6 m FCCP, respectively). g) Optical image of a mouse with two tumors. A solution of Nd:LaF3 
NPs was injected in the left-side tumor whereas the right-side one was used as a control. h) Infrared fluorescence (left) and thermal (right) images 
of the mouse under 808 nm (4 W cm−2) laser irradiation. The images show the fluorescent and heating signals differentially emitted by the treated 
tumor. i) Time evolution of the temperature at the tumor surface obtained from the infrared thermal images and from the subtissue fluorescence. a,b) 
Reproduced with permission.[199] Copyright 2017, Wiley-VCH. c–f) Reproduced with permission.[208] Copyright 2017, Springer Nature. g–i) Reproduced 
with permission.[213] Copyright 2014, Wiley-VCH.
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fluorescent proteins (cf. Section 3.1) in Caenorhabditis elegans, a 
nematode commonly found in soil.[83] The nematode is 100 µm 
in diameter and 1 mm in length; it is transparent, and can be 
easily imaged by confocal fluorescence microscopy using green 
fluorescent proteins as biomarkers. Scaling up in size is how-
ever nontrivial. Extending the study to small animals like mice 
inevitably runs into the limit imposed by the short penetra-
tion depth of light through tissue. Even for far-red light, i.e., 
wavelengths >800 nm, the penetration depth is only ≈1 mm. A 
possible avenue to overcome this hurdle is to expand the ther-
mometric detection range to the short-wave infrared region 
(i.e., BW-II). Rare-earth-doped nanoparticles are advantageous 
in this regard as their excitation can be spectrally optimized via 
doping with various metal ions in different matrices, making 
them effective nanosensor candidates for thermosensing appli-
cations in biological tissues.[213–219]

A main drive for the development of in vivo thermometry 
techniques is the promise of selective and controlled heating, 
e.g., for hyperthermia applications. Current methods are 
magnetic- and optic-based heat treatments, which are often 
limited in resolution. With the availability of subtissue or 
even intratumoral temperature readings, precise and efficient 
control of the thermal treatment by image-guided therapy is 
achievable. An illustration of this method was given by Car-
rasco et al.[213] who used highly Nd3+-doped LaF3 nanocrystals 
as multifunctional probes to treat breast cancer tumors xeno-
grafted on nude mice (Figure 6g–i). These nanoparticles, con-
taining up to 5.6 at% Nd3+ ions, can be used for tumor locali-
zation, temperature sensing, as well as photothermal heating 
when exposed to 808  nm light. The research team demon-
strated the feasibility of this approach by monitoring the tem-
perature of the tumor surface with an infrared camera, deter-
mining the intratumoral temperature through the analysis of 
subtissue fluorescence derived from the injected LaF3:Nd3+ 
particles.

4.2. Other Applications

While thermosensing in biological systems is the major driving 
force of (optical) nanothermometry, nanoscale temperature 
measurements find applications in other fields.

4.2.1. Microfluidic and Surfaces

Measuring temperatures within microfluidic channels is 
important for variety of applications, including, for example, 
understanding solid-liquid interfaces. We presented some rep-
resentative examples in Section  3.1 when discussing organic 
dyes (Figure  2c). Effort has also been dedicated to measure 
temperature with ultrasmall volumes, down to hundreds of 
picolitres.[220] In general, measuring the temperature within a 
microfluidic channel is done effectively using temperature-sen-
sitive fluorescent nanoparticles such as the fluorescent dyes (cf. 
Section 3.1)[29,53,54] and UCNPs (cf. Section 3.3)[221] discussed in 
this review. Nonoptical methods do also exist, where the micro-
fluidic channel can be printed on-top of a dedicated chips with 
known temperature gradients.[222

4.2.2. Nanoelectronics and Nanophotonics

High-power nanoelectronics and nanophotonics are fields 
where monitoring and controlling temperature at the nanoscale 
is crucial both for performance optimization and prevention of 
operation failure. In this context, nanothermometers based on 
diamond color centers (cf. Section 3.4) or other semiconductors 
such as 2D materials[223] have the potential to advance the field, 
as these nanothermometers can sustain temperature as high as 
several hundreds of degrees.

Furthermore, electronic and photonic devices made from 
(stacks of) 2D materials are growing in scope due to their 
unique properties.[224,225] Measuring temperature across 
nanoscale transistors—for instance fabricated from single 
carbon nanotubes or atomically thin 2D systems—could be 
realized using the materials themselves as the sensor. This 
stems from many of these materials being optically active by 
nature, and thus exploitable for temperature measurement 
using, for instance, ratiometric anti-Stokes/Stokes photolumi-
nescence measurements.[23] Remote optical thermometry can 
also be beneficial to measure precise temperature of phase 
change materials and magnetic materials, especially thin films. 
One of the main challenges though is the simultaneous and 
independent measurement of the temperature of these devices 
and of their magnetic and/or electrical properties.

4.2.3. Microscopy

Another application where remote nanoscale optical ther-
mometry could be useful is during imaging in electron micro-
scopes. Nanostructures are known to heat up during imaging 
by electron beams and measuring precisely their temperature 
is currently impossible. However, new technological advance-
ments demonstrated the possibility to measure temperatures 
by putting optical fibers and other collection optics in situ,[226] 
as well as by using emitters within the imaged material them-
selves or from fluorescent particles dispersed on the sample. 
Drawing from this, similar techniques can be adapted to 
measure temperature of growing semiconductors or mate-
rials—for instance growth of diamond containing color 
centers. Diamond growth can occur at temperatures of just a 
few hundred degrees,[227] which is still below the minimum 
temperature a commercial optical pyrometer can measure. 
Remote optical thermometry utilizing the embedded color 
centers could provide precise and accurate temperature at the 
crystal facet and aid in understanding the growth dynamics of 
nanodiamond.

5. Conclusions and Outlook

In this review, we have presented an in-depth discussion of 
the fundamental physicochemical mechanisms at the basis of 
several nanoscale optical thermometry techniques. The intent 
was to highlight their intrinsic and absolute capabilities as 
well as their limitations within a well-defined benchmarking 
framework, and to critically discuss their use in existing and 
advanced technological realizations.
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5.1. Practical Challenges

Nanoscale optical thermometry is a remarkably well-established 
field with a vast range and diversity of applications. It is per-
haps quite surprising that these techniques have not found a 
much wider diffusion into real-world, commercial devices. A 
critical bottleneck is the mass production of the temperature-
sensitive nanosensors. While UCNPs and nanodiamonds can 
be mass produced through several synthesis processes, their 
optical properties may vary from batch to batch and from par-
ticle to particle. This is problematic as it requires calibration 
of the nanosensors prior to any practical use. Further research 
in material science is therefore needed to realize more reliable 
and flexible nanothermometers. However, material science 
research should not merely revolve around the development 
of nanothermometers with wider spectral and temperature 
operation ranges, higher brightness and enhanced sensitivities. 
Focus should be put onto designing strategies to mitigate the 
issue of thermal equivalent noise, which hinder the reliable use 
of nanothermometers in practical applications.

In parallel, as much research and development should be 
invested in improving the detection systems. Widefield epiflu-
orescence and confocal microscopes are still the predominant 
types of detection systems used for imaging and for optical 
temperature-sensing. They are cumbersome and inherently 
limited in scope and scale. Methods relying on simpler excita-
tion sources (e.g., LEDs) and cheaper detectors (e.g., CCD cam-
eras) would be desirable to address these limitations. Alterna-
tively, one can envision (cf. Section  5.2 below) better detection 
schemes to overcome the diffraction limit (≥200 nm), which is 
still setting the spatial resolution of many nanothermometry 
techniques, despite the nanosensors being only a few nm in 
size.

5.2. Perspectives and Future Directions

Besides sensing, it would be desirable for nanoscale thermome-
ters to advance from being mere detectors to become actuators. 
For example in biomedicine, rather than simply monitoring 
the temperature, the fluorescent nanoparticles could be func-
tionalized with specific surface groups/analytes, which would 
be released upon reaching a specific temperature—either pas-
sively (e.g., via a thermochemical process) or actively (e.g., via a 
second laser beam). This is not beyond reach given the current 
state of the art of the techniques developed to functionalize the 
surface of nanoparticles.

Active thermocontrol of nanoelectronic devices is also an 
intriguing avenue. A possible scenario is one whereby, if a spe-
cific critical temperature is reached on a device, the affected 
subcircuit is turned off and operation is passively/actively 
diverted to other subcircuits to maintain the overall function-
ality of the device.

Nanoscale thermometry beyond the diffraction limit 
should become routine. Super-resolution imaging has been 
achieved with most of the fluorophores discussed in this 
review; optimizing the experiments to detect temperature 
variation within a sub-100  nm range should be feasible. 
This is particularly relevant owing to the emergence of  

2D material-based devices, where heating occurs at the scale 
of just a few atomic layers.

Temporal resolution is almost as important as spatial reso-
lution—yet is rarely discussed. Many thermometry techniques 
are benchmarked based on sensitivity; but resolution is equally 
important as it carries information about how fast a tempera-
ture reading can be for a target resolution. Given the funda-
mental limit set by thermodynamics on the concept of tem-
perature and by the noise floor due to thermal fluctuations,[24] 
nanothermometers could be improved to reach realistic tem-
poral resolution approximately µs, which is fast enough for 
most applications involving rapid temperature transients.[228

Nanoscale spatial resolution and microsecond temporal 
resolution are key factors for advanced realizations. The most 
obvious are in biology and in high-power electronics.

In biology, temperature and temperature gradients dic-
tate the behavior of cells, as thermal variations are either the 
result of cell activities or the response to external stimuli. For 
instance, cell division, gene expression, enzyme reactions, as 
well as nominal and pathological (e.g., cancer) cell metabolism 
occur at specific temperatures or are accompanied by character-
istic temperature changes.[4,229,230] The ability to monitor tem-
perature with high spatial (approximately nm) and temporal 
(approximately µs) resolution becomes therefore an important 
tool to understand specific biochemical processes and ideally 
design target-specific diagnostic and therapeutic strategies, 
including hyperthermia and immunotherapy.[5,6,231,232]

In electronics, devices are reaching sub-micrometric scales 
and are operating at regimes where high temperature hotspots 
can form,[233] incurring in performance deterioration or cata-
strophic failure. The development of nanothermometers with 
the spatial and temporal resolutions capable of monitoring 
these regimes has an obvious, practical motivation: to drive the 
design of devices performing at the cusp between top perfor-
mance and critical failure. Furthermore, optoelectronic devices 
made from (stacks of heterogeneous) 2D materials are cur-
rently emerging as the most studied materials in condensed 
matter physics and materials science.[224] The ability to measure 
local temperatures with resolution down to just a few atomic 
layers is an intriguing possibility for these novel materials and 
is accompanied by a fundamental drive: to explore the complex 
thermal dynamics at play when systems are miniaturized and 
become quasi-2D.

The last two decades have seen the rise of many promising 
proof-of-principle demonstrations in optical nanothermometry, 
where the focus has been mostly on understanding the funda-
mental mechanisms. The goal of the coming decade should be 
a technology-oriented one: to harness this fundamental knowl-
edge toward the realization of practical and novel devices.
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