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• GREYC: Groupe de REcherche en Informatique,

Image et Instrumentation de Caen

• Sous les tutelles du CNRS, ENSI Caen et Unicaen

• Basé à Caen avec des antennes à Lisieux, Alençon,

Vire, St Lô et Cherbourg

• Créé en 1995

• + 180 membres

1. Introduction
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Le laboratoire

• 6 équipes de recherche:

✓ AMACC (Algorithmes, Modèles de calcul, Aléa,

Combinatoire, Complexité)

✓ CODAG (COntraintes, DAta mining, Graphes)

✓ MAD (Modèles, Agents, Décision)

✓ SAFE (Sécurité, Architecture, Forensique, biomEtrie)

✓ Image

✓ Electronique
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L’équipe électronique est organisée en 3 axes :

• Axe 1 : Physique des composants à semi-conducteurs :

bruit, température, défauts électroniques

• Axe 2 : Oxydes fonctionnels : des couches minces aux

capteurs

• Axe 3 : Systèmes complexes de mesure et de détection:

bruit, instruments, applications, capteurs (champs

électriques et magnétiques, rayonnements IR et X, gaz,

température…)
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• Méthodes électriques :

Basées sur la connaissance de l’évolution des

caractéristiques électriques des composants en

fonction de la température

Possibilité d’extraire une température moyennée

• Méthodes optiques :

Possibilité d’extraire une température locale

Thermoréflectance

Composant

Ondes 

réfléchies
𝛌𝐃𝐄𝐋

➢ Surtout les métaux

Spectroscopie 

Raman

Composant

Ondes 

diffusées
𝛌𝐥𝐚𝐬𝐞𝐫

➢ Surtout pas les 

métaux

Composant

Thermographie 

IR

IR

➢ Très utilisée

➢ Limitée spatialement :

3-10 μm

Limitée spatialement : ~ 𝟏 𝛍𝐦
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2. Spectroscopie Raman

➢ En 1928, C. Raman découvre l’effet « Raman » qui lui a valu le

prix Nobel de physique en 1930.

• La diffusion Rayleigh sans

changement de longueur d’onde

• La diffusion Stokes (10-6 fois plus

faible en intensité)

• La diffusion anti-Stokes encore

moins intense
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➢ La diffusion de la lumière par un matériau se fait selon 3

processus :
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Instrument
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➢ Informations issues d’un spectre Raman :

A une température 

donnéePosition du 

pic Raman 

(δ)

Largeur à mi-

hauteur du 

pic Raman 

(Γ)

Intensité du 

pic Raman (I)

→ La position des pics Raman permet d’identifier le matériau

caractérisé

→ La largeur à mi-hauteur des pics Raman d’avoir des informations

sur la qualité cristalline du matériau analysé

→ La position des pics Raman dépend de l’état de contrainte du

matériau étudié

→ L’amplitude des pics Raman dépend du matériau mais aussi de

la configuration, de la durée d’enregistrement et de la puissance

laser.
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➢ Influence de la température sur une bande

Raman E2 relative au GaN (la plus intense) :

→ La position du pic Raman (δ) diminue avec la température 

→ La largeur à mi-hauteur du pic Raman (Γ) augmente avec la température 

→ L’intensité du pic Raman diminue avec la température 
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➢ Informations obtenues par la spectroscopie Raman visible

et UV :

633 nm

325 nm

Substrat

GaN

AlGaN

G

D S
Zone sondée intègre le GaN et le 

substrat

Spectroscopie Raman visible :

Spectroscopie Raman UV :

Zone sondée (≈ 50 nm) proche du 

canal GaN
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Spectroscopie Raman visible :

→ Possibilité d’avoir la température du GaN

→ Possibilité d’avoir la température du substrat SiC
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Spectroscopie Raman UV :

E2 (high)

A1 (LO)

→ Possibilité d’estimer la température d’une zone proche du 

canal
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Cellule en température

(LINKAM TS 1500) :

Il n’existe pas de courbe universelle : la courbe dépend

du substrat, des matériaux (nature, épaisseur,

technique de dépôt,…)

Pour chaque composant à étudier il faut au préalable

réaliser cette courbe de calibration sur un composant

jumeau.

➢ Courbe de calibration :
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Figure 28 : Localisation des spots où l’auto-échauffement du transistor a été mesuré.  Déplacement Raman (cm-1)
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Figure 29 : Déplacement Raman mesuré au point 2 pour un composant non polarisé 

(traits pleins) et pour un composant polarisé à VDS=20 V et à VGS=0 V (traits pointillés). 

Etude au point 2

Résultats classiques 

le long d’un doigt de 

grille ou pour 

plusieurs grilles

M. Kuball et al dans APL 82 (2003) 124

➢ Mesure de la température de HEMTs polarisés
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3. Micro-thermomètres Raman

Impossible de déterminer la température des contacts métalliques

par spectroscopie Raman

Cela devient possible en utilisant des micro-thermomètres Raman
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CeO2: 

F2g

GaN: 

E2 (high) 

GaN: 

A1 (LO) 

BROCERO et al.: MEASUREMENT OF SELF-HEATING TEMPERATURE IN AlGaN/GaN HEMTs 4159

Fig. 1. IDS (VDS, VGS) characteristics of AlGaN/GaN HEMTs before
(solid line) and after having deposited the CeO2 microparticles (dashed
line). The drain–source voltage varies from 0 up to 20 V and the
gate–source voltage increases from − 6 up to 1 V by step of 1 V. All
measurements were done in darkness and at room temperature.

using the TiO2 microparticles are difficult for values higher

than 180 ◦C. It is a problem because the literature frequently

reports self-heating temperatures of AlGaN/GaN HEMTs

higher than 180 ◦C [45], [46]. The gate contact temperature of

the AlGaN/GaN HEMTs by using diamond Raman microther-

mometer has also been measured by Simon et al. [42]. Indeed,

they have reported that the temperature dependence of the

intense and sharp triply degenerate F2g diamond phonon mode

(at 1332.5 cm− 1) related to each diamond particle is similar

to that observed for the bulk diamond by Cui et al. [47].

Furthermore, the paper [47] seems to show that a law similar

to (2) describes the evolution of the diamond phonon mode

frequency with temperature. Moreover, we can note that the

simplification of (2) to (3) is only meaningful for high tem-

perature. Thus, it cannot be used for temperatures close to the

room temperature that is near the knee of the exponential law,

and therefore, the temperature estimation is less accurate.

In order to avoid all these problems, we have developed a

new technique using cerium oxide micro-Raman thermome-

ters. It allows to increase the accuracy of the temperature

measurements and to measure the operating temperature of the

biased AlGaN/GaN HEMTs regardless of their technological

structures. This consists of depositing the CeO2 microparticles

on the surface of the devices and using them as Raman

thermometers.

First of all, it is necessary to ensure that CeO2 micropar-

ticles have no impact on the electrical characteristics of

AlGaN/GaN HEMTs.

Fig. 1 highlights that the IDS (VDS, VGS) curves are the

same before and after the deposit by spin-coating of the

cerium oxide microparticles on the surface of the AlGaN/GaN

HEMTs. This means that no degradation is induced by these

microparticles.

Then, we have studied the CeO2 micro-Raman thermome-

ters that are located on the top of the metal gate contact,

on the top of the metal drain contact and on the top of the

AlGaN/GaN heterostructure close to the drain edge of the gate

contact, as presented in Fig. 2.

Fig. 2. Location of the CeO2 micro-Raman thermometers on the surface
of AlGaN/GaN HEMTs.

Fig. 3. Raman spectrum of CeO2 microparticles deposited on the
surface of the AlGaN/GaN HEMTs. The wavelength of the excitation laser
is 632.8 nm.

The particle size must be lower than 1 µm because the CeO2

particles must be deposited on the semiconductor surface

between the source and the gate contacts or between the drain

and the gate contacts. However, it is generally not advisable to

use CeO2 nanoparticles because the linewidth of the Raman

band is broadened [48], and therefore, the estimation of the

material temperature will be less precise.

Moreover, the large gap of the CeO2 material (values

varying between 3.19 and 5.5 eV [49]–[51]) involves that

it is transparent at the wavelength of the laser source

(i.e., 632.8 nm), and it is possible to simultaneously measure

the phonon modes assigned to the GaN and CeO2 materials,

as shown in Fig. 3.

Three Raman lines are located at values close to 465.0,

569.0, and 735.0 cm− 1 and correspond to the triply degen-

erate Raman active mode (F2g) of the CeO2 microparticles

[48], [52], to the E2 (high) and A1 longitudinal optical (LO)

modes of GaN semiconductor [53], respectively. In this article,

we have extracted the operating temperature of the device

surface from the F2g mode of the CeO2 microparticles and

that of a volumetric GaN layer average from E2(high) mode.

The A1(LO) mode has not been analyzed because its Raman

intensity is low.

In order to extract the self-heating temperature of biased

AlGaN/GaN HEMTs, the changes in the phonon frequencies

and linewidths related to the F2g and E2(high) Raman modes
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➢ Impact des particules de CeO2 sur les caractéristiques

IDS(VDS, VGS) des composants

Aucune influence des particules de CeO2
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➢ Courbes de calibration: δ = f(T) et Γ = f(T)

Evolution linéaire et 

identique pour CeO2 sur Au 

et sur GaN
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Avantages des micro-thermomètres Raman :

➢ Mesures indépendantes de la contrainte du GaN

En effet, une variation de contrainte peut

provoquer un déplacement du pic Raman et donc

fausser les mesures de température

➢ Mesures indépendantes de l’état de surface des

métallisations, technique de dépôt, rugosité, …

➢ 2 possibilités d’estimer la température (à partir de δ(CeO2) et

Γ(CeO2))

➢ Sensibilité vis à vis de Γ(CeO2) > Γ(GaN)

➢ Mesures de température possibles sur les transistors avec

field plate, ponts à air,…
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➢ Résultats : estimation de l’élévation de la température (𝚫T)

des transistors polarisés à partir de 𝛅 𝐂𝐞𝐎𝟐 et 𝛅 𝐆𝐚𝐍

T (surface GaN) > T (surface Grille ) > T (volumique GaN) > T (surface Drain)

BROCERO et al.: MEASUREMENT OF SELF-HEATING TEMPERATURE IN AlGaN/GaN HEMTs 4161

Fig. 6. Impact of the power dissipation on the self-heating temperature
estimated from δ(E2(high)) related to GaN layer (circle), and of δ(F2g)
related to CeO microparticles deposited on the semiconductor surface
(square), the gate surface (triangle) and the drain surface (rhombus).
The dotted curves are obtained by fitting the experimental data with a
linear law.

spectra of the volumetric GaN layers, the self-heating tempera-

tures ( T) of AlGaN/GaN HEMTs have been evaluated on the

semiconductor surface, the gate and the drain metal contacts,

and the volumetric GaN layers.

Nevertheless, the bias voltages applied to the AlGaN/GaN

devices can induce an inverse piezoelectric effect that results in

inaccurate estimated self-heating temperature [29]. For these

reasons, the inverse piezoelectric effect is compensated by

subtracting the Raman spectra measured when the components

are biased in the pinch-on state (i.e., VGS = 0 V in this article)

with those obtained in the pinch-off state (i.e., VGS = − 8 V

in our case) at a fixed drain–source voltage [29], [54].

Fig. 6 shows the influence of the power dissipation (PD)

on the self-heating temperature estimated from the change in

δ(F2g) and δ (E2(high)) related to CeO2 microparticles and

the GaN buffer of AlGaN/GaN devices, respectively. In all

these cases, an increase in T with PD is observed, and

the PD ( T) curves are linear that is in accordance with the

results reported in the literature [54], [55].

Fig. 6 also highlights that the self-heating temperature of

the semiconductor surface is higher than that of the gate

contact than that of the drain contact whatever the power

dissipation value. It is also interesting to note that T of the

semiconductor surface is higher than that of the volumetric

GaN layers. All these phenomena will be discussed later in

this article.

As the dependence of phonon mode linewidths on the

strain effects is lower than that of phonon frequencies [29],

the self-heating temperatures of AlGaN/GaN HEMTs on the

semiconductor surface, the gate and drain metal contacts

have also been estimated from (F2g) related to the CeO2

microparticles, as shown in Fig. 7. However, the T of GaN

material has not been extracted from the (E2(high)) because

the experimental points of the curve describing (E2(high))

versus T are too scattered. Therefore, the self-heating

Fig. 7. Impact of the power dissipation on the self-heating temperature
estimated from Γ (F2g) related to CeO2 microparticles deposited on
the semiconductor surface (square), the gate surface (triangle), and the
drain surface (rhombus). The dotted curves are obtained by fitting
the experimental data with a linear law.

Fig. 8. Comparison of the self-heating temperatures (∆T) measured
from δ(F2g) related to CeO2 microparticles (square) and from Γ (F2g)
related to CeO2 microparticles (circle). The dotted curves are obtained
by fitting the experimental data with a linear law. The CeO2 micro-Raman
thermometers were set on the semiconductor surface.

temperature estimation would be erroneous and not relevant

in these conditions.

Fig. 7 shows the impact of the power dissipation on the

self-heating temperature of the semiconductor surface, the gate

contact, and the drain metal measured by using the cerium

oxide micro-Raman thermometers. We observe that T

increases linearly with PD whatever the area characterized

by Raman spectroscopy. Moreover, T measured on the

semiconductor surface is higher than that estimated on the

gate contact, which is higher than that of the drain contact.

These results agree with those reported in Fig. 6.

Fig. 8 shows that the self-heating temperatures evaluated on

the semiconductor surface and extracted from δ(F2g) are the

same than those estimated from (F2g) whatever the power

dissipation considering the uncertainty of the measurements.

Mesures sur AlGaN/GaN
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➢ Résultats : estimation de l’élévation de la température (𝚫T)

des transistors polarisés à partir de 𝚪 𝐂𝐞𝐎𝟐

Impossible de déterminer 𝚫T à partir de 𝚪(GaN) relatif au GaN car

les mesures ne sont pas suffisamment précises

T (surface GaN) > T (surface Grille) > T (surface Drain)

BROCERO et al.: MEASUREMENT OF SELF-HEATING TEMPERATURE IN AlGaN/GaN HEMTs 4161

Fig. 6. Impact of the power dissipation on the self-heating temperature
estimated from δ(E2(high)) related to GaN layer (circle), and of δ(F2g)
related to CeO microparticles deposited on the semiconductor surface
(square), the gate surface (triangle) and the drain surface (rhombus).
The dotted curves are obtained by fitting the experimental data with a
linear law.

spectra of the volumetric GaN layers, the self-heating tempera-

tures ( T) of AlGaN/GaN HEMTs have been evaluated on the

semiconductor surface, the gate and the drain metal contacts,

and the volumetric GaN layers.

Nevertheless, the bias voltages applied to the AlGaN/GaN

devices can induce an inverse piezoelectric effect that results in

inaccurate estimated self-heating temperature [29]. For these

reasons, the inverse piezoelectric effect is compensated by

subtracting the Raman spectra measured when the components

are biased in the pinch-on state (i.e., VGS = 0 V in this article)

with those obtained in the pinch-off state (i.e., VGS = − 8 V

in our case) at a fixed drain–source voltage [29], [54].

Fig. 6 shows the influence of the power dissipation (PD)

on the self-heating temperature estimated from the change in

δ(F2g) and δ (E2(high)) related to CeO2 microparticles and

the GaN buffer of AlGaN/GaN devices, respectively. In all

these cases, an increase in T with PD is observed, and

the PD ( T) curves are linear that is in accordance with the

results reported in the literature [54], [55].

Fig. 6 also highlights that the self-heating temperature of

the semiconductor surface is higher than that of the gate

contact than that of the drain contact whatever the power

dissipation value. It is also interesting to note that T of the

semiconductor surface is higher than that of the volumetric

GaN layers. All these phenomena will be discussed later in

this article.

As the dependence of phonon mode linewidths on the

strain effects is lower than that of phonon frequencies [29],

the self-heating temperatures of AlGaN/GaN HEMTs on the

semiconductor surface, the gate and drain metal contacts

have also been estimated from (F2g) related to the CeO2

microparticles, as shown in Fig. 7. However, the T of GaN

material has not been extracted from the (E2(high)) because

the experimental points of the curve describing (E2(high))

versus T are too scattered. Therefore, the self-heating

Fig. 7. Impact of the power dissipation on the self-heating temperature
estimated from Γ (F2g) related to CeO2 microparticles deposited on
the semiconductor surface (square), the gate surface (triangle), and the
drain surface (rhombus). The dotted curves are obtained by fitting
the experimental data with a linear law.

Fig. 8. Comparison of the self-heating temperatures (∆T) measured
from δ(F2g) related to CeO2 microparticles (square) and from Γ (F2g)
related to CeO2 microparticles (circle). The dotted curves are obtained
by fitting the experimental data with a linear law. The CeO2 micro-Raman
thermometers were set on the semiconductor surface.

temperature estimation would be erroneous and not relevant

in these conditions.

Fig. 7 shows the impact of the power dissipation on the

self-heating temperature of the semiconductor surface, the gate

contact, and the drain metal measured by using the cerium

oxide micro-Raman thermometers. We observe that T

increases linearly with PD whatever the area characterized

by Raman spectroscopy. Moreover, T measured on the

semiconductor surface is higher than that estimated on the

gate contact, which is higher than that of the drain contact.

These results agree with those reported in Fig. 6.

Fig. 8 shows that the self-heating temperatures evaluated on

the semiconductor surface and extracted from δ(F2g) are the

same than those estimated from (F2g) whatever the power

dissipation considering the uncertainty of the measurements.
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➢ Résultats : comparaison de l’élévation de la température des

transistors polarisés estimée à partir de 𝛅 𝐂𝐞𝐎𝟐 𝐞𝐭 𝐝𝐞 𝚪 𝐂𝐞𝐎𝟐

T𝐫è𝐬 𝐛𝐨𝐧𝐧𝐞 𝐜𝐨𝐫𝐫é𝐥𝐚𝐭𝐢𝐨𝐧 𝐞𝐧𝐭𝐫𝐞 𝚫T estimées

à partir de 𝛅 𝐂𝐞𝐎𝟐 et de 𝚪 𝐂𝐞𝐎𝟐

BROCERO et al.: MEASUREMENT OF SELF-HEATING TEMPERATURE IN AlGaN/GaN HEMTs 4161

Fig. 6. Impact of the power dissipation on the self-heating temperature
estimated from δ(E2(high)) related to GaN layer (circle), and of δ(F2g)
related to CeO microparticles deposited on the semiconductor surface
(square), the gate surface (triangle) and the drain surface (rhombus).
The dotted curves are obtained by fitting the experimental data with a
linear law.

spectra of the volumetric GaN layers, the self-heating tempera-

tures ( T) of AlGaN/GaN HEMTs have been evaluated on the

semiconductor surface, the gate and the drain metal contacts,

and the volumetric GaN layers.

Nevertheless, the bias voltages applied to the AlGaN/GaN

devices can induce an inverse piezoelectric effect that results in

inaccurate estimated self-heating temperature [29]. For these

reasons, the inverse piezoelectric effect is compensated by

subtracting the Raman spectra measured when the components

are biased in the pinch-on state (i.e., VGS = 0 V in this article)

with those obtained in the pinch-off state (i.e., VGS = − 8 V

in our case) at a fixed drain–source voltage [29], [54].

Fig. 6 shows the influence of the power dissipation (PD)

on the self-heating temperature estimated from the change in

δ(F2g) and δ (E2(high)) related to CeO2 microparticles and

the GaN buffer of AlGaN/GaN devices, respectively. In all

these cases, an increase in T with PD is observed, and

the PD ( T) curves are linear that is in accordance with the

results reported in the literature [54], [55].

Fig. 6 also highlights that the self-heating temperature of

the semiconductor surface is higher than that of the gate

contact than that of the drain contact whatever the power

dissipation value. It is also interesting to note that T of the

semiconductor surface is higher than that of the volumetric

GaN layers. All these phenomena will be discussed later in

this article.

As the dependence of phonon mode linewidths on the

strain effects is lower than that of phonon frequencies [29],

the self-heating temperatures of AlGaN/GaN HEMTs on the

semiconductor surface, the gate and drain metal contacts

have also been estimated from (F2g) related to the CeO2

microparticles, as shown in Fig. 7. However, the T of GaN

material has not been extracted from the (E2(high)) because

the experimental points of the curve describing (E2(high))

versus T are too scattered. Therefore, the self-heating

Fig. 7. Impact of the power dissipation on the self-heating temperature
estimated from Γ (F2g) related to CeO2 microparticles deposited on
the semiconductor surface (square), the gate surface (triangle), and the
drain surface (rhombus). The dotted curves are obtained by fitting
the experimental data with a linear law.

Fig. 8. Comparison of the self-heating temperatures (∆T) measured
from δ(F2g) related to CeO2 microparticles (square) and from Γ (F2g)
related to CeO2 microparticles (circle). The dotted curves are obtained
by fitting the experimental data with a linear law. The CeO2 micro-Raman
thermometers were set on the semiconductor surface.

temperature estimation would be erroneous and not relevant

in these conditions.

Fig. 7 shows the impact of the power dissipation on the

self-heating temperature of the semiconductor surface, the gate

contact, and the drain metal measured by using the cerium

oxide micro-Raman thermometers. We observe that T

increases linearly with PD whatever the area characterized

by Raman spectroscopy. Moreover, T measured on the

semiconductor surface is higher than that estimated on the

gate contact, which is higher than that of the drain contact.

These results agree with those reported in Fig. 6.

Fig. 8 shows that the self-heating temperatures evaluated on

the semiconductor surface and extracted from δ(F2g) are the

same than those estimated from (F2g) whatever the power

dissipation considering the uncertainty of the measurements.

𝟐 𝐭𝐡𝐞𝐫𝐦𝐨𝐦è𝐭𝐫𝐞𝐬 𝐞𝐧 𝟏 !
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Mesures en transient

M. Kuball et al dans Phys. 

Stat. Sol. (a) 6 (2007) 2014

G.J. Riedel et al dans IEEE 

Electron Device Lett. 29 (2008) 416

O. Lancry Thèse 

Lille (2009)

Visible UV

K. Bagnall et al dans IEEE Trans 

Electron Devices 64 (2017) 2121

Pulse électrique de 12,5  𝛍s

Pulse optique de 30 ns
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Projet Normand ETHNOTEVE

• Partenariat entre le GREYC et l’IRSEEM de l’ESIGELEC

• Achat d’un nouveau spectromètre Raman pour travailler

en régime impulsionnel

• Application à des composants de puissance GaN pour

véhicules électriques en mode court-circuit

• Espérons des résultats à venir !!!
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4. Conclusion

➢ La spectroscopie Raman permet d’obtenir :

633 nm
325 nm

Substrat

GaN

AlGaN

G

D S

Tsubstrat + TGaN
TGaN proche du canal

+     : Micro-thermomètres de CeO2 : T

de la surface GaN et des contacts 

métalliques

• La température en différents 

endroits et sur différents 

matériaux

• Une température localisée à 

l’échelle du micron

• La température à différentes 

profondeurs (si possible !)

• La température maximale en 

surface
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