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Le GREYC en quelques chiffres

• 4 tutelles : Unicaen, ENSICaen, CNRS et Normandie Université 

• Plus grand laboratoire normand : environ 200 personnes dont 

90 chercheurs ou enseignants-chercheurs

• Domaine des sciences du numérique

• Composé de 7 équipes dont l’équipe électronique

Cherbourg - GREYC
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Introduction

Les composants électroniques présentent :

Densité de puissance importante

Température interne élevée pour certains d’entre eux

La température des composants devient un facteur clé

Diminution des performances

Accélération du vieillissement
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Introduction

Nécessité d’estimer la température au sein des composants

mais comment ?

• Avec des thermocouples ? Dimension ?

• Avec des cristaux liquides ? Précision ?

• Avec des mesures électriques ? Ex à partir d’une diode
Cette caractéristique est non linéaire (I≠U/R).
On a I = IS ( exp(eV/ηkT) – 1)
Où kT/e = 25 mV à 20°C et η≈1 (coefficient d’idéalité de la
diode).
En polarisation inverse (V<0) I≈-IS : courant de saturation :
très faible (μA voire moins).
En polarisation directe (V>0) I = IS ( exp(eV/ηkT) : le
courant augmente très vite avec la tension.
Cette caractéristique est sensible à la température : en
chauffant la diode conduit plus vite en direct et claque
plus tôt en inverse.
On voit sur le graphique qu’il existe une zone où
l’évolution peut être confondue à celle d’une droite. Ainsi
on définit rd = ΔV/ΔI la résistance dynamique de la diode
(qqs 10nes de mΩ).

12

I dépend de la température T

On peut enregistrer I(V) à 

différentes températures 

imposées : calibration. 

En fonctionnement, 

connaissant I(V) on peut 

remonter à T.

On obtient une température moyenne du composant

Caractéristique d’une diode en direct
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Introduction

Thermographie 
IR

tThermoréflectance Spectroscopie 
Raman

• Très utilisée
• Limitée spatialement 

à ~ 3 !m 

IR

" < "IRMeilleure résolution spatialee

photons 
réfléchis

photons 
diffusés

Surtout 
les métaux !

Surtout pas 
les métaux !

Si on veut estimer la température
locale au sein des composants Méthodes optiques

Limitées spatialement à ~ 1 !m 

Lumière visible voire UV
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Spectroscopie Raman : principe
En 1928, C. Raman découvre l’effet
« Raman » qui lui a valu le prix
Nobel de physique dès 1930.

Il a tout d’abord enregistré le spectre d’une lampe à vapeur de
mercure.
En éclairant du benzène avec cette même lampe il a obtenu un
spectre différent mais reproductible.

En changeant le milieu éclairé (toluène), il a obtenu un autre
spectre tout aussi reproductible.
La lumière est donc diffusée par le milieu traversé et le spectre
obtenu est caractéristique de ce milieu : c’est la diffusion
Raman.
Indian J. Phys. 2 399-419 (1928)
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Spectroscopie Raman : principe

• La diffusion Rayleigh sans
changement de longueur d’onde

• La diffusion Stokes (10-6 fois plus
faible en intensité)

• La diffusion anti-Stokes : il y a
une symétrie du spectre par
rapport à la Rayleigh mais avec
encore moins d’intensité.
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La diffusion de la lumière par un matériau se fait selon 3
processus :

Elle sert de référence en énergie.
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Informations d’un spectre 

Position du pic Raman

Largeur à mi-hauteur
Intensité Raman
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Figure 31 : Présentation des différents paramètres extraits d’un pic Raman. 
→ La position des pics permet d’identifier le matériau caractérisé
→ La position des pics dépend de l’état de contrainte du
matériau
→ La largeur à mi-hauteur des pics permet d’avoir des
informations sur la qualité cristalline du matériau étudié
→ L’amplitude des pics dépend du matériau mais aussi de la
configuration, de la durée d’enregistrement et de la puissance du
laser

A une température donnée
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S R : instrument

Le principe 
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S R : notre instrument

La réalité !

Photos réalisées par O. Latry (GPM Rouen)
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S R : notre instrument

• Lasers : 633, 514 et 325 nm
• Optique dédiée visible ou UV
• Filtres Edge et Notch
• Réseaux 1800 et 3600 traits/mm 
• Objectifs : x5, 20, 50, 100 (visible) et x40 (UV)

Résolution spatiale ~ 1 !m e
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Exemples d’application

Cette technique est très utilisée en :

• Pharmacie 

• Domaine du vivant (cellules, micro organismes,…)

• Chimie (liquides, gaz, poudres, polymères,…)

• Physique et microélectronique (matériaux massifs, 

couches minces, effets de contraintes, implantation 

ionique, recuit, température, …)

Avec quelques illustrations :
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differences in the measured intensities of the 
various spectra made it apparent that only 
relative factors within each spectrum, e.g. ratios 
of intensities, could be used. 

The starch spectrum exhibited two major 
Raman peaks at 478 and 2920 cm-’ (Fig. !A). 
Unfortunately, the latter coincides with an as- 
pirin peak (Fig. 1B) and thus cannot be used. 
On the other hand aspirin offers a number of 
well defined Raman peaks. The 552 cm-’ peak 
was chosen because of its proximity to starch’s 
478 cm-’ band which allows very slow scans 
with large time constants in a reasonable time. 
Also, the 552 cm-’ peak exhibits characteristics 
similar to those of starch and thus the compari- 
son of their relative intensities was easier. 

The intensity of a Raman line depends on a 
number of factors including incident laser 
power, frequency of the scattered radiation, 
absorptivity of the materials involved in the 
scattering, and the response of the detection 
system. Thus, the measured Raman intensity, 
Z(v), can be represented as:’ 

Z(v) = Z,G (v)C, (1) 

where I,, is the intensity of the excitation laser 
line, v is the Raman shift, G (v) is a factor which 
includes the frequency dependent terms: the 
overall spectrophotometer response, the self- 
absorption of the medium and the molecular 
scattering properties. C is the concentration of 
the Raman active species. 

Since C = W}MW, where W is the weight of 
a substance and MW its molecular weight, then 
a ratio of the intensity of the 552 cm-’ aspirin 

peak to the intensity of the 478 cm-’ starch peak 
can be represented as: 

(2) 

where Z552 and Z4’* represents the intensity of the 
552 and 478 cm-’ peaks, respectively. Kss2 and 
K4” are constants, for the respective Raman 
shifts, which include the G (v) factor of equation 
(1) and the MW of each substance. 

A plot of the ratios of Z552/Z478 vs. the 
Wa s pi r i n l Ws t a r c h  ratio yielded a straight line 
(Fig. 2). The equation for the calibration line 
was obtained by weighted linear regression, in 
order to ‘force’ an intercept of zero: 

1552 w 
480= asplnn4.21. 
z Wstarch 

(3) 

The correlation coefficient was 0.9996 while the 
standard errors for the slope and the intercept 
were f4.0 x 10m2 and f 8.6 x 10m2, respect- 
ively. The coefficients of variation (CV), which 
represent the percentage of the relative standard 
deviation, were also calculated (Table 1) from 
the four Raman spectra which were recorded for 
each composition. The value of both intensities 
was obtained by subtracting the ‘background 
intensity. Typical aspirin-starch spectra with 
different WaSp,nn/WS~aEh ratios are shown in 
Fig. 3. . 

An increase in the ‘background’ of the spectra 
was found to be proportional to the quantity of 
starch in the pellet. This phenomenon is due to 
fluorescence arising either from starch itself or 
from fluorescing impurities in the starch. Fortu- 

Raman Shift (cm-‘) 

1609 

476 n 

10 

Fig. 1. Raman spectra of tablets from (A) maize starch; (B) pure aspirin. Spectra were excited at 20°C; 
& = 488.0 nm; spectral slit width, I cm-‘. 
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Summary-Laser Raman spectroscopy was used for the quantitative determination of aspirin in 
aspirin-maize starch tablets. A calibration curve was constructed from spectra obtained from tablets with 
known quantities of aspirin and starch. The calibration curve is given from the relationship: 
I S~2iI 478 = ( WW,n” /W,,,) x 4.21, where ZSS2 and I” are the relative Raman intensities for the 552 and 
478 cm-’ Raman shift, respectively. WsWlnn and W,,, represent the weight of aspirin and starch in a pellet. 

Existing assays for several drugs are time- 
consuming, especially for routine analysis in a 
production line. One such case is the determi- 
nation of the salicylic acid acetate in tablets. The 
assay consists of hydrolysis of the sample with 
NaOH and then titration of the excess base 
with sulphuric acid using phenolphthalein as 
indicator.] The development of a fast and 
reliable quantitative method is desirable. 

In the present work laser Raman spec- 
troscopy (LRS) was used for the qualitative as 
well as quantitative non-destructive determi- 
nation of aspirin in a tablet from a spectrum 
obtained from it. Since there is a vast array of 
excipients and every manufacturer uses his own 
‘recipe’, a general approach will be described 
here which can be adapted to virtually any 
commercially available aspirin tablet. The 
method was tested with home-made tablets of 
aspirin and maize starch, a widely used excipi- 
ent. For this purpose a calibration curve was 
constructed using the spectra which were ob- 
tained from pellets with known quantities of 
aspirin and maize starch. 

EXPERIMENTAL 

Pure aspirin and maize starch were donated 
by Minerva Pharmaceutics, SA, and Boehringer 
Ingelhaim, Hellas, respectively. 

In order to construct a calibration curve, 
mixtures in the correct stoichiometric ratios 

*Author to whom correspondence should be addressed. 

were prepared, by mixing aspirin and starch in 
a marble mortar. The powders were dried at 
80°C for 24 hr prior to use. The mixtures were 
pressed to tablets using a standard IR pellet 
press. The homogeneity of the pellets was 
verified by obtaining several spectra from differ- 
ent points on the surface of each pellet. 

Raman spectra were excited with the 48%nm 
line of a 4 W Spectra Physics argon laser. The 
plasma lines were removed from the laser beam 
by using a small monochromator as filter. A 
cylindrical lens, with 127 mm focal length, was 
used to focus the laser line on the sample giving 
a probed area of approximately 1 mm2. The 
scattered light was collected at an angle of 90” 
and analyzed with a SPEX 1403,0.85-m double 
monochromator equipped with a - 20°C cooled 
RCA photomultiplier and EG&G/ORTEC 
electronic amplifier using photon-counting. The 
power of the incident laser beam was about 
100 mW distributed over the surface of the 
sample. Typical spectral, width and time 
constant were 1 cm-” and 3 set, respectively. 
The system was interfaced with a computer, and 
spectra were recorded on X-T recorder paper 
and simultaneously digitized and stored in 
diskettes. 

RESULTS AND DISCUSSION 

The objective was to find an easy and reliable 
method to calculate each ingredient’s percent- 
age and, therefore, Peak heights were used and 
not integrated intensities of the bands. The 
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a marble mortar. The powders were dried at 
80°C for 24 hr prior to use. The mixtures were 
pressed to tablets using a standard IR pellet 
press. The homogeneity of the pellets was 
verified by obtaining several spectra from differ- 
ent points on the surface of each pellet. 

Raman spectra were excited with the 48%nm 
line of a 4 W Spectra Physics argon laser. The 
plasma lines were removed from the laser beam 
by using a small monochromator as filter. A 
cylindrical lens, with 127 mm focal length, was 
used to focus the laser line on the sample giving 
a probed area of approximately 1 mm2. The 
scattered light was collected at an angle of 90” 
and analyzed with a SPEX 1403,0.85-m double 
monochromator equipped with a - 20°C cooled 
RCA photomultiplier and EG&G/ORTEC 
electronic amplifier using photon-counting. The 
power of the incident laser beam was about 
100 mW distributed over the surface of the 
sample. Typical spectral, width and time 
constant were 1 cm-” and 3 set, respectively. 
The system was interfaced with a computer, and 
spectra were recorded on X-T recorder paper 
and simultaneously digitized and stored in 
diskettes. 

RESULTS AND DISCUSSION 

The objective was to find an easy and reliable 
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directly onto the bacterial cell-wall, over 90% of the microorganisms
visually identified on the chip revealed specific SERS spectra
(Figure 1b). This was accomplished by incubating the bacteria
in carbonate buffer, containing sodium azide, onto the microarray
surface. Sodium azide causes a directed agglomeration of the Ag
colloids onto the cell-wall. A 6-fold raise of the SNR was obtained
(from 10 to 59). The red and black dots in the figures indicate
the sites of measurements. In comparison to normal Raman
spectra of L. pneumophila and S. typhimurium (not shown), we
have obtained high enhancement factors by the directed ag-
glomeration of silver particles on the bacteria surface. Reproduc-
ible fingerprint spectra of L. pneumophila and S. typhimurium were
collected within one bacterium (Figures 2a and 3a) as well as from
spot to spot (Figures 2b and 3b) for both species. Minor shifts in
the fingerprint spectra of bacteria occur in dependence of the site
of measurement on the bacteria cell wall. The cell wall contains
different structural features made of proteins, lipids, phosphate-
and carboxylate groups, and so on. The SERS enhancement occurs
in dependence of the nanoparticle distance to the site of measure-
ment, and due to this, the spectra collected on the same cell give

subtle changes on the Raman response (see Figures 2a and 3a).
On the other hand, the spectra collected on three different bacteria
are all made in the same region of the bacteria cell wall (tip of
bacteria) where the silver nanoparticles tend to agglomerate
preferably. We believe this is due to the higher negatively charge
of the bacteria cell wall at this site after introducing sodium azide.

A known disadvantage of the application of silver is its toxicity
toward bacteria. Silver possesses the ability to inhibit the initial
stages of bacteria colonization,37 although a negative influence
on the described method is unlikely, as the measurement is
carried out right after adding the silver. Alternatively, it is possible
to use Au colloids for SERS analysis of microorganisms.38 Since
we have only experimented on heat-killed bacteria, we cannot
comment on a potential toxic effect of the silver on the analytes.
In future work, we are planning to apply Au nanoparticles for
analysis of living microorganisms to exclude the toxicity effects
of SERS substrates.

(37) Bosetti, M.; Masse, A.; Tobin, E.; Cannas, M. Biomaterials 2002, 23, 887–
892.

(38) Zeiri, L.; Efrima, S. J. Raman Spectrosc. 2005, 36, 667–675.

Figure 1. SERS spectra of S. typhimurium: (a) surface material was detected under the same conditions as the analytes and showed no
peaks in the fingerprint area of the bacterium (accumulation time 10 s). Incubation was carried out in PBS which resulted in only weak signals
and a low probability of a hit. (b) Incubation was carried out in carbonate buffer containing azide, which induced specific agglomeration of the
colloids at the site of bacteria cell-wall, resulting in a signal enhancement and an evident increase of hit probability.

Figure 2. Reproducibility of SERS measurements on L. pneumophila cells: (a) three different spectra measured at different sites on the same
cell; (b) three spectra from three different cells on the same microarray chip.

2769Analytical Chemistry, Vol. 82, No. 7, April 1, 2010

3 spectres mesurés sur une même cellule de Legionella pneumophila

Surface-Enhanced Raman Scattering-Based
Label-Free Microarray Readout for the Detection of
Microorganisms

Maria Knauer, Natalia P. Ivleva, Xiangjiang Liu, Reinhard Niessner, and Christoph Haisch*

Institute of Hydrochemistry and Chair for Analytical Chemistry, Technische Universität München, Marchioninistrasse
17, D-81377 Munich, Germany

We report the development of a new technique for label-
free microarray readout based on surface-enhanced Ra-
man scattering (SERS). In doing so, an investigation on
optimized SERS substrates for the application to in situ
microorganism analysis by Raman microscopy was car-
ried out. Chemically synthesized nanoparticles were suc-
cessfully applied to an immunoassay for label-free detec-
tion of single microorganisms. In this way, species specific,
reproducible, and strong SERS spectra were collected
from different bacteria immobilized on a chip. Further-
more, quantitative analysis of the microorganisms was
performed using Raman mapping. Unlike conventional
SERS detection of bacteria, which requires dehydration
prior to analysis, our system enables us to detect and
quantify microorganisms in an aqueous environment in
situ. Hence, the nondestructive analysis of living bacteria
cells is possible. Moreover, the “whole-organism finger-
print” SERS spectra can be adopted for further chemical
characterization of microorganisms.

The growing concerns of germs in drinking water have
occupied researchers for years, trying to develop a fast, neverthe-
less selective high-throughput detection principle. A great variety
of methods has been applied for water monitoring, most of them
time-consuming and based on a previous enrichment of the
analytes.1 In the past decade, high-throughput screening methods
using immunoassays on microarray technologies have been
applied as miniaturized analytical tools in modern biology and
biochemistry.2 An unprecedented capability for the simultaneous
analysis of thousands of biochemical interactions can now be
provided. Biomolecules like DNA/RNA and oligonucleotides,
proteins, peptides, carbohydrates, toxins, and microorganisms
have been characterized in water, tissue, and blood samples using
microarrays.3-5 Lately, microarray systems have been developed
that make use of fluorescence and chemiluminescence as a

detection principle, for microorganisms and other biomolecules,
by introducing a labeling molecule for specific detection.6,7

However, the application of labeling reagents requires larger
reactant volumes and additional preparation steps and is time-
consuming.

Determination of microorganism contamination in water does
not necessarily involve enrichment steps prior to analysis. Ad-
ditionally, labeling molecules can also be avoided. By using
surface-enhanced Raman scattering (SERS)-based immunoassay
detection, even single bacteria can be detected label-free. We have
developed a system where an immunoassay is connected to a
Raman spectroscopy (RS) setup for qualitative and quantitative
analysis of microorganisms.

RS is a vibrational spectroscopic method that provides highly
specific information about material properties and is, compared
to existing microarray technology as well as to infrared spectros-
copy, more appropriate for analyzing biological molecules in
aqueous samples. RS can be applied for label-free analyte detec-
tion, revealing molecular fingerprints. However, conventional
Raman microscopy (RM) is hampered for the characterization of
microorganisms by its limited sensitivity (for a recent review see
ref 8). SERS enables enhancement of low Raman scattering and
allows obtaining fingerprint spectra of different biological systems
even to the single molecule level.9 A variety of metal structures
(Ag, Au, and Cu) is used to induce the SERS effect. These metals
are utilized in different formats, e.g. as metal plates, colloids, rods,
coatings, etc.10-14 When SERS substrates are added to the analyte
and exposed to a laser beam, they cause enhancement through
either electromagnetic (“localized surface plasmon resonance”)
and/or chemical (“charge transfer”) effects between the target
molecule and metal nanostructures.

* Corresponding author. E-mail: Christoph.Haisch@ch.tum.de.
(1) Schets, F. M.; Nobel, P. J.; Strating, S.; Mooijman, K. A.; Engels, G. B.;

Brouwer, A. Lett. Appl. Microbiol. 2002, 34, 227–231.
(2) Seidel, M.; Niessner, R. Anal. Bioanal. Chem. 2008, 391, 1521–1544.
(3) Lashkari, D. A.; Derisi, J. L.; McCusker, J. H.; Namath, A. F.; Gentile, C.;

Hwang, S. Y.; Brown, P. O.; Davis, R. W. Proc. Natl. Acad. Sci. U.S.A. 1997,
94, 13057–13062.

(4) Campbell, C. J.; O’Looney, N.; Kwan, M. C.; Robb, J. S.; Ross, A. J.; Beattie,
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Surface-Enhanced Raman Scattering-Based
Label-Free Microarray Readout for the Detection of
Microorganisms
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We report the development of a new technique for label-
free microarray readout based on surface-enhanced Ra-
man scattering (SERS). In doing so, an investigation on
optimized SERS substrates for the application to in situ
microorganism analysis by Raman microscopy was car-
ried out. Chemically synthesized nanoparticles were suc-
cessfully applied to an immunoassay for label-free detec-
tion of single microorganisms. In this way, species specific,
reproducible, and strong SERS spectra were collected
from different bacteria immobilized on a chip. Further-
more, quantitative analysis of the microorganisms was
performed using Raman mapping. Unlike conventional
SERS detection of bacteria, which requires dehydration
prior to analysis, our system enables us to detect and
quantify microorganisms in an aqueous environment in
situ. Hence, the nondestructive analysis of living bacteria
cells is possible. Moreover, the “whole-organism finger-
print” SERS spectra can be adopted for further chemical
characterization of microorganisms.

The growing concerns of germs in drinking water have
occupied researchers for years, trying to develop a fast, neverthe-
less selective high-throughput detection principle. A great variety
of methods has been applied for water monitoring, most of them
time-consuming and based on a previous enrichment of the
analytes.1 In the past decade, high-throughput screening methods
using immunoassays on microarray technologies have been
applied as miniaturized analytical tools in modern biology and
biochemistry.2 An unprecedented capability for the simultaneous
analysis of thousands of biochemical interactions can now be
provided. Biomolecules like DNA/RNA and oligonucleotides,
proteins, peptides, carbohydrates, toxins, and microorganisms
have been characterized in water, tissue, and blood samples using
microarrays.3-5 Lately, microarray systems have been developed
that make use of fluorescence and chemiluminescence as a

detection principle, for microorganisms and other biomolecules,
by introducing a labeling molecule for specific detection.6,7

However, the application of labeling reagents requires larger
reactant volumes and additional preparation steps and is time-
consuming.

Determination of microorganism contamination in water does
not necessarily involve enrichment steps prior to analysis. Ad-
ditionally, labeling molecules can also be avoided. By using
surface-enhanced Raman scattering (SERS)-based immunoassay
detection, even single bacteria can be detected label-free. We have
developed a system where an immunoassay is connected to a
Raman spectroscopy (RS) setup for qualitative and quantitative
analysis of microorganisms.

RS is a vibrational spectroscopic method that provides highly
specific information about material properties and is, compared
to existing microarray technology as well as to infrared spectros-
copy, more appropriate for analyzing biological molecules in
aqueous samples. RS can be applied for label-free analyte detec-
tion, revealing molecular fingerprints. However, conventional
Raman microscopy (RM) is hampered for the characterization of
microorganisms by its limited sensitivity (for a recent review see
ref 8). SERS enables enhancement of low Raman scattering and
allows obtaining fingerprint spectra of different biological systems
even to the single molecule level.9 A variety of metal structures
(Ag, Au, and Cu) is used to induce the SERS effect. These metals
are utilized in different formats, e.g. as metal plates, colloids, rods,
coatings, etc.10-14 When SERS substrates are added to the analyte
and exposed to a laser beam, they cause enhancement through
either electromagnetic (“localized surface plasmon resonance”)
and/or chemical (“charge transfer”) effects between the target
molecule and metal nanostructures.
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ethanol proportion quantitatively. The method may eliminate the
effect of the dark current and obtain rapidly an accurate result.

2. Principle and experimental set-up

Raman spectroscopy is a spectroscopic technique used in con-
densed matter physics and chemistry to study vibrational, rota-
tional, and other low-frequency modes in a system [16,17]. It has
been used as a relatively simple analytical method for identifica-
tion of molecules in gases, liquids and solids by scattering of laser
light. Through measuring the frequency and intensity of in-elasti-
cally scattered light (Raman light) from the sample, the molecules
in the sample can be qualitatively and quantitatively measured. It
enables real-time, non-intrusive multi-component measurement.
In contrast to Fourier transform infrared (FT-IR), visible or near
IR, Raman wavelengths can be efficiently transported by optical fi-
ber. This has made Raman spectroscopy suitable for remote mea-
surement in the harsh and difficult environment [10]. Fig. 1
shows the completed optical fiber Raman experimental set-up. A
wavelength 785 nm diode laser, with the maximum output power
of 300 mW and FWHM of 0.3 nm as shown in Fig. 2, was used as
the excitation light source. The laser was output by a 200 lm
core-diameter fiber and collimated by a lens. A 3 nm band-pass fil-
ter at 785 nm was placed between the collimated lens and focus
lens. This filter was tunable for its band-pass by adjusting the inci-
dent angle onto the filter. When the incident angle was 24! as
shown in the right side of Fig. 1, the filter had a maximum trans-
mittance of about 85% at 785 nm and 100% reflection for other
wavelengths. The test sample was exited with a laser through a fo-
cus lens. The back scattered Raman signal from the sample was re-
flected and collected to the spectrometer, by the same focal lens,
via a second band-pass filter. This filter may remove the Rayleigh
scattering which improved the signal-to-noise (SNR). The high-
sensitivity spectrometer of QE65000-Raman-785 (supplied by
Ocean Optics Asia) had a 1200 mm!1 grating (covering 780–
1100 nm wavelength range) along with a 1024 " 58 pixel charge
coupled device (CCD) attached to the exit of the spectrograph
and was interfaced with a PC via an USB cable. In order to separate
the Stokes light from the back scattered light, a larger 6-OD low-
ripple long-pass filter with started wavelength of 794.5 nm (sup-
plied by Iridian Inc.) was used.

3. Results and analysis

In our experiment, the commercial anhydrous ethanol with a
purity of 99.7% and 93# gasoline were mixed in glass bottles with
known proportions. In order to obtain good Raman spectrum infor-
mation, a 20-s integration time was set. The spectrometer was
cooled to !20 !C with the thermoelectric Cooler (TEC) in order to
achieve a 20" SNR improvement. Before measuring the sample,
the dark current has been collected and stored for the same inte-
gration time and temperature. This will be subtracted from the test
sample. Fig. 3 shows the Raman spectrum of pure gasoline. A large
number of Raman peaks, for example, at 251 cm!1, 481 cm!1,
759 cm!1, 1030 cm!1, 1407 cm!1, 1479 cm!1 and 1637 cm!1, were

observed. The most intense and typical Raman peaks appeared at
1030 cm!1 and 1479 cm!1 which could be use to measure the sam-
ple concentration or proportion. Fig. 4 shows the Raman spectrum
of pure ethanol. Five Raman peaks at 469 cm!1, 912 cm!1,
1082 cm!1, 1122 cm!1, 1479 cm!1 were also visible. After compar-
ing the Raman spectra of gasoline and ethanol, it was found that
they had a common Raman shift at 1479 cm!1. In order to improve
the tested results, the two most intense and typical Raman peaks,
i.e., the gasoline at 1030 cm!1 and the ethanol at 912 cm!1, were
selected to measure quantitatively the ethanol proportion in etha-
nol–gasoline mixtures for the experiments to follow.

The test sample was prepared by mixing ethanol and gasoline.
The associated Raman spectra are shown in Fig. 5 for different vol-
ume ratios of ethanol and gasoline 1:10 (E10), 3:10 (E30), 5:10
(E50) and 7:10 (E70). With the incremention of the concentration
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Fig. 1. Schematic diagram of experimental set-up.

Fig. 2. Spectrum of 785 nm diode laser.
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Fig. 3. Raman spectrum of pure gasoline.

3786 Q. Ye et al. / Optics Communications 282 (2009) 3785–3788

of ethanol, the intensity of Raman peak at 912 cm!1 increased cor-
respondingly while the intensity of Raman peak at 1030 cm!1 re-
duced. Anand et al. used the direct intensity of Raman peak at
730 cm!1 to measure quantitatively the concentration of methanol
in the methanol–gasoline mixtures [18] and this was easy to gen-
erate a relatively random measurement error due to the dark cur-
rent and other factors. For example, the Raman spectra in Figs. 3
and 4 had different direct current background noise and they were
vibrational with the time. Moreover, this method was also difficult
to confirm the accurate ratio of methanol and gasoline because of
other adulterations. In this investigation, the relative intensity ra-
tio of two typical Raman peaks for ethanol at 912 cm!1 and gaso-
line at 1030 cm!1 was used to eliminate the above effects and
obtained an accurate ratio of ethanol and gasoline.

Table 1 shows the relative Raman peak intensities at 912 cm!1

and 1030 cm!1 with the backgrounds removed. These were ob-

tained by selecting the maximum and minimum values for each
referenced peak in a small local range. The ratio of two relative
Raman peaks was related with both the concentrations of ethanol
and gasoline and it embodied the real-time state of sample. For the
E10, E30, E50 and E70 samples, the related ratios were 0.253,
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Fig. 5. Raman spectra for various ethanol–gasoline mixtures: (a) E10; (b) E30; (c) E50; and (d) E70.
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spectroscopy.

Table 1
Relative Raman peak intensities at 912 cm!1 and 1030 cm!1.

Ethanol Raman peak
at 912 cm!1

Gasoline Raman peak
at 1030 cm!1

Ratio

E10 47 186 0.253
E30 76 117 0.650
E50 115 100 1.150
E70 146 91 1.604
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of two typical Raman peaks for ethanol and gasoline satisfies a linear relation with a variation in volume
ratio which could be used as a quantitative measure. This method, compared with the direct intensity
measurement of a Raman peak, may not only eliminate the random measurement error due to dark cur-
rent, but also confirm the accurate the proportion of ethanol and gasoline.
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1. Introduction

With the development of world economy, the requirement of
petroleum resources have increased sharply with reserves reduced
rapidly. Excessive usage of petroleum and associated hydrocarbon
products has induced the shortage of petroleum and increased glo-
bal warming. This also became one of the important problems
which influence the development of human life. The search for
clean, renewable energy, such as bio-fuel [1–3] or solar energy
[4–6], has become a challenge to sustainable human development.
Ethanol and methanol, two types of alcohol bio-fuels, are preferred
because of relatively low cost and non-contaminated. However, the
use of pure alcohol in internal combustion engines is possible only
if the engine is designed or modified for that purpose. Usually they
can be mixed with gasoline in various ratios for use in unmodified
or minor modified gasoline engines. Typically, ethanol is used
wider than methanol in this manner because methanol is toxic.
Currently, the ethanol–gasoline mixtures are described by ‘‘E”
numbers which is the percentage of ethanol in the mixture by vol-
ume. For example, E50 is 50% anhydrous ethanol and 50% gasoline.
Low ethanol mixtures, from E5 to E25, are also known as gasohol,
though internationally the most common use of the term ‘gasohol’

refers to the E10 mixture. Moreover, some other fuel additives are
also added to improve ignition. For different kinds of vehicles, a
specially designed ethanol–gasoline ratio is required, for example,
E85, an alternative motor fuel as defined by the US Department of
Energy [7]. Thus some rapid and accurate detection methods are
needed to confirm the ethanol proportion in ethanol–gasoline mix-
tures. This may not only protect the benefit of the consumer from
fake productions, but also keep the performance of vehicle and
prolong its life-span.

In recent years, there has been increasing interest in using opti-
cal methods to identify ethanol–gasoline content and proportion
[8–10]. However, a quantitative detection of ethanol/methanol
proportion in ethanol/methanol–gasoline mixtures is usually
time-consuming. The specialized fluorescence methods are not
only expensive, but also that their bulk set-up and power require-
ment are not at all suited for in-field diagnostics. Raman spectros-
copy [11] is considered as the fingerprint of molecule and has been
used widely in the qualitative analysis of chemical component, for
example, drug [12] and gemstone identification [13,14], melamine
detection in milk [15] and so on. In this paper, an in-situ Raman
spectral detection technique is implemented to measure the
ethanol proportion in ethanol–gasoline mixtures rapidly and quan-
titatively. The transformed information of Raman spectra for differ-
ent-proportioned gasoline–ethanol mixtures are observed and
recorded. The ratio of two typical Raman peaks is used to confirm
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Une question fondamentale pour les femmes 
et pour les hommes : 

Les diamants que j’ai reçus

Les diamants que j’ai offerts
Sont-ils vrais ?

Une analyse 
rapide et 

(normalement) 
non destructive 
est possible par 
spectroscopie 

Raman !

Domaine des matériaux

Si vos bijoux donnent ce spectre 
alors c’est bien sinon… 
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This result is consistent because it is well known that the
FWHM broadens with increasing temperature [43].

In order to study the influence of a post growth annealing tem-
perature on the crystallinity of CeO2 layers deposited on (111) Si,
the evolution of the Raman peaks position, which is related to the
CeO2 layer and to the silicon substrate, respectively, versus the
post growth annealing temperature is shown in Fig. 4.

After placing and characterizing the CeO2 layer in the Linkam!

TS-1500, the annealing temperature was increased from 25 up to
900 "C by using a temperature ramp of 20 "C/min. The CeO2 film
was characterized by Raman spectroscopy with a step of 20 "C.

Fig. 4 shows that the Raman peak position related to the CeO2

layer monotonically decreases from 462.4 down to 444.8 cm!1

when the annealing rises from 25 up to 900 "C. At the same time,
a drop of the Raman peak position attributed to the Si–Si vibrations
from 521.2 down to 500.6 cm!1 is observed.

As the aim of a post growth annealing is to improve the crystal-
linity of the CeO2 layer, we studied the evolution of the Raman
peaks FWHM, which are related to the CeO2 layer and to the silicon
substrate, respectively, versus the post growth annealing tempera-
ture as shown in Fig. 5. An increase in FWHM of the Raman peak
related to the silicon substrate from 4.4 up to 15.2 cm!1 is ob-
served when the annealing temperature varies from 25 up to
900 "C. This result is in good agreement with the theory [43]. At
the same time, the FWHM of the Raman peak related to the CeO2

layer rises from 23.6 up to 52.2 cm!1 when the annealing temper-
ature ranges between 25 and 700 "C. On the other hand, FWHM
drops from 52.2 down to 34.3 cm!1 when the annealing tempera-
ture increases up to 900 "C. However, FWHM decreases slightly
from 52.2 down to 48.0 cm!1 when the temperature increases
from 700 up to 800 "C and for an annealing temperature superior

to 800 "C, FWHM falls sharply from 48.0 down to 34.3 cm!1. This
decrease in FWHM cannot be only explained by the influence of
the annealing temperature on the Raman peak related to the
CeO2 layer. This drop in FWHM is directly linked to an improve-
ment of the CeO2 layer crystallinity.

In general, a post growth annealing is composed of three steps.
In fact, the temperature increases up to an optimal temperature,
then remains constant during an optimal time and finally de-
creases down to the room temperature. For these reasons, the
annealing was not stopped when the annealing temperature of
800 "C was reached and the sample was maintained at 800 "C dur-
ing 3 h (180 min) and then, d and FWHM was measured, in situ, by
Raman spectroscopy. In fact, Fig. 4 shows that the crystallinity of
CeO2 layers begins to improve from an annealing temperature of
800 "C. In these conditions, the FWHM of Raman peak related to
CeO2 films decreases from 50.0 down to 41.0 cm!1 when the
annealing time rises up to 180 min. After this annealing, a FWHM
value of 11.9 cm!1 is found.

However, Fig. 4 highlights that the lowest FWHM of Raman
peak related to CeO2 layers is observed for an annealing tempera-
ture of 900 "C. So, we decided to characterize CeO2 layers, in situ,
by Raman spectroscopy during an annealing carried out at 900 "C
for 180 min by using a heating rate of 20 "C/min in order to obtain
a better crystallinity of films.

Fig. 6 highlights that d stays close to 444.8 and 500.6 cm!1 for
the Raman peak related to the CeO2 film and to the Si substrate,
respectively, whatever the annealing time. After annealing and
cooling the sample at 25 "C, d increases up to 465.1 and
521.7 cm!1 for the CeO2 film and for the Si substrate, respectively.
So, the position of the Raman peaks related to CeO2 is close to the
value obtained for the CeO2 powder, which is considered as a free
stress material. However, the position of the Raman peak related to
the silicon substrate is superior to the value obtained before
annealing.

Fig. 7 shows that FWHM varies quasi-monotonically from 15.2
up to 16.5 cm!1 for the Raman peak related to a Si substrate when
the annealing time rises up 180 min. At the same time, FWHM
decreases from 34.3 down to 28.0 cm!1 for the Raman peak related
to the CeO2 film when the annealing time increases up to 60 min.
Then, FWHM stays close to 28.0 cm!1 when the annealing time
rises up to 180 min. After annealing, values of FWHM of 4.9 and
11.2 cm!1 were found for the Raman peak related to the Si sub-
strate and to the CeO2 film, respectively. The post-annealing
Ramanmeasurements were performed at 25 "C. We can notice that
d for the silicon substrate increases from 521.2 (value for a non-an-
nealed sample) up to 521.7 cm!1 after the annealing, as shown in

Fig. 5. Evolution of the Raman peaks Full Width at Half Maximum, which are
related to the silicon substrate (solid line) and to the CeO2 layer (dashed line) versus
annealing temperature.

Fig. 4. Evolution of the Raman peaks position, which are related to the silicon
substrate (solid line) and to the CeO2 layer (dashed line) versus annealing
temperature.
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Fig. 6. Evolution of the Raman peaks positions, which are related to the silicon
substrate (solid line) and to the CeO2 layer (dashed line) versus annealing time for
an annealing temperature of 900 "C after the rise of the temperature up to 900 "C.
The Raman peak position related to the silicon substrate before and after annealing
is presented by the symbol and , respectively. The Raman peak position related
to the CeO2 layer before and after annealing is presented by the symbol and ,
respectively.
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Fig. 6. This can be related to an evolution of a compressive strain
between the CeO2 layer and the silicon substrate. At the same time,
Fig. 7 also highlights a rise in FWHM from 4.4 (value for a non-
annealed sample) up to 4.9 cm!1 after the annealing. This phenom-
enon can be explained by a slight evolution of the silicon substrate
and particularly by changes in the CeO2 layer-Si substrate interface
induced by the annealing. In fact, an annealing at 900 !C can lead to
the appearance of a polycrystalline SiO2, silicides (CeSi, CeSi2) and/
or Ce–Si–O mixed oxides [36]. These different phases can be
responsible for changes in Raman peak positions and Full Width
at Half Maximum related to the materials studied. In the same
way, an increase in Raman peak position related to the CeO2 layer
from 462.4 up to 465.1 cm!1 and a drop in FWHM from 23.5 down
to 11.2 cm!1 after annealing were observed. So, we can affirm that
the rise in d and the decrease in FWHM are induced by an improve-
ment of the CeO2 film crystallinity. Moreover, the layer is quasi-re-
laxed on the silicon substrate because d is quasi-identical to the
value taken as reference. In order to confirm this hypothesis, a
CeO2 target, which is the same as those used to deposit the CeO2

film on the substrate and which has a good crystalline quality (as
seen previously [35]), was annealed in the same conditions as
those studied for the annealing of CeO2 layers. Raman measure-
ments were performed in situ during the annealing and showed
that the values of d and FWHM of the CeO2 target after annealing
are identical to those obtained before annealing. This means that
the crystalline quality did not change and this result is coherent
because d and FWHM of the non-annealed CeO2 target were close
to the values taken as references. So, we can affirm that the drop in
FWHM observed after an annealing performed at 900 !C is really
involved in the improvement of the CeO2 film crystallinity. More-
over, the FWHM value of 11.2 cm!1 is close to the best value
reported in the literature for a CeO2 film deposited on silicon sub-
strate at 600 !C by rf magnetron sputtering [35].

4. Conclusion

In conclusion, the influence of the post growth annealing tem-
perature and annealing time on the crystalline quality of cerium
oxide layers deposited on Si (111) substrate has been studied
in situ by Raman spectroscopy. In fact, we have shown that the
post growth annealing conditions can be determined by studying
the evolution of d and FWHM in operando during the annealing.

This original method showed that the best CeO2 film crystallin-
ity was obtained for a post growth annealing performed at 900 !C
during 3 h. In fact, the FWHM value of 11.2 cm!1 is close to the best
value reported in the literature for a CeO2 film deposited on silicon
substrate at 600 !C by rf magnetron sputtering.

Moreover, this method is less time consuming because it avoids
annealing the CeO2 layers at different temperatures and for differ-
ent times and then characterizing these films by Raman spectros-
copy for each annealing temperatures and times. This method
can be also used for other materials. Furthermore, Raman spectros-
copy could be used to monitor, in situ, the influence of annealing
on thin films during the different technological steps of the making
of electronic components and advanced integrated circuits in the
microelectronic industry. Besides, Raman spectroscopy is already
used in industries like the pharmaceutical industry, for example.
In fact, this technique can have a critical analytical role at many
stages of the pharmaceutical product design and production
process. Raman spectroscopy allows monitoring and controlling
large scale manufacturing processes, to profile the distribution of
active pharmaceutical ingredients and excipients at different
stages in a formulation cycle.
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and n! 340394) are 28.443! and 28.555!, respectively. Besides, XRD
patterns of the CeO2 film deposited at 600 !C on a (111) Si sub-
strate are presented in Fig. 1 (published in Ref. [35]) and confirm
these assertions. So, we can affirm that XRD patterns show that
the CeO2 layer has a fluorite structure. This hypothesis is confirmed
by the presence of a peak related to the CeO2 (222) direction on
the X-ray spectrum shown in Fig. 1. This result is in agreement
with Huang et al. [6].

Fig. 2 presents the Raman spectrum of an as-deposited CeO2

layer on a (111) silicon substrate. We can observe two separate
Raman lines located at 462.4 and 521.2 cm!1 corresponding to
the triply degenerate Raman active mode of a CeO2 thin film [39]
and the longitudinal optical mode of a Si substrate [40], respec-
tively. The position of the Raman peak related to the CeO2 thin film
deposited on silicon is not the same as the value taken as reference.
This can be explained by a strain effect between the CeO2 layer and
the silicon substrate [35].

The Full Width at Half Maximumwas extracted from the Raman
peak (462.4 cm!1) shown in Fig. 2 and a value of 23.6 cm!1 was
obtained for the CeO2 material. This confirms the poor crystallinity
of this as-deposited CeO2 layer in comparison to the CeO2 refer-
ence. In fact, this FWHM is very superior to the one obtained by Ko-
sacki et al. [41] for a single crystal thin film deposited on sapphire
substrate (9.2 cm!1) or the one is taken as reference (8.2 cm!1).
However, the FWHM of the Raman peak related to the silicon
material is 4.4 cm!1, which highlights the good crystallinity of
the substrate.

Before studying the influence of post-annealing on the crystal-
linity on CeO2 layer deposited on Si substrate, it is necessary to
analyze the impact of the temperature on the Raman peak position
and FWHM related to the CeO2 layer and to the Si substrate. For
these reasons, Fig. 3 highlights the influence of the temperature
on Raman spectra of CeO2 film grown on Si substrate. So, the
Raman peak position decreases from 462.4 and 521.2 down to
452.0 and 506.7 cm!1 for Raman lines related to the CeO2 film
and to the silicon substrate, respectively while the temperature in-
creases from 25 up to 625 !C. At the same time, the Raman peak
FWHM related to the CeO2 layer and to the Si substrate rises from
23.6 and 4.4 up to 44.6 and 10.1 cm!1, respectively.

These results are in agreement with the theory. As phonons are
lattice vibrations, any change in temperature leads to a change in
phonon frequency, i.e., in the Raman peak position. In fact, there
is a function form of the temperature dependence of the Raman
shift in material given by the following equation [42]:

dðTÞ ¼ d0 !
A

e
B!hd0
kBT ! 1

ð1Þ

where T is the absolute temperature, d0 is the Raman phonon
frequency at 0 K, kB is the Boltzmann constant, ⁄ is the reduced
Planck constant and A and B are fitting parameters.

In this temperature range, Eq. (1) can be simplified to Eq. (2) as
follows:

Dd % ! AkB
B!hd0

! "
DT ð2Þ

where Dd is the change in the phonon frequency induced by a
temperature change DT. Eq. (2) confirms the linear decay in the
phonon frequency with the increase in temperature.
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Fig. 1. X-ray diffraction patterns of a CeO2 layer deposited at 600 !C on a (111) Si substrate.
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Fig. 2. Raman spectrum of a CeO2 film grown at 600 !C on a (111) Si substrate.

Fig. 3. Raman spectra of a CeO2 film grown at 600 !C on a (111) Si substrate for a
measurement temperature of 25 !C (solid line) and 625 !C (dashed line),
respectively.
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a b s t r a c t

The purpose of this paper is to show the possibility for optimizing the post growth annealing process of
CeO2 thin films sputtered on (111) Si by using in situ Raman characterization. In fact, the post growth
annealing is an important step in the microelectronic process and consequently the studies, which permit
to find the good annealing conditions, are time consuming because many annealing temperatures, many
annealing times and many annealing atmospheres should be tested and characterized for each test. For
these reasons, we propose to characterize the crystallinity of CeO2 thin films by in situ Raman spectros-
copy during the post growth annealing. This original method permits to observe, in operando, the evolu-
tion of CeO2 thin film crystallinity versus the annealing temperature and/or the annealing time changes.
In fact, the lowest Raman line broadening, which is related to an improvement in crystallinity of the CeO2

layer, has been obtained with an annealing performed at 900 !C for 3 h. So, the determination of the best
annealing parameters is much faster with this method than with classical methods. To our knowledge, it
is the first time that the optimization of post-annealing parameters by using in situ Raman characteriza-
tion has been reported for thin films.

" 2014 Elsevier B.V. All rights reserved.

1. Introduction

The epitaxial growth of cerium oxide films on silicon substrates
has been studied for applications in microelectronics [1–10], such
as storage capacitors in Dynamic Random Access Memory devices.
Furthermore, Resistive Switching (RS) in CeOx films are interesting
for Nonvolatile Memory Application. In fact, Sun et al. highlighted
that CeOx based Resistance Random Access Memory devices show
uniform reset/set voltages, distinct High Resistance State (HRS) and
Low Resistance State (LRS) resistances, and current compliance
free bipolar RS behaviors [11]. The observed multilevel intrinsic
resistance states of CeOx could be attributed to the separated
line-pattern oxygen-vacancy distributed in the CeOx films [11].
The role of oxygen vacancies for the resistance switching effect
in cerium oxides has also been reported by Gao et al. [12]. Cubic
fluorite CeO2 has an excellent lattice matching with silicon (misfit
factor of 0.35%), so it is expected to be one of the promising buffer
layers that combine silicon and various oxides exhibiting superior
properties such as high-Tc superconductivity [1,13] or ferroelec-
tricity [14]. Also, due to its relatively high dielectric constant
(!26), CeO2 was known for being a good candidate as the ultra thin
gate-insulating layer on Si, which was expected to enable the
scaling down of the silicon based devices [15–17]. Recently, cerium

oxide has drawn a lot of attention, because of its technological
importance in catalysis [18]. The possibility of the reversible tran-
sition from CeO2 to Ce2O3 makes cerium oxide one of the promis-
ing materials, the desired catalytic properties of which can be
adjusted by a suitable choice of metal or metal oxide additives.
In fact, the substitution of a part Ce4+ by other suitable cations
improves the low temperature reducibility and the oxygen storage
capacity of cerium oxide [19]. However, CeO2 may also be useful
for radiation dosimeters [20,21] because nuclear radiations modify
the electrical properties of CeO2 film structures. Moreover, cerium
oxide film has potential applications in optical, electro-optical, and
optoelectronic devices [22].

In the literature, textured CeO2 layers have been made using
different growth methods like pulsed laser deposition [23,24],
ion beam assisted deposition [25], rf sputtering [26,27], dc sputter-
ing [28], e-beam evaporation [29], metal organic chemical vapor
deposition [30], plasma enhanced chemical vapor deposition
[31], spray pyrolysis [32], molecular beam epitaxy [33], and
sol–gel process [34].

Although (111) CeO2 layers are grown on (111) silicon sub-
strates at very low temperatures, such as room temperature with
excellent crystallinity, the epitaxial growth of CeO2 layer on
(100) silicon substrates requires higher growth temperature and
this CeO2 layers have a strong tendency to grow with (110) crystal
orientation [28]. However, Inoue et al. also highlighted the possi-
bility to deposit (100) CeO2 layers on (100) silicon substrate
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the plasma contribution is [7]: 

_ _  3 2 . _to2(q)/[to2 ~ ( q V F )  + 1Fpto] (7) 

provided that the LOPC frequencies are outside 
the single-particle excitation (SPE) continuum 
(Landau damping region) and q is lower than the 
Fermi w a v e - v e c t o r  k F. 

Fig. 2 displays the coupled mode frequencies 
to+ and t o  calculated in the Drude and the 
hydrodynamical  formalisms as a function of v/N. 
The upper SPE continuum limit: 

C0sp E = qV F + ( h/2m* )q2 (8) 

is also reported. The following data have been 
used: to T = 304.5 cm -1, toL = 346 cm -1, %o = 9.61 
and q = 1.1 X 10 6 c m  -1 ( h  E = 458 nm). The de- 
pendence of m* on the carrier concentration was 
deduced by a procedure similar to that proposed 
by Schwartz et al. [8] extended to the present 
concentration range. Incidentally, it should be 
pointed out that a theoretical estimation [9] leads 
to identical values of m* as long as N is below 
4 × 1018 cm-3.  For  higher values, m* is found to 
diverge very rapidly resulting in unphysical LOPC 
mode frequencies. It thus appears that proper 
values of m* are critical at the very high con- 
centration limit. 

4. Discussion 

At low concentrations ( N <  1017 c m  - 3 )  both 
models lead to nearly identical to+ values, but for 
N > 1018 cm -3, the hydrodynamical  model gives 
values systematically higher (by 40-50 cm-1)  than 
those deduced in the Drude formalism. This result 
is consistent with the carrier dielectric function 
seen as a harmonic oscillator whose eigen- 
frequency is either zero (Drude) or greater than 
zero (hydrodynamical). The comparison of the 
nominal concentrations with those derived from 
the two models shows that an excellent agreement 
is already obtained with the simple Drude model. 
Such a correlation is presented in fig. 3 including 
both kinds of samples. The lack of precision of the 
RS data at low concentration results from the 
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Fig. 3. Diagram of correlation for n-doped InP between carrier 
concentration values determined either by the classical Hall 

technique or by the Raman scattering one (Drude theory). 

weak dispersion of the L + branch at smaller N 
values. 

Regarding the L -  branch, we already pointed 
out that despite very careful investigations the 
corresponding structures are only detected when 
they are nearby the TO frequency. This situation 
can be explained by inspecting fig. 2. Indeed, the 
L -  branch is located within the SPE continuum, 
the carriers are strongly Landau damped and can- 
not participate to any collective excitation. More- 
over, even if the L -  branch were outside the SPE 
region (e.g. for lower wave-vector values) we ob- 
serve from relation (4) that the scattering ef- 
ficiency would vanish for co = o~ 0, i.e. 208 cm-1  by 
taking C = -0 .53  [10]. However, with increasing 
N, the L -  modes become more and more 
phonon-like, so they scatter again, but  at frequen- 
cies given by the hydrodynamical  treatment. 

5. Conclusions 

RS measurements of the coupled mode fre- 
quencies of n-doped (001) InP samples have been 
performed for a large range of carrier concentra- 
tions. From analysis of the LOPC modes taking 
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Table 1 
Characteristics of the samples 

B. Boudart et a L /  Free-carrier concentration in n-doped lnP 

Sample Mode of doping Hall carrier concentra- Coupled mode frequencies (cm-1) 
tion a) (1017cm 3) c0 to + 

Raman carrier concen- 
tration (1017 cm - 3) 

E1 Epi/Si  0.26 - 348 
B2 Bulk/Sn 0.30 - 349 
B3 Bulk/Sn 3.10 - 365 
E4 Epi/Si  4.00 - 370 
B5 Bulk/Sn 5.00 - 390 
B6 Bulk/Sn 20.00 - 300 550 
E7 Epi/Si  32.00 - 300 665 
B8 Bulk/S 60.00 304 850 
B9 Bulk/S 200.00 305 1320 
El0 Epi/Si  370.00 305 1400 

0.25 
0.35 
2.50 
3.10 
5.00 

20.00 
32.40 
63.00 

230.00 
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Fig. 1. RS spectra of epitaxial InP layers with different Si 
concentrations. Asterisks stand for argon emission lines used 
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Raman spectra from n-InP samples covering a wide range of concentrations (-1016 tO 1019 cm -3) have been measured. 
Free-carrier concentrations deduced from the analysis of the upper LO phonon-plasmon coupled modes are compared with values 
obtained from conventional electrical determinations. It is found that a tight 1 to 1 correlation exists between the results of the two 
techniques, thus confirming Raman scattering as a powerful analytical tool for the characterization of InP substrates. 

1. Introduction 2. Experimental and results 

More  than  a decade  ago [1] it  was suggested 
tha t  R a m a n  scat ter ing (RS) b y  LO p h o n o n -  
p l a s m o n  coupled  ( L O P C )  modes  can  be  used for 
the e lect ronic  charac te r iza t ion  of  d o p e d  I I I - V  
semiconduc to r s  in te rms of  f ree-carr ier  concent ra -  
t ion and  mob i l i t y  and,  eventual ly ,  surface b a n d  
b en d in g  effects [2]. Moreover ,  the current  t rend  
towards  p l ana r  in tegra t ion  at a mic ron  (or submi-  
cron)  scale re inforces  the surface to bu lk  impor -  
tance  and  also the usefulness of  nondes t ruc t ive  
and  contac t less  me thods  for  the near -sur face  in- 
vest igat ion.  In  spi te  of  the fact tha t  InP  and  its 
re la ted  a l loy epi layers  have a p romis ing  future  in 
specific areas  of  m o d e m  microelect ronics ,  very 
l i t t le  da t a  are  avai lab le  on its scat ter ing p roper t i e s  
by  L O P C  modes .  In  par t icular ,  no  sys temat ic  s tudy  
was found  in the l i tera ture ,  in which the e lect ronic  
p roper t i e s  of  n - d o p e d  InP  de t e rmined  f rom Ra-  
m a n  scat ter ing  are c o m p a r e d  with those ob t a ined  
f rom conven t iona l  measurements .  This  is jus t  the 
a im of  the presen t  con t r ibu t ion .  

i Also with Mrtaux Sp~ciaux SA, Usine de Pombli~re, 73600 
Moutiers, France. 

F o r  these exper iments ,  the samples  were (001) 
InP  wafers  cut  f rom L E C - g r o w n  ingots  d o p e d  
with  ei ther  Sn or  S donors ,  as well  as S i -doped  
epi tax ia l  layers  (2 /~m thick)  g rown on semi-in-  
sula t ing (si) InP.  Tab le  1 summar izes  the re levant  
character is t ics  of  the samples  inc lud ing  their  car-  
r ier  concen t ra t ion  (300 K) de t e rmine d  by  Hal l  
measurements .  RS spec t ra  were  car r ied  out  us ing 
the 458 n m  - 250 m W  powered  - A r  ÷ laser  l ine 
exci t ing the crysta l  unde r  the Brewster  angle  con- 
f igura t ion  ( i  B = 76 ° ). The  sca t te red  l ight  was col- 
lected no rma l  to the sample  surface  and  ana lyzed  
with  a doub le  m o n o c h r o m a t o r  equ ipped  with  a 
s t anda rd  p h o t o n  count ing  de tec to r  unit .  

G iven  the a d o p t e d  sca t te r ing  conf igura t ion ,  a 
ca lcu la t ion  s imilar  to tha t  p e r f o r m e d  prev ious ly  
for  s i -G a A s  [3] predic ts  that  the f i r s t -o rder  T O  
and  LO modes  are  R a m a n  act ive in s i - InP with  an 
in tens i ty  ra t io  R 0 ( T O / L O  ) = 0.11. W e  thus ant ic-  
ipa te  that  in add i t i on  to the L O P C  L + and  L -  
modes  the RS spec t ra  of  d o p e d  InP  will also show 
f i r s t -order  peaks  resul t ing f rom the misor ien ta -  
t ion- re la ted  (weak)  T O  c on t r i bu t i on  and  the un- 
screened LO-one  or ig ina t ing  f rom the car r ie r -de-  
p le ted  space-charge  layer.  As  for (001) n- InP ,  the 
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Un spectre de GaN 

On vient de voir quelques spectres d’illustration constitués d’un
ensemble de « structures » : chaque matériau a sa propre signature.

Domaine des semiconducteurs

On capte la vibration des liaisons

Noter aussi que LE spectre de GaN n’existe pas ! 
Cela dépend de la configuration expérimentale.



21

Domaine des semiconducteurs

Effet d’implantation ionique de 
Mg+ dans GaN et d’un recuit

Raman characterization of Mg+ ion-implanted GaN S51
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Figure 1. Raman spectra of (a) GaN as reference and samples obtained after 60 keV Mg+ ion
implantation at doses of (b) 7.5×1012 , (c) 1.9×1013, (d) 1×1014, (e) 2×1014 and (f) 1×1016 cm−2.

A 100× UV objective, giving a spot size smaller than 1 µm on the sample surface, was
used and the scattered light was collected using the usual z(xy) z̄ microRaman backscattering
geometry. In this geometry, the z direction was chosen to coincide with the hexagonal c
axis. The entrance slit was opened to 100 µm, giving a 8.4 cm−1 spectral resolution. All the
Raman lines were fitted with a Lorenzian profile in order to determine their width and position
precisely.

3. Results and discussion

In figure 1, the Raman spectra of GaN before and after implantation without post annealing
are shown. On the Raman spectrum of the reference sample, a strong PL structure attributed
to a band to band recombination is located at 3210 cm−1. Owing to this PL emission, only two
Raman lines located at 569 and 728 cm−1 could be observed, the others being masked by the
strong PL emission (see figures 1(a) and (b)). They were assigned to the E2 and A1 longitudinal
optical (LO) modes, respectively. The observation of these Raman lines is consistent with
the Raman selection rules for semiconductors having a wurtzite crystal structure [22]. On
increasing the implantation dose from 7.5 × 1012 to 2 × 1014 cm−2, the PL intensity strongly
decreased and disappeared. The PL emission is very sensitive to the presence of extended
defects and also to the presence of point defects such as impurities, vacancies and interstices
which may form deep levels in the band gap, thus serving as non-radiative pathways for carrier
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Abstract
Mg+ ions were implanted at room temperature in n-type hexagonal GaN for
the device isolation purposes. The implantation dose varied from 7.5 × 1012

to 1016 ions cm−2. We performed resonance Raman spectroscopy and DC
electrical measurements in order to monitor the structural and electrical changes
of non-annealed and annealed implanted GaN samples. Annealing was carried
out at 900 ◦C for 30 s, these conditions being used to achieve good Ohmic
contacts. The aim was to determine, on the one hand, the influence of ion
doses on the device isolation and, on the other, to establish the order of the
technological steps which should be made between ion implantation and Ohmic
contact annealing. On increasing the implantation dose from 7.5 × 1012 to
2 × 1014 ions cm−2, an increase in the electrical isolation and a decrease in the
photoluminescence (PL) were observed. For the highest dose, the implanted
layer became conductive owing to a hopping mechanism and only the first-order
phonon lines remained observable. After annealing, the implanted samples
became conductive and the PL reappeared or increased compared with the non-
annealed samples at same implantation doses, except for the sample implanted
at the highest dose, which became insulating. Then, it is possible to achieve
device electrical isolation by using a lower ion dose without thermal annealing
or using a higher ion dose with thermal annealing.

1. Introduction

GaN-based devices are of interest for optical [1], high power electronic [2–4] and high
temperature [5, 6] applications. During the fabrication of epitaxially based electronic devices,
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Figure 3. Raman spectra of (a) GaN as reference and samples obtained after 60 keV Mg+ ion
implantation at doses of (b) 7.5×1012 , (c) 1.9×1013, (d) 1×1014, (e) 2×1014 and (f) 1×1016 cm−2,
and after subsequent annealing at 900 ◦C for 30 s.

resistance increased as a function of the fluence and reached the very high value of 1.6×1015 !

for a 2×1014 cm−2 fluence. Thus, for the highest fluence used, the sample becomes conductive,
probably because of a hopping mechanism attributed to a high defect density as previously
reported [27]. On the other hand, the opposite phenomenon was observed, after a subsequent
annealing at 900 ◦C for 30 s. For a fluence up to 2×1014 cm−2, the samples become conductive
but for a higher fluence they become very resistive reaching the upper detection limit of the
measurement apparatus. It is also worth noting that the electrical resistance value is always
higher after implantation than before, indicating the influence of implantation.

The Raman spectra of the reference, and of the implanted GaN samples after a subsequent
post-annealing at 900 ◦C for 30 s, are shown in figure 3. On comparison with the spectra
shown in figure 1, several differences can be noted. After annealing, the PL intensity has
clearly increased compared with that of non-annealed samples at the same implantation doses.
This can be seen by comparing the intensity of the PL emission with that of the Raman bands.
This phenomenon has also been observed in the case of Mg/P-implanted GaN after annealing
performed above 1200 ◦C [28]. Indeed, for an implantation at a 1 × 1014 cm−2 fluence,
the Raman lines are hardly observable because of the presence of the strong PL emission
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Abstract
160 keV Ar+ ions were homogeneously implanted in AlGaN at room
temperature for device isolation purposes. Resonance Raman spectroscopy and
DC electrical measurements were used to monitor the structural and electrical
changes of the non-annealed and annealed implanted AlGaN samples with a
dose ranging from 3.4 × 1012 to 1 × 1016 ions cm−2. The annealing was
carried out at 900 ◦C for 40 s, these conditions being necessary to achieve
good Ohmic contacts. On increasing the implantation dose from 3.4 × 1012 to
3.4×1014 ions cm−2, an increase in the electrical isolation and a decrease in the
photoluminescence (PL) were observed. For the highest dose, the implanted
layer becomes conductive, probably due to a hopping mechanism. After
annealing, the implanted samples become conductive and the PL reappears or
increases as compared to the non-annealed samples using the same implantation
doses. Then, it is possible to obtain good device electrical isolation by
implanting ions with a 3.4 × 1014 cm−2 dose subsequently to the annealing
process necessary to achieve Ohmic contacts.

1. Introduction

The AlGaN–GaN heterostructure material system holds a strong interest for optical [1], high
power electronic [2] and high temperature [3, 4] applications due to its superior material
properties. The conventional AlGaN–GaN heterostructure field effect transistor (HFET)
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Résultats semblables pour l’implantation d’Ar+ dans AlGaN/GaN
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→ La position du pic Raman (! ou ") diminue avec la température 
→ La largeur à mi-hauteur du pic Raman (Γ) augmente avec 
la   température 
→ L’intensité (I) du pic Raman diminue avec la température 

Et la température dans tout ça ?

Il existe donc 3 façons de déterminer la température 

Chapitre I : Méthodes de caractérisation de l’auto-échauffement des transistors de puissance HEMTs 
AlGaN/GaN 

56 
 

 

 
Figure I-34 : Influence de la température sur le décalage en fréquence de la raie Stokes du mode E2(high) du GaN d’un 

HEMT AlGaN/GaN sur substrat SiC. 
 

Sur la Figure I-34, nous observons que plusieurs paramètres caractéristiques du pic Raman varient 
avec la température. Effectivement, la raie se décale vers les faibles fréquences, sa largeur à mi-hauteur 
augmente et son amplitude diminue quand la température augmente. Plusieurs publications ont déjà 
relayé l’efficacité de la spectroscopie Raman, à effectuer des études thermométriques, et ce, pour des 
composants à base de GaAs, Si ou GaN [112 - 114]. 

La température dans les semi-conducteurs peut être mesurée de trois façons différentes par 
spectrométrie Raman. La première méthode utilise le rapport d’amplitude des raies Stokes et anti-Stokes, 
la seconde méthode utilise le déplacement de la fréquence de la raie Raman Stokes (car c’est la plus 
intense), la troisième méthode utilise la largeur à mi-hauteur de la raie Raman Stokes. Nous détaillons ces 
trois techniques dans la partie suivante. 

 Les différentes méthodes de caractérisation thermique 

Les trois techniques permettant la détermination de la température d’échauffement des 
semiconducteurs par spectroscopie Raman, à ce jour, sont les suivantes : 

 
x Le rapport des intensités des raies Stokes/anti-Stokes [115] : 

 
 𝐼𝑎𝑛𝑡𝑖−𝑆𝑡𝑜𝑘𝑒𝑠

𝐼𝑆𝑡𝑜𝑘𝑒𝑠
=  (

𝜈0 + 𝜈𝑣

𝜈0 − 𝜈𝑣
)

4
. 𝑒𝑥𝑝 (−

ℎ𝜈𝑣

𝑘𝐵𝑇
) Eq I-28 

 
avec IStokes et Ianti-Stokes (u.a.) étant les intensités respectives des raies de diffusion Raman Stokes et 

anti-Stokes, 𝜈0 et 𝜈𝑣 (cm-1) représentant les fréquences de la diffusion Rayleigh et des photons diffusés. 
De plus, h (J.s-1), kB (J.K-1) et T (K) correspondent respectivement à la constante de Planck, à la constante 
de Boltzmann et à la température absolue.  

Le principe de la méthode est de mesurer les intensités des raies Stokes et anti-Stokes, puis d’obtenir 
la température absolue du matériau étudié à l’aide de cette expression.  

L’avantage de cette méthode est qu’aucune courbe de calibration n’est nécessaire et elle fournit une 
température absolue, il n’y a donc pas de température de référence requise. Enfin, elle est indépendante 

Pic E2(high) du GaN
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Évolution de Γ
Nécessité d’effectuer un étalonnage en température des largeurs à mi-hauteur 

• 3 lois envisageables :
Loi exponentielle 1 

Loi exponentielle 2

Loi polynomiale

Γ " =	Γ% 1+	 2
)
ћ+, -./01 − 1

!
Γ ne dépend pas des contraintes

"
Nécessite une calibration en fonction de la température
Méthode peu utilisée car grande incertitude à « haute »
température : difficile d’évaluer Γ par rapport à la ligne de
base



24

R. Aubry et al.: Temperature measurement in HEMT GaN by Raman scattering 79

Fig. 2. The two peaks used for temperature measurement in
this experiment were observed in the unetched surface spec-
trum at 568 cm−1 E2 for the GaN phonon and at 521 cm−1

for the phonon attached to the silicon substrate.

Fig. 3. Schematic representation of the micro-Raman spec-
troscopy set-up.

and to control the chip carrier temperature. Standard DC
bias generators including stabilisation filters to avoid os-
cillations were used to feed the transistor at given VDS

and VGS .
Figure 1a and b shows the location where the thermal

measurements were carried out. We performed two types
of measurement, a profile A along the finger parallel to
the gate and a B transverse profile across the component.
Each measurement involved a scan of 7 points separated
by 0.5 µm covering the DRAIN-GATE gap (Fig. 4). We
then took the highest value out of these 7 measurements
to determine the maximum temperature of the junction.
The integration time for Stokes and anti-Stokes scattering
were 20 s and 160 s respectively. All the measurements
were made at constant chuck temperature equal to 313 K.
The temperature at the drain side was significantly higher
than at the source side. The temperature was obviously
increasing with the applied gate drain voltage [9,10].

The laser beam penetration was about 2 µm based on
computation from [11], deeper than the 2D electrons gas
at the AlGaN/GaN heterojunction, so the temperature

Fig. 4. The thermal measurement involved a scan of 7 points
represented by dots and separated by 0.5 µm which covered
the DRAIN-GATE gap.

Fig. 5. Temperature assessment performed on the HEMT
AlGaN/GaN/Si, 2 fingers × 250 µm. Diamonds denote the
Si Raman scattering (521 cm−1) and squares the GaN Raman
scattering (568 cm−1).

measured in this experiment was in fact the average tem-
perature of the GaN layer. The spatial and temperature
resolutions were 1 µm and 10 K, respectively.

The thermal resistance was used to compare the dif-
ferent device structures. This thermal resistance could be
estimated using the simple formula

∆T = Rth × Pu

with: ∆T : temperature variation in the active layer of the
device; Rth: substrate thermal resistance; Pu: dissipated
power Pu = VDS × IDS (the current IDS was driven by
the gate bias).

Because of the deep penetration of the laser beam we
could use the phonon peak of the silicon at 521 cm−1 to
measure the temperature. Figure 5 shows both the tem-
perature of the silicon scattering and of the gallium ni-
tride. The data using squares display the measured for
GaN on diamond, and silicon. Both measurements gave
very similar values. One could conclude that the temper-
ature given by the GaN scattering was localised in the
GaN buffer in the vicinity of the GaN-silicon substrate
interface.

R.Aubry et al
Eur. Phys. J. Appl. Phys. 30 (2005) 77-82
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Ne nécessite pas de calibration en fonction de la température

"
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number error was estimated to be 60.5 cm21 at any given
temperature.

GaN normally has the hexagonal wurtzite-type crystal
structure. Group theory predicts, and experiments
confirm,17–19 that single crystal GaN possesses eight sets of
phonon modes near the zone center: 2A112B112E1
12E2 . Of these, one A1 , one E1 and two E2 modes are
Raman active. In this article, we focus on the E2 and the
A1(LO) modes in the backscattering z(xx) z̄ configuration to
study the temperature dependence in single crystal GaN
films.

In Fig. 1, we show typical Raman spectra of GaN at
three temperatures in the backscattering z(xx) z̄ geometry.
The Raman shift ~Raman phonon frequency, or Raman line
position! of each active mode was determined using the
Lorentzian line shape fitting. From the spectra of GaN ob-
tained at different temperatures, changes in the Raman line
position, the full-width at half-maximum ~FWHM! of the
line and change in intensity are clearly evident.

The Raman line position of the E2 mode and the
A1(LO) mode of GaN as a function of temperature in the
range of 78–800 K are shown in Figs. 2~a! and 2~b!, respec-
tively. The open circles refer to data from free-standing GaN
films and the open triangles refer to data taken from the films
still attached to the sapphire substrate. Also shown is the
empirical fitting of the temperature dependence in free-
standing GaN.

Given that the effects of temperature on the phonon en-
ergy measured by Raman scattering are primarily due to the
thermal expansion of the lattice, a downshift of phonon fre-
quency with temperature is expected. However, there is no
generally accurate method to describe the temperature de-
pendence of the phonon frequencies in the crystal. Hart9 and
Balkanski10 showed that the temperature shift of the first
order Raman scattering in silicon required invoking phonon–
phonon interactions up to the fourth order. Cui et al.12 pro-
posed an improved empirical formula for diamond, which

has a similar form to the band gap renormalization by
phonon–electron interaction in the Einstein approximation. It
was found that the Cui formula could be employed to inter-
pret our experiments. Thus the function form of the tempera-
ture dependence of the Raman shift in GaN is given by:

v~T !5v02
A

eB\v0 /kBT21
, ~1!

where v0 is the Raman phonon frequency at 0 K, and A and
B are fitting parameters.

The solid lines in Fig. 2 give the fits to the data to Eq. ~1!
for free-standing GaN films. As can be seen, the data fit
this functional form reasonably well. For the E2 mode,
we have v05568.260.2 cm21, A517.962.4 cm21, and
B50.9960.08 for GaN still attached to the substrates, and

FIG. 1. Typical Raman scattering of GaN ~with substrates! at 93, 273, and
573 K in backscattering z(xx) z̄ geometry.

FIG. 2. ~a! Temperature dependence of the Raman frequency for the active
E2 mode in GaN still attached to the substrates ~n! and free-standing GaN
~s!, respectively. ~b! Temperature dependence of the Raman frequency for
the active A1~LO! mode in GaN still attached to the substrates ~n! and free
standing GaN ~s!, respectively. The solid curves give the best fitting using
Eq. ~1!.
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Downloaded 27 Apr 2010 to 193.55.130.208. Redistribution subject to AIP license or copyright; see http://apl.aip.org/apl/copyright.jsp

!
Très sensible
On ne mesure que la raie Stokes qui est intense
"
! dépend des contraintes
Nécessite une calibration en fonction de la température

M. Balkanski et al
Phys. Rev. B 28 (1983) 1928

ANHAIDCONIC EE E ACTS IN LIGHT SCATTERING DUE TO. . .

I {cm-')

200 400 600 800 1000 1200 1400

FIG. 6. Temperature dependence of the damping constant I
for the Raman-active LO mode in silicon. The solid curve gives
the theoretical fit using both three- and four-phonon processes.
The dashed curve gives the theoretical fit using only three-
phonon processes. The open and closed circles have the same
significance as in Fig. 5.

Q( T)=f00+6(T) (3.9)

h(T)=C 1+ +D 1+2 3 3
e"—1 e~—1 (e~—1)

where y =Leo/3k~T and A and 8 are constants. In the
high-temperature limit, the factors multiplying A and 8 in
Eq. (3.8} vary as T and T, respectively.

Equation (3.8}has been used to fit the experimental data
presented in Fig. 6 by suitably choosing the constants A
and 8. The best values of A and 8 are found to be 1.295
and 0.105 cm ', respectively, and the resulting plot of
I'(T) vs T is given by the solid curve in Fig. 6. We see
that the agreement between the calculated curve and the
experimental points is now quite good.

The experimental results for the line position Q(T) as a
function of T' are shown in Fig. 7. Also shown is the fit to
the data (solid curve) specified by the expressions

where x =Amo/2k~T and I (0)=1.40 cm '. Equation
(3.4) is an approximate expression for the temperature
dependence of the damping constant based on three-
phonon processes (cubic anharmonicity in second order)
and the simple Klemens model. It seriously underesti-
mates the damping constant at high temperatures. We at-
tribute this discrepancy at least in part to the neglect of
four-phonon processes associated with the diagrams in
Figs. 1(fl and 2(a)—2(c).

It is of interest to investigate whether this discrepancy
can be eliminated by generalizing Eq. (3.4) to include the
contribution of four-phonon processes. Following the ap-
proach of Klemens we write the kinetic equation for the
net rate of decay of an incident phonon into three thermal
phonons in the form

—(5no) = —8[(5no+no)(ni+1)(n2+1}(n3+1)df

—(5Il 11 +Il 11 + 1 )Il all 2 Il 3 ],

(3.10}

where mo, C, and D are constants with the values 528,—2.96, and —0.174 cm ', respectively. Equation (3.10}is
the analog of Eq. (3.8) and specifies the contributions of
three-phonon and four-phonon processes to the frequency
shift. The agreement between the experimental points and
the solid curve is seen to be good.

If we try to fit the experimental data with three-phonon
processes only by omitting the term in Eq. (3.10) with the
factor D, we obtain the dashed curve in Fig. 7 with
uo ——529 cm ' and C = —4.24 cm '. Although this
curve fits the data well at temperatures up to 600 K, it is
clearly inadequate at higher temperatures. This demon-
strates the necessity of including terms corresponding to
four-phonon processes in the expression for h(T}.

In principle, the four-phonon contributions in Eqs. (3.8}
and (3.10) should include terms arising from difference
processes of the type represented by Fig. 3(d). We have
omitted such terms on the grounds that their inclusion

where 5no is the deviation of the incident phonon occupa-
tion number from its thermal equilibrium value no and 8
is a constant. Using the equilibrium condition

Ilp(n 1 + 1)(n2+ 1)(n 3+ 1)—(no+ 1)n 1 n2n3 ——0,
(3.6)

we can rewrite Eq. (3.5) as

Q
525

520

515

510

(5no) ~( nln2+n1n3+n2n3+n1+n2dt

Energy conservation can be satisfied in the simple Kle-
mens fashion by setting ~&——co2 ——co3 ——coo/3. Consequent-
ly, Ill n2 ——If 3. T——lie generahzatfon of Eq. (3.4} to follr-
phonon processes then takes the form

I (T)=A 1+ „+81+ +2 3 3
ex e~—1 (e"—1)

(3.8)

I I I
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FIG. 7. Temperature dependence of the line position 0 for
the Raman-active LO mode in silicon. The solid curve gives the
theoretical fit using both three- and four-phonon processes. The
dashed curve gives the theoretical fit using only three-phonon
processes. The open and closed circles have the same signifi-
cance as in Fig. 5.
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Courbes de calibration

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.
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50 mesures de Si et de GaN/saphir à 30 et 200°C
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Inhomogénéité de la température
le long d’un doigt de grille 

et dans le temps

Résultats
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Figure 28 : Localisation des spots où l’auto-échauffement du transistor a été mesuré.  
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1. Introduction

AlGaN/GaN high electron mobility transistors (HEMTs) have
received increased attention because of their great potential for
microwave power devices, and recently, very high power densities
have been obtained (>10W/mm) on SiC substrate [1,2].

The performances of these devices can be limited by self-
heating effects. In fact, a good thermal conductivity such as SiC
or using flip-chip bonding is essential to achieve high power den-
sities [3–5]. The knowledge of the temperature in the active area of
HEMTs is essential to be able to improve device reliability, the elec-
trical performances, and to optimize device design. However, a
direct measurement of this temperature is not readily achieved.
Infrared techniques often employed to measure the temperature
of an active device require extensive calibration and have a limited
spatial resolution of about 15 lm. Using the temperature depen-
dence of phonon frequencies, local measurement of the device
temperature can be achieved by Raman spectroscopy with a spatial
resolution close to 1 lm [6]. In fact, it exist a function form of the
temperature dependence of the Raman shift in GaN given by the
following equation (see Eq. (1)) [7]:

xðTÞ ¼ x0 $
A

e
B!hx0
kBT $ 1

ð1Þ

where T is the absolute temperature, x0 is the Raman phonon fre-
quency at 0 K, kB is the Boltzmann constant, !h is the reduced Planck
constant and A and B are fitting parameters.

A lot of papers have been published concerning AlGaN/GaN
HEMTs temperature measurements by using Raman spectroscopy
to involve the design of multifingers devices [6]. But to our best
knowledge, the temporal evolution of the self-heating of the com-
ponent in operando has never been reported.

In this paper, we present some preliminary results concerning
the measurements by Raman spectroscopy of the self-heating in
AlGaN/GaN HEMTs during an electrical stress.

2. Device fabrication and experimental details

AlGaN/GaN HEMTs were processed on epilayers grown by metal
organic chemical vapour deposition (MOCVD) on a (0 0 0 1) sap-
phire substrate. It consists of a 3.3 lm GaN non-intentionally
doped layer and a 23 nm undoped Al0.3Ga0.7N layer. Mesa isolation
was defined using reactive ion etching (RIE) in a SiCl4 plasma.
Source and drain ohmic contacts were obtained by evaporating
Ti/Al/Ni/Au (15 nm/220 nm/40 nm/50 nm) and with annealing at
900 !C in a nitrogen atmosphere for 40 s. Pt/Au (10 nm/100 nm)
metals were used to form Schottky gate. The AlGaN/GaN samples
were etched in HCl and blown dry with nitrogen before being
loaded into the vacuum system for metal deposition, and were
in situ exposed to a 150 eV Ar+ plasma etching for 90 s to deoxidize
the AlGaN surface. Samples with a gate length of 0.5 lm, gate
width (W) of 50 or 150 lm and 2.5 lm of source-to-drain space
were prepared. The devices were not passivated.
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1. Introduction

AlGaN/GaN high electron mobility transistors (HEMTs) have
received increased attention because of their great potential for
microwave power devices, and recently, very high power densities
have been obtained (>10W/mm) on SiC substrate [1,2].

The performances of these devices can be limited by self-
heating effects. In fact, a good thermal conductivity such as SiC
or using flip-chip bonding is essential to achieve high power den-
sities [3–5]. The knowledge of the temperature in the active area of
HEMTs is essential to be able to improve device reliability, the elec-
trical performances, and to optimize device design. However, a
direct measurement of this temperature is not readily achieved.
Infrared techniques often employed to measure the temperature
of an active device require extensive calibration and have a limited
spatial resolution of about 15 lm. Using the temperature depen-
dence of phonon frequencies, local measurement of the device
temperature can be achieved by Raman spectroscopy with a spatial
resolution close to 1 lm [6]. In fact, it exist a function form of the
temperature dependence of the Raman shift in GaN given by the
following equation (see Eq. (1)) [7]:
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where T is the absolute temperature, x0 is the Raman phonon fre-
quency at 0 K, kB is the Boltzmann constant, !h is the reduced Planck
constant and A and B are fitting parameters.

A lot of papers have been published concerning AlGaN/GaN
HEMTs temperature measurements by using Raman spectroscopy
to involve the design of multifingers devices [6]. But to our best
knowledge, the temporal evolution of the self-heating of the com-
ponent in operando has never been reported.

In this paper, we present some preliminary results concerning
the measurements by Raman spectroscopy of the self-heating in
AlGaN/GaN HEMTs during an electrical stress.

2. Device fabrication and experimental details

AlGaN/GaN HEMTs were processed on epilayers grown by metal
organic chemical vapour deposition (MOCVD) on a (0 0 0 1) sap-
phire substrate. It consists of a 3.3 lm GaN non-intentionally
doped layer and a 23 nm undoped Al0.3Ga0.7N layer. Mesa isolation
was defined using reactive ion etching (RIE) in a SiCl4 plasma.
Source and drain ohmic contacts were obtained by evaporating
Ti/Al/Ni/Au (15 nm/220 nm/40 nm/50 nm) and with annealing at
900 !C in a nitrogen atmosphere for 40 s. Pt/Au (10 nm/100 nm)
metals were used to form Schottky gate. The AlGaN/GaN samples
were etched in HCl and blown dry with nitrogen before being
loaded into the vacuum system for metal deposition, and were
in situ exposed to a 150 eV Ar+ plasma etching for 90 s to deoxidize
the AlGaN surface. Samples with a gate length of 0.5 lm, gate
width (W) of 50 or 150 lm and 2.5 lm of source-to-drain space
were prepared. The devices were not passivated.
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Fig. 4 shows that the drop of the drain current is more impor-
tant when VDS is inferior to 15 V after an ON-state stress. For these
reasons, we have decided to study the influence of an electrical
stress on the self-heating of another device when the ageing test
is performed at VDS = 12 V and VGS = 0 V (Fig. 9).

A drop of the drain current from 712 down to 584 mA/mm is
observed after an ageing time of 9 h. In the same time, the self-
heating temperature varies from 102 down to 48 !C.

We can note that a self-heating of 107 !C and a drain current of
480 mA/mm are obtained after a stress no. 1 (VDS = 20 V, VGS = 0 V)
while a self-heating of 48 !C and a drain current of 584 mA/mm are
obtained after the stress no. 2 (VDS = 12 V, VGS = 0 V). This phenom-
enon is explained by a difference of power dissipation which is
0.50 W for the stress no. 1 and 0.35 W for the stress no. 2.

Previously, a self heating of 156, 190 and 156 !C has been found
at the spot 1, 2 and 3, respectively (see Fig. 3). We can think that
the influence of the stress no. 1 is not inevitably the same at the
spot 1, 2 and 3, respectively. For these reasons, we have studied
the evolution of the self-heating at these three spots during an
electrical stress performed at VDS = 20 V and VGS = 0 V.

Fig. 10 displays that the decrease of the self- heating is more
important at the spot 2, i.e. at the middle of the gate than at the
spot 1 and 3, i.e. at the external sides of the gate whether the de-
vice has a gate width of 50 lm or a gate width of 150 lm. The mid-
dle of the gate is hotter than the external sides because the spots 1
and 3 are close to the isolation mesa which has been defined using
reactive ion etching. In these conditions, we can say that the drop
of the self-heating is more pronounced at the spot 2 because the
thermal effect located at the middle is higher than the thermal ef-
fects located at the spot 1 and 3 near the isolation mesa.

This study shows a good correlation between a drop of the drain
current and the self-heating of AlGaN/GaN transistors measured in

operando by a non-contact technique during the electrical stress.
The tendencies observed during the electrical stress are the same
whatever the values of the drain current.

Moreover, we have shown that the increase of Rk and the de-
crease of IDS and of IGS can be explained by the generation of accep-
tor traps and/or electron accumulation into pre-existing deep
levels located in the gate-drain region. In this last case, the electri-
cal stress would permit to activate the pre-existing traps [12].

We have also highlighted that the self-heating and the influence
of the electrical stress are clearly dependent of the position where
the measurement of the temperature is performed.

4. Conclusions

In this paper, we have shown that it is possible to observe the
evolution of the self-heating of the device in operando during the
electrical stress by using Raman spectroscopy. These evolutions
are clearly linked to the drop of the drain current and to the posi-
tion of the temperature measurements and then can be explained
either by hot electrons effects or/and by traps effect. Moreover,
these temperature measurements have been carried out using sta-
tic probes to make the electrical connexion with the metallic con-
tacts of devices without wire bonding.
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Fig. 8. Evolution of the self-heating during an ageing test (VDS = 20 V, VGS = 0 V) for
a device having a W = 50 lm (solid line) and for a component having a W = 150 lm
(dotted line).

Fig. 9. Evolution of the drain current and the self-heating temperature, for a drain–
source voltage of 12 V and a gate–source voltage of 0 V, during the electrical stress
(VDS = 12 V, VGS = 0 V).

Fig. 10. Evolution of the self-heating at the spot 1, 2 and 3 before (solid line) and
after 9 h of an electrical stress (dotted line). This ageing test was performed at
VDS = 20 V, and VGS = 0 V for a device having a W = 50 lm (dark line) and 150 lm
(light line).
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Raman spectra were recorded in a backscattering configuration
at room temperature using an InVia RENISHAW Raman spectrom-
eter. A He–Ne laser was used as the excitation source and the
wavelength was 633 nm. The E2 (high) phonon frequency of GaN
is measured and is known for its temperature dependence [8]. To
determine the self-heating of the devices, we must perform the
electrical measurements when the AlGaN/GaN transistor is placed
under the microscope of the Raman spectrometer to carry out the
Raman spectra. In general, the external connections to the metallic
contacts are made using wire bonding techniques. In our case, the
connexion with the ohmic and Schottky contacts was made by
using static probes. So, we can determine the self-heating of many
on wafer devices without to realize wire bonding for each compo-
nent. In these conditions, some studies of the self-heating can be
carried out for devices with different geometries without using
wire bonding.

In this paper, we have studied several devices carried out with
the same technological process on the same wafer but some inho-
mogeneities of the drain current have been observed.

Fig. 1 highlights the E2 (high) phonon frequency of GaN decreas-
ing from 568.7 down to 566.4 cm!1 when the unstressed device is
biased at VDS = 20 V and VGS = 0 V. In these bias conditions, the
drain current provokes a self-heating of the component which in-
duces a fall of the E2 (high) phonon frequency.

To evaluate the self-heating temperature from Raman spectra,
we have used a curve (Fig. 2) which shows the evolution of the
E2 (high) phonon frequency versus the temperature. It has been ob-
tained with a LINKAM TS 1500 cellule. This curve has been realised
for an AlGaN/GaN/Al2O3 structure grown by MOCVD.

We can see that this curve is linear when the temperature varies
from 293 up to 773 K. This result is in agreement with Eq. (1) for
high temperature. In these conditions, the temperature depen-
dence of the E2 (high) phonon frequency is given by the following
equation:

xðTÞ ¼ !0:0205T þ 575:29 ð2Þ

Phonon frequency shifts of 0.1 cm!1 are resolvable and correspond
to a temperature accuracy of 10 !C.

The self-heating between the gate and the drain of the AlGaN/
GaN HEMTs has been evaluated for different locations (1, 2 and 3
in Fig. 3) for VDS = 20 V and VGS = 0 V.

In this bias condition, the power dissipation is 0.65 W, and a self
heating of 156, 190 and 156 !C has been found at the spot 1, 2 and
3, respectively. These results show that the component is hotter at
the middle of the gate as previously reported [9]. Moreover, the va-
lue of 190 !C is in agreement with the results reported by Kuball
who has obtained a value of 180 !C for an AlGaN/GaN HEMT grown
on a sapphire substrate for VDS = 20 V and a comparable drain cur-
rent [6].

In this paper, all the self-heatings of the devices have been mea-
sured at the spot 2.

3. Results and discussion

Fig. 4 shows the IDS(VDS, VGS) characteristics of AlGaN/GaN
HEMT before and after 9 h of ON-state stress performed for
VDS = 20 V and VGS = 0 V.

A decrease of the drain current (IDS max) from 617 down to
513 mA/mm (!17%) was observed for a VDS of 20 V and a VGS of
0 V. In the same time, the knee voltage (drain-to-source voltage
for which the transistor goes from the linear to the saturated com-

Fig. 1. Raman spectra of E2 phonon frequency of GaN for an unbiased device (solid
line) and for a device biased at VDS = 20 V and VGS = 0 V (dotted line).

Fig. 2. Evolution of the E2 (high) phonon frequency versus the temperature.

1 2 3
Drain

Source
Gate

1 2 3
Drain

Source
Gate

Fig. 3. Location of spots where the self-heating of the component has been
evaluated.

SlopeA SlopeB

Fig. 4. IDS(VDS, VGS) characteristics of AlGaN/GaN HEMTs before (solid line) and after
an ageing test (dotted line). The drain–source voltage varies from 0 up to 20 V and
the gate–source voltage varies from !7 up to 0 V with a step of 1 V.
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Fig. 4 shows that the drop of the drain current is more impor-
tant when VDS is inferior to 15 V after an ON-state stress. For these
reasons, we have decided to study the influence of an electrical
stress on the self-heating of another device when the ageing test
is performed at VDS = 12 V and VGS = 0 V (Fig. 9).

A drop of the drain current from 712 down to 584 mA/mm is
observed after an ageing time of 9 h. In the same time, the self-
heating temperature varies from 102 down to 48 !C.

We can note that a self-heating of 107 !C and a drain current of
480 mA/mm are obtained after a stress no. 1 (VDS = 20 V, VGS = 0 V)
while a self-heating of 48 !C and a drain current of 584 mA/mm are
obtained after the stress no. 2 (VDS = 12 V, VGS = 0 V). This phenom-
enon is explained by a difference of power dissipation which is
0.50 W for the stress no. 1 and 0.35 W for the stress no. 2.

Previously, a self heating of 156, 190 and 156 !C has been found
at the spot 1, 2 and 3, respectively (see Fig. 3). We can think that
the influence of the stress no. 1 is not inevitably the same at the
spot 1, 2 and 3, respectively. For these reasons, we have studied
the evolution of the self-heating at these three spots during an
electrical stress performed at VDS = 20 V and VGS = 0 V.

Fig. 10 displays that the decrease of the self- heating is more
important at the spot 2, i.e. at the middle of the gate than at the
spot 1 and 3, i.e. at the external sides of the gate whether the de-
vice has a gate width of 50 lm or a gate width of 150 lm. The mid-
dle of the gate is hotter than the external sides because the spots 1
and 3 are close to the isolation mesa which has been defined using
reactive ion etching. In these conditions, we can say that the drop
of the self-heating is more pronounced at the spot 2 because the
thermal effect located at the middle is higher than the thermal ef-
fects located at the spot 1 and 3 near the isolation mesa.

This study shows a good correlation between a drop of the drain
current and the self-heating of AlGaN/GaN transistors measured in

operando by a non-contact technique during the electrical stress.
The tendencies observed during the electrical stress are the same
whatever the values of the drain current.

Moreover, we have shown that the increase of Rk and the de-
crease of IDS and of IGS can be explained by the generation of accep-
tor traps and/or electron accumulation into pre-existing deep
levels located in the gate-drain region. In this last case, the electri-
cal stress would permit to activate the pre-existing traps [12].

We have also highlighted that the self-heating and the influence
of the electrical stress are clearly dependent of the position where
the measurement of the temperature is performed.

4. Conclusions

In this paper, we have shown that it is possible to observe the
evolution of the self-heating of the device in operando during the
electrical stress by using Raman spectroscopy. These evolutions
are clearly linked to the drop of the drain current and to the posi-
tion of the temperature measurements and then can be explained
either by hot electrons effects or/and by traps effect. Moreover,
these temperature measurements have been carried out using sta-
tic probes to make the electrical connexion with the metallic con-
tacts of devices without wire bonding.
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Résultats

ing. It was assumed that the power dissipated was constant
along the width of each finger and was localized to a 1 !m
long region just at the edge of the gate contact region.

Figure 1 shows the temperature distribution in the 8
!250 !m AlGaN/GaN HFET device. The peak temperature
occurs in the device center decreasing towards the device
edges. This is apparent from the temperature cross section
through the device center shown in Fig. 1"a#recorded along
a line perpendicular to the gate fingers near the central air-
bridge of the device, with temperature shown in the different
source-drain openings. Also shown is the result of the simu-
lation of the device temperature. Good agreement between
experiment and modeling was achieved, with both showing
clearly the peak in temperature at the device center.

One of the most powerful features of the Raman tech-
nique is the ability to generate a high spatial resolution tem-
perature map. Figure 1"b#shows a map of the optically ac-
cessible regions of the device in the vicinity of the drain feed
structure. The gate is not visible since it is smaller than the
1–2 !m resolution used in this map. Temperature decreases
away from the device as was also seen in Fig. 1"a#.

Figure 2"a#shows temperature in the center of the mul-
tifinger AlGaN/GaN HFETs, i.e., the peak device tempera-
ture, for two different device finger spacings as a function of
power density. Temperature increases with increasing power
dissipation in the devices. Thermal resistance, i.e., tempera-

ture rise per W/mm, was determined from the experimental
data and is given in Table I for the four investigated multi-
finger device layouts, including values for a single-finger 200
!m wide AlGaN/GaN HFET from the same wafer. The co-
efficients given are the linear part of an exponential curve
fitted to the experimental data. For a T"1 dependence of
thermal conductivity as used in the simulation "and assuming
that heat spreading of the metal layers in the device structure
is small#,10 the temperature will increase exponentially with
power input.11 The more densely packed layouts with 25 !m
spacings have severe ‘‘thermal’’ crosstalk giving a much
higher thermal resistance than the 50 !m spacing. Also in-
creasing the device width from 250 to 500 !m for the same
gate finger spacing increases thermal resistance. Smaller

FIG. 1. "a#Temperature line scan recorded along a line perpendicular to the
gate fingers near the central airbridge, "b#temperature map in the vicinity of
the drain feed structure of a multifinger AlGaN/GaN HFET: 8!250 !m
device at VDS#20 V, IDS#0.67 A, and VG#0 V. The dotted line in "a#
shows simulation results. The inset in "a#shows a photograph of the multi-
finger AlGaN/GaN HFET with the area of recording of "a#and "b#indicated
by dotted lines.

FIG. 2. "a#Temperature measured at fixed location in center of multifinger
AlGaN/GaN HFET as function of power density for different device layouts.
Full line represents finite difference heat dissipation results. "b#Thermal
resistance contour plot $in °C/(W/mm)] as a function of finger width and
finger spacing from simulation.

TABLE I. Thermal resistance "temperature rise per W/mm#in center of single- and multifinger AlGaN/GaN
HFET chips: comparison of experiment and simulation results. Thermal resistance values given are the linear
part of an exponential curve fitted to the data. The temperature rise of the package has been subtracted from the
device temperature.

1!200 !ma
4!250 !m

"50 !m spacing#
8!250 !m

"25 !m spacing#
4!500 !m

"50 !m spacing#
8!500 !m

"25 !m spacing#

Kexp $°C/(W/mm)% 6.4 7.4 14.8 12.9 17.5
Ksim $°C/(W/mm)% 5.8 9.4 15.6 11.2 19.3

aFrom Ref. 8.

125Appl. Phys. Lett., Vol. 82, No. 1, 6 January 2003 Kuball et al.
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Chapitre I : Méthodes de caractérisation de l’auto-échauffement des transistors de puissance HEMTs 
AlGaN/GaN 
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Figure I-26 : (a) Thermographie, (b) profil de température et (c) évolution de la température en fonction de la durée du 

pulse électrique au niveau du point le plus chaud du transistor. Résultats obtenus sur un HEMT AlGaN/GaN avec le 
système QFI à Thales TRT. 

 

La thermographie infrarouge est la méthode optique qui est la plus utilisée lors des mesures « de 

routine » en régimes continu et pulsé de par sa maturité technologique et sa rapidité de mise en œuvre. 
Cette méthode permet de cartographier les points chauds et d’analyser une zone précise. De plus, elle est 
sans contact et non invasive. Cependant, les résolutions spatiales dans le plan du transistor sont de 2 µm 

en régime stationnaire et 25 µm en régime pulsé [86]. Dans ces conditions, il semble difficile de 

caractériser les zones situées entre la grille et le drain et les plaques de champ d’environ 1 µm. De plus, 

cette technique nécessite de placer la température de semelle en moyenne à une valeur supérieure à 

50 °C [86], afin d’augmenter l’émittance de la structure et d’améliorer le rapport signal sur bruit. Cette 
élévation de température est parfois susceptible de changer la dissipation thermique du composant en 

fonctionnement, en augmentant la résistance thermique de l’interface GaN/substrat [21].  

Un autre inconvénient majeur de cette technique est que l’information thermique obtenue sur un 
pixel à la surface, peut parfois correspondre à une moyenne de la température des matériaux sous la 

surface. De plus, elle nécessite d’ouvrir le boitier du composant, ce qui peut altérer l’allure de la 
dissipation thermique dans le composant. Enfin, des artefacts de mesures (représentés par des élévations 

localisées de température) peuvent exister et sont dus à des réflexions au niveau des bords [87].  

 Thermoréflectance 

Le principe fondamental de la thermoréflectance est basé sur l’analyse de la réflexion d'une onde 

lumineuse sur un échantillon pour en déduire ses propriétés thermiques. En effet, la réflexion sur une 

surface modifie l'amplitude et la phase de l'onde optique. Ces modifications sont riches en information et 

sont fonction de la température de la surface étudiée. Soumis à une variation de température, la 

réflectivité R d’un matériau est dépendante des coefficients de réfraction et d’extinction, respectivement 
n et k, selon [88, 89] : 

 

 
R =  

(𝑛 − 1)2 + 𝑘2

(𝑛 + 1)2 + 𝑘2 

 
Eq I-25 

Thèse de G. Brocero, Normandie Université, juillet 2018

Thermographie IR et profil de température 
obtenus chez Thales TRT
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Résultats plus originaux
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corresponding to a temperature resolution of ±5 ◦C; measured
temperatures correspond to a 1.3 µm depth average through
the GaN layer. A computer-controlled XYZ stage enabled ther-
mal maps to be measured with a 0.1 µm step size. A Keithley
4200-SCS semiconductor characterization system was used for
the electrical measurements. Temperature calibrations were per-
formed using a thermostat-controlled electric back-plate heater
with a 2 ◦C temperature accuracy. It is noted that electrical char-
acteristics of devices may be affected by the influence of charge
trapping and degradation [11]. Therefore, devices were mon-
itored continuously to account for any long-term degradation,
and sufficient time was left between measurements to avoid any
hysteresis effects. 3-D finite-difference modeling was used for
comparison with the electrical and Raman temperature mea-
surements. Thermal conductivities used in the simulation were
κGaN = 1.6 W · cm− 1 · K− 1 and κSiC = 3.3 W · cm− 1 · K− 1 . The
temperature dependence of thermal conductivity was assumed
to follow the relationship 1/Tm with m = 1.4 and m = 1.5 for
GaN and SiC, respectively [10]. The heat load was 0.5 µm long
and adjacent to the drain-edge of the gate at the AlGaN/GaN
interface [12].

III. RESULTS AND DISCUSSION

Fig. 1 shows temperature profiles measured in the source–
drain opening of the investigated device near its center, ob-
tained using Raman thermography. The device was operated at
a source–drain bias (Vsd) from 10 to 20 V. Device temperature
data are available for areas un-obscured by the metal contacts
indicated in Fig. 1(a). Temperature peaks clearly occur at the
edge of the gate, on the drain side ranging from 80 to 130 ◦C
for the investigated power densities of 7 to 12.75 W/mm, re-
spectively. These temperature peaks correlate with the area of
maximum field strength and power dissipation [13]. Finite dif-
ference simulated device temperatures, depth averaged through
the GaN layer were fitted to the experimental data. Channel tem-
peratures were extracted from the Raman data with the aid of the
thermal simulations. Fig. 1(b) shows the extracted temperature
profiles at the surface of the device corresponding to the channel
temperatures. Peak channel temperatures reach up to ∼ 210 ◦C
at 2.6 W. In general, depth averaged peak temperatures, i.e.,
Raman measured temperatures, can be 5–40% lower than the
peak channel temperatures dependent on specific device struc-
ture and substrate used.

In the following, we shall discuss the two electrical meth-
ods evaluated here for channel temperature measurement, by
McAlister et al. [7] and Kuzmı́k et al. [8]. McAlister assumes
a linear relation between the input power and the change in
saturation current ∆Isat. Fig. 2 shows a typical current–voltage
(I–V) curve measured for a device investigated together with the
transconductance (gm ) as a function of the source–drain voltage
Vsd. The saturated current at room temperature (Io

sat) is found by
extrapolating the saturated current above the knee to Vsd = 0 V
(see Fig. 2). ∆Isat is the difference between the saturated current
at Vsd and Io

sat. The change in saturated current is assumed to be
only due to self-heating and is used to extract device temper-
ature. Fig. 3 shows the relationship between input power and

Fig. 1. (a) Lateral temperature profiles between source and drain contact
of an AlGaN/GaN HFET on a SiC substrate, measured using micro-Raman
thermography. The device was operated at different power levels with Vg =
0 V. Finite-difference thermal simulation temperatures depth averaged through
the GaN layer, fitted to experimental data are also shown. (b) Device surface
temperature profiles extracted from experimental Raman data with the aid of
finite difference thermal simulations.

Fig. 2. Typical I–V trace and transconductance for investigated AlGaN/GaN
HFET operated at Vg = 0 V. Io

sat and ∆Isat are determined by extrapolating
the linear portion of the I–V trace back to Vsd = 0 V.

R. Simms et al
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Informations obtenues par la spectroscopie Raman visible et UV :
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at the GaN/SiC interface was necessary in our thermal
analysis.31 Use of a realistic high defect density GaN layer
!layer 2" eliminates the need for thermal boundary resistance
at the GaN/SiC interface in our thermal simulations.

Figure 6 shows the temperature rise in the AlGaN/GaN
HFET structure for VDS =6 V and Vg=0 V. The power dissi-
pation spike seen on the drain side of the gate produces high
local heating in this region !#0.5 !m from the gate edge".
The simulated temperature rise !"T" is obtained along the
dashed curves in Fig. 6!b", approximating the position where
the micro-Raman probe is positioned. A rapid decrease in
temperature from 75 to 50 °C is observed in the initial
1.0 !m of the device. This rapid fall in temperature is ex-
pected due to the high thermal conductivity of SiC !approxi-
mately two times higher than the GaN thermal conductivity".
To approximate the Raman probe measurements volume av-
erages of the temperature were taken in the top 60 nm,
throughout the entire 1.0 !m GaN layer, and in the topmost
10 !m of the SiC substrate.

V. COMPARING SIMULATION AND MEASURED
RESULTS

Figure 7 shows the experimental results of temperature
rise in the GaN based HFET operating under different drive
conditions and zero gate voltage. We observe that the tem-
perature rise measured by UV micro-Raman is consistently
twice that measured using visible excitation. We also observe
that the temperature rise of the substrate is very small com-
pared to the GaN temperature. These observations are quali-
tatively consistent with the self-heating taking place in the
2DEG.

The curves in Fig. 7 are the results of the coupled elec-
trical and thermal simulations for different VDS and zero gate
voltage. The simulations for +1 and −1 V gate voltages were
also performed13 to investigate the effect of gate voltage on

the self-heating of the device. Simulations agree well with
the measured dependences in each case examined.

Distinct heating regions partitioned by the vertical dotted
lines correspond to the regions denoted on the I-V character-
istics in Fig. 1. The low power range of region I corresponds
to the Ohmic regime of the device. Approaching the dotted
line, the 2DEG becomes depleted at the drain !see Fig. 5".
The high field in this power spike volume results in satura-
tion of the electron velocity. For temperature dependent ther-
mal conductivity, ##1/T, a quadratic dependence is ex-
pected in "T versus power across the Ohmic region. Region
II is above saturation, and beyond this point, additional
power supplied to the device is dissipated within the power
spike of Fig. 6!a" creating the hot spot illustrated in Fig. 6!c".
In this region we observe slower temperature rise. There are
two reasons for this observed slower temperature rise. First,
increase in power input causes a shift in the power spike
position towards the source side, i.e., under the gate. Second,
the 1/T dependence of thermal conductivity of GaN results
in increase in the high power dissipation in the hot spot
resulting in higher temperature particularly in the hot spot.
This scenario results in larger gradient in the temperature of
the hot spot. Collectively these two factors explain the
slower temperature rise observed by the fixed micro-Raman
probe which samples a diminishing portion of the hot spot as
input power increases.

In order to directly examine the importance of the hot
spot in the measured temperature dependence of the device
and to test the simulation for lateral heat dissipation proper-
ties, we carried out measurements on the drain and source
sides of the device.32 The drain-source voltage is varied with
the gate bias held at ground. The results from visible micro-
Raman measurements are shown in Fig. 8. The curves are
results of the coupled electrical and thermal simulations, as
described in Sec. IV, with temperature averages taken on the
respective sides of the gate electrode. The drain side tem-
perature rise is consistently about twice that of the source

FIG. 7. Measured and simulated rises in temperature with input power taken
at the gate edge on the drain side of the gate. The three data sets correspond
to UV near 2DEG !filled circles", visible GaN average !filled triangles", and
substrate !open circles".

FIG. 8. Measured and simulated rises in temperature on the drain !filled
circles" and source !open circles" sides of the gate.
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pulse-length laser source and enables time-efficient measurement of the evolution of device temperature, 

e.g., when a large ensemble of devices needs to be screened. 

 To compare to the experiments three dimensional (3D) finite difference thermal simulations [6] were 

performed. A continuous cycle pulsed device operation as in the experiment was assumed. A temperature 

dependent thermal conductivity and specific heat was considered, and a thermal boundary resistance at 

the GaN/substrate interface was included in the model. More details about the simulation parameters as 

well as further details on the experimental setup can be found in [7]. 

3! Results and discussion 

Figure 2(a) shows the time evolution of peak temperature for an AlGaN/GaN HFET grown on a SiC 

substrate, measured at the drain side of the gate contact, adjacent to the gate. Peak electric field in the 

device is located here [3], i.e., it is the location of heat generation and peak temperature. The presence of 

a temperature maximum at this device location is illustrated in the inset of Fig. 2(a) for a similar device 

at t = 1.5 µs after switching the device on. Additional 3D temperature information can be obtained using 

confocal microscopy [7]. The devices were operated with 2 µs long electrical pulses and 2 µs off time 

between the electrical pulses. A very fast temperature rise is clearly apparent within sub-200 ns of the 

device being switched on, increasing from about room temperature to 60–70 °C, followed by a slower 

temperature rise. At the end of the electrical pulse, i.e., at t = 2 µs, a temperature of about 100 °C is 

reached. While there is still a small temperature rise towards the end of the electrical pulse, the device  

appears  to  almost  reach thermal  equilibrium for the electrical pulse length used here. To determine a  
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Fig. 2! (a) Time-evolution of device peak temperature at drain edge of gate contact of a 125 µm wide 

AlGaN/GaN HFET on SiC with a 4 µm source–drain opening and 0.25 µm long gate, operated with 2 µs 

long 31 V (96 mA) square drain pulses (V
G
 = 0 V) at 50% duty cycle, together with simulation results and 

an exponential fit to the experimental data near the end of the electrical pulse; the inset shows a tempera-

ture profile within the gate–drain opening of a similar device at t = 1.5 µs after switching the device on 

(2 µs long 30 V, 58 mA drain bias pulses, 7.5 µm source–drain gap, 2 µm long gate, 100 µm wide de-

vice). (b) Time evolution of peak temperature for a 100 µm wide AlGaN/GaN HFET on sapphire with a 

source–drain opening of 7.5 and 2 µm long gate operated with 2 µs long 21 V square drain pulses 

(V
G
 = 0 V), with simulation results (0.24 W) shown for comparison. The inset shows results on a 5 µm 

wide ungated device on sapphire operated with 500 µs long 15 V (100 mA) square bias pulses, 50% duty 

cycle, including an exponential fit to the temperature rise near the end of the electrical pulse. 

M. Kuball et al 
Phys Stat Sol (a) 6 (2007) 2014
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Fig. 1. Temperature rise as a function of time at the center of a 150-µm-
wide ungated AlGaN/GaN device with a 5-µm contact separation, grown on
a SiC and sapphire substrate.The device was operated with electrical pulses
of 3.5 W with a duration of 200 ns. Duty cycles were 50% and 9% for the
devices on SiC and sapphire, respectively, in order to achieve the same device
temperature (∼65 ◦C)prior to commencing the electrical pulse. The inset
shows the corresponding thermal simulation results for the AlGaN/GaN devices
on (solid line) SiC and on (dotted line) sapphire.

temperature of the device on sapphire continues to rise at nearly
the same rate as it did within the first 70 ns, whereas for the
device on SiC, the temperature rise slows down significantly.
At the end of the 200-ns-long electrical pulse, the tempera-
ture of the device on SiC has increased by 30 ◦C and has
reached ∼ 25% of the measured dc temperature for this device
(∼ 115 ◦C)when operated with the same electrical power input.
For the device on sapphire, the dc temperature estimated from
thermal simulations would exceed 1500 ◦C. The measured
temperature rise of 60 ◦C within the initial 200 ns is therefore
negligible with respect to the dc temperature, in contrast to that
of the device on SiC.

To investigate vertical heat transport from the AlGaN/GaN
device into the substrate, the temperatures of the device and
the SiC substrate are compared in Fig. 2. The initial SiC
temperature rise appears to be delayed with respect to the
device temperature after the device is switched on. The time at
which the maximum substrate temperature is reached is clearly
delayed by ∼ 30 ns after switching off the device.

To illustrate lateral heat transport within devices, AlGaN/
GaN HEMTs with their very local heat-generating region were
considered. The temperatures measured in the gate–drain and
the source–gate openings of an AlGaN/GaN HEMT on SiC
at distances of ∼ 0.8 and ∼ 2 µm, respectively, away from the
drain edge of the gate are shown in Fig. 3. The drain edge of
the gate is the location of heat generation in a HEMT, which
is typically 0.5 µm wide [11], in contrast to ungated devices
where heat is generated within the whole region between the
contacts. A time delay of ∼ 15 ns was observed between the
temperatures measured in the source–gate and in the gate–drain
device openings, after switching off the device, due to the
different distances relative to the heat-generating region in the
HEMT. The temperature rise after switching on the device is
also delayed.

Fig. 2. Temperature rise as a function of time in the center of a 150-µm-
wide ungated AlGaN/GaN device with 2-µm contact separation and of the SiC
substrate in this device near the GaN/SiC interface. The reference temperature
is 55 ◦C. The device was operated with 3.5-W electrical pulses and a duty
cycle of 50%. The inset shows the temperature traces, normalized, together
with thermal simulation data.

Fig. 3. Normalized temperatures of a 200-µm-wide AlGaN/GaN HEMT as
a function of time measured in the source–gate and gate–drain openings at
distances of ∼0.8 and ∼2 µm, respectively, from the drain edge of the gate,
as shown in the inset. The source–drain opening of the device is 5 µm, the gate
length is 1 µm, and the source–gate opening is 2 µm. Electrical pulses of 6 W,
VG = 0 V, and duty cycle of 50% were applied. The peak temperatures are
180 ◦C and 110 ◦C for the drain and source sides of the HEMT, respectively.
Thermal simulation data are overlaid.

Two distinct regimes are clearly apparent for the temperature
rise shown in Fig. 1. During the initial time regime, within
the first ∼ 70 ns of device operation, temperatures are more
or less identical for devices on SiC and sapphire substrates.
This temperature rise is therefore independent of substrate type,
and the thermal dynamics is dominated by local heating of
the device layers, with little heat transfer into the substrate.
This regime can be denoted as quasi-adiabatic heating of the
device, during which time the GaN thermal parameters, i.e.,
its thermal conductivity and thermal capacity, and not those of
the substrate, determine the device temperature and its thermal

G.J. Riedel et al 
IEEE Electron Device Lett 29 (2008) 416

Thèse O. Lancry Lille (2009)

Visible UV

K. Bagnall et al 
IEEE Trans Electron Devices 64 (2017) 2121

Pulse électrique de 12,5  !s
Pulse optique de 30 ns

Possibilité de mesurer 
l’autoéchauffement en régime 

impulsionnel
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Résultats

Tout ceci est bien joli MAIS la technologie des
composants évolue :
• Les distances source-drain ont été réduites
• Les fabricants utilisent des ponts à air mais aussi des 

field plate pour étaler le champ électrique 

Possible mais difficile de pointer la zone GaN
Difficile d’utiliser le système autofocus car zone très petite
Passer par la face arrière n’est pas réaliste (conditions
non opérationnelles)

Objectif x 100
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Dépôt de particules
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Résultats
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Avantages de cette nouvelle méthode :

Résultats

! Les particules se comportent comme des
micro-thermomètres.

! Les mesures ne sont pas influencées par
l’évolution de la contrainte du GaN avec la
température.

! Les mesures de température sont possibles
sur les transistors avec field plate sur le GaN et
sur les métallisations et ce, quel que soit leur
état de surface (rugosité).
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Résultats

Avantages d’utiliser la spectroscopie Raman !

Inconvénients d’utiliser la spectroscopie Raman  "

Ce n’est pas une manip presse bouton !
Prix de l’équipement
Equipement pour le transient à développer (n’existe pas en catalogue !)

Mesure de température possible à quelques degrés près en chaque
point de la surface (résolution inférieure au µm2) quel que soit le
matériau + en profondeur pouvant aller jusqu’au substrat !
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Conclusion

Présentation de la spectroscopie Raman appliquée à la
mesure de température de HEMTs GaN

Comme pour beaucoup de techniques le point clé est la
calibration

Présentation de premiers résultats originaux avec l’emploi
de particules : cumul des avantages de la SR et de la
thermoréflectance
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Merci de votre attention !


