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La miniaturisation des systèmes augmente. 
 
La puissance des systèmes augmente. 
 
Donc la densité de puissance augmente et la température 
interne devient un facteur clé. 
 
Celle-ci a tendance à diminuer les performances et accélérer 
le vieillissement. 
 
Il faut donc la contrôler et l’estimer précisément. 
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Pour estimer la température interne il semble 
difficile d’utiliser un pyromètre optique. 

Ou des cristaux liquides ! Encore que : 

Mesures au pincement pour 
évaluer le champ électrique 
i n t e r n e ( J . M ö r e k e e t a l d a n s 
Microelectronics Reliability 54 (2014) 921) 
 

  
  
!

  
!
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Mesures électriques : connaissant l ’évolution des 
caractéristiques électriques des composants en fonction de la 
température on peut donc remonter à la température.  

Diminution de la tension 
de seuil d’une diode en 
fonction croissante de la 
température. 

Mais la mesure de température est forcément moyennée. 
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Ce sont les méthodes optiques qui sont le plus utilisées car 
elles permettent une meilleure résolution spatiale : 
 
•  La plus courante est la thermographie infrarouge. 
 
•  Il y a aussi la mesure de thermo réflectivité. 
 
•  Et les possibilités de la spectroscopie Raman. 
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La thermographie infrarouge est utilisée depuis plus de 50 
ans mais le développement pour des applications en 
microélectronique date d’une vingtaine d’années.  
 
C’est une technique très utilisée qui permet une approche 
globale mais qui se trouve limitée spatialement à quelques 
micromètres (5-15 µm). L’information déduite est donc 
forcément une moyenne issue de la surface étudiée et ne 
reflète pas les disparités très localisées. 
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La zone analysée dépend du choix des objectifs mais aussi 
de la longueur d’onde optique utilisée. Si l’on veut étudier 
une surface inférieure au micromètre, afin d’être en 
adéquation avec les composants actuels, alors il est 
nécessaire de diminuer la longueur d’onde et de changer 
de domaine spectral.  

Il faut donc travailler en visible. 
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L’utilisation de la thermo réflectivité appliquée aux 
semiconducteurs date de la fin des années 60 et avait pour 
but l’étude des structures de bandes de ces matériaux. Ce 
n’est que très récemment que cette technique a été utilisée 
pour des mesures d’échauffement localisé de composants 
électroniques.  
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L’échantillon est éclairé avec 
une lumière visible (LED), ce 
qui permet d’étudier une petite 
s u r f a c e ( i n f é r i e u r e a u 
micromètre avec un objectif 
de fort grossissement), et on 
mesure la variation de la 
r é f l e c t i v i t é  d u e à u n 
changement de température. 
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La variation de la Réflectivité d’un matériau est liée à un 
changement de Température par : 
 
ΔR / R = κ ΔT 
 
Où κ est le coefficient de thermo réflectivité de l’ordre de 10-2 
à 10-5 K-1 et qui dépend : 
 
•  Du matériau étudié 
•  De la longueur d’onde de la lumière éclairante 
•  De l’angle d’incidence (généralement normal) donc de la 

rugosité donc du process 
•  De couches de passivation 
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Cette technique peut être très efficace pour des matériaux 
de haute réflectivité c’est à dire des métaux. Ainsi il est 
possible de déterminer la température en surface des 
contacts ou des pistes métalliques.  
 
Il semble plus délicat de déterminer l’échauffement de 
semiconducteurs car ceux-ci possèdent des coefficients de 
thermo réflectivité bien plus faibles que les métaux. 
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results, it is very important to select the appropriate illumination wavelength for the 

materials being analyzed. 

Microsanj provides illumination (LED) wavelengths with their imaging systems that work 

well with materials typically encountered with microelectronic devices. Other LED 

wavelengths are also available from Microsanj. In the following table some materials 

that are likely to be encountered are listed along with an LED source that will result in a 

Thermoreflectance Coefficient close to its maximum value. Note that two alternatives 

are shown for Gold, one for the positive peak and one for the negative peak. Two 

sources are also indicated for Nickel and Titanium since the peak values for both of 

these materials are quite broad.

Microsanj can provide Thermoreflectance Coefficients for basic materials used in ICs for 

varied illumination wavelengths. For other material systems, one can easily extract the 

Thermoreflectance Coefficient if there is an embedded temperature sensor on the chip 

near the region of interest. The calibration procedure entails heating the entire chip 

uniformly using an external thermal stage. The thermoreflectance change across the full 

sample is recorded by the CCD while the temperature is measured simultaneously with

the thermocouple. The calibration image and thermocouple measurements are 

correlated to produce values for κ for each region-of-interest on the chip.

In the absence of a temperature sensor, the Thermoreflectance Coefficient can be 

determined by Microsanj if provided with a sample of the chip with small thermal mass 

(e.g. 1x1 mm
2

up to 1x1 cm
2

die).

www.microsanj.com 

U n e  m e s u r e  d e 
t e m p é r a t u r e p r é c i s e 
nécessite donc l’adaptation 
de la longueur d’onde de la 
l u m i è r e i n c i d e n t e a u 
matériau sondé. 



Laboratoire Universitaire des Sciences Appliquées de Cherbourg 

EA 4253 
A U S 

L 
C 

•  Spectroscopie Raman 

13 Microwave & RF 2015 

En 1928, C. Raman découvre l’effet « Raman » qui lui a valu le 
prix Nobel de physique en 1930. La diffusion de la lumière par un 
matériau se fait selon 3 processus :  

 

Figure 30 : Exemple de spectre obtenu par spectroscopie Raman [35]. 

•  La diffusion Rayleigh sans 
changement de longueur d’onde 

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

•  La diffusion anti-Stokes encore 
moins intense 
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Figure 25: Spectre Raman obtenu pour du GaN. Spectre Raman de GaN 
obtenu avec un laser 
visible Spectromètre 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 du 
matériau étudié 

→ L’amplitude des pics dépend du 
matér iau mais aussi de la durée 
d’enregistrement 
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→ La position du pic Raman diminue avec la 
température  

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

→ L’amplitude du pic Raman diminue avec la 
température  

Grande influence de la température 
30, 100 et 160 °C 
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Il existe essentiellement deux méthodes pour déterminer la 
température : 
 
1.  Utiliser le rapport d’intensité des raies Stokes et anti-Stokes 

2.  Utiliser le déplacement d’une raie (Stokes car plus intense) 
en fonction de la température 
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ANHARMONIC EFFECTS IN LIGHT SCATTERING DUE TO. . .

where H denotes the principal value. In Eqs. (2.14) and
(2.15) we have written

cog =co~ . , l = 1,2, 3 (2.16a)

n;=n
q ;,g; / =1,2, 3 (2.16b)

where P=-I/ksT. The various contributions to the fre-
quency shift and damping constant are shown diagram-
matically in Fig. 1. In addition, there are other diagrams
not shown in Fig. 1 which can give nonzero contributions
due to the fact that the atoms in silicon do not lie at
centers of inversion symmetry.
A specific remark should be made about the tempera-

ture behavior of 5 and I . At high temperatures, i.e., tern-
peratures larger than the Debye temperature, the cubic
anharmonic terms in 6 and I" given by Eqs. (2.14a) and
(2.15a), respectively, vary linearly with T. The quartic
anharmonic term in 5 corresponding to Eq. (2.14b) also
varies linearly with T, but the quadratic terms correspond-
ing to Eqs. (2.14c) and (2.14d) vary quadratically with T.
The quartic anharmonic term in I corresponding to Eq.
(2.15b) also varies quadratically with T. Additional T
contributions to both 6 and I arise from terms corre-
sponding to the diagrams in Fig. 2.
The light scattering process can be viewed as involving

the absorption of a photon Acoq, the emission of a photon
%cod, and the creation of an optical phonon Oj which then
decays via anharmonicity into two phonons, three pho-
nons, etc. The production of two and three phonons is

C UBIC

FIG. 2. Diagrams representing higher-order contributions to
the proper self-energy of the Raman-active LO mode in silicon.

shown diagrammatically in Figs. 3(a} and 3(c). At
nonzero temperatures, processes can also occur in which
the decay of the optical phonon Oj is accompanied by the
absorption of another phonon, and the emission of one or
more phonons, as shown in Figs. 3(b) and 3(d) for the
cases of one and two emitted phonons, respectively.

III. EXPERIMENTAL RESULTS

(c) QUARTIC

CUBIC

Light scattering measurements have been performed
with a CODERG PHO spectrometer and an excitation
laser on single crystal nondoped silicon with a resistivity
of 100 0cm and oriented with a (111) face perpendicular
to the incident beam. In view of the large temperature
range explored the temperature was regulated in a liquid-
He cryostat for low temperatures, an electrically heated
furnace for the intermediate temperatures, and by laser
heating at high temperatures.
The sample temperature was measured by a platinum

resistor for low temperatures, by a thermocouple in the in-
termediate range, and by an optical pyrometer at high
temperatures. Verification of the measured temperature
was made by two additional methods. The first used the
integrated ratio of the Stokes to anti-Stokes Raman peaks.
The intensity of the Stokes and anti-Stokes peaks being
proportional, respectively, to np+1 and np, the intensity
ratio is

Ig fuup
(3.1)

QUARTI C

FIG. 1. Diagrams representing contributions to the frequency
shift 6 and damping constant I for the Raman-active LO mode
ln silicon.

where up is the Raman frequency. (We omit the subscript
j from here on. )
The second method was based on the black-body radia-

tion of the sample. If we admit that the sample is a black
body we can apply Planck's law for the power emitted per

M. SAI.KANSKI, R. F.%AI I.IS, AND E. HARO
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q) JI
FIG. 3. Diagrams representing three- and four-phonon

anhaITl1onic processes contribut1ng to the decay of the Raman-
active LO mode in silicon.

and with a (co)=1 get the sample temperature.
The shape and the position of the peak due to scattering

b the Raman-active I.O mode in silicon vary for differentC

temperatures. In Fig. 4 we show for comparison two spec-
tra taken at 295 and 1140 K. From these spectra we can
deduce the values of I snd Q for these two temperatures:
for T=295 K, f'(O, LO)=4 cm ', and Q(O, LO)=520
cm ' and for T=1140 K, PO, LO)=14 cm ' and

Ti1140K Ti295K

480 500

FIG. 4. First-order Raman spectra for silicon at 295 and
1140 K. The line position of the zone-center LO mode shifts
from 520 cm ' at 295 K to 498 cm ' at 1140 K and the
linewidth from 4 cm ' at 295 K to 14 cm ' at 1140K.

I I t I

200 400 800 800 )000 1200 ~400

FIG. 5. Anti-Stokes to Stokes intensity ratio vs temperature,
considering the correction as discussed in the text. The closed
circles represent points for which temperature was measured by
a Pt resistor, a thermocouple and for temperatures above 600' C
by an optical pyrometer. The open circles are points obtained by
heating the sample with the laser and the oven; their tempera-
ture is not precisely determined. The theoretical curve
exp( —fuuo/kq T) is represented by a solid line.

Q(0 LO)=498 cm ' The Stokes to anti-Stokes ratio of
the intensity of these peaks gives the temperature by using
the sohd line representation given in Fi. 5. In this figure
the black circles represent the Pt resistor, thermocouple,
an pyI'od romctric mcasulcmcnts of thc temperature. n or-

ihder to reach the melting point, we heated the sample wit
the oven and the laser, by increasing the power beam.
This is represented by the circles. %C should note that for
these points we were unable to measure the temperature
accurately. The calibration of the solid line applies after
the measured Raman intensities have been corrected for
the actual absorption coefficient and the frequency depen-
dence of the Raman efficiency. In applying these correc-
tions the expression for the intensity ratio becomes

3ls &I+&As ~s S(aII s) ~o
CXP

IAS ttI +its IOAs S(~I ~~As) 8

where a~,eAs, o,'@ are the absorption constants at thc fre-
quencies mI, ruAs, cos (incident beam, anti-Stokes, an
Stokes) and S(t0I,aIs) and S(coI,coAs) are the Raman cross
sections at the involved frequencies. Practically all the
points obtained by pyrometric measurements are above the
curve given by the Raman intensity ratio. This indicates
that the temperature determined by this method is sys-
tematically higher than that obtained by other measure-
ments. A better knowledge of the correction factors is
therefore necessary in order for this method to be used for
temperature measurements.
The damping constant and the frequency shift have

been investigated systematically as a function of tempera-
ture. Figure 6 gives the temperature variation of the
damping constant I (T) between 5 and 1400 K. The
dashed curve represents I ( T) calculated from thc relation

ou 
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Fig. 1. Schematic representation of the HEMT design. The devices used in the thermal experiment were: a) two finger gate
with a width (L) of 250 µm or 150 µm on silicon and sapphire substrate; b) multi finger gate with a width (L) of 16 fingers ×
250 µm or 150 µm on silicon substrate. The dots indicate the thermal measurement location using Raman (profile A: parallel
to the gate; profile B: transverse to the gate).

a 50 mm wafer showed a sheet carrier density between
8.0 × 1012 cm−2 and 9.8 × 1012 cm−2 and a mobility
ranging from 1200 to 820 cm2.V−1.s−1 at room tem-
perature for the 2D electron gas that was located at
the AlGaN/GaN heterojunction layers [5]. The second
Al0.11Ga0.89N/GaN HEMT layer was grown on a sapphire
substrate by low-pressure metal organic chemical vapour
deposition (MOCVD) [6]. The structure was: 5 nm AlGaN
(nid)/20 nm Al0.11Ga0.89N/3 µm GaN (nid)/360 µm
Al2O3. A Hall effect measurement in the centre of a 50 mm
wafer showed a sheet carrier density of 1.07 × 1013 cm−2

and a mobility of 870 cm2.V−1.s−1 at room temperature.

Device: Ti/Al layers were evaporated and annealed
to obtain good ohmic contacts (Rc = 0.5 Ω.mm as de-
termined by TLM). Pt/Au gates with 0.5 µm footprints
were defined by electron beam lithography and the devices
were passivated with Si3N4 deposited by plasma enhanced
chemical vapour deposition. The transistors used for the
thermal assessment were two-fingers devices with a gate
length of 250 µm and 150 µm, with source-drain contact
spacing of 3 µm on silicon and sapphire substrate and
multi-fingers of 16 fingers of 150 µm and 250 µm on sil-
icon substrate. The finger pitch was kept at 35 µm. The
diced devices were then brazed on a gold plated 200 µm
thick copper plate before characterisation. Figure 1 shows
schematics of the components produced and characterised
here.

Thermal characterisation: During the Raman pro-
cess the incident photon creates or annihilates an optical
phonon near the Γ point of the first Brillouin zone and
thus decreases or increases its energy by the phonon en-
ergy, respectively for Stokes and anti-Stokes scattering.

The temperature can be deduced by three methods.
The first uses the ratio of the integrated intensity of
Stokes (IS) to anti-Stokes (IAS) Raman peaks [7], the sec-
ond looks at the shift of the Raman frequency with tem-
perature [8], and the third is based on linewidth analysis.

For both type of transistor structures grown either on
silicon or sapphire the main peak observed in the un-
etched surface spectrum at 568 cm−1 is assigned to the
long-wavelength E2 [longitudinal optical (LO)] symme-
try GaN phonons. The transistors grown on the silicon
substrate present another peak observed at 521 cm−1,
phonon attached to the silicon, while no supplementary
signal from sapphire was observed for the other devices
in the spectrum device. Figure 2 presents the two peaks
that have been used to the temperature measurement in
this experiment. The temperature was determined from
the known temperature dependence of the intensity ratio
between Stokes and anti-Stokes signal [7].

The ratio between the intensity of the Stokes Raman
signal and the intensity of the anti-Stokes Raman signal
depends on the temperature of the sample.

The temperature is given by the following equation
IS

IAS
= Ce

!ωj
kT where IS and IAS are the Stokes and anti-

Stokes intensity, C is a calibration factor and ωj the
phonon peak frequency.

Figure 3 shows the experimental set-up consisting of an
Argon-ion laser (514.5 nm) as an excitation source, an ob-
jective lens (×50), an L-N2-cooled charge-coupled device
(CCD) as a detector and a motor-driven X-Y -Z sample
stage. The diameter and power of the laser spot at the de-
vice surface were fixed at 1 µm and 100 mW, respectively.
The experiment was completed with a water-cooling sys-
tem to dissipate the heat energy from the component

R.Aubry et al dans Eur. 
Phys. J. Appl. Phys. 30 
(2005) 77-82 

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

1. Utilisation du rapport d’intensité des raies Stokes et anti-Stokes 
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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 dans Eur. Phys. J. 
Appl. Phys. 30 (2005) 77-82 

Illustration : GaN/Si AS et S à la même température 

Quand la température 
augmente l’amplitude des 
raies diminue et il faut 
a u g m e n t e r l e t e m p s 
d’acquisition en AS. 
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2. Utiliser le déplacement d’une raie en fonction de la température 

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

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!.

3126 Appl. Phys. Lett., Vol. 74, No. 21, 24 May 1999 Liu et al.
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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.
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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
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Energy conservation can be satisfied in the simple Kle-
mens fashion by setting ~&——co2——co3——coo/3. Consequent-
ly, Ill n2 ——If3. 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)
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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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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
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and 8. The best values of A and 8 are found to be 1.295
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curve fits the data well at temperatures up to 600 K, it is
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strates the necessity of including terms corresponding to
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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
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Si 

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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2. Utiliser le déplacement d’une raie en fonction de la température 

Cellule en température (LINKAM TS 1500) : 

 
Figure 27 : Evolution de la fréquence des phonons E2 (high) en fonction de la température 

(trait vert) ainsi que le fittage de cette courbe (trait noir). 
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Illustrations 

1 2 3
Drain

Source
Grille

	  
Figure 28 : Localisation des spots où l’auto-échauffement du transistor a été mesuré.  
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Figure 29 : Déplacement Raman mesuré au point 2 pour un composant non polarisé 

(traits pleins) et pour un composant polarisé à VDS=20 V et à VGS=0 V (traits pointillés). 
Etude au point 2 
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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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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.

Quantifier la température 
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Three-Dimensional Thermal Analysis of A Flip-Chip
Mounted AlGaN/GaN HFET Using Confocal

Micro-Raman Spectroscopy

Hangfeng Ji, Martin Kuball, Andrei Sarua, Jo Das,
Wouter Ruythooren, Marianne Germain, and Gustaaf Borghs

Abstract—The authors demonstrate the potential of confocal micro-
Raman spectroscopy to enable three-dimensional (3-D) thermal analysis of
solid state devices. This is illustrated on a flip-chip mounted AlGaN/GaN
heterostructure field-effect transistor. To better understand its heat dissi-
pation and for device optimization, it is desirable to know temperature dis-
tribution not only in the active device area, but also in the bulk substrate.
This cannot be achieved using traditional thermal imaging techniques. 3-D
thermal imaging was demonstrated by probing the temperature dependent
Raman shift of phonons at different depths within the bulk substrate
using confocal micro-Raman spectroscopy. The heatsinking through the
metal bumps connecting the active device area to the flip-chip carrier
is illustrated. Experimental temperature results are in reasonably good
agreement with 3-D finite difference simulations.

Index Terms—Field-effect transistor (FET), gallium compounds,
modeling, Raman spectroscopy, temperature measurement, three-
dimensional (3-D).

I. INTRODUCTION

AlGaN/GaN heterostructure field-effect transistors (HFETs) are
being studied and developed as next generation devices for high-
power and high-frequency applications such as radar and high-data-
rate wireless communication systems, as they show improved power
performance over traditional GaAs-based HFETs [1]. Thermal man-
agement of these devices is of increasing importance for their long-
term reliability especially when high-power outputs are required.
Knowledge of the temperature distribution in the device is crucial
to optimize thermal management to reduce risks of device failure
caused by high device peak temperature. For channel temperature
determination, various temperature measurement methods have been
used. Electrical characterization methods [2] are easy to implement,
however, cannot provide spatial temperature distribution informa-
tion. Although liquid crystal thermography [3] has sufficient spa-
tial resolution, device thermal impedance can be affected, which
makes the result difficult to interpret. Infrared thermography [4],
[5], which is commonly used for thermal imaging, is also unsuit-
able for thermal analysis of these devices as it has only 5–10 µm
lateral resolution, not adequate to probe the micrometer-size source
drain openings in these devices. Furthermore, none of the methods
above can provide three-dimensional (3-D) temperature information.
Using micro-Raman spectroscopy 0.7–1 µm lateral spatial resolution
has been demonstrated to measure temperature distribution within the
small device source drain openings of AlGaN/GaN HFETs with a
temperature accuracy of better than 10 ◦C [6]. This technique provides
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Fig. 1. (a) Cross section of investigated flip-chip mounted AlGaN/GaN HFET.
(b) Layout of tin bumps with respect to the device. Location of linescan
temperature measurements is indicated as dashed line in the inset. Four selected
positions where temperature depth profilings were taken are marked as A, B, C,
and D, respectively.

a unique way to evaluate thermal management of power semiconductor
devices on the submicrometer scale. To optimize thermal management
and thermal simulations of these devices, besides temperature distrib-
ution in the active device area, detailed information of heat dissipation
within the substrate is also beneficial to assess. In this letter, we illus-
trated that not only two dimensional, but also 3-D temperature mea-
surement can be achieved using the micro-Raman thermal technique.
This is demonstrated on a flip-chip mounted AlGaN/GaN HFET.

II. EXPERIMENTAL AND SIMULATION DETAILS

AlGaN/GaN structures with a 22-nm-thick Al0.3Ga0.7N layer on
top of a 2.6 µm thick GaN buffer layer deposited on a 330 µm thick
double-side polished sapphire substrate by metal-organic vapor phase
epitaxy were studied. Typical Ti/Al/Mo/Au ohmic contacts were
deposited and annealed at 800 ◦C in N2 ambient. This was followed
by the deposition of a Ni/Au gate, a TiW/Au/TiW metal contact,
and a 200-nm plasma-enhanced chemical vapor deposition (PECVD)
Si3N4 passivation layer. More details on the device fabrication can be
found in [7] and [8]. The processed device has six gate fingers with a
width of 100 µm each, i.e., a total gate width of 600 µm. The distance
between two neighboring gate fingers is 100 µm. In each gate finger,
the source draining opening is 5 µm and the gate length is 1.5 µm.

0018-9383/$20.00 © 2006 IEEE
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Fig. 2. Temperature profiles of the AlGaN/GaN HFET at 4 W at different
depths in the device center across the central gate finger at the location indicated
in the inset of Fig. 1(b). Depth z is the distance from the sapphire top surface
to the laser focal point as illustrated in the inset.

The device was then flip-chip mounted on a high thermal conductivity
AlN carrier using several 20 µm thick tin bumps [Fig. 1(a) and (b)].
Flip-chip mounting can significantly improve the thermal character-
istics of a device [9]. The tin bumps, deposited by electroplating,
thermally and electrically connect the source and drain contacts of
the device to the metal tracks located on top of the AlN carrier. No
interconnecting airbridge was used as every source and drain contact
is directly connected to the metal tracks on the AlN carrier.

Temperature measurements were performed using a Renishaw InVia
Raman microscope equipped with a motorized XYZ positioning stage.
The 488-nm line of an Argon ion laser was employed as excitation
source. Its photon energy is below the GaN bandgap to prevent light
absorption, i.e., to avoid a generation of electron-hole pairs in the
device interfering with the device operation. Raman shifts of the E2

phonon of GaN and of the A1g phonon of sapphire were probed in the
ON state of the device with respect to its OFF state. Their temperature
dependences were used to determine temperature at the laser focus
spot. More details on Raman thermometry can be found in [6]. As
the sapphire substrate was double-side polished, its temperature can
be measured anywhere inside its volume by focusing the laser beam
at a desired location using a 50X objective with numerical aperture
(NA) of 0.5. The Raman system was used in confocal mode. The AlN
carrier was thermally attached to a copper heat sink, which was kept at
25 ◦C using a Peltier cooled stage. All measurements were carried out
with the device powered at 4 W under dc bias (gate was grounded, i.e.,
Vg = 0 V) reaching its thermal equilibrium.

Three-dimensional finite difference thermal simulation software
TAS was used to model the heat dissipation in the device to compare
with the experimental results. The thermal conductivities of GaN,
sapphire, AlN, metal contact, and tin used in the model at 300 K
are 160, 35, 180, 58, and 64 W/mK, respectively. We assumed a
temperature dependence of 1/T 1.4 for the thermal conductivities of
GaN and AlN and a dependence of 1/T for that of sapphire [10]. The
temperature dependences of thermal conductivities of metal contact
and tin were neglected [10]. More details on thermal simulations can
be found in [9] and [11].

III. RESULTS

Fig. 2 shows temperature profiles across one of the two central gate
fingers at different depths in the device with the location of the linescan

Fig. 3. (a) Experimental and (b) simulation results of temperature as function
of depth z in the AlGaN/GaN HFET at 4 W at four selected locations indicated
in Fig. 1(b). Inset of (a) illustrates the different heat dissipation paths at
position A (active device area without tin bump underneath) and position B
(inactive device area with tin bump underneath). Inset of (b) is a comparison
of the experimental result with simulation results with and without depth
averaging similar to that in the experiment at position A due to the finite depth
resolution of confocal microscopy.

indicated as dash line in the inset of Fig. 1(b). Temperatures deduced
from the GaN E2 phonon and from the sapphire A1g phonon of the
powered device at 4 W are shown. A temperature peak around 215 ◦C
within the source drain device opening near this gate finger where heat
is generated can clearly be seen in the temperature profile of the GaN
layer. Similar temperature profiles can be obtained for the other gate
fingers. A similar profile but with a lower peak temperature of around
175 ◦C is found in the sapphire substrate at the GaN/sapphire interface
(z = 330 µm, z is the distance from the sapphire top surface to the
laser focal point). Temperature decreases symmetrically on both sides
of the gate finger due to heat spreading. This profile widens as the
temperature was measured further upwards into the sapphire substrate
(smaller z), from the GaN/sapphire interface until a flat profile is
apparent at a depth of z = 250 µm from the sapphire top surface, i.e.,
at a distance of 80 µm from the investigated device.

Fig. 3(a) illustrates temperature profiles of depth scans at four
selected positions in the device marked as A, B, C, and D in Fig. 1(b).

Système confocal 
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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.

113718-6 Ahmad et al. J. Appl. Phys. 100, 113718 !2006"
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Fig. 9. Comparison between Raman and IR temperatures for AlGaN/GaN
TLM structure on SiC. (a) Line temperature profiles across the contact gap
and (b) point temperature in the center of the gap as function of power. Raman
results for GaN and top SiC substrate temperature are shown, as well as data
obtained by IR from the unpainted and painted TLM structure.

the detected IR temperatures in this case were significantly
higher than those at the top of the SiC substrate and of the
heat sink temperature, this underestimation could be related
to a temperature gradient inside the thick paint layer and/or
poor thermal contact between surface of the device and the
paint layer on top. As a result, painting does not guarantee an
accurate temperature determination by the IR method. More-
over, the painting technique increases the risk of surface con-
tamination at elevated temperatures and so may be effectively
destructive.

An additional advantage of the confocal Raman experiment
over IR-thermography arises from the fact that apart from 2-D
temperature maps of device surface temperature, it can be used
to obtain depth temperature profiles or to analyze buried layers.
Results of the temperature distribution in the SiC substrate of
a similar TLM structure are shown in Fig. 10, together with
the results of thermal simulations. Results shown correspond to
the depth profile in the center of the contact gap. Temperature
decays into the substrate with the heat source located at the
surface as expected. Similar to the case of the HFET transistor,
the effect of temperature discontinuity of about 30 ◦C between
average GaN temperature and temperature of the SiC layer
near the interface in Fig. 10 can be attributed to the signal

Fig. 10. Depth Raman scan of SiC substrate temperature in the center of a
similar AlGaN/GaN TLM structure under bias. Results of 3-D finite difference
simulations and averaging for refraction correction are shown for comparison.

averaging over the collection volume in the Raman experiment.
Additionally, a thermal resistance at the GaN/SiC interface can
contribute to the difference in temperature between GaN and
SiC [37], [38]. The temperature distribution obtained inside
the SiC and the simulated result agree reasonably well, taking
into account the depth-dependent refraction and diffraction
correction for the DoF [34], [35]. This illustrates that confocal
Raman spectroscopy can be effectively used to resolve three-
dimensionally the temperature of semiconductor-device struc-
tures with high spatial resolution, which is not possible with
conventional temperature-analysis methods.

We emphasize that for an unpainted TLM structure, the tem-
perature rise measured with IR thermography in the powered-
ON state is almost insignificant [Fig. 9(b)]. A temperature of
about 25–55 ◦C is measured in the IR-transparent region in
the gap between contacts at different bias loads. The acquired
signal originates mostly from the relatively cold volume under
the device surface and from the interface between device and
heat sink, which reflects signal toward the detector.

VI. CONCLUSION

IR thermal imaging and Raman spectroscopy were applied to
study self-heating in AlGaN/GaN device structures. IR imaging
allows large-area overviews of temperature distribution in the
devices enabling fast hot-spot detection, with Raman providing
high-spatial-resolution data of the hot-spot temperature. Analy-
sis of IR temperature data, and comparison with Raman data
and simulation results showed considerable lateral and depth
averaging of the IR-measured sample temperature, especially
in areas transparent to IR light. Although painting the device
with nontransparent material improves the accuracy of IR mea-
surements significantly, this method risks surface contamina-
tion and does not guarantee accurate temperature observation.
This makes determination of the absolute temperature and the
accurate size of the hot-spot regions in HFET devices difficult
using IR microthermography alone. By contrast, we find that
confocal Raman spectroscopy allows not only lateral resolution

A. Sarua et al dans IEEE Trans. On 
Electron. Dev. 53 (2006) 2438 
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Figure 25: Spectre Raman obtenu pour du GaN. 
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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. 
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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 dans IEEE Electron 
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Sinon il reste la solution développée par INTEL ! 

Il ne reste plus qu’à se déplacer sur le circuit pour faire les mesures ! 
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Une fois les mesures terminées il n’y a plus qu’à revenir à la taille normale ! 
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•  Merci de votre attention ! 
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Est-ce donc si simple ? Oh que non !!! 

Le mot clé : calibration ! 


