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Fig. 1. Wide-bandgap high-power electronic device junction temperature measurement technology.
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Fig. 2. Electrical temperature measurement methods???: (a) Heating curve technique; (b) cooling curve technique.
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Fig. 3. (a) Relationship between the normalized R, and junction temperature of GaN HEMTE); (b) online junction temperature

prediction resultsi®); (c) dependence of dynamic R,,, normalized to the corresponding static R,,, on Vopp stress across temperatures

under hard and soft switching; (d) comparison between electrical measurement and Raman measurement at different power dissipa-

tion levelsP"; (e) normalized temperature profile relative to the gate lengthl®.
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. (a) Ipg-Vpg characteristics at different temperatures”; (b) the relationship between drain current and applied power as well

as temperature riseP); (c) Ipg-Vpg characteristics under DC (Ippc) and pulsed (/ppyseq) conditions*); (d) channel temperature

versus power density for devices grown on SiC, Si, and sapphire substrates/?.
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Fig. 6. (a) Schematic illustration of MMC GaN HEMTP; (b) temperature dependence of transfer characteristics for planar and
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Fig. 8. (a) Ipg- Vg transfer characteristic curvel”; (b) static measurement!®”); (c) turn-on transient curve of GaN HEMT (Vpg =
400 V, Ipg = 4 A)M); (d) dynamic measurement!*.
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Fig. 9. Vqy, versus temperature at gate biases of (a) 2 V and (b) 8 VP transfer characteristics of the (c) Schottky-type device and

(d) the ohmic-type device in the temperature range of 25 °C to 200 °C, the insets illustrate the gate structures of the Schottky-type
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Fig. 12. (a) Cross-sectional schematic of a p-GaN HEMT, including a magnified view of the gate structurel®; (b) temperature de-
pendence of Iy in SB-HFET and EB-HFETI®; (¢) the measured (solid line) and simulated (dashed line) I e of EPC2022 un-
der conditions of Vgg = —4 V (blue), -3 V (red), and -2 V (green)®; (d) comparison of experimental and simulated Igreq at differ-
ent temperatures'®; (e) temperature calibration curves for three p-GaN devices); (f) comparison of experimental and modeled

Igrea under different channel temperatures and gate voltages!®).
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Fig. 13. (a) Device layout and GRT measurement setup®; (b) temperature measurement results from Raman spectroscopy and

GRT, compared with finite element simulation!®); (c) transient temperature rise of GaN HEMT at different duty cycles, measured

by transient thermal imaging (TTI) and GRT®); (d) comparison of thermal impedance results from gate resistance frequency do-

main method, transient thermal model, and TTI measurement!™
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Fig. 14. (a) Forward voltage of the body diode of SiC MOSFET as a function of temperature for different gate voltages!”; (b) rela-
tionship between the junction voltage of the SiC MOSFET body diode and temperature under different forward currents™; (c) Vg

versus temperature for GaN HEMT!"; (d) cooling curve of channel temperaturel™; (e) temperature rise extracted for each material

layer using the structure function method. Inset: Foster RC network modell™; (f) transient temperature rise curves of the device un-

der different electrical bias conditions, inset shows the relationship between temperature rise and power density™.
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Fig. 15. (a) Turn-on delay between the Vg peak and the corresponding Ipg peak™; (b) relationship between the turn-on delay time

and temperature for a GaN HEMT, the inset shows the curve of turn-on delay versus Vpg at 170 CI™; (c) temperature dependence

of turn-on delay time under different gate resistances®’; (d) relationship between turn-on delay time and junction temperature un-

der different load currents®!l.
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Table 1.  Comprehensive comparison of temperature sensitive parameters used in electrical methods.
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Fig. 16. (a) Surface topography of the GaN HEMT measured by SThMP; (b) temperature distribution measured by SThM, the in-
set shows the AFM probe integrated with a thermocouple®); (c) temperature measurements of the GaN HEMT in contact mode

and tapping mode, compared with finite element simulation results®”; (d) AFM probe integrated with a thermal resistorl®!);
(e) cross-sectional topography and thermal imaging of the GaN HEMT!.
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Fig. 17. (a) Top view of the GaN HEMT device, the enlarged diagram indicates the placement of the micro thin-film thermocouplel*?;
(b) relationship curve between channel temperature and power density?; (¢) 3D model of multi-finger Ga,O3 MOSFET integrated
with TFTCsl; (d) resistance-temperature (R-T) calibration curve; the inset shows the position of the integrated RTDIY;

(e) schematic diagram of the integration of resistive temperature sensors in the active region of SiC MOSFETs"; (f) temperature

dependence of resistive temperature sensors!®l,
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Fig. 18. (a) Cross section view of CA-SBD (left) and RA-SBD (right)¥; (b) forward voltage versus temperature at various current
levels for the CA-SBD and RA-SBD, shown in the left and right panels, respectively”; (c) the relationship between sensitivity and
current, with an illustration showing the cross-sectional schematic of an AlGaN/GaN SBD thermal sensor’”; (d) structure of PCT-
SBDM; (e) temperature sensitivity (S) and goodness of fit (R?) versus current density®); (f) schematic cross-sectional view of the
thick cap AlGaN/GaN SBD thermal sensor!”; (g) experimental relationships of voltage versus temperaturel®; (h) schematic device
structures of HADI'%; (i) sensitivity analysis under forward bias and reverse bias!!0].
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Fig. 19. (a) Structural schematic and photomicrograph of the integrated sensor in a GaN HEMT; (b) load curve consisting of a

series PIN diode and a two-dimensional electron gas resistor; (c¢) schematic cross-section of monolithically integrated D/E-mode

GaN MIS-HEMTs and two-dimensional electron gas resistor!'”; (d) relationship between DCFL and RTL sensor output perform-

ance and temperaturel!%7,
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Fig. 20. (a) Liquid crystal imaging results of GaN HEMT!; (b) GaN HEMT source-gate-drain liquid crystal imaging results/'%¥);

(c) micrograph of the hotspot, showing gradual expansion over time
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Fig. 21. (a) Schematic diagram of the infrared thermal imaging setup; (b) infrared thermal image of GaN HEMT; (c) temperature
distribution map of GaN HEMT obtained by the QFI system at 4x magnification['”); (d) infrared thermal imaging of GaN HEMT
stacked on CMOSI'*; (e) infrared thermal imaging results of GaN HEMT under DC bias/'®; (f) infrared thermal imaging of SiC

MOSFET.,
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Fig. 22. (a) Comparison of temperature distributions on the GaN HEMT obtained by infrared QFI (12xmagnification) and 3D
finite element simulation['®”); (b) temperature distribution in a 7 pm region near the gatel'*”; (c) temperature distribution in a 1 pm

region near the gatell4,
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Fig. 23. (a) Schematic diagram of the Raman thermal imaging setup!'*?; (b) characteristic Raman peaks of GaN and SiCI'""; (c) Ra-

man characteristic peaks of Ga,O5'"!l; (d) lateral temperature distribution profiles at different power levels!'™); (e) two-dimensional

temperature distribution map of the devicel!3,

070807-24


http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1

) 32 Z 3R Acta Phys. Sin. Vol. 75, No. 7 (2026)

070807

(a)

IR Raman 160 5 66
system — ] system 150
5 140 0 e o 62
g W [130Z £ &
< M F120 £ S g 58 ¢
= 0 : > "SI 54 5
Heat el 100 & -3 <
sink B 90 & 7 —104 50 g
V] SiC g 80 & 8 g
N 005 2 -159 46 S
DoF GaN o —20 4 42
AlGaN i G _95 L =8
8 6 4 2 0 -2 -4 -6 8 6 4 2 0 —2 -4 -6
X-position/pm X-position/pm
Diamond 90 100 :
(d) (e) Simulation | () "
80 F — Peak channel DR 2
. aman  AlGay N bz
Source ’.D’ﬂ i [ Gate (diamond) o 80 o e g
70 F ? - - - GaN average < GaN channel/buffer
1 Measurement E S0 aubatrat
60 ! P o cate (diamond) o 60r
8 ! A GaN average e
& 50F Haaaal? 2
LA \ g 40
40 \ 2
|} 5
30 -d ay & 20} GRT
’ 4 Std. Raman
2 2 20 [ ON [ OFF | — Model (2-DEG)
. 1 1 1 1 1 0 1 1 1 1
0 5 10 15 20 0 40 80 120 160 200
Time/ps Distance along channel width/pm

& 24
R 25 M KA PR G TR TR AR (E LR R L D S U 4 R BURE 97 () GaN X 8k 5 # A% - 75 4 KIS I A TR, DA R
5 FT A0 34 8 W (R 35, P DR A5 il 48 1970, (f) 78 58 4 3l A5 10 N W 0 38 58 5 A TR T 4 A, 378 0 D 4% SI2 08 D 3 1 3 L 67 1199

Fig. 24. (a) Schematic diagram of the device structure and experimental setup!'"™; (b) temperature distribution map of the GaN lay-

(a) A PFEE Y 5 S 5020 E R IR 1991 (b) GaN JZ 9 fir & PR 04 61 15005 (c) SIiC i 4 & 3R 434 [ 159 (d) GaN HEMT fi

er measured by Raman spectroscopy!'®"; (c) temperature distribution map of SiC measured by Raman spectroscopy!’®?; (d) cross-

sectional structure of the GaN HEMT and finite element simulation temperature contours. Diamond particles are deposited above

the gatel!”; (e) transient temperature of the GaN region and the diamond particles above the gate, along with the simulated transi-

ent curve of peak channel temperaturel'’"”; (f) temperature rise distribution along the channel width under fully-on conditions; the

inset shows the measurable temperature rise locations for each experimental method™.
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Fig. 25. (a) Schematic of the time-resolved micro-Raman thermography setupl'®); (b) temperature distribution profiles in the gate-
drain region at different time points!'%’; (c) evolution curve of the peak temperature over timel'®); (d) schematic diagram of the op-
toelectronic flash Raman measurement system('?; (e) temperature variations of GaN and SiC under modulation signals at 100 Hz
and 1000 Hz!"5¥); (f) transient temperature rise curves of the GaN HEMT under different pulse widths!'®!l; (g) temperature variation

curve over time at the center of the device for gate-free GaN HEMTs based on SiC and sapphire substrates, with thermal simula-
tion results shown in the inset['!.
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Fig. 26. (a) Channel temperature rise vs power density of the a-Ga,O; MOSFET, insert shows infrared thermography!'”!; (b) the

normalized simulated Joule heating power distribution obtained from the two-dimensional drift-diffusion model (top), and a com-

parison of the temperature rise between Raman measurements and simulated predictions (bottom)!%.
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Fig. 27. (a) Schematic diagram of the transient thermore-
flectance measurement setup!'??; (b) schematic diagram of a

typical transient thermoreflectance signal waveform cap-

tured by an oscilloscopel'?2.
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Fig. 28. Average temperature rise (hollow markers) and
peak temperature rise (solid markers) in the effective chan-
nel region of GaN HEMT devices fabricated on different

substrates!!7],

P S Al ] AR TR T, DT TEA
Y2 AN T] IA ) 42 @ X 8. Martin-Horcajo 4% 176 ¢
—FHEA PRI GaN HEMT [ iE/R 13X il
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Fig. 29. (a) Cross-sectional schematic of a GaN HEMT, indicating the GaN layer measurement area for Raman thermography; posi-
tions A and B are the backside and frontside thermoreflectance measurement points, respectivelyl'™; (b) temperature versus time at
different device locations, the GaN layer, gate foot metal, and source field plate surface above the gate contact'™; (¢) MWL-TTR
measurement system!!””; (d) gate temperature versus time under different pulse periods!'””; (e) channel temperature versus time un-

der different pulse periods!!77.

2231 BE UG B 7 BT COD s 52 A, B TTL IS5 5 a0 30(c) Bk,

. — i R G L5 A 30(a) fis, LED #EH1E ULk, Liu % U083 JF 4 T —Ff bk b #4052 5 1%
HE B U5 S BR G iU 5 2R 1T, 1 CCD A T4 (PTI) Jrik, it 7E 4@ A (Au/Cr, 58 5 pm)
U B 3 P A2 A %) i S iR B, AT 55 B 4 37 35 B ol Jite ik o R A D (] 31(Db)), 454 365 nm (FRM
5078 g [ LED ko, B 2 08 fik wb mh A GaN) 5 530 nm (M Au) XK LED 88868
CCD MG 0] A SEIR | W] DL S PR 3k 1 A5 0 4t (I 31(c)), FIH CCD # S BUR RGeSk i 3
LA S B RO TF LED Bk 96 5, fedf vl ik T AN 7] 225 [o] DX 3R P o 3 0 i st 7, &) 31(a)
50 ns!'™. TTI E 4 H Tl GaN HEMT A9 257 FiiR. il R K e (0.8—10 ps) SR
Tadjer &5 130181 F ] TTT REEAG T Si FEIK GaN FERF, 7E 4 PNFAEIX I (1—TV) 2051 R & B S I

HEMT P} KHJE GaN HEMT [ERE. 16 A Mk (AT—AT), WK 31(d)—(f) FiR, JH4854&

[F ff B A5 T B A AN &l 30(b) iz, fEAH ) = BROCEAU SR SE B T 22 B0 .
DIRER, JOEJR AN i e (IR 52 St BE R4 F T Lundh &5 184 5% JH] TTTH AR XS 3-Gay05 57 51
I 3 17, Pavlidis 45 12 il H] 530 nm B LGN IVE (HFET) A998 38 5L HEAT T RS H4

LED #1 4: J& Mt 8% 5 365 nm 3% K A9 LED 440 M. K 32(a) N B-Ga,O3 HFET 45F 10 B4R A,
GaN IHif, SLEL T GaN 438 DL 4 JE A i 76 B S 878 T IREE S A i 2% i B BT B TR 32(D),

070807-29


http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1

) 32 % 3R Acta Phys. Sin. Vol. 75, No.7 (2026) 070807

(a) Illumination driver Computer (b)
E]
)
Narrowband
illumination CCD detector
) %:} o
LA =
Microscope =
objective y Y
Signal generator
Y ]
< F00 [
Temperature
controlled stage
(c) 530 nm
T/C
x=0 50

365 nm

Source

T/C T/C

35 90

- 20 20

2.04 W/mm, T/C T/C
T, = 40.84 °C 45 130

Source

20 20

2.96 W/mm, T/C T/C
1, =53.74 C 55 160

20 20

30 (a) $ASCSHI A TG E R B E DT (b) AT 2E ST I RS SRS R 1B BSOL (c) 43S A 530 nm LED (M 4 )@ ) 5

365 nm LED(GaN 43 ) 345 i #1555 5 152

Fig. 30. (a) Schematic diagram of the thermoreflectance measurement configuration!'™®); (b) transient thermoreflectance imaging un-

der different electrical conditions!"*”); (c) thermoreflectance images obtained using a 530 nm LED (gate metal) and a 365 nm LED

(GaN channel), respectively!!#?.
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Fig. 31. (a) TTI measuring system!'?; (b) schematic diagram of the applied pulse excitation!’®?); (c) pulses of different frequencies
are applied to the DUT, with different illumination sources used for regions I-IV (Au: 530 nm, GaN: 365 nm); transient temperat-
ures of (d) region I, (e) regions II and III, (f) region IV; the scatter points are raw TTI data, and the curves are fitting results based

on the 3D finite element method!83.
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Fig. 32. (a) 3-Ga,03 HFET structurel®; temperature rise diagrams of (b) ohmic contact and (c) semiconductor channell'®;
(d) temperature rise curves along the channel length of (3-Ga,O; HFET structure corresponding to different pulse widths!'s!;

(e) temperature rise results of metal electrodes in Ga,O4 and SiC SBD obtained by TTI!.
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Fig. 33. (a) Schematic diagram of the hybrid fiber thermometer devicel”!l; (b) simplified schematic of the sensor!®!; (c) chip for
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Table 2.  Comparison of characteristics among three junction temperature extraction methods.
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SPECIAL TOPIC —Heat conduction and its related interdisciplinary areas

Wide bandgap high power electronic device junction
temperature measurement technology”
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Abstract

Wide-bandgap semiconductor power devices based on materials such as gallium nitride (GaN), silicon
carbide (SiC), and gallium oxide (GayO3) have gained widespread adoption in power electronics and radio-
frequency systems, owing to their high critical electric field, elevated power density, and superior high-frequency
performance. However, under high power density operating conditions, power devices experience significant self-
heating, which raises the junction temperature and consequently degrades both performance and reliability.
Accurate extraction and measurement of the junction temperature are therefore essential for elucidating heat
generation mechanisms, optimizing thermal management designs, and enabling reliable lifetime predictions. This
review provides a systematic review of the mainstream techniques for junction temperature measurement in
wide-bandgap semiconductor devices, categorized into three primary classes: electrical methods, physical contact
methods, and optical methods. For electrical methods, the principles underlying temperature-sensitive
parameters are introduced, along with their capability for online monitoring. These approaches are particularly
well suited for real-time temperature assessment in packaged devices. For physical contact methods, the
implementation and measurement principles of techniques such as scanning thermal microscopy and on-chip
integrated temperature sensors are evaluated. For optical methods, the principles and application scenarios of
non-contact temperature measurement techniques, including infrared thermography, micro-Raman spectroscopy,
and thermoreflectance, are analyzed in detail. Finally, the review discusses key challenges currently confronting
junction temperature measurements in wide-bandgap devices, including the characterization of ultrafast
transient thermal processes, three-dimensional mapping of embedded thermal distributions, and mitigation of
strong interference from multiphysics-coupled signals. Prospects for future development are also outlined,
encompassing multi-technique fusion approaches, novel deep thermal characterization methods, and the

emergence of quantum-precision temperature sensing technologies.
Keywords: power devices, junction temperature measurement, thermal management
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