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Abstract— Shrinking features and growing device complexityn
advanced microwave devices has increased the chalje of fully
understanding device thermal behavior on the sub-maron scale.
Predicting the device static and dynamic thermal bieavior is es-
sential for ensuring optimal tradeoffs between pedrmance and
device reliability. Thermal imaging based on the Tkermoreflec-
tance Principle can meet the challenges imposed these compact,
high power density RF devices by providing sub-mian spatial
resolution and temporal resolution in the picosecah range. This
technique overcomes the limitations of traditionathermal imag-
ing techniques such as IR and Micro-Raman and son@ the spe-
cific challenges in measuring GaN devices. In theapt, Thermore-
flectance Imaging has been shown to accurately astate the tem-
perature rise of metals using visible wavelength ekation sources.
This paper presents a novel method to estimate themperature
directly on GaN surfaces using UV wavelengths. ThesUV ther-
moreflectance measurements were verified with measement of
an on-chip GaN mesa resistor. Temperature measuremgs on top
of the field plate and inside the GaN channel wereompared for a
commercial GaN HEMT both on Si and SiC substrate. fie ad-
vantages and disadvantages will be presented foretthermore-
flectance technique for thermal imaging.

Index Terms— Thermoreflectance thermal imaging, IR ther-
mography, GaN HEMT

|. INTRODUCTION

The use of wide band-gap semiconductors [1] in High
guency transistors for communications and powercdsvhas
increased significantly over the past 20 yeargarallel, ther-
mal consideration in chip design has become a leogeern
[2] in addition to the thermal packaging [3]. T&e¢sadvantage
of high speed switching and construct MonolithiccMivave
Integrated Circuits (MMICSs), the feature lengthtoeé transistor
gate has been reduced to few tens of nanometanseGaently,
this has made thermal characterization of eaclviohal tran-
sistor increasingly more difficult [4].

Thermal characterization of GaN and other wide-lgapd
semiconductors has some unique challenges comymasednd
GaAs. The wide bandgap leads to transparency andilin
interference issues which can lead to errors inicaptech-
niques like IR [5], Micro-Raman [6], and Thermossflance
[7]. For IR measurements, a device with 2 um of Gal 200
pm of SiC is 75-85% transparent and has an entigsi@.85
[7]. This can lead to IR emission from deep belbe surface

to reach the IR detector. Gold metallization onlihek contact
can reflect more radiation and lead to errors betwée cali-
bration and measurement. Adding black paint caicajly help
with these transparency and emissivity issuesthase paints
can be thick and affect the electrical performamoder RF Op-
eration.

Micro-Raman spectroscopy overcomes some of thealimi
tions for spatial resolution by using a visible p4]JUV light [8]
laser to measure the temperature dependent Rarfiaof she
material. For GaN, sub-bandgap lasers provide shdmyer-
aged temperature rise while UV Raman can be usedtton
the temperature at the top surface of the devioecations
must be taken, however, to ensure that the higér lpswer
does not damage the device when creating electolengairs
in the channel [8]. The main obstacle with Ramatypscally
highlighted when evaluating devices with metaldigllates
which obstruct Raman measurements taken near taedge.
Measurements must be made in the optically acdesSiaN
channel and thus not directly in the hot spot neglotential
solutions to this problem has been proposed bypeifig Ra-
man measurements from the backside [7] or placamgpparti-
cles on the surface [9] to overcome these issues.

Recent developments have made it possible to desize
the surface temperature of such circuits using ®-B&sed
thermoreflectance (TR) thermal imaging method [TBje un-
derlying principle behind TR imaging can be expeesisy (1):
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The intensity of the optical reflection of an illimation AR/R)
changes with a change in surface temperatif¢ §nd can be
related by the thermoreflectance coeffici€ht, TheCi, can be
considered to be constant over a wide temperatmger[11].
Due to the diffraction limit, which is defined blye optical
properties of the microscope objective, optical Hreimal im-
ages of features smaller than 300 nm blur. In [##,impact
of diffraction limit on thermal images of sub-ddfttion device
features is addressed, both qualitatively and dpasinely. An
algorithm to predict the effect of diffraction ohermoreflec-
tance thermal imaging of sub-diffraction deviceshwinown



shape and size is proposed. Other than diffractimrmal ex-
pansion of the device may also lead to defocusimsaubse-
quent blurring of thermal images. A three-dimenalqgiezoe-
lectric stage controller helps to stabilize thaufed location in
the microscope [10]. Taking the pixel-by-pixel Té&efficients
allows us to calibrate the light intensity to tleenperature in-
formation precisely in targeted locations [10]. k\ihis config-
uration, thermal imaging for wires with one-pixeldih, ~100
nm, is achieved.

Most TR measurements use standard visible lightanic
scopes due to the simplicity of the optics [11]stRng further
into UV wavelengths can require special fused ailic UV
anti-reflective coating objectives to improve liglansmission
and reduce optical aberrations [13]. By using WyW1i<370nm
we can reduce any transmission through GaN andv#ich
can cause thin-film interference effects that cdmeothe ther-
moreflectance signal. With 365nm light, a cleatectfon off
of the top surface for GaN on SiC is achieved. @Weusing
illumination wavelengths in the UV and visible ran@®65 nm
to 760 nm) results in a diffraction limited spatiasolution on
the order of hundreds of nanometers (260 nm forilluvhina-
tion).While submicron spatial resolution is readighievable
with TR imaging, IR thermography and Micro-Ramaea Bm-
ited to 3-5 pm and ~0.8-1 um [4] respectively.

Il. THERMAL MEASUREMENTS ONGAN RESISTOR

To verify the UV thermoreflectance measurementd,8pm
long by 11 pm wide GaN mesa resistor was usedrasistor
temperature curve was calibrated by placing thecdeon a
thermal chuck and measuring the resistance veesysarature
using a 4-wire method.

resistance and TR measurements agreed to withia. (vibd-
eling, resistance, and TR measurements all agrabohgv1%.
Future improvements could include measurements3githnm
light to get further away from the GaN bandgap edge re-
duce any UV light transmission from the broadbafDL A
visible cut-off filter >370nm might also be usedr&nove the
longer wavelengths that can penetrate through Gabll a
SiC.Thermal Analysis of GaN Transistor
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Fig. 1: Plot of the temperature sense resistoR{jT&erage temperature at
three different powt conditions for Modeling, Resistance, and Thermeref
tance

To further assess the application of UV TR on Ga&WH's,
a UV/Visible comparison was performed on an unpassd

2x45um GaN/Si HEMTs. The absence of passivation was in-

tended to reduce the effect of thin film interferenCalibra-
tions were performed to extract the thermoreflexacoeffi-
cient for wavelength sources of 365 nm, 470 nm 8@ nm.

Thermoreflectance measurements were made on theé€saN Fora 100 °C temperature rise, the coefficientewdetermined

sistor with a 365 nm LED and 60X/0.7NA objectiveatsd for
UV light transmission. The TR measurements weriieed
using a thermal chuck with XYZ piezoelectric cohtmocorrect
for thermal expansion during cycling. The thermieetbnce
material coefficient for GaN at 365nm was measucebe -

to be -7x16 °C?, 1.75 x1¢ °C?, and -2x16¢ °Crespectively.
A 50x/0.5NA objective was used for all wavelengthaddition
to placing a 365 nm bandpass filter in the LED gaththe UV
TR measurements.

The transient thermal performance of these deviges as-

1.75 x1® °C™. This is ~10x larger than typical coefficients Sessed using transient TR. The devices were piisesD ps

which improves the temperature sensitivity to 5. The

pulsed at a 25% duty cycle. A 20 V drain bias wasliad with
a negative gate bias which resulted in a peak pdigsipation
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Fig. 2: Thermoreflectance (TR) image of GaN/Si HEBowing the temperature rise of a) the gate nusialg a 530 nm excitation source and b) the GaM-cha
nel using a 365 nm excitation source. c) line pesfbf the temperature rise along the gate widthbéoh visible and UV excitation sources



of 1.6 W/mm. Measurements were taken eveug for an LED
pulse width varying from 650 ns (visible TR) to 218 (UV
TR).

The thermal images obtained from the 365 nm andns30
sources are shown in Figure 1a and 1b. Due todbenae of a
field plate, a direct temperature comparison ofghi metal to
the GaN region can be obtained. A line plot wasaeked along
the gate width directly over the gate metal forutsible wave-
lengths and was contrasted to the GaN temperasarbetween
the Gate and the Drain (Figure 1c). The temperaigeeand
profile across the gate metal agrees well betwkre70 nm
and 530 nm plots confirming the accuracy of thesagsure-
ments. For UV TR, the temperature rise of the Gadjion is
also shown to be on the same order of magnitudbeagate
metal but shows a more parabolic temperature prd@ipecifi-
cally, the temperature rise between the centerttamédge ap-
pear to be 10 °C in the GaN whereas only a 5 *véeature
gradient is observed in the Gate metal. This dpserey can be
attributed to the heat spreading in the GaN whsctot possible
in the Gate metal due to its geometry.

Visible TR measurements made on top of the gold fitate
with 530 nm light provide a clear reflection offetimetal sur-
face (Figure 3). This can provide an accurate Kaidn point
for thermal models which can assist in determinireghotspot
temperature. With a 100X/0.8NA objective the resm\power
is 0.40 pm based on the Rayleigh Criterion. The NOR2Ther-
moreflectance system has 45nm/pixel at 100X.

UV TR measurements were made to the side of thiedlate
inside the GaN channel (Figure 3). Shadowing frbme fteld
plate and gate edge can block the hot spot on #ie-Grain
edge, so the temperature measurement must be nfiadd 80
nm away. With the 60X/0.7NA objective the resolvipgwer
is 0.32 um and 75nm/pixel.

I1l. CONCLUSION

UV thermoreflectance measurements have been shown t

agree well with a GaN mesa resistor temperaturgosesithin
0.9%. Further measurements on an active GaN HEMcele
show similar temperatures between measurementpaf the

UV TR measurements were then applied to a comniercigold field plate and to the side in the GaN chan8karp tem-

0.25 pm GaN/SiC HEMT devices in the GaN channeioreg
and compared to visible 530 nm measurements matspaf
the field plate. A schematic of the different reggqrobed ac-
cording to the wavelength source is shown in Figure
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Fig. 3: Thermoreflectance measurements made orof)of Field Plate and
B) GaN Channel. Thermal simulation data provideanfif14]
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Fig. 4. a) Optical CCD Image of GaN/SiC HEMT usm§30nm and 365nm
wavelengths source b) Thermal Image overlay on €CDhermal Image
showing temperature rise with scale adjusted thliybt heating location

perature gradients in the GaN channel cause thpetature
measurements in the channel region to be lower thautrue
temperature on the Gate-Drain edge. Close theromahct be-
tween the heat generation region and gatef/fieltk plegion
continue to make these regions good choices fopeeature
measurement locations.
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