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SUMMARY

Gallium nitride (GaN) based electronics have shown great potential for RF devices
and power electronics. Its superior material properties have enabled the fabrication of high
frequency and high voltage devicékderhigh powe operationakonditions, significant
localized Joule heating occurs near the drain side edge of the gate which can have
detrimental effects on the device. The quantification of performance parameters such as
the gate junction temperature is thus necedsaamgcurately assess the device's quality and
lifetime. Until now Raman thermometry has shown to be the most accurate method to
estimate the junction temperature. This method, however, is limited to a point measurement
and sometimes may be limited byajstical access. Furthermore, the ability to monitor the
transient temperature rise under pulsed conditions diasegn yet fully developed. This
thesispresents advancedethod for in-situ transient temperature measurementing
gateresistancehermonetry, and temperature mappings across GaN based electuimics
transient thermoreflectanceaging (TTI) A combination of experimentaind numerical
analysis isused to achieve thihe methods are applied tateral HEMTSs, vertical PIN
diodes and crossectional HEMTsThe limitations of the current techniques are discussed

and contasted.
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CHAPTER 1. INTRODUCTION

1.1 Background and Motivation

Gallium Nitride (GaN) based high electron mobility transistors (HEMTs) have
proven to have great potential for Révites angbower electronicgl]. Compared to GaAs
based devices, GaN has a higher break down volté@génies greater thaslicon [2]),
higher power densitief3] and lower orresistancd4]. These attractive features have
pushed GaN based electronics to the forefront of developing high power RF electronics for
communications such as base stations, satelfitesfor radar applicatior§§]. In the area
of power electronics, currently lateral GaN HEMTs are being developed on Si substrates
in order to lower the cost fonverters and converters fbattery chargers in electronics,
industrialmotor controllersandautomotive or aircraft applidans([6]. For the case of RF
and power HEMTSs, a similageometry as shown iRigurel is utilized where different
parameters such as the electrode spaciaiN thickness, and bufféayers arevaried to
maximize performancddowever, in both cases, temperature related concerns arise when
biasing the device. In normally on HEMTSs, at high drain bias and negative gate bias
conditions, electrons are accelerated locally between the ghtibeudrain and dissipate
thermal energy in the region of high electield at the edge of the g4tg. The thermal
energy from electrons is primarily dissipated through the emission otuoingl optical
(LO) phonong8] which remain in the active region until they convert into other vibrations
to be able taransport the @ule heating[9]. This results in significant localizedoilile
heating near the drain side edgeha gate [Figure 1) which can have detrimental effects

on the device such as metal contdegradation[10] and hot electron induced trap



generatiorj11]. The generated heat is often dissipated by spreading through the GaN layer
and diffusing across the interfacial layers required for heteroepitaxial gaowtthen into

the growth substrafd2]. This makes the dissipation of heat very complicated due to the
impact of dislocations near th®aN inerface on thermal transpdit3], the mpact of
interfacial layer$14], and the device substrate as well as the stresses induced in the device

which @an also lead to degradatifib].
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Figure 1: Hotspot formation in GaN HEMT (adapted from [7]).

In more recent technology developments, the creation of vertical GaN devices are
especially appading for power electronidsl6]. The use of vertical devices will allow the
creation of efficient high voltage and high power switches which are neecdelydaoce
the state of power electronidd7]. While the development of these device their
infancy, the understanding of thermal effects in vertical GaN devices is a relatively
unexplored topis and necessary due to its potential impact on device reliakiisrall,
several methods have been developed to monitor and characterize the lateral teenperatu

distribution across a devicEhese established methods are suitable for lateral devides suc



as GaN HEMTs where the path of heat travels horizontally through the dEigues2a).

The transition to fabricating devices on GaN substrates removes the necessity for buffer
layers enabling vertical devices where the pathcwfent flow andheat will travel
predominantly in the vertical directigfigure2b). New characterization techniques must
therefore be established to understand the temperature distribution across vertical devices

such as PIN iddes.

a) Lateral GaN HEMT b) Vertical GaN HEMT

Buffer Layer

Substrate (Si, SiC, sapphire, or diamond)

Figure 2: Current path in a) Lateral GaN HEMT and b) Vertical GaN HEMTSs.

Upon review ofprevious technology such as Si and GahAsthermal time constants
associated with the material@reestimated to be on the ordertehsof microseconds or
longer [18]. In contrast, the thermal time constants associated with GaN have been
measured to be on the ordermicrosecond$19]. Additionally, GaN is typically grown
on a Si or SiC substrate with very different thermal diffusivity, unlike Si and GaAs for
discrete power FETs. To obtain the full potential duthese devices, understanding and
controlling the devicebs transient t her mal
nanoscale thermal transp§20, 21]. Accurately predicting the device temperature during

biasing is thus neces sfadimeandiraiabilityp2, 23di ct i ng t



Currently, several thermometry techniques have been developed to eienadak
temperatureKigure 3) which include IR Tlkrmographyf24], Raman Spectroscopg5],
andGate Resistance Thermomel®p]. However, there are several issues that are seen in
the application of accurate thermometry methods to GaN devices, especially lateral and
vertical structures in combination with transient operation, which ntilldtes addressed.

There is also a desire to understand the vertical temperature gradients in these devices
which is often not mesaured by current techniqué®7]. Some of thee techniques are
reviewed in the next sectiorad their specific challenges for application to temporal

measurementsf temperature in GaN devices are explained.

Infrared

Gate Resistance

Figure 3: Schematic of different thermometry techniques for lateral GaN devices

1.2 Review of Thermometry Techniques

1.2.1 IR Thermography

One of the most commonly utilized methods for meagutire temperature in

electronics is Ifrared (IR) thermographp28-30]. A CCD is used to detect the change in



emitted radiation in the infrared range from a surfaseesR wavelengths are transparent

to most wideband gap materials, the radiation detected will originate from the multiple
layers present and thus beconvolution of theaemperature rise across all layensd

possibly the layers underneath the de\fegure 3). Consequently for GaN electronics,

the inability to monitor the change in radiation in the GaN layer has shown to greatly under
predict the junction temperatuf8l, 32]. Performing calibrations to measure the change

in radiation of metal is possibla spite of its low emissivityb ut due t o t he t e
low lateral resolution (~16 m) , it is very difficult to ca
the gate metal whh is closest to the localizedule heating. In addition to its limited

spatial resolution, transient IR thermal imaging has only been achieved on the millisecond
restricing itself from being able to monitor the temperature of devices under normal

pulsed biasing condition83, 34].

1.2.2 ThermeSensitive Electrical Parameters

Another method that can be used in the measurement of electrical devices are
characteristics of the electrical response that are temperature sensitive. By monitoring the
temperature dependence of electricahracteistics in semiconductor devicesuch as
voltage[35] or curren{36], thermasensitive electrical parameters (TSEP) can be extracted
to estimate the device temperature rise. A common example is the use of the forward
voltage emperature measurement in LEDs for jumt temperature assessmgsi]. In
general, the advantagé using TSEPs is the minimal addition of equipment required to
conduct the measurement, the operation of the electronic device and its response itself is
used as a temperature senggff]. Requiring no optical access or material deposition,

TSEPs provide a lowgost option for estintang the device temperature rise. Specifically,



for HEMTs, several different DC-V characteristics have been employed to measure
temperature. Using Schottky diode forward characteristics, thedgate forward
resistance and threshold voltage have beand to have a linear temperatdependence

[39]. Similarly, monitoring the change in saturated drain current has also shown to be used
to estimate the chaehtemperaturd Mc Al i st e r Bigurefi40). Wik théesae
techniques have been found to give a quick approximation of the channel temperature,
significant error has been found to be associated with the degradation of the Schottky
barrier during operation and cunte collapse. Furthermore, when performing DC
measurements, the device must be switched briefly off to perform the IV sweeps. This
method limits these DC characterization techniques from performmgitu
measurements. Further studies, using Pulgettave shown to shorten these acquisition
times to submicroseconds when attempting to monitor the change irré3idtance and

drain current[41]. These methods, however, still incur and error associated with fast

switching and leakage currents.

SOURCE GATE DRAIN
1.0

0.9 -

0.8 -

conductance

0.7 -

Kuzmik’s method X
McAlister’s method

- 0.6 1

0.5 1

Normalized temperature
esponse

0.4 T T T T T T T '
0 1 2 3 4 5 6 7

Source-Drain Distance [um]

Figure 4. Comparison of location of TSEPs across GaN HEMT42].



An electrical method that has shown the potential to estimate the channel
temperature rise in HEMTSs is the monitoring of tfa¢e eneto-end resistancgt3]. Using
a 4point setup, the resistance of the gate metal has shown to be strongly linearly dependent
with temperaturg44]. Previous work using Gate Resistance Thermometry (GRT) under
DC biasing has been applied to singlegér AlGaN/GaNon-Si HEMTs[45] as well as
GaAs pHEMTY46, 47]. It has been suggested that GRT tends to under predict the junction
temperature when a large temperature gradient exists acraswatiree[48]. The effects
of bias conditions and device geometry on the accuracy of estimating the channel peak
temperature have not yet been fully investigated. Altering the drain bias can impact the
electric field distribution and consequentiijangethe area of localizedodile heating.
Elongating the gate width may develop larger temperature gradient along the[d8yice
50]. Overall, there is a need to verify the accuracy of GRT and understand exactly the
origin of the temperature rise it captures. In addition to being alslentduct this technique
without having to switch off the device, the technique also has the potential to transiently
monitor the channel temperat®l] whichcaw | d t hen be used to char

transient thermal dynamics.

1.2.3 Raman Thermometry

Of the thermal techniques most widely applied to GaN HEMTSs is the use of Raman
thermography25, 52, 53]. Raman thermography can be used to estimate the temperature
rise in HEMTs by tracking the temperature dependent peskion of Raman active
phonon modes[54]. This technique requires specialized equipment including a
monochromatic laser, sensitive CCD andst of all it requires optical access to probe

crystalline Raman active materials. Due to the fact, the hotspot is predicted to be in the



GaN, Raman Spectroscopy has proven to estimate accurately the temperature change in the
GaN. Either the GaN Zthigh) or A1(LO) phonon modes can be ugéd|. The phonon
frequency, however, is also dependemt stress and thus, errors in temperature
measurements can arise due to thermoelastic stresses that occur during operation when
using a single phonon mo¢i&6]. To address this problem, it is possible to measure both

the shift in the E (high) and Al (LO) mode peak positions to decouptess and
temperature effectib6]. To avoid sehheating sub band gap lasers are typically used to
measure the Raman shift in GaN. The Raman temperature shift therefore measures a
volumetric average across thepth (tens of micronspf the GaN layerKigure 3) with
approximately a 1 em diameter in the | ater
the device, the Raman volumetric averaged temperature will not capture the temperature
gradient across the GaN and will result in under predicting the hotsppétature. Few

studies have shown the applicability of UV Raman to capture the surfacerétunp rise

in the GaN 57, 58] but this method may result in exciting electrons into the channel which

can affect the electrical performance of the device. Another drawback to using Raman
Spectroscopy is its |imitation due do opt]
underneath and near the edge of the gate. Raman Spectroscopy is not able to directly probe
the desired area unless probed from the back side of the device. Employingsadback
measurement, however, removes the possibility of anydelihg effect whih would be

present during normal operation.

While Raman thermometry has proven to have high spatial resolution compared to
TSEPs the technique requires long acquisition periods (several minutes) which makes it

unfavorable for temerature mappingd59]. Furthermore, regarding its temporal



resolution, Raman thermometry has shown to lodipato capture temperature rises on the
order of microseconds dugncontinuous pulsed biasirj§0]. This fine time resolution
permits thermal time constants to be extracted for a device to understand and better model
t he d ¢ransienteh@rsnal dynami¢61l]. The ability to capture both a mapping and
transient temperature rise across the device however is not Ipogsth Raman.
Developing a technique to achieve this will allow for better thermal characterization of

devices providing validation when attempting to build accurate numerical models.

Overall, current Raman thermometry studies have shown its suitabilitstéral
devices where the path of hdatlows the current antravels horizontayl through the
device Figure2a). The transition to fabricating devices on GaN substrates removes the
necessity for buffer layers enabling veatidevices where the path of heat will travel

predominantly inte vertical directionRigure2b) [16].

New methods of using Raman thermometry must therefore be established to
understand the temperature distribution across vertical devices such as PIN diodes. Recent
developments in Raman surface thermometry usingpeaticles such asaimond[62] or
TiO2 [63] permit temperature measurements of -opystalline surfaces such as the top
metal plates of vertical deviceas be conducted. While a depth mappisgiot possible
unless the laser wavelength used is transpdceatl the different layer$64], further

research is necessary to fully characterize the heat dissipation through vertical devices.

1.2.4 Thermoreflectance

While Raman thermometry and TSEPs have been used frequently over the past

decade, no single acquisition temperature mapping technique has yet been fully developed



apart from IR thermometry whidghedrawbacks have been already discussed. In a manner
similar to temperature dependent electrical parameters, temperature dependent optical
properties can also be used to quantify temperature in electr®&cent studies have

shown the feasibility of measuring the change in the optical reflectance (thermonefé¢cta

of the gate metal in HEMTs to monitor themperature rise in devicefg5|.
Thermoreflectance is typically used in a pump probe setup known as Time Domain
Thermoreflectance (TDTR) in which thermal properties of défiématerials are extracted

[66]. Replacing the photodiode detector with a CCD, thermoreflectance can be used as a
thermal imaging tool to monitor the change in thermoreflectance of every pixel in the CCD.
To estimate the surface temper gignulmagingr i s e,

(TTI) the correct termoreflectance coefficient,C must be applied to the thermally

induced optical reflectivity variation det
3Y
Y 0O — 1
- @

The Gnis both mateal and excitation source wavelength depen@@rit With the
addiion of passivation layers, than@f GaN and the gate metal can change signifigan

[68, 69] leading to significant errors in the esttad temperature rise via TTI.

The accuracy of this technique is thus based on how well giendneflectance
coefficient, Gn, of the surface studied can be estimated. Due to thermal expansion effects,
using a thermal stage and a thermocouple to determine the thermoreflectance coefficient
can introduce error in the measurement of reflectivity. Previous studies have used a

combination of electrethermal modelling and Raman thermometry to adjust the

1C



thermoreflectance coefficient of the metal taichethe expected resu(85, 70, 71]. While

this methodology for validating transient thermoreflectance is accurate, the procedure
requires additional complex equipment and long acquisition stim&ith recent
advancements in the development of transient thermoreflectance imaging (TTI)
technology, a piezoelectric stage can be used to account for thermal expansion during the

extraction the tarmoreflectance coefficiefi72].

1.3 Research Objectives

The thermography methods discusse the pevious sections showhat several
techniques have been employed to thermally characterize GaN HEMTs and vertical GaN
electronics. Although some techniques have been extensively studied, there are clear
shortcomings in trying to provide both high resolaottemporal measurements as well as
temperature gradient information that can exist in these structures. Often time, such
information is obtained through electiftermal numerical modeling of the devices with
limited validaton from experimentf73]. Regarding the monitoring of the gate resistance,
until now this technique has not been proven to be used as a-sitie imeasurement. The
device typically must be briefly switched off to avoid any impact of leakage current on the
temperature estimation. Bhermore, the technique has shown the potential to transiently
monitor the channel temperature under pulsed biasing but has so far only been proven to

obtain a time resolution on the order of milliseconds.

In contrast Raman thermometry, has been showsetan ideal candidate for DC
measurements when there are no optical barriers restricting access to the region next to the

hot spot such as a field plate. Some extensions to high temporal resolution transient analysis

11



have been pioneerg¢@d0, 61] but this has not been widely adopted. In addition to optical
restriction, Raman thermometry @so limited toa spectal point measurement and
requiresmultiple acquisitions to plot a temperature mapping of a device. Comparing its
time-resolved capabilities, it can detect temperature changes in the microsecond regime but
requires several accumulations making it a timeayed technique instead iofsitu and

does not provide a full field analysis of temperature.

To address need for high spatial and temporal resolution thermal measurements,
thermoreflectance imaging a potential solution where a pixel by pixel map iguced
during every measurement. Until now, this technique has only been applied to monitoring
the surface temperature rise of unpassivated metal. To find a solution to monitor both the
temperature rise in the GaN channel region as well as passivatedeneiets a better
understanding of the effects of thin film interference on the thermoreflectance coefficient.
For vertical temperature gradients, the use of nanoparticles on the surface of GaN devices
may allow measurement of the GaN surface temperatloeg with the average
temperature in GaN. Vertical gradients in AlGaN LEDs have shown the potential of doing
this [74] but this was done based on tracking the Raman signatures of different materials
in the LED. By using Raman active nanopatrticles added to the device, it may be possible

to perform a similacharacterization in both w#cal and lateral GaN devices.

The primary research objectives of this work are

ATo develop experimental thermal metrology methods that can accurately measure the in
situ transient temperature rise in GaN based electronicer ungh frequency pulsed

biasing and map the temperature distribution across the device both laterally and vertically.

12



ATo developan electrical characterization methoddetermine the channel temperature in
GaN HEMTs by continuous monitoring the gate talk resistance(Gate Resistance

Thermometry)

ATo implement gate resistandetmometry under RF operating conditions datérmine

any differences in the device thermal performance when compalgd ¢peration.

ATo determine the applicability ofrarsient hermoreflectace maging for transient
thermal measuremenits GaN HEMTS, exploring both the gate metal and GaN channel

regions.

A Theestigate the use of Raman active nanoparticles for the characterization of vertical

tempeature gradients in ®Gadevices such GaN Si HEMTs with thick buffer layers.

A Tstabligha method to thermally map thipule heating profile across GaN HEMTs
using transienthtermoreflectance imagingnd $iow the bias dependence on tluailé

heating profile.

ATo investigatethe effects of thin film interferencen thermoreflectance imaging and
determine the suitability of this technique for fully passivated deicdglevicesnultiple

thin film layers such as superlattices

1.4 Dissertation Outline

The present work aims to addsethe mentioned problems the following
chapters. Chapter 2 discusses the development and verificatigatef resistance

thermometry (GRT) for both steady state and transient analysis. The errors associated with

13



the technique are investigated. Chaf@drighlights the applicability of GRT to GaN/Si
HEMTs showing for thdirst-time gate temperature measurements under RF operating
conditions A direct comparison between the junction temperature adhieadC and RF
operation igpresentedChapter 4 expalins the development of advanced optical techniques
used for thermometry of GaN based electronics. First the development of Raman active
nanoparticles for surface temperature measurements is discussed and its accuracy is
verified. Subsequently, a detilanalysis of transienh&rmoreflectancemaging (TTI) is
conducted and its accuracy is Vied via GRT. Chapter 5 demonstrates the first ever
thermoreflectance imagiraf a cross sectional GaN/SiC HEMTs showing the effect af bia
conditions on dule heatig. The challenges with measuring the vertical temperature
gradient in GaN PIN diodes is also presented. Chagtauses on quantifying the effects

of thin film interference on TTIlI®&s accurac
benchmark the thimal performance of GaN/Si HEMTs witstrain engineed layers.
Chapter Miscusses the applicability 8faman active nanoparticles and TTI to assess the
vertical temperature gradient in GaN/Si HEMTs with thick buffer layers and compare their
thermal perfomance to HEMTs with locally removed Si substratee techniques aresed

to quantify the thermal penalty when removing the substrate and assess the viability of

additional thin film layers to improve the thermal performance.
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CHAPTER 2. GATE RESISTANCE THERMO METRY FOR

ALGAN /GAN HEMTS

Content in this chapter (figures and text) adapted from:

1. Pavlidis, G.,et al., "Characterization of AlIGaN/GaN HEMTs Using Gate Resistance

Thermometry," IEEE Transactions on Electron Devices, vol. 64, pB378an 201726]

2.1 Overview and Approach

This chapter introduces thetg resistancenermometry (GRT) technique developed
for GaN HEMTs.This method provides a fast and lowst techrque to determine the
average temperatui the gate metal. Previous attempts to use electrical methods for
thermometry show significant differences in temperature rises measured with different
technique$48]. However, GRT is th most desirable of the electrical methods, if it can be
shown to be accurate. The initial feasibility of this technique has been applied to single
finger AIGaN/GaNHEMTsPar t i cul ar focus is given on ve
technique via otheexperimental methods (Raman) and numerical simulations. The
viability is of this technique under different modes of operation (DC and pulsed biasing) is

presented and the errors associated with the measurements are quantified.

2.1.1 Experimental Setuand Calibiation

Six finger AlIGaN/GaNon-SiC HEMTSs were tested and modelled with two different
gate widths, 3 7. @s shown iaFigure 5,1g@in@sigreaakground probes

connected to bias tees with the RF signal routed to 50 Ohm terminations were used to make
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electrical contact with the devices. All power sourcing afectrical measurements were
conducted with a Keithley 2410 SMU for biasing the gate and a 2425 SMU for biasing the

drain where high current and high voltage are nedéeual. terminal sensing was used to

measure the gate resistance over a single fisge{gure6a). A probe current,,j was

supplied through a metal pad to one end of the finger and was returned directly to the SMU.
The voltage drop, ®V, was then measured ac|
measurements were conducted using a Keithley SMU controlled diditathe software

Test Script Builder.

a) Experimental Setup b) In-situ Four Point Probing

& GSG Probes Measure Voltap
7 " 3

SMUs for Drain and Gate Bias
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P e d ‘1 s <W
Instec Temp. Stage

Figure 5: a) Overview of experimental setup designed for the verification of Gate
Resistance Thermometry (GRT) b) Detailed description of different parts used to
perform GRT simultaneously to biasing the device.

To estimate the uncertainty of the measurement, an average of 50 measurements
over a time period of 3.4 seconds was conducted at each powering coddaditoration
was performed prior to measuring the Gate Resistance to ensamsist@nt relationship
between gate resistance and temperature for each device. Resistance was measured at fixed
temperatures between 3020 °C which was controlled by a thermal stage (Instec HCP302

shown inFigure5bh). Calibraions were performed on four different devices for both gate
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widths. The TCR was estimated to be in between-0.28 %/K for both deviceJ.o obtain

a more accurate representation of the device temperature, a thermocouple was placed below
the Stratedge LP380274 CuW package where the device was attached ushepaXy

(H20E). Linear regression was applied to determine the slope between resistance and
temperature that was then used to estima&e ghte temperature (sdg&gure 6b).

Uncertainty analysis was performed to estimate the error of the slope.

a) Device Layout b) Calibration
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® |9/
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Temperature (°C)
Figure 6: a) Device layout and configuration of four terminal sensing to measure the
gate resistance over a single finger for 6 finger devices with gatewidtasf 3 70 e m an

1 0 0 O b)Limear calibration fit used to measure the thermal response of the gate
met al resistance of a 6 x 1000 em device f

2.1.2 Experimental Validation

Micro-Raman spectroscopy was performed using a dRami InVia Raman
microscope with a 0.25 m focal length spectrometer and a 488 nm laser as the excitation
source. The | aser beam di ameter wamdga@ppr oX
laser wavelengths prevented localized heating of the GaN angd BiQaser light

absorption. A charge coupled device (CCD) camera was integrated into the system to

17



image the collected Raman signals. Experiments were carried out with the laser light
perpendicular to the basal plane of GaN in a 180° backscattering catiiguand
unpolarized detection with a 100X objective. A 3000 I/mm grating was used with a slit
width of 65 em for al | measurement s. To e
measurements with 95% confidence intervals, an average of at least 20 measurements was

made at all power conditions.

The measurement steps for the Raman thermometry measurements were done with
the temperature controlled stage set at 303 K. Silicone thermal grease was used between
the backside of the package and the thermal stage to reéuntetifiace thermal resistance.

The resllting Raman spectrumas analyzed with a Gaussthorentzian (Voigt) fit to find

peak parameters of the Stokes peaks of GaN ang F® GaN, the temperature of the

devices vas estimated ugsg the twepeak fit methd [56]. For Ti&, the K phonon

frequency was measured at fixed temperatures between 303 and 39Rakian
measurements were taken at the middle of the center finger with the center of the Raman

l aser 1 em away f r onFigurb7dedge aftthéd eeadng € . s € 9rh awm
from gate). For a direct comparison between the two experimental techniques, the gate
resistance was recorded simultaneously with the Raman measurements at various power

densities.
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Figure 7: Schematic of layer cafiguration implemented in the 3D FEM thermal
model including the SiC substrate. The gate resistance probed area is highlighted in
red while the GaN probed volume is circled in black.

2.1.3 Numerical Validation

A 3D finite element model was developed using ANS¥Smodel the heat
dissipation throughout the devices. A schematic of the different material layers included in
the model is shown iRigure7. Applying quarter symmetry, the material properties of the
different layers includingeimperature dependent thermal conducgsitivere taken from
[75] and shown in Tablelo ensure close approximation of the device structure, channel
dimensions were determined from optical microscope images. Théogdtain spacing
was measured t o b-osolircespaeingwaslsatib ee nt. h €l hgea tgea t e

modelled asarectanglei t h nomi nal | ength of 1 &m.
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Table 1 Temperature dependent thermal conductivities applied toinitial model.
Taken from [75].

Material Thermal Conductivity (W/rK)
GaN p L AT 0"_:[ o °
SiC oyPx C_Z) o °
Cu 387
Cuw CMTUTTEIC FPY TWITMTTR YC
AuSn Solder 57
Thermal Paste 0.757

Under high drain bias operation conditiongdhnaé negative gate bias such that the
device is nearly pinched ofthe temperare distribution across the channel from source
to drain is known to be asymmetric due to localized Joule heating mostly occurring in the
depletion region and requiring the need for eletieymal simulation§9]. In contrast, if
the gate is opened fully so that the channel is not significantly modulated bgditional
gate bias, Joule heating will thé&d® much more uniform over the entire channel from
source to drain without a significant depletion redid@. Even though the devices had a
T-gate configuration, the gate metal layers were modelled as a rectangle with nominal
l engt h of 1 odelwas cr8ated o simulate &illy open channel conditions, the
temperature distribution across the gate length will be parabolic and therefore the effect of

thegate structure will be minimaBased on the channel length, constant heat fluxes were

appliedt o an area of 6.5 em by the gate width.
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constrained to 303 K to simulate a constant thermal stage temperature applied during the

experiments. All other boundaries were assumed adiabatic.

Since GRT provides a surfaagerage temperature while Raman provides a volume
average temperature, different analysis regions were defined in the model in order to
extract temperatures that could be compared to the experimental resultealitam
Raman and GRTHgure7). When performing Raman Spectroscopy, a volumetric average
across the depth of the GaN |l ayer (1.8 &m)
of 1 em. A cube of 1 x 1 x 1.8 em was the
temperature. The gate is®nce represented an average over the full cross section of the

gate metallization and was thus modell ed a

The packaging of the devices required the addition of multiple layers other than the
GaN and SiC lagr. This includes the silver epoxy material, thermal paste, CuW package
and mounting plate. To avoid rough approximations of these layers, an effective thermal
resistance was applied below the SiC layer to represent the effect of combining these layers.
This value was determined by varying the effective thermal resistance andngatodi
measured and calculated ga¢sistance and Raman temperatumgsaf single operating
condition This value was then held constant for all other predictions of tempevatstes
power response of the devicehe passivation layer was not included in the model. The
minimum difference between the average temperatures measured by ilpai€es to
the gate resistance temperatures, showed an insignificant temperatueatgrachss the

passivation layer.
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2.2 Steady State Analysis

2.2.1 Fully Open Channel

The devices were operated under fully open channel conditions by applying a

positive gate bias between 1 and 2 volts. To ensure a fully open channel, the gate current,

lgs Was mantained at approximately 0.12 mA for each power density. The experimental

resul ts

to the numerical model.
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respective
3.5 W/mm.

Good agreement was shown between the GRT and Raman data for power densities
from 0.57 3.5 W/mm. Theclose agreement of the numerical and experimental data at
different power densities validates the implementation of the effective resistance. The data

also shows that for the majority of the power densities studied, the GRT and Raman values

FEM probed

temperatures

for

6

are very similg in spite of one being a volume average and one being a surface average
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temperature. At higher power densities (e.g., greater than 3 W/mm), the Raman
temperature is shown to be higher than the GRT measured temperature. A maximum

difference of 10 °C (6 %6is shown for the power densities tested, and this is expected to

increase as the power density increases.

The numerical solutions exhibit a similar trend with the Raman numerical

temperature shown to be 2 °C higher than the GRT nurhsdkdion. As sbwn inFigure

7, the location of the probed Raman temperature and the GRT temperature can explain the

higher temperatures obtained by Raman. A constant heat flux applied across the channel

creates a parabolic temperature profigween the source and the drain and between the

endsof the device channeF{gure9).
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Due to the Raman probed temperature being located closer to the center of the

di fference,

T,

when

parabolic profile; a higher tempdure is measured during operation as opposed to the
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average across the surface of the parabolic profile. When increasing the power density as
shown inFigure9, the difference between these two temperatures is magnified and more
distinguishableTo further validate this comparison, measurements and simulatioes wer
performed on devices with a gate width of
limited the possibility of operating the device to power densities greater than 1 W/mm
which was previously possi btoéeresultsbivantnhe 370
Figure 8 the temperatures measured using GRT and Raman were again in excellent
agreement. The difference between the two metrics is however expected to increase at
higher powering conditions where the temperature differbat@een the center and edge

of the channel becomes more significant.

2.2.2 High Drain Bias Operation

To further investigate the applicability of GRT for estimating the gate channel
temperature at more representative operational bias conditions, the devicepevated
at drain biases of 28 V and 48 V with the gate not fully opened. The results for both the
370 em and 1000 ¢ mraiwbiad are sHosvvHigareld. Atdotv poved V
densities, the two techniques appeartoiesmat e si mi | ar temperatur e
devices, a maximum difference of 4.7 @%)at 1.33 W/mm was observed. For the 1000
em wide devices at the same power(lldegnsi ty,
Thus, we achieve similar temparees, but as noted, the difference between the two
methods increases as the power density increases. For both types of devices, a quadratic
relationship between the power density and temperature is observed with the Raman fitted
trend lines having slightl greater gradients than the GRT trend lines for each device

respectively.
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Figure 10: Comparison ofRaman (Black) and GRT (Red) measured temperatures at
28 V drain bias for bot 6 x 370 em and 100
W/mm.

Due to the complexalile heating profile developed across the channel at high bias
conditions, TiQ nanoparticle were used to measure the surface temperature rise of the
gatemetal along its widthRigure11). The applicability of this method will be discussed
in Chapter 4. This enabled both a more direct comparison of the GRT estimated
temperature with Ramai.o directly compare the Tig3urface temperatures to GRT at 48
V drain bias, second order polynomials were fit to the measured values as shown in Figure
9. An average was then taken across the fitted line to obtain a value thatocenpaeed
to the GRT measurements. A maximum difference of 1 °C was found for all three power
densities (se€igurell). The asymmetry of the temperature profile along the gate width
shown can be explained by the position of teeick on the die. A higher temperature rise
is shown on the edge of the device that is closer to the edge of the die whereas the edge
which is closer to the center die can dissipate heat more efficiently and thus result in lower

temperatures. The possibylithat the distribution of the electric field along the gate width
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is uneven due to the magnitude of the probe current was neglected but is discussed later on

in this Chapter.
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Figure 11. Temperature distributions along the gatewi dt h of t he 6 x 100 (
at different power densities using TiQ nanoparticles to directly measure the gate

metal surface temperature. Second order polynomials were fitted to each set of
measurements and then averaged to directly compare to GRT valsie

The direct comparison of Raman surface temperature rise to GRT confirms that the
technique truly averages across the gate metal surface temperature. In order to estimate the
maximum junction temperature however, the accuracy of GRT is thus dependhast on
shape of the parabolic temperature profile along the gate width. As power density increases
and the peak in the parabolic profile increases, the average temperature across the gate
width takes on a value that is lower and deviates from the volumegayezak temperature
in the center. Since this effect i s seen
opposed to the 370 em devices, the I mpact

accounted for when using the GRT method to estimate tlaé pemperature in

AlGaN/GaN HEMTs. For long gate widths, GRT can therefore be used as a complement

26



to Raman thermometry, where Raman is used to obtain initial maximum junction
temperatures and then a calibration is performed for the GRT measured vatgegrdst

to Raman thermometry, the GRT method is easier to employ, requiring acquisition times
of a few seconds instead of minutes and can be used to monitor the temperature of devices
without the need for optical access. Thus, the method has theigdamgreat utility in
monitoring device temperature, as long as the impact of averaging across the channel width

is understood and put into proper context.

2.3 Transient Thermal Analysisunder Pulsed Bias

To obtain the full potential out of these devicesderstanding and controlling the
devicebds transient ther mal dy n anfetimesand s nec
reliability Measuring the devicebds ther mal transi
investigated  implementing a pulsing methading aMaury AMCAD Pulsed IV system.

To measure the voltage drop across the gate finger for the GRT method, a Tektronix
DP0O3012 Oscilloscope was uséa. ensure high accuracy of this technique, the different
sources of uncertainty associated with GRTdiseussed and quantified in the following

section.

2.3.1 Effect of Gate Leakage

An initial attempt to monitothe @te esistance by pulsinigoth the gate and drain
was initially done As seen irFigure12, a 500e Ppulse was applied tine drain from 0 to
28 V for a 50% duty cycle. Synchronously, the gate was pulsed from -@.50V.
Monitoring the transient change in resistariteyasdifficult to obtaina consistengate

resistance measuremeM/hen no bias is applied to the gatiee resistance suddenly
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droppedand then glwly increasedintil the ga¢ bias was applied again. This trend would
suggest a drop in the gate temperature at the end of the drain pulse and subsequently a slow
temperature rise would occur when no power is bealsgipated Since this is not
physically possible, his phenomenorhighlights that the gate leakage does have a
significant effect on the gate resistance measurement during pulsed contirsthe

gate bias is turned on and off, significant gate lgaks injected into the 4 point
measurement cause the potential difference measured by the oscilloscope to either over

estimate or under predict the resistance for a given probe current.
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Figure 12: Attempt to pulseboth drain and gate while monitoring the gate esistance

For the remainder of this chapter, transient measurements were performed with a
constant applied gate bias to enable the accurate measurement of the gate resistance. In the
following chapter, the issue of gagakage current is addressed and a solution is proposed

using a peak to peak method.
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2.3.2 Effect of Probe Current

The effect of the probe current on the gate resistance was investigated in order to
prevent discrepancies between the resistance measured wits moiditions and during
pinch off (Ves=-6 V & Vps = 20 V) where leakage currents may affect the resistance
measured-or steady state measuremenigiabe current of 2 mA was found necessary to
minimize the impact of biasing the device. This resultea probe current to gate leakage
ratio of 200:1. Larger probe currents minimize the impact of this source of error, but makes
another error source more significant; operating at a significant probe current will result in
a large potential difference agss the GRT fingefFigure 13). During operation, this
additional voltage drop across the gate can affect the electric field distribution across the

channel, causing one end of the gate to be more negative than the other atterings

the path of heat dissipation.
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Figure 13. Effect of probe current 6 s magni t ude a@amdurrehi, Irase ct i on
Inset shows &s distribution along gate when probe current is applied.
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As previously mentioned, the magrde of the gate leakage significantly impacted
the transient gate resistance measurement. The probe current was initially set to 10 mA to
temporarily overcome this issu€o determine the effect of the 10 mA probe current on
the device operation, IR thealimaging was used to monitor the temperature distribution
acrosshe device. As shown iRigure 14, the temperature profile doasleedalter when
increasing the probe current for the gate resistance measurement. The hattspottsh
left suggesting the chanrnielmoreopered on one enth comparisoro the otherend. This

results in an uneven temperature distribution.

i, =0 mA i, =5mA i, =10 mA i, =-10 mA
VGS = '2.78 V VGS = '2.84 V sz = '2.90 V VGS = 7'2.57 v 180 °C

AVego=0V  AVggo=0.54V AVgg =111V AVgg =106V

Figure 14: Effect of probe current on overall thermal distribution. 6x1000em GRT
devices were biased at 0.8 W/mm

It was concludedfor the GRT deviceghat a maximum probe current of 2 mA
should besuppliedwhen measuring the gate resistance as the temperature profile was

minimally different with that obtained with no probe cumr@~igure15).
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i, =0 mA i, =2mA
VGS,_= '2.78 V ) VGS = '2.8 V 180 °C

AV, =021V 70°C

Figure 15 Effect of 2 mA probe current on thermal distribution was determined
minimal and was thus used for the remainder of measurements.

Having completed IR measurements on the GasisRence devices, a comparison
of the two techniques was performed. A line probe was taken across the gate finger and
2nd order polynomial was fitted to the temperature proSieilarly, to Figure 11, an
average across the fittéine was taken and compared to the GRT temperature. The results
are shown in Table 1. The IR averaged temperaappsaralways lower than the GRT

temperatures confirming the inaccuracy of

Table 2 Comparison of GRT to IR thermometry.

Ip (MA) Vgs (V) GRT (°C) IR (°C)
0 -2.785 - 152.7
2 -2.8 162 151.36
5 -2.836 167 154.9
10 -2.903 174 152.96

31



2.3.3 Effect of Duty Cycle

Having quantified the errors associated with the GRT technique, #a effduty
cycle on the deviceds t her ma lsingphempdlsediVnanc e
system in synchronization with the oscilloscope, the drain duty cyadevaried for 400
¢ geriod from 10 to 40%Higure164d). Initially, 10 V was applied to the drain bias while
negative 2.78 V was applied to the gatedsult ina peak power density of 3 W/mm. It
was immediately observed that thrtingabsoluteresistance value measured by GRT
varied with duty cycle. When applying a constant gate voltage of Giyure 16b),
however,this phenomenon was not observed additionallyless noiseassociated with
the measurementhese redts show that even with a constant gate bias, a significant gate
leakage is injected into thepbint setup and can significantly alter the potential difference
measured by thescilloscope which translates to an error in the GRT measurement.

Holding the @ite voltage to 0 V, the effect of the duty can be evaluated.

a) Pgiss = 3 W/mm b) Pgiss =3 W/mm
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Figure 16. Transient response of gate @sistancefor 6x370 em deviceunder pulsed
biasing when a constant gate voltage of a2.78 V and b) 0 V is applied. Drain bias
was adjusted to match power densities of 3 W/mm.

32



Using thed e v i CTR,Gthe long transient temperature rise of the device can be
monitoredand is plotted for various duty cycleskigure 17. Measurements of this type
are usefuwhen assessing the average dynamic response of a GaN HEMT under pulsed
bi asing. A recent study by Bagnal |, showed
response and how it is possible to extract the multiple time constants associated with a
device[61]. This study, however, was performed using transient Raman thermometry
where, until now, only an average aseirement over multiple pulses can be monitored in
cont r ast in-sitwcapakiified. 3n order to obtain the pseudo step respoiase
Raman the pulse widtlis variedfor a constant dutgycle <10% and the peak temperature
rise is evaluated. Assumin heat is accumulated at a low duty cycle, the temperature
rise is assumed to be equivalent to the pseudo step temperature rise. Lowering the duty
cycle down to 1%a duty cycle lower than 5% is necess&yensure no significant
accumulated heatin@veall, a linear relationship between duty and temperature rise was

observed verifying the accuracytbk transient GRT measurement.
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Figure 17: Transient device temperature esponse for varying duty cycle at a power
density of 3 Wmm.
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After monitoringthe temperature rise in the device over a long period of time, an
attempt to monitor the effect of a single pulse on the gate resistance was made. It was
proven very difficult to capture the initial few pulses when biasing the dedge to the
dramatic increase in the average temperature risetefhgerature swing at the steady
state dynamic equilibriurnowever, could be monitor¢deeFigurel8). To complete these
measurements, the device was pulsed aoegrto the duty cycle and a measurement was
taken afte the device had reached steadgte. The time of the measurement was
determined via therpviousanalysis of monitoring the transient thel response over
three minutes During steady state, an asge of 256 measurements was taken to

accurately capture the temperature swing in the device as sh&igune18.
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Figure 18: Transient thermal response of GaN HEMT under various duty cycles

Comparing he devi ceds tvargngdutyeycles ifiigarelp the s e at

temperature decay with a 40% duty cycle is shown not to return to its initial temperature at
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zero second®s previously mentionedhis can be attributea tthe significant amount of

heat

t hat i s

not fully

removed

during the

rises to abdate values as shown Figurel19, the base temperature and the peak junction

temperature are pited at different duty cycles. The base temperature represents the

temperature at the beginning of the drain pulse while the peak junction temperature

represents the temperature at the end of the drain pulse. To directly compare these

temperaturestothbe vi c e 0 s

DC ther mal

performance,

the average power dissipated. Overall, the base temperature is shown to rise by 26 °C when

increasing the duty cycle from 10% to 40%. Comparing this temperature rise to the package

tempeature rise of 2 °C measured by the thermocouple, indicates that the heating caused

under pulsed biasing conditions is primarily dissipated in the die.
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Figure 19: Absolute base and peak temperature measured by GRT for varying dy
cycle from 10% to 40% with a time period of 400 us. A calculated average gate
temperature is compared to DC GRT results measured for the same device.
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Using linear interpolation, the average temperature of the gate metal over a pulse
can be calculated umgy the duty cycle applied and the base and peak temperature measured.
The results of these averaged temperatures are directly compared in Figure 6 to the GRT
measurements previoustpnducted under DC biasifg6]. The close agreement between
these two values for all duty cycles show the potential of using DC GRT, a simpler
technique, to estimate the peak temperature under pulsed biasing. Although this DC
approab wi | | [ i mi t extracting ther mal ti me <c
transi ent t her mal dynami cs, it could give

temperature under pulsed biasing.

2.4 Summary and Conclusions

Gate Resistance Thermometry (GRTswiaed to determine the channel temperature
of AlGaN/GaN high electron mobility transistors (HEMTs). Raman thermometry has been
used to verify GRT by comparing the channel temperatures measured by both techniques
under various bias conditions. To furthelidate this technique, a thermal finite element
model has been developed to model the heat dissipation throughout the devices. Overall
this method provides a fast and laast technique to determine the average temperature
under both steady state and pulsbias conditions. The errors associated with this
technique ae discussed and quantifiathen estimating the gate channel temperature, it
was found that GRT agreed well with Raman probed temperatures for fully open channel
conditions and normal bias cdtidns at low power densities. It has also been observed
that at higher power densities Raman thermometry predicts a higher temperature than GRT.
This is due to the large peak temperature in the center of the device versus the surface

average across the dth of the device, following the shape of the parabolic temperature

36



profile along the gate width. In comparing the application of the two methods, GRT can be
applied to a device with several measurements made within a few seconds while Raman
thermometry ca take several minutes. Thus, GRT provides very quick probing of the
temperature in AlIGaN/GaN HEMTs. The results obtained show that GRT is a viable
technique for quickly measuring the channel temperature, but with some loss in terms of
the ability to sege the true peak temperature at the center of the device. The applicability
of using GRT measurements for Pulsed operation has been verified showing promise for

monitoring the junction temperature during RF operation.
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CHAPTER 3. COMPARISON OF RF TO DC THERMAL
PERFORMANCE IN GAN HEMTS USING GATE RESISTANCE

THERMOMETRY

Reliability of gallium nitride (GaN) based electronics is essential for its further
commercialization into the high frequency microwave industry. Accelerated lifetime
testing is thus performed to predi t h e meaa time doefadlise (MTTF)22]. The
key parameter required for this qualification is the accurate characterization of the peak
junction temperature. Under DC biasing, a wide range of thermometry techniques have
been conducted to estate the junction temperatuferimarily due to cosDC accelerated
lifetime testing has also been used to determine MTTF for GaN HEMTs under RF
operation. Previous studies have shown, howeverthtbabule heating profile is complex
and has high bias dependenf® 45, 55, 76]. The rapid bias switching under RFepgtion
may consequently result in both different magnitude and position of the peak temperature
in comparison to DC operatidi22]. Accurate novel thermometry techniques are thus
needed to estimate the junction temperature under RF and determine whether the active

degradation mechanisms are simitathose under DC operation.

To this date, the thermal performance of GaN HEMTs under RF operation has only
been once quani#fd using Raman thermometf§5]. Without the use of Raman active
nanopaticles, however, the technique is optically restricted to measuring the GaN
approximately 1 em away from the gate. Ful
further elongate the distance of the evalué¢edperature from the localizedule heating

near the gate. To obtain a closer temperature to the area of interest, the gate metal
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temperature can be directly measured via GRT. Ufhiapterproves the viability of
performing GRT under RF operation and presents the thermal performance of GaN/Si
HEMTSs in continuous wave (CW) mode. Different effects on the RF thermal performance

are investigated such as the gate to gate spacing and the power added efficiency.

3.1 Overview and Approach

Using MACOM6s manufacturing and process
weregrown and fabricated onsdicon substrate. As shown figure20, the GRT design
was implementedonatwoi nger device with 300 em gate v
was varied bet wSomendevieds werepadclaydn a CulV die using a
AuSn die attach. As shown Figure 20, two different sets of dies were prepared for the
different gate pitch devices.The experimental setup necessary for performing GRT
measurements consisted of usindoar point measurement to monitor the change in
resistance of one of the two gates. This required the addition of four extra pads that were
extended from both of ends of a single gate. To perform the Kelvin measurement, a probe
current, p, was supplied aoss the gate finger using a Keysight B2902. The voltage drop
across the gate finger was then measured using a differential probe connected to a Keysight

oscilloscope.

The replacement of passive probes with a differential probe to monitor the gate end
to-end potential difference was found to improve the accuracy of the resistance
measurement by enabling the detection of smaller poteatidisemove the effect of gate

leakageln comparison to the passive probe, the active probe tip contains an antpaifier t
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amplifies the detected signal. The active probe significantly reduces the capacitive loading

to achieve higher frequency signal measurements with much better signal fidelity.

() Keysight B2902

—ip Packaged Devices
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—/ G2G = 50ym  G2G = 80um
v Differential Probe with H H

Keysight Oscilloscope

Figure 20: Experimental setup for gate esistancehermometry (GRT). A four-point
measurement across a single finger of a 2x
Both on wafer and packaged measurements were. The devices were packaged on a

CuW die.

3.1.1 Removing the Uncertainty due to Gate Leakage

As discussed irhe previous chaptehé accuracy of the GRT can also be influenced
by the direction of the probe current in relatiorthe gate leakage currdaf] resulting in
an ovelprediction or underestimation of the junction temperaturealhitithe differential
probe was calibrated to read approximately 0 V and then the potential difference was
measured once the probe current was suppdRedetting the differential probe aftire
gate leakage is injectecemoved any effects of the gaeakage and greatly improved the
accuracyof the GRT measurements at a constant bias condifismpreviously shown in
literature, however, the gate leakage was fowndary with bias conditionpd3] and the

differential probehad to thus be recalibrated for every measurement to avoid any error. If
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it was not recalibrated, the errors associated with GRT incregsta57 °C (seeFigure

21).
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Figure 21: Effect of power densty on the uncertainty of gate resistancettermometry.

During operation, significant gate leakage causes an offset in the probe curreng, i
which results in a change in the measured gate resistance that is not due temperature.

To overcome this issue, pe& to peak method with alternating probe currems
implementedThe method is depicted Figure22 where the voltage across the gate finger
was measured at three different states: a) no probe curieb}, fotward probe currén
Vip C) reverse probe current;)/ The difference between the voltages measured during the
forward and reverse probe current state were then used to evaluate the gate rdsistance.
should be noted that the magnitude of current in the forward and eestate must be
identical to ensure the accuracy of this approachally, the Source Meter Unit (SMU)
was programmed to supply a positive and negative current. To determine vidhatkieal
magnituds of current are supplied in both directis) the dfferential probe was
recalibratel to 0V and the potential difference for the two states was meaditineds

concluded that when theotential difference varied within £10%yrers in the GRT
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measurement wemmeasuredo be on the order of 10 °C. Beyorltetmeaswe me nt 6 s
accuracy, bbhkee dhkeatevng pProfile is also de
magnitude and directiofdiscussed inltapter2). The probe current was thus reduced to 1

mA to prevent any significant voltage drops along the gatehwidibte that despite the

lower magnitude probe current implemented in comparison to the initial GRT
measurement@ mA), high resolution of the change in gate potential was maintained due

to the use of a differential probe.
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Figure 22: Peak to peak timing diagram of the probe current direction applied to the
GRT device.

3.1.2 Temperature Coefficient of Resistance (TCR)

Prior to performing thermal measurements, the devices wailerated using a
thermal stage to extract the Temperatuef@icient of Resistance (TCR). Resistance
values were recorded from 26 to 125°C in 25°C increments and are plotted figure
23. Using linear regression, the TCR appeared be consistent between devices on wafers for

both gatepitches.Measuring 9 devices on wafer (four devices with @®0gate pitch and
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five devices with a 8m gate pitch), the TCR on average was estimtidake 0.0446

+0.0008q / .KThe packaged devices, however, did not result irséneeTCR and even

differed in between the same devices on the same die.
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Figure 23. Linear calibration fit used to extract the temperature coefficient of

resistance (TR) for both on wafer and packaged devices with a gate pitch @f) 80
emandb) 50 em

The discrepancy betwedhe TCRs extracted from the packageidesy and the
devices on wafer resulted in a maximum d¥ddifference. Two devices @achdies were
calibrated. For the 56m gate pitch, the TCR for both the upper and lower devices was
calculated to b®.0523q / Khereas the 86m gate pitch deviceealted in aTCR of
0.0496q / &nd0.0611q / .Hnitially it was proposed that large thermal contact resistance
created between the package and the thermal stage resulted in a lower temperature the gate
metal when measuring the resistance of the packagedede@omparing the resistances
at room temperature, however, it can be clearly seen that the resistance of the gate metal is

different on the packaged devices. The electrical contact resistance associated with probe
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couldbe a potential source of error libe contribution of this resistance was estimated to

be on the order of 1% of the total resistance and should be corrected for when performing
a 4point measurement. Afteeviewing the steps taken to package the devices, it was
decided that the solventas applied to protect the devices during dicing and substrate
thinning may have chemically reacted with the gate metal thus causing a change in the

overall resistance.

Overall, for the dvices on wafer, the samiECR was applied to each device
irrespectiveof the gatepitch. In contrast, a specifitCR associated with each packaged
device was used to estimate the tempeeatise via GRT. The change in RGighlights
the necessity of remearing theTCR after devices have been packaged to avoid any errors

in the junction temperature estimation.

3.1.3 Steady State Thermal Analysis

The devices were first biased under DC and the steady state thermal performance of
the two different gate to gatpacings was assessétiglre24). A 50 V drainbias was
applied and the gate voltage was varied to modulate the power density bets/é&min.
As shavn previously in literatur§73], increasing the gate pitch assists heat spreading and
reduces the peak temperature. This trend is confirmed watGRII devices on wafer
(Figure 24a ) where a gate to gate spacing of 5
temperatire. In contrastFigure24db s hows t he opposite trend
performance mounted on CuW packafmstical images shown iRigure20). The cause
of the higher temperatures achieved by th

attributed to the discrepancy in die attach thickness between the two dgeeEgure
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20). The thicknese f t he di e attach was measured t
pitch device which translated to a 50% increase in thermal resistance. The difference in
thermal performance measured by GRT between on wafer and packaged devices highlights

t he t esahcoracyane ability to measure changes in the stack configuration.

160

| —G2G50 - Wafer | —G2G50 - Package

—G2G80 - Wafer —G2G80 - Package
120 it

o
o
T
L

S
o
T
1

Temperature Rise, Ty (°C)

0 1 2 3 4 50 1 2 3 4 5
Power Density (W/mm) Power Density (W/mm)

o

Figure 24. Steady state hermal response of GaN/Si HEMTs at 125 °C base plate
temperature a) on wafer b) mounted on CuW package

3.2 Effect of Baseplate Temperatue

3.2.1 DC Biasing

The effect of the base plate temperatumehe steady state thermal performance was
assessed to ensure an accurate comparison between DC and RF ofdratiaseplate
was increased from 25 °C to 125 °C in 25 °C increm@&ihies temperaturase was recorded
for both device®n waferand was plotted ifigure25. Extracting the slope of the curves,
the thermal resistance associated with the devices can be calcClitegt¢ldermal resistance

was estimated to increase B every 25C increment reaching a maximum increase of
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28% at 125C base plate temperatufihis trend agrees well with literatufé7] and isto

be expected sincedlthermal conductivity of bothlgon [78] and GaN 79, 80] decrease

with temperature between -A25°C
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Figure 25: Effect of base plate temperature on DC thermal prformance for a gate to
gate spacing (G2¢ of aandbB 058 me m

A comparison of théhermalresistance between the packaged and wafer devices was
performed.Benchmarking th@bsolute values, the thermal resistance measured & 25
showed an increase in thermal resistance for the packamge &0%) in comparison the
devices on wafer. Despite theicn substrate beinthinned from625em to 50em for
packaging,the addition of the die attacind the thermal contact resistances at every
interface contribute significantly to increasing theermal resistance. Monitoring the
change in thermal resistance relative tordsestance measured2&°C, asmaller increase
in thermal resistance is observed in the packaged devices reaching a maximum of 15% at
125°C (Figure26). The smaller change thethermal resistancenay be attributed to the

relatively high thermal conductivity of the CuW package which efficiently removes the

heat further away from the devif#l].
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3.2.2 RF Operation

For RF operatioBoth on wafer measements and packaged devices were biased
and measured on a FOCUS VMWsed load pull stand. The devices were roughly tuned
to their peakpower added efficiencyFor the packaged devices, a CW small signal Gain
of 18 dBm was applied at 2.5 GHz where a§ dBm was applied to the devices on wafer.
The devices were operated under Class AB. Devices were biased at 50 V and 20 mA/mm.
Power meters were used to record the input and the output Power. Carrier losses were

guantified using a vector network analyzer.

The effect of the baseplate temperature on the RF performance and junction
temperatures shown inFigure27. For all devies, the Power Addedffitiency (P.A.E.)

decreased with increasing baseplate temperature. Inherently etiag@ypower dissipated
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across the device increased and thus resulted in larger temperature rises measured via GRT.
A linear relationship was observed between the teatpes rise and P.A.Ewhich is
linearly related to the power dissipateBased on theesults the viability of using GRT

to evaluate the junction temperature under RF operation is highlighted.
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Figure 27: RF Thermal performance of GaN/Si HEMTSs at different Power Added
Efficiencies (P.A.E.) evaluated using GRT atlifferent base plate temperatures from
25 to 125 °C.

Furthermore, the effect of gate to gate spacinghefRF thermal performance can
be observedtve r e, on average, a 5% decrease in
achieved. Comparing the packaged to wafer measurements, higher efficiencies are
obtained in the packaged devices demonstrating an improvement in the thermal
performance. The substeathinning of the wafer may contribute to this phenomenon by

the significant reduction in the substrate thermal resistance.

3.3 RF vs DC Operation
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To directly compare the junction temperature measured under DC to RF, an accurate
estimation of the average pomvdissipated is necessary. The RF average power was

calculated by subtracting the net gain RF power from the DC dissipanest [65]:

0 ® O 0 0 @)

Using the average power density calculated at a given baseplate temperature, the
device can be biased under DC at the same conditions to obtain the DCatenepese.
The comparison of the temperature responses is simokigure28. For both DC and RF
operation, the temperature rise increased linearly with power density. Comparing the
junction temperature under RF to DC, howevlnves a reduction in temperature end
RF. A maximum decrease of 15% is achieved at the highest power density for a packaged

device with an 80 em gate pitch.
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Figure 28: Comparison of junction temperature measured under RF operation to DC

steady state biasing. Temgratures were compared for identical base plate
temperatures and power dissipated
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This comparison suggests a difference in temperature profiles across the device
channel between RF and DC operating conditiomstha effect of bias dependermiule
heating Overall,the change in distribution obdle heating during RF operation causes the
average gate metal temperature to decrease in comparison to the equivalent DC power
dissipatedFigure 28 also demonstrates a difference in thal performance between the
packaged and on wafer devices. For the same power densities, the devices on wafer exhibit
RF temperatures closer to the resulting temperature rises under DC. This discrepancy was
attributed to two factors: substrate thinningtleé packaged devices and the presence of
die attachDespite the low thermal conductivity of the die attach, the thermal boundary
resistance is estimated to be lower than that compared to interface between the wafer and
the ceramic vacuum plate. Overadl,dain deeper insight into the thermal performance of
GaN HEMTs under RF operation, transient thermal characterization is necessary to
monitor the temperature swing in the device. Electrothermal simulations have already been
performed to predict the tempdure profile across the ai@el under Class B operation

[22].

3.4 Transient Analysis

To gain deeper insight into the thermal performance of GaN HEMTs under RF
operation, transient thermal characterization is thus necessary to monitor the temperature
swing in the device. The results of such measurementkl dcben be compared to
electrothermal simulatiansuch as those performed[#2]. Limited by the experimental
setup for this study, the transient thermal dynamics of the device could only be investigated
under pulsed biasing. The devices were biased using an AMCAD Pulsed IV system. A 50

V360¢ s @was applied to the drain with a 10% duty cycle. A constant pulsed gate bias
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was applied to prevent errors in the gate resistance measurements due to change in the

|l eakage currents. A 10 e©€s delay was applie
the drain bias. While the experimental setup did not allow for pulsed RF testing, the
devicebds transient t her mal profile could
frequency periodidheating. Figure 29 compares the traresit rise and decay for both
devices. The 50 em gate pitch device exhib

temperature increase of 15%.
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Figure 29: Transient thermal response of packaged GaN/Si HEMTs with different
gate togate spacings. A 50 V drain bias was applied for a 10% duty cycle.

It should be noted that the difference in temperature response between the different
gate pitches, measuredhigure29, showed the opposite trend under DC ImggFigure
24). As previously mentioned, the higher temperatures achieved under DC byghe 80
gate pitch was caused by the increase in die attach thickness. Pulsing the devices at a higher
frequency the thermal penetration depth is shallower and thus does not reach the die attach

interface. The results demonstrate that the transient GRT analydl®e device is
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insensitive to the device packaging and evaluates the effect of the gate to gate pitch on only
the device level. Overalthe use of e differential probe enables a higher temporal
resolution than that previously achieved when usingsaillescope. Despite the temporal
resolution not being yet sufficient to monitor the temperature change in devices under GHz
operation, the advancements in the GRT technique developed in this study provide a step

closer to achieving this.

3.5 Summary and Conclsions

The results from this study show the feasibility of using GRT under RF to estimate the
junction temperature. In contrast to optical thermal characterization methods, RF GRT
provides a quick reliabl e met hod cetuanderb e nc hn
RF. The results confirm the improvement in thermal performance when using a larger gate
to gate spacing and highlight a | inear re
efficiency and temperature rise. The direct comparison of RF to DC temmegerses
shows a decrease in junction temperature when operating the device under RF. The lower
temperatures observed undr¥F confirm that thealle heating profiles is bias dependent.
Developing a transient GRT method under RF could provide furthaghinesto the
devicebds transi ent litytb direathacompare/theaandie bemting The a
profiles, however, is not possible via GRT and thus requires electrothermal simulations
and optical mapping techniques to further investigate the diéessbetween these the two

modes of operation.
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CHAPTER 4. DEVELOPMENT OF OPTIC AL THERMAL

METROLOGY TECHNIQUES FOR GAN HEMT RELIAB ILITY

Content in the chapter (figures and text) adapted from:

1.G. Pavlidis et al.,"Monitoring the Transient Thermal Response 66AN/GaN HEMTs
using Transient Thermoreflectance Imaging,” in CS Mantech, Indian Wells, CA, 2017, pp.

173-176.[82]

4.1 Raman Active Nanoparticlesfor Surface Temperature Measurements

Optical barriersmainly metalpads have limited the majority of Ramainermometry
studiesto estimate the temperature rise in the GaN laiydyetween the metal contacts
Although this technique has bedeveloped to show high accuracy, the evaluation of the
region below the gate rted temperature has onlyeen possibleia backside confocal
measurementsThis setup requires expensive optics and the removal of any heat sink
attached to the bottom of tlevice[31]. Another limitation identified in literature has
been the inherent volumetric averag&smperaturemeasured when using visible
wavelengths below the bandgap of GE#M]. This has led to the underestimation of the
peak temperatureequiring simulations to be conducted to predict this paranm2®r
Furthermore, the stress dependence of the GgNIEphonon mode has also required the
use of two peak analysis to decouple the temperature and stress effects associated with the
phonon modes. The need for a strain fedae temperatire measuremenising Raman

is apparent and woulaksist irdirectly monitoringthe peak temperatucé the deviceThe
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use of Raman active nanoparticles has preliminarily shown to be a good candidate to solve
this challeng¢62, 63]. By combiningtheindependent Raman sensors on top of the device,
both a stain free surfacetemperature measurememind averag GaN signalcan be
obtainedto sense the vertical gradients that may exist in the devidbis chapter, the
development and application of Raman active nanoparticles for thermometry is discussed

and its suitability for GaN HEMTSs is investigated.

4.1.1 Sampé Preparationand Calibration

Severalnan@articlepowdershave been developed frooulk materials thahave
shown to exhibit strong Raman scattering. A benchmark of differenpagiaes was thus

conducted to determine theaterialwith the highest terperature dependence

Table 3 Material properties of nanoparticles under investigation.

Nanoparticle Manufacturer Diameter  Purity ~ Raman Shi

(hm) (%) (cm)

Diamond  Kay Diamonc 4 99.9 13307
Products

Zn0O Sigma Aldrick <50 97 437.5

TiO2 (anatase) Alfa Aesar 32 99.9 143.23

Si American  g45150 999  518.87
Elements
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Unfortunately, long acquisitions time were necessary to detect the Raman peak for
some of the nanoparticles (SiC, ITO, AlGaN) and were thus not further examimnetedrh

to studying in detail the application of four different nanoparticlesTabée3).

Initially, three different criteria were defined to ensure the possibility of these particles

being applied to GaN HEMTSs:

1. Strong fhoron tanperature dpendence
2. Minimal overlap with Raman peaks associated with GaN

3. Uniform deposition of particles oredice

The phonon frequency with the highest peak intensity for each nanopatrticle is shown
in Figure 30. At first glance, no peaks interfere with tit@o GaN vibrational modes
monitored for thermometry ¢hgn: 568 cm! and A(LO): 732 cmt). Further testing,
however, showed that TiEznigh peak near 143 ctcan interfere with the HLO): 150
cm! peak associated witGaN[83]. The near proximity of theswo peaks requires the
multi peak fitting algorithms andh some casete direct overlap of these pealan result
in errors when being used for temperature evaluation. Toeasirong Raman scattering
rate from TiQ, a highly pure single phase form of the material is neced&ily
Experimenting with different purity levels of Ti@&natase, it was found that an increase
from 99.7% to 99.9% purity had a significant impicpreventingthe GaN E(LO) peak
from interfering with the Ti@ peak.Apart from TiQ, the Si nanoparticles may also

interfere when evaluating devices on a Si substrate.
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Figure 30: Raman spectra of ranoparticlesunder investigaion using a 488 nm laser.

Using a thermal stage, the temperature coefficient of phmhon frequencyvas
extracted to determine the sensitivity of each material. The particles were initially
deposited on a glass substrate to avoid any interference from external Raman signatures.
A thermocouple was placed on the top side of the glass toesa®se approximation of
the substrate temperature. The Raman spectra were fitted at different stage temperatures
and the results are plottedkigure31. The temperature coefficients were compared to the
coefficients previoupublished in literature for bulk materig85-89]. For all cases, the
coefficients aligned well with literature for the temperature range studied and the use of
linear fitting was justified. The highest phonon temperature dependence was found in the

Si and TiQ nanoparticles exhibiting coefficients greater than 0.02/Em
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Figure 31 Temperature dependence of different nanoparticle ponon frequencies.
Linear regression was applied to extract the temperature coefficiest

In addition to benchmarking the temperature dependence of the Raman signatures,
the effect of laser heating must also be tak&o iconsideration. Despite thdicon
naroparticles resulting in the highest temperature dependency, the visible wavelength
lasers used for Raman (488 nm and 532 nm) are both absorbed in the material and may
cause significant heating. Varying the 488 nm laser power with filters, the effectgof la
selfheating are plotted iRigure32. For the Si nanoparticleBigure32 demonstrates that
the laser power must be reduced to nearly 1% of the nominal output power (25 mW) to
avoid anyself-heatingeffects.This translates to a significant increase in acquisition time
to obtain a sufficient amplitude for the Raman peak. Likewise, Diamond also experienced
the effects of laser selfeating and it could also be seen optically that the morphology of
the particles changed. OveralliO2 and ZnO appead to have no effects ohder seH

heating and were chosen as the two nanoparticles to further study.

57



0.5
A S — —
g ¢
E-0.5 i 1
» -1
-
§'1'5 [ + Diamond |
§ 2 F eZn0O
S25 | ®m ATIO,
o mSi

3

0 20 40 60 80 100

488 nm Laser Power (%)

Figure 32 Effects oflaser seltheating on Raman nanoparticles phononréquency:.

After having deposited the nanoparticles on a glass substrate, the next step was to
assess the uniformity of the particle deposition on more similar surface roughness as
compared those encountered on commercial device surfaces. In general, the governing
processes for the dispersion of particles on a surface depends heavily on the deposition
speed and particle volume fractip®0]. All particles were diluted ira solvent (mainly
IPA) with varying concentratiorand then sonicated prior to depositioDifferent
depositionmethods werenvestigatedon a plainsilicon substrate. This included a spin
coater, an air brush, and a pipette. For spin coating, the sm@d s@es varied and it was
observed thaat higher speed$1500 rpm for 30 secondshin layers with low Raman
signaturepeakswere achievedwhile at lower speedshighly concentrated particleéa
localized areasvere depositedThe air brush method resedt in a sparse distribution of
the particles which was difficult to obtain a Raman signal. The pipsdteod included
controlling the ambient temperature of the substraith a baseplateo enablegheprecise

localized deposition of the particles. Oalr it was difficult to control the particle
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distribution noting that the roughness and topography of the surface played a significant

role in the final distribution.

When applying these deposition methods to GaN HEMTS, the pipette method was
found mostsuitable as it enabled the localized deposition of particles and thus prevented
the particles from being deposited on areas of electrical contact such as thesygoahd
ground padgFigure33). Different concentrations of thegicles were tested to determine
the best concentration that would result in a sufficient Raman peak intensistiland
maintainvisibility of the device geometry below. FAnO, 0.01g of particlesvere diluted
in 20 mL of IPA, and the baseplate temperawas helét 170 °Cfor less than onminute
after deposition. For Ti¢) 0.01 g of particles were diluted in 100 mL of IPA and the
baseplate temperature was held@fG.

-
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Figure 33: a) Location of nanoparticles when depositéd on GaN HEMT b) Description
of setup used to measure nanoparticles and perform calibrations

After establishing a robust method of deposition, the uniformity of the temperature
coefficient was investigated to determine the necessity of performing calitsr&dr every
particle measured. For T#Dover 15 different locations across the ehel, the source,

drain andgatepadsweremeasured (results are plottedFigure34 ). An averaged slope
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of 0.024% cm/K was determinedConparing this slope to the specific slope extracted

for each locationa maximum error of 7%vas estimatedlhe results of this studyonfirm

the uniformity of the Ti@ temperature coefficient validating the application of a single

temperature coefficient tall particles deposited in a single batch.
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Figure 34: Uniformity of temperature calibration c oefficient of TiO2 nanoparticles
across GaN/SiC HEMT.

Comparing the applicability of ZnO to Ti¥dor Raman thermometryhe main

advanage identified for using ZnO is the possibility to remove the particles after

characterization. The removal of the ZnO particles was attempted using slightly acidic DI

water on four different GaN/SiC HEMTs. Water was mixed with a HCL at ratio of 2000:1.

Devices were left in the solution for series of hours before being tested dgaietermine

if any damage was done by the acidic solution, IV characterizaagrperformed prior to

and after particle removal. Slight changes in the IV curves led to bdlex the metal

contacts may have reacted with the acidic solution. It was concluded that in order to apply

a particle removal process to the GaN HEMTSs, a less reactive acid needed to be

investigated.
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4.1.2 Effect of Nanoprticles on Electrical Performance

To determine whether the Tikanoparticles have any significant impact on device

operation, iV characterization of the devices were performed before and after the

nanoparticle depositioAn example of a device characterizedl®wn inFigure35. The

0kink effectod

s h o wY curves avais attributed te eldetmmvtragping t h e

[9]]. Since the investigation of nanopartglMas conducted on previously used devices,

most devices did not show ideaVIcharacteristics. fie FV curves however,obtained

before andafter deposition were found to be very simifaghlighting that there was no

change in the electrical charactéds of the device.
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Figure 35: Effect of TiO2 nanopatrticle deposition on GaN HEMT IV dharacteristics.

|l nvestigating

t

he effect of

the gsarticl ¢

led to studying theeffect of the electric field onthe TiQG Eg phonon frequency. As

previously mentioned, the phonon modes associated with GaN are highly stress dependent

and the thermal stresses developed during operation in addition to the piezoelectric stress

can lead to an errors in thhemperature measuremg®]. Raman measurements were
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taken before and dumgnapplying a bias to the device in the pinch off conditions (high
negative on the gate) to determine any shift in the Raman peak position. Insignificant
changes in the peak position were found supporting the claim that the nanopatrticles were

considered atmin free measurement.

4.1.3 Channel Temperature Mapping

Upon review, the Ti@anatase nanoparticles were regarded as the most suitable
material to be used for surface temperature measurements of GaN HEMTSs. The patrticles
were thus deposited on a GaN/SiC HEMPpé&sform a full lateral temperature mapping of
the device. The device was biased at different power densities with a constant drain bias of

28 V. The distributions are plotted kigure36.
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Figure 36: Lateral surface channel temperature nappings of GaN/SiC HEMT using
TiO 2 nanopatrticles.

As expected, the results show that the peak temperature rise in the device is located
near the gate confirming the accuracy of the technique. The application of imptegree

single temperature coefficient for all particles is also verified as no irregularities in the
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temperature distributed are observed. Overall, results prove the viability of usiag TiO
nanoparticles for surface temperature mappings of GaN providimgthod that can

measure any point on the device irrespective of the material found below it.
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4.2 Transient Thermoreflectance Imaging

4.2.1 Theoryand Experimental Setup

Developing highly accurate and versatile point measurement techniques such as
Raman are usefuhowever, long acquisition times are necessary to perform full thermal
mapping and theacquisitiontime is exponentially increased when attempting to perform
transient thermal analysi®ne technique that has the ability to measure simultaneously the
transient surface temperature rise of both the channel and the gate nmetalsisnt
thermoreflectancd93]. The accuracy of this technique is based on how well the

thermoreflectance coefficient;fof the surfacefdnterest can be estimatggl7, 94]. This

is based on the change in reflectivity of
Y
J 14 w - 3
6 Y ©)

Due to thermal expansion effects, heating a material without maintaining a constant
planeof focus to determine thegan introduce error in th@easurement of reflectivity
[21]. Recent advancements in transient thermoreflectance imaging (TTI) technology has
enabled the use of a piezoelectric stage to account for thermal expansian tte
extraction the & [72]. Implementing this technology, a Microsanj NT220B was used in
this study tgperform calibrations ancbnduct TTI measurement$heexperimental setup
is shown andexplaned inFigure 37. Taking advantage of advance timing controls, the
device, CCD, and LED are all biased at short time pulses on the nano to microsecond scale.
Controlling the delay of the LED excitation source, the temperature of the targeted area

can be probed at different time throughout the pulse. To extract the cGwea
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wavelength sweep was performed to determine the optimal wavelength that results in the

highest thermoreflectance signal the region of interest

a) Experimental Setup

Probes for —
Biasing Device | o

Osculoscope for tGRT

Isolation Table

b) TTI Setup c) Timing Chart
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Figure 37. a) Experimental setup of Microsanj thermoreflectance gstem b)
Schematic describing the different components used thermoreflectance maging ©
Schematic explaining timing control of different components of Microsan;
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4.2.2 Design Specifications and Considerations

Due to the difference in feature sizes between therdiffeareas of interest,
appropriate selection of the objectiveods
necessary. Increasing the magnification can increase the resolution (108 nm/pixel to 53.5
nm/pixel when switching from a 50x objective to a 100jeotive). Choosing a higher NA
reduces the objectiveds wor kwhaengattethptisgttaa n c e
probe devices. A large NA, however pisneficial for reducing the noise in measurements
as the path from the reflected surface to the GE€DBecreased. Overall, the calibration
measurements were taken at 50x for the drain and source pads while a 100x magnification

was used for the GaN channel and gate metal.

To improve the temporal resolution of TTI, the LED pulse width can be reduced to
the minimum Full Width Half Max (FWHM) of apprdrmately 50 ns (measured with a
photodiode). This also defines the theoretical maximum time resolution possible with the
current configuration. This significant reduction in LED pulse width, however, would
redue the thermoreflectance signal and consequently decrease the signal to noise ratio. To
maintain a high intensity of light being reflected from the surface, different techniques may

be applied.

First, the LED duty cycle relative to the overall time pemath be held constant.
In the current experimental setup, an LED duty cycle of 1.38% was applied which would
require the overal/l time period to be redu
ns. When it is not practical to decrease the time pethed, ED duty cycle can be reduced

and other factors can be varied. The CCD frame rate can be reduced from 30 frames per
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second (fps) to 20 or 10 fps. The reduction in frame rate will increase the number of cycles
captured in a single frame correlating to imcrease in the thermoreflectance signal
detected by the CCD. The drawback to this approach is that longer overall acquisition times
are required to reduce any noise in the thermoreflectance signal. Lastly, a gain can be
applied to the CCD to enhance tihetected thermoreflectance signal. When applying this
technique, the CCD is more sensitive to the noise attributed to the ambient light and thus

requires the setup to be placed in a dark box to reduce any background noise.
4.2.3 Understanding the Thermorefleatze Coefficient

Since the @ is both material and excitation source wavelength dégraiiFigure
38a), there exist several difficulties when attempting to use the same wavelength source
for thermoreflectance measurements of ddfé GaN devices. For example, the
thermoreflectance signals detected from the gate metal with different passivation
thicknesses can result in differerd@Cs f or t he same wavel ength

interferencgseeFigure38b).
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Figure 38. a) Thermoreflectance coefficient(Ctr) vs. illumination wavelength for

various materials [95] b) Spectrum of dR/dT measured in the case of bargold

(circles), and calculated in the case of &#s-coated gold (line). The arrows indicate
the FWHM spectral width of two of the LEDs[69].
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To ensure a high signal to noise ratio, a wavelength source that results in the
strongest thermoreflectance coefficient should be seledtied. can be assessed by
accurately quantifying the « for different wawelengths using the Microsanj. The
piezoelectric stage allows the surface to be autofocused and corrects for thermal expansion
on the nanometer scale (typically within ~1 nm at 100x magnification in{filiXection
and ~10 nm in the Z direction). It emgka combination of commercial and proprietary
metrics as feedback for the autofocus control. Furthermore, estimating the true temperature
of the surface when measuring the reflectivity can also lead to error in the coefficient. To
detect any large tempéuae rises within the die, a thermocouple was placed directly on

the die of the device instead of using the thermocouple in the Peltier stage.

4.2.4 Experimental Validation

In this study, transient thermoreflectance imaging (TTI) is used to perform surface
temperature mappings of AlGaN/GaN HEMTs on a SiC substrate. SIN was used as the

surface passivation. As shownhigure 39, the devices tested were six fingered devices

with a 370 em gate width anéeddvagat esisiate nt i c a

thermometry (GRT) in Chapter 2

68



Gate Resistance Thermometry Thermoreflectance Imaging

(AV)
(av)

Figure 39: Four terminal sensing gate resistance thermometry device in pulsed bias
configuration. For direct comparison to transient thermoreflectance imaging,
simultaneous hermoreflectance mapping of the device gate width was performed. A
405 nm LED excitation was pulsed to measure the transient thermoreflectance
response.

To verify the accuracy of this techniqube GRT technique utilized in Chapter 2
was performed simulteeously to TTIl. The voltage drop across the gate finger was
measured using a Tektronix DPO3012 Oscilloscope and a probe current of 3 mA was
applied.GRT measurements were performed every 2 minutes capturing 4 random periods
each time. An average of all theveforms captured was taken to directly compare to the
TTI temperatures estimated above the gate region. The standard error of the GRT

uncertainty was calculated using 95% confidence intervals.

A wavelength sweep was performed to determine the optimedleragth that
results in the highest thermoreflectance signal for the regions around the GaN channel.
Initially performing the calibration at approximately a 100 °C temperature rise, all regions
resulted in a strong #for a 405 nm LED source. To confirtihe linearity of the
thermoreflectance coefficient, the change |

temperature rises and linear regression was used to ekeeambefficient Figure40). A
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Ci of -2.38 x 10* °Ct and-2.14 x 10 °C! were extracted for the Gate Metal and GaN

region respectively.

0 -~
- ‘Q
) iR 3 Cyy = -2.14x104 °C-1
—~-0.01 >~ R?=0.9968
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< 002 R2=0.9988 e
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+ Gate
-0.03 . . ‘ .
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Temperature Rise (°C)

Figure 40: Linear temperature dependence of the thermoreflectance signal detected
from the gate and GaN channel region using a 405 nm LED sowec Linear
thermoreflectance coefficients, @, were extracted from plotted data.

Similar to the setup described in Chapter 2, the devices were biased under pulsed
conditions using an AMCAD Pulsddf system A20V400e s peri od pul se w:
to the drain with varying duty cycle from #D%. A constant pulsed gate bias was applied
to prevent errors in the gate resistance m
that the gate bias was applibdfore the drain biasHgure 41b). The maximum power
dissipated was estimated to be 3.9 W/mm. For TTl,an LED pul wi dt hFigore 5. 5 ¢
41) was used to obtain a strong consistent thermoreflectancd sigrthe regions of
interest. To capture t he deviceods temper

measurements were recorded every 8 ges from
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Figure4l:a) CCD i mage of 6x370 em GaN ztoMT i ncl
bet ween device bias and LED pul se. LED pu
delays of b) 15.2 e€s and c¢c) 167.2 es. The
image highlights the area of localized dule heating along the gate width during

pulsing.

To directly compare the temperature measured by TTI to GRT, thermoreflectance
images using a 100x lens were taken of the central measured GRT finger. An example of
the temperature rise monitored across tte gia TTI is shown ifrigure41l The images
shown were accumul ated over 80 seconds at
respectivel y. N o t elay tp the draén biadpiqure 41le chptuied thee s d
temperature rise at the very beginning of thelps e, bet ween 2.5 s and
bias is applied. The image shows that the highest temperature is found to be along the gate
width confirming the localizedoule heating profé present in GaN HEMT&igure4lc
repregents closely the peak temperature rise in the device at the end of the pulse when a
40% duty cycle is applied. The peak surface temperature in the device remains over the
gate metal region as expected. The heat is shown to spread along the channel where a
temperature gradient can be seen along the GaN channel. The drain and source pads appear
to have the lowest temperature rise as they are furthegtfeava the source of localized

Joule heating. Temperature data from pixels located over the edges ofntine anid
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Schottky contacts were filtered due to low intensity of light reflected from these areas

which translated into large uncertainties.

Acquiring images every 8 ¢gs, t he gate
under 10%, 20% and 40% duty cycleswaonitored. To directly compare the temperature

rise using TTI with transient GRT, an averaged probed region across the gatevagdth

used and plotted ifigure42. The averaged region would represent approximately the
same temerature the GRT method is measuring when averaging over the gate metal

resistance. The close agreement between the TTI and GRT measurements (maximum 5%

difference) indicates that the gate metaleXtracted from the calibration is accurate.
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Figure 42. Comparison of transient thermal response od GaN HEMT under various
duty cycles measured by transient thermoreflectance imaging, TTI (markers) and
gate resistanceltermometry, GRT (shapes).

The thermoreflectance coefficients cawbe used to monitor the temperature rise
across the Wwole device including the GaN, drain ammdisce regions (GategC-2.38 x 10

4°C1 drain and surce G -3 x 10* °C! and GaN @: -2.14 x 10 °C?Y). Using these
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values with a 20x magnificatioeits, a device thermal mappisgshown irFigure43. The
temperature profile along the gate width for the middle gate finger and bottom gate finger
are plotted and second order polynomials were fitted to the raw temperaturéhdata.
temperature profile along the middle gate finger shows a significant temperature rise from
23.2 °C at the edge of the mesa to 42.6irf@Ghe center. As shown in ChaptertBe
averaged GRT temperature (40 °C) does not capture this gradient showiegehsity of

a mapping technique such as TTI to capture the peak temperature and gradient.
Furthermore, the uneven temperature distribution éetwfingers is shown iRigure43.

In contrast to the middle gate finden &8 °C tenperature gradient along the bottom gate

finger is observed.
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Figure 43. Temperature profile along gate width of middle gate finger and bottom

gate finger. Temperature profiles wee extracted from thermal image measured by

Transient Thermoreflectance Imaging using a 20x lens. The blue line represents the
averaged areathadl evi ce was biased for a 400 s per

The noise associated with tihaw temperature data iRigure 43 highlights the

drawback of using a lower magnification objective. Noting the gate length is approximately
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1 em and the CCD resolution is 274 nm/pixel
for the change in thermoreflectance in these areas of low smmalise ratio. For this

reason, a second order polynomial is fitted to the acquired data to characterize the
temperature distribution along the gate width. To improve the signal to noise ratio, a higher

magnification lensd necessary as shownHRigure41.

To further investigate the devicebds the
the different regionéusing a 100x magnification) aneonitored by TThandplotted against

each other irfrigure44.
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Figure 44. Temperature profile monitored by transient thermoreflectance imaging,
TTI, of different regions across device for a duty cycle of 40%.

Comparingthe temperaturese of the gate metad0 K) to the GaN channel (25
K), alarge temperature gradient is observ&ihce the hotspot typically occurs right under
the gate in the GaN layer, the temperature of the GaN would be expected to be similar to

the gate metal as shown in Chapter 2 under steady state conditfansliscrpancy
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between the two values measured by @uéstions the accuracy of applyimgl to non

metal regions such as the GaN channel. It is important to remember that the energy of the
405 nm LED is below the bandgap of GaMiich signifiesthat the excitatiorsource
wavelength is not fully absorbed in the GaN. Furthermore, the addition offaSéation

layer can contribute to the uncertainty in the thermoreflectance measurement due to thin
film interference. Overall, these results highlight the need forvéhdication of the

temperatures extracted from GaN region when using TTI.

4.2.5 Development of UV Thermoreflectance Imaging

To enable the accurate characterization of the GaN channel using TTI, it was
determined thadtVV wavelength LEDs, comparable to the baaqulgf GaN, were necessary
to obtain a strong GaN thermoreflectance signal. A studynpassivated\lGaN/GaN
HEMTs on a Si substrateas conducted to verify the accuramfyusing such wavelengths
(340/365 nm)Without the passivation, the uncertainty ahtfilm interference could be
neglected and the temperature rise obtained from the Gate metal via visible wavelengths
(470/530 nm) could be directly compared to the UV TTI restihe devices tested were
t wo fingered devi ces weatsimilarstack onfiguratiop astthe wi d |
GaN on SuperlatticSL) structure described ifi96]. To ensure linearity of the
t hermoreflectance coefficient, tdidfferenhange
temperature risedJsing a 530 nm LED source and measuring the thermoreflectance on
the gate metal (spatially averaged along the gatéhyyia G, of -1.74x10* °C! was
measured. For the GaN channel #20€-9.6x10* °C! was measured using a 365 nm LED.

The fittings for these two cdetients are plotted ifrigure45.
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Figure 45; Linear temperature dependence of the gate metal thermoreflectance signal
using a 530 nm LED source and the GaN channel region using a 365 nm LED source.

Applying the respective &&measured, the temperature mappings between the four

wavelengthg340/365/470/5@ nm)were canpared and are shown kigure46. A 20 V

pulse was applied to the drain with a 10% duty cyti®-¢c s

p er i ocdngtantbias | e

was applied to the gate. To account for drain current variation due to electriati@xdiy

UV illumination, the gate bias was adjusted to ensure identical power dissipation across

the device for every LED used. The effect of UV illumination on the drain current is

possible to detect in contrast to quantifying this variation when wih&aman. This is

because the UV illumination imiformly distributed across the device whereas UV Raman

is locally exciting the channel at the point where the laser is focused. A peak power density

of 3.6 W/mm (during the ON state when 20 V is applietheodrain bias) was dissipated

across the device

bias was applied before the drain bias.

f
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Figure 46:. Transient thermoreflectanceima gi ng o f 2 X 4 2MTausimg Ga N/ Si
different wavelength LED excitation sources. Near UV wavelengths: a) 340nm and b)

365 nm resulted in strong temperature mappings of the GaN Channel regionhile

longer wavelengths: c) 470m and d) 530 nm showed a clear temperature mapping

of the gate metal.

For the initial comparison between all wavelengths, a 50x/0.5NA olgewaias
used. As shown ifigure46, images were taken near the end of the drain pulse when the
device exhibits its maximum temperature. Overakrehis close agreement between the
mapping of the gate metal measured by the 470 nm and 530 nm LED resulting in a
temperature rise near 70 °C. Symmetric temperature distributions along the gate width are
observed for both wavelengths. Using the single 9itable for the gate metal, no
significant thermoreflectance change is observed across the GaN charthel380 nm
LED source Figure46d). In contrast, a temperature rise is observed across the channel for
the 470 nm LED soue Figure46c) despite it being a wavelength significantly below the
bandgap of GaN. The signal is thus attributed tastiemn substrate in which the 470 nm
wavelength is being absorbed. While the 530 nm wavelength is alsdadsn the Si, it
does not result in a large thermoreflectance signal. Overall for the 470 nm excitation

source, the thermoreflectance signal originating fromstlieon decreases the signal to
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noise ratio of the Gate etal thermoreflectance making iless suitable wavelength for

evaluating the gate metal temperature.

The comparison of the GaN channel mapping between the 340 nm and 365 nm
highlights significant differences betwedre measurement3he averaged obtained
for the 340 nm was measurembe 1.5x1d °C*?, an order of magnitude lower than the
coefficient extracted for the 365 niFigure45). Due to this weak temperature dependence,
a low signal to noise ratio is observed in contrast to the 365 nm temperatymiagndjpe
temperature profile along the gate width, however, appears to be less uniform for the 365
nm image resulting in temperature spikes across the channel. Similanfoomities were
observed if97] when using &67 nm excitation source and were attributed to defects in
the GaN. The absence ofetlspikes in the 340 nm LED image, however suggest a
wavelength dependence to this phenomenon and can be potentially explained by the near
zero residual stes found in the GaN channdl4].The bandgap of strain free GaN has
been estimated to be 3.418 §38] corresponding to a wavelength of 362.7 nm. Due to the
broad spectrum of the 365 nm LED used (Full Width Half Max of 7.5 nm), the
thermoreflectance signal detected by the CCD will thus be a combination of absorbed light
in the GaN in addition to flection from lower layers such adicon. While the GaN
channel residual stress for this particular device has, on average, been measured to be near
zero, defects formed during growth and processing will cause slight changes in the residual
stress and cewmequently nomuniformities across the channel. This aamformity will
translate into amallshift in the bandgap and ultimately a ramiform Gn across th GaN
channel (shown irfrigure47a). The G measured by the 340 nm,vkever, will not be

affected by this phenomenon due to having an energy level far above the bandgap of GaN.
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Despite the 340 nm LED showing a more uniform temperature distribution, special
UV optics are necessary to transmit sufficient light through theddanj and consequently
limits the objective magnification to 39x. Furthermore, the maximum power of the 340 nm
LED was limited to 33% of the power capacity of the 365 nm LED, making the 365 nm
LED suitable for higher magnification measurements. A 100MA.®bjective was
subsequently used for TTI measurements with both the 365 nm and 530 nm LED. To
reduce the bandwidth of the 365 nm LED and effectively the variatiomjra@65 nm

bandpass filter was placed in front of the LED.

4.2.6 Improvement of Transienh&rmoreflectance Imaging

To overcome the neaniformity of the G, in the GaN channel, a pixel by pixel
calibration was used to apply the appropriate coefficient to each pixel..d g of the
device using an 100x magnification is shownHigure 47a and confirms the nen
uniformity of the coefficient across the Gadthannel. As previously discussed, the
application of a single &to all pixels will cause errors in the temperature distribution with
large spikes in areas where tiBa significantly varies. Figure 47b highlights this
phenomenon showing a direct correlation between the temperature spikes and change in
the Gn. Using the piezoelectric stage and adjusting the light intensity to match the pixel
intensity of the thermal measurement, a point by point calibration is applied to the TTI
image n Figure47c. A significant improvement of the thermal image is obtained removing
most areas of neaniformities and showing uniforrmeating along the gate on the drain
edge. A few small areas of nomiformities still exist in the image but are attributed to
either small particles laying on the surface of the channel or low intensity pixels near the

edge of the ohmic and Schottky cartta
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Figure 47: a) Thermoreflectancecoefficient mapping (Cin) of GaN/Si HEMT using a
365 nm LED source. Resulting GaN channel temperature profile when applying b) a
single Gn to all pixels c) point by point Gn calibration d) Temperature line plot of
GaN channel near the drain edge along the gate width.

A line plot in the GaN channel on the drain edge was taken from the top of the
device to the bottom to monitor the temperature gafibng the gate widthrigure47d).
The improvement of the temperature profile measured when using the point by point
calibration is shown and captures the parabolic thermal profile across the device. The
significance of these results demonstrates the necessity of ®ppiint calibration when
measuring the thermoreflectance of semiconductors with excitation wavelengths near the

bandgap of the material.

Now having the ability to accurately measure the thermoreflectance change in the
GaN channel regn, a direct comparis to the gte metal temperature can be made. A full

transient analysis of the GaN HEMT was perfedrand plotted ifrigure48. Averaged

regions near the center, of dimensions 0.

for the gate metal as well the GaN channel region on both the drain and source edge. Noting
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a 10 es delay before the daofaliragionbincaeasesi s ap

rapidly within the first two microseconds before reaching a steady state temperature.

Using a singlederm exponential model to fit to the temperature rise and decay,
thermal times constants associated with the gate metal and GabE aaxtracted. The
t her mal time constant associated with GaN
contrast to 0.92 €s time constant extractec
time scale associated with the GaN is to be expectibe asigin oflocalized dule heating
occurs in the GaN. A similar trend is found in the temperature decay where a longer thermal
ti me constant is extracted for the gate m
thermal dynamics can be conductedngsmultiple time constants to fully capture the

temperature rise and ded®d].
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Figure 48. Transient thermal response of GaN/Si measured by thermoreflectance
imaging. Gate metal temperature was monitored using a 530 nm LED and GaN
channel temperatures were measured using 365 nm LED. Temperatures represent
averaged temperatureover0.& 0. 8 em square in the center
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Comparing the overall temperature rise, the gate metal temperature reaches a
maximum temperature of 57 °C whereas the GaN reaches a maximum temperature of 50
°C. The higher gate metal temperature rise indidatdshe hotspot is indeed located under
the gate metal and is unable to be captured by the UV TTI measurement of the GaN channel
mapping. Comparing the peak temperature rise in the GaN on the drain edge to the source
edge, the source edge reaches a teatyer rise of 36 °C which correspondsat@6%
decrease in temperatur€o fully characterize the temperature distribution across the
channel, line plots were extracted at different tim&rvals and plotted ifrigure 49.
Secondorder polynomials were fitted to the raw temperature data in all three regions: the
gate to drain side; the gate metal; and the gate to source channel. Due to edge effects, the

data near the gate edge in the GaN channel were not included in the fittings.
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Figure 49: GaN HEMT channel temperature mapping between source and drain
using UV thermoreflectance (365 nm) for the GaN region and visible
thermoreflectance (530 nm) for the gte metal. The development of the temperature
profleover time 1is shown. Joul e heating 1is
applied. Second order polynomials were fitted and plotted to highlight the
temperature gradient across the channel.
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A clear contrast between the temperature gradients acrosdférerdiregions is
presented. The temperature gradient between the gate and source results in a 2 °C rise while
a maximum 10 °C rise is measured between the gate and drain. An even larger gradient is
observed across the gate metal (15 °C). The large gtaoitween the gate and drain
indicates that the hotspot is located near the gate metal on the drain side edge. This
distribution is cofirmed in literature where theodle heating profile has been found to be
a functon of the electrical field9]. Overall, further investigation is necessary to verify the
accuracy of the channel temperature mapping andifigehe position of the hotspot.
Electrothermal numerical models can be implemented to obtain a full temperature
mapping. To compare the model to multiple experimental data sets, the devices can be
operated at different gate and drain voltages which Wtéi ¢he temperature piite due to

the bias dependenbule heating distribution.

4.2.7 Thin Film Interference

The TTI results highlight the need for gaining a deeper understanding of the
thermoreflectance signal originating from an area where multiple thim I&iyers are
present. The passivation layers can strongly influence thermoreflectance signals due to
interference among multiply reflecteddms (thin film interference)Most films have
relatively smooth surfaces with roughness smaller than the typivalevayth of the probe.

To fully understand the GaN thermoreflectance signal, a developed technique should be
used to verify the temperature estimated in the region. An initial study was carried out
using Raman to measure the temperature rise of a padsinatais un passivated device

for the same power dissipatioi®aman temperature mappings were conducted by taking

measurements along channel from 0 t&28in 2 ¢ nsteps and moving from 0 to 80m
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in 5 & neteps along the vertical directio.o estimatehe temperature rise, a map was
performed prior to and after biasing the device to determine the initial reference peak
position. Since the Raman capabilities in the lab are limited to just DC measurements,
steady state thermoreflectance images were tmkexomparison andreshown inFigure

50. The passivated and unpassivated devices were biased and 17.5V and 21.5 V
respectively. This amounted to a power dissipation of approximately 1.1 W. Using a pixel
by pixel calibration, goo agreement is found between the two measurements for the
passivated TLM.The temperature distribution across the TLM appears to be mostly
uniform with a slight bias towards the positive terminal of the TLM. This gradient may be

due to the age of the TLMsd operating in the saturated region of the IV curve.

Raman Temperature Mapping Steady StateThermoreflectance Imaging (365 nm)
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Figure 50. Comparison of steady state temperature @pping of GaN/SIiC TLM
performed by Raman thermometry and thermoreflectance rnaging. Unpassivated
device was fabricated byetching the passivation. Both devices were bias at
approximately 1.1 W.No steady state thermoreflectance inging of the unpassivated
devicecould be measured.

A steady thermoreflectance image of the unpassivated dexdseunable to be
achieved This pheromenon may be attributed to the low thermoreflectance signal

attributed to the surface and highlights the need of the lock in technique used in TTI to
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detect the small signal. To further investig#te difference between the two devices,
thermoreflectancecoefficient mapping of the two devices were performed. The
coefficients for the passivated and passivated device were foundt@kE0* °C* and-

1x10* °C? respectively. This confirms the stronger thermoreflectance signal detected
under steady statimaging for the passivated device. The change in the thermoreflectance
signal of the unpassivated device could be detected under pulsed biasing using TTI. A
comparison of the transient thermal profiles is showsignre51. Thedevices were biased

for 250¢ period with a 20% duty cycle. Tlaveraggower dissipated was approximately

460 mW.Overall, both devices reached the same temperature rise and the temperature

profiles are similar to the Raman temperapnafiles shown inFigure50.
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Figure 51: Comparison of transient thermal profiles of GaN/SiC TLMs. Devices were
biased for a 25C s period with a 20% duty cycle. An approximatedaveraged power
of 460 mW was dissipated aoss both devicesThermal images are shown at 6@s
(end of the ON pulse).

The increase in the thermoreflectance coefficient when a passivation layer is added
suggests that thin film interference has a significant effect on the thermoreflectance signal
detected. Previous research has been conducted on measuring the reflection and

transmission spectra of multiple thin filni89, 100. A sample of a reflection spectra
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measured for an AlGaN/GaN bilayer grown on Sapphire is showigure52a. It can be

observed, that even with the absence of a passivation layer, the reflection from the surface

exhibits thin film interference. The thermoreflectance coefficient of the structured studied

must therefore be highly sensitive to changes in waggteof the excitation. To confirm

this, a wavelength sweep was performed using a monochromator on both of the TLMs

(Figure52b). Both surfaces are shown to have high wavelength dependence and drastic

changes in the coefficienteabbserved even with the change of a few nanometers.

a) Reflection Spectra b) Thermoreflectance Coefficient, Cy,
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Figure 52: a) Reflection spectrum and envelope of maxima wavelengths of
GaN/AlGaN bilayer on Sapphire (adapted from [99]) b) Thermoreflectance
coefficient, Gn, measured at different wavelengths for both GaN/SiC TLMs with and
with and without passivation.

The full width half max (FWHM) ofthe LED(+12 nm) consequently contributes the
signal noise ratio associated with the thermoreflectance siRedlicing this deviation will

reduce the number of different wavelengths being reflectednmti@ devices and will

reduce the amount of destructive interference. A bandpass filter was thus placed

immediately after the LED to reduce the full width half max (FWHM) of the LED emission.

The results of this study showed a dramatic increase in thradheftectance coefficient
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4.3 Summary and Conclusions

Overall, TTI shows close agreement with the transient GRT results. For a constant drain
and gate bias, the gate metal temperature rise and decay under pulsed biasing is monitored
with varying duty cyclesrom 10 to 40%. The resultdemonstrate the need using an
advanced autofocusing function to extract the correct thermoreflectance coefficient of the
passivated gate met&roviding an accurate method to employ TTI enables the possibility
of extractingthermal time constants to better understand the thermal properties of GaN
HEMTSs. In contrast to transient GRT, TTI has proven to be advantageous for temperature
mappings of the device providing submicron spatial resolution. These mapping techniques
will enable direct evaluation of adjusting device geometries such as gate to gate spacing

and gate width to improve thermal spreading throughout the device.

The accuracy of UV thermoreflectance imaging to monitor the temperature rise in the
channel region of a GaHEMT has been verified for the first time via the comparison of
visible thermoreflectance of the gate metal. A pixel by pixel calibration method is proposed
to account for the variability of the thermoreflectance coefficient across different regions
of the GaN. This point by point procedure is essential for UV thermoreflectance imaging
when using a LED excitation sources near the bandgap of the semiconductor.-For sub
micron spatial resolution, magnification objectives up to 100x are shown to accurgtely ma
the temperature distribution of the GaN channel. In comparison to Raman thermometry,
CCD based transient thermoreflectance imaging is proven to be an accurate and effective
method to measure the temperature distribution of both the gate metal and @hbr. Fu
application of this technique can be used to verify numerical models predicting the effect

of bias conditions and material selection on the peak temperature.
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CHAPTER 5. UNDERSTANDING THE VERTICAL

TEMPERATURE GRADIENT IN GAN BASED ELECTR ONICS

Content in the chapr (figures and text) adapted from:

1.G. Pavlidiset al.,"Steady State and Transient Thermal Characterization of Vertical GaN

PIN Diodes," in ASME 201TterPACK,pp. VOO1TO5A01110]]

5.1 Overview and Approach

For lateral devices, channel temperature mappings are usually performed from either
the top or bottom side of the device and then matched to an daleetneal simulation. No
direct measurement tiie temperature distribution along its depth has been shown. Using
transient thermoreflectance imaging, a cross sectioaahtd mapping technique f@aN
HEMTSs is proposedrlhe vertical temperature gradient in vertical GaN PIN diodes is also
assess usga combination of Raman thermometry and TlHe feasibility of creating
cross sectional sgrmtes has been shown by AFRIL02 103. Direct mapping of
temperature gradients across interfaces will give deeper insight into how to improve the
thermal boundary resistance between epitaxial layers. Until now, theoretical and atomistic
level models have been developedcharacterize the heat transport across interfaces.
Having the ability to directly compare these models to experimental data, new models can
be developed to help understand the effect of defects, roughness, anharmonicity and
interdiffusion on these inteates. This technique will also help me evaluate new patterned

interfaces that could improve thermal interfaces.
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5.2 Cross SectionedsaN/SiC HEMTs

AlGaN/GaN HEMTs on a SiC substrate were cross sectioned by AFRL asing
combination of a wafer saw and focused beam polishing techniqugk04]. Three two
fingered devices were cross sectioned consisting of two source connected field plated
devices and one non field plated devitke devices were packaged and wirebonded to a
CuW StratEdge package as simwFigure53. Due to the cross sectioning, the gate width
varied slightly between the devices. For the device studied in this ChRjgerec3), a
gate widthof 335 + 1 ¢ mwas measured. To reduce the amount of nais¢he

thermoreflectance signalssociated with multiple layers with different thickness in the

region of interest, the device without a field plate was initially assessed.

Figure 53 Optical image of GaN/SiC HEMTs measured for transient thermal
analysis. Devices were wire bonded and mounted to a CuW package which was
subsequently mound on a copper plate to ensure adequate thermal dissipation.

5.2.1 Plan View TTI

Prior to performing crossestional TTImeasurementsf the HEMTS, the devices
were measured from the top side to monitor the temperature distribution along the gate

width. Since the devices were cross sectioned, the path of heat conduction that normally
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existed surrounding the wleolHEMT was now removed. It was hypothesized that
significant more heating will occur at thége of the die where localizedule heating now
occurs. This mayesult in an alteration of theodle heating profile and excessively high
temperatureat the edg of the device which would not represent normal HEMT operation.
20x magnification TTI measurements were conducted using a 470 nm LED to monitor the
temperature rise of the gate metal. A calibration was performed andntb&tlle gate

metal was found tbe-1x10* °C1. The devices were pulsed biased at a varying drain bias
for a constant gate bias of 0 V. The duty cycle was 10% for ad.f@riod. Using an LED

pulse width of 140 namagesweretaken ata 2 and 1Cs delayandare shown irFigure

54,
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Figure 54: Top view TTI of crosssectioned GaN/SiC using a 20x agnification. A 470

nm LED excitation was used to obtain the temperature of the gate metdbevice was
biased at Mis= 7.5V & Vgs=0 V.

At 2 gs, the heating is still localized in the GaN near the gate metal and can be used
to determine if there is any change in thermal profile due to cross sectioning. Mapping the
temperature distribution across the gate metal, a 15 K temperature gradiergngabs

from the edge of the cross sectioned device to the opposite end of the device. This gradient
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appears to be parabolic and is similar to the temperature distribution observed in the GRT
GaN/SiC deviceRigurell). It should benoted that the gradient increased to 40 K at the
end of the drain pulse (16s). Upon review, no irregularities are observed in the
temperature distribution along the gate width and the concern of the cross sectioning

altering the thermal distribution was dismissed.

The magnification was increased to 100x to obtain a better tatopeestimation
of the gate metal and to enable a direct comparison of 100x TTI measurememtrasshe
sectionalview. The TTI mapsaken at 2 and 16s delays are shown Figure55.

CCD Image Time Delay =2 uys Time Delay = 10 ps
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Figure 55: Top view TTI of cross sectioned GaN/SiC using a 100x agnification. A
470 nm LED excitation was used to obtain the temperature of the gate metal.

To confirm there was no asymmetry between the two gate fingers, the gate metal
temperature rise of both gates wasasured to approximately be 80 K at the edge of the
device. Comparing this to the 20x TTI measurements, the temperature rise of the gate metal
is shown to increase by 10 K. The discrepancy between the values can be explained by the
low signal to noise rai obtained via 20x TTI measurements (discussed in Chapter 4). For

direct comparison to therosssectionalview TTI measurements, the temperature rise
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measured by the 100x objective was thus taken. Temperature rises were measured at
different power densis to ensure a directly proportional temperature power dependence

was observed.

5.2.2 Cross Sectional TTI

The overall objective of performing TTI on tleeosssectionaldevices was to
develop a method to accurately measure the temperature of the GaN chadegtane
the bias dependence of theulk heating profile in GaN HEMTs. To achieve this, the
temperature associated with the GaN must be verified by probing a region where the
thermoreflectance coefficient is well known. The gate metal resulted in agstro
thermoreflectance coefficient and was thus used to compare to the UV TTI measurements
performed on the GaN chann&ue to the gate length being less thaem, a 250x
objective was used to detect the temperature rise of the gate metal. Despite using a high
magnification objective that results in going beyond the diffraction limit, it was still

possibleto optically differentatethe gate region to the resttbe device.

Large variatios were observed however, when attempting to measure the
thermoreflectance coefficient of the gate metal region using a 250x objective due to the
small feature size of the gate. For this reagamas decided not to performxal by pixel
calibrations. It should be noted that the coefficient did result in a positive value ranging
between 0.8 x 10 °CL. The sign of the coefficiefd opposite to the coefficient measured
from the top viewThe difference irthe sign of the cefficient demonstrates the effect of
thin film interference due to the presence of the passivation layer. brakgsectional

case, the illumination source is reflected directly off the metal without having to transmit
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through the passivatiofonsidenng the gate metal is mainly composed of ghildrature
reportsthe thermoreflectance coefficient associated with unpassivated gold is typically
around1-2 x 10% °Cfor a 470 nm excitation sour¢é7]. This confirms the validity of

using a positive coefficient for the gate metal when estimating the temperature rise using a

470 nm LED. A value of X 10“°C* was thusused when performing TTI measunents.

5.2.3 Power Dependence

The temperature power dependence of the GaN HEMT was first evaluated to
determine whether the signal obtained from the gate metal region via TTI was accurate. As
previously done from the top view, the device was bidsed 100¢s period with a 10%
duty cycleand the drainiaswas varied from 3.7 to 7.5 Mhe cross sectional TTI maps

taken at 2 and 16s delays for the right side gate are showRigure56.

Time Delay = 2 pys Time Delay = 10 pys

Pgics = 2.52
W/mm

W/mm

P,s = 5.66
W/mm §

Figure 56: Cross Sctional TTI of the gate metal temperature rise using a 250x
objective. Device was biased at different power densities by varying the drain voltage
from3.7t0 7.5 V.
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TTI measurements with a 250x objective were taken for both gates. The left gate,
however contained particles on the surface and made the image of the full gate difficult.
In contrast, the UV TTI measurements are presented for the left gate region asdhere
significantly less particles present in that region. The results of the gatesimatad an
increase in temperature rise with increasing power density and even highlighted the
temperature distribution across thgate structure. Viewing the thermal image ate$0
and 5.66 W/mm, the peak spots of the temperature are shown to be kidhee@nds of
the tgate on the upper side of the whole gate structure. This distribution demonstrates that
the heat generated next to the gate is primarily conducted downwards into the substrate via
the GaN layer. This outcome is to be expected as #wentdi conductivity of the SiN
passivation above the gate metal exhibits a much lower thermal conductivity.
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Figure 57: a) Comparison of temperature esponsavith varying power density of gate
metal temperature in HEMT measured by TTI from two different orientations: top
side and cross sectiaa side b) Transient temperature profile measured from cross
sectional view

Extracting the temperatures of the gate metal for a given power density. The

temperaturgower plots can be comparém both the top view and crosgctional view
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measurements. The results are contrastedrigure 57a and show a difference in
temperature measured when performing TTI from the different orientations. It should be
noted that forall curves, a parabolic temperature power relationship was obséived.
analyse the discrepancy between these temperature values, the effect of the LED pulse
width should be consideredThe LED pulse width usedor the crosssectional
measurement&zas 480ns. This value was longer than the pulse width applied during the
top view measurements (140 ns) and may create discrepancies between the temperatures
estimated from different orientations. Comparing the exact averaging time periods between
the two measuraents at a 1@s delay: the top view measurement is averaged between
9.86 t010 €s while thecrosssectionalmeasurement is between 9.52 to €€) The
difference in average time lengtsisould have a more significant effelctring the first few
microsecond after the drain bias is applied but at longer time lengtish as 1@s, the

device will have reached aosler value to its steady staged the difference between the

two values should be minimizethis phenomenors highlightedat higher power deitges

where the temperature difference between the two orientatieasure@t 10 esbecomes
smallerthan those measured a¢® The temperature difference atelis still, however,
significant (11 K). Performing full transient sweep from therosssectionalside Figure

57b), the gate temperatuie shown to not haveeacleda steady state valwethin the 10

€s pulse implying that a longer LED pulse width wiill average over a larger temperature

rise.

Another contributg factor to the discrepancy which was deemed more significant
was the uncertainty in the thermoreflectance coefficient. Having already mentioned the

difficulties associated with obtaining the thermoreflectance coefficient using a 250x

95



objective, an appramate value was selectesimilar to the value associated with
unpassivated goldrhe error associated with this coefficient was estimated to be on the
order of 40% which can account for the temperature difference currently observed between
the temperatureglotted inFigure57a. It was concluded that a more accurate method to
estimate the thermoreflectance coefficient for this device was necessary to validate the

accuracy of the temperature values obtained.

Crosssectional UV TTI neasurements using a 100x objective and a 365 nm LED
were still performed to determine the viability of measuring the GaN channel temperature
in a crosssectional configurationOperating the device at the same biasing conditions, the
TTI maps of the GaNhannel are plotted iRigure58 for the two time delaysSince the
optics of the system are not optimized for UV wavelengths, a longer LED pulse width was
necessary in order to obtain a significant thermoreflectance signal feo@®atN channel.

An LED pulse width of 720 ns was thus applied in combination with a 365 nm bandpass
filter to reduce the broad spectrum of the LED (the effect of the bandpass is discussed

further in detail in the following chapter).

Time Delay =2 ps Time Delay = 10 us

Pdiss
3.30 W/mm

Pdlss =
4.91 W/mm

Pdlss =
5.81 W/mm

Figure 58 Cross ®ctional UV TTI images of a GaN/SiC at varying power densities
and time delay. A 365 nm LED was used as an the excitation source.
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The cross sectionalemperature distributions achieved via TsHow clearly the
highly localized dule heating that occurs in the GaN HEMT. While this has been shown
previously from the top view viaumerical simulationsthese measurements signify the
first ever crosssectionaltemperature measurement of a GREMT enabling a full
temperature map of the GalNannel. Optical restrictions, such as the gate metal for Raman
thermometry, are not faced using this technique. Comparing the temperature distribution
at the end of therdin pulse, the heat is showndissipate strongly in the lateral direction
throughthe GaN layer. This does not imply, however, that the heat caodwsa the
substrate is less significant. No change in thermoreflectance was observed in the SiC region
and a near zero coefficient was measured during the calibra&iomsequentlythe

temperature of the SiC could not be assessed

The thermoreflectance coefficient for tBaN was measured to be approximately
-1 x 10* °CL. Despite it being a larger area than the gate length, the thermoreflectance
coefficient was still difficult to measarand large uncertainty was associated with it.
Comparing the temperatures achieved by the visible TTI of the gate Figtakb9a), the
temperatures measured in the GaN layer right below the gate appear to be significantly
lower. The temperature of the GaN below the gate can physically not be lower than the
gate metal temperature as thmule heating is generated within the GaN layer. It was
concluded that the UV TTI underpredicted the GaN temperature and similar to the 250x
gae metal case, a more accurate measurement of the thermoreflectance coefficient
associated with the device is necessary. Irrespective of the coefficient, the transient thermal
profile of the two regions can be comparEajare59%b) to differentiate any time constants

associated with the temperature rise and decay of the two different regions. The
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temperatures have been normalized to the maximum temperature achieved in both region
to remove any effects from the absolute value optature measured. Upon reviewing
Figure 5%, the GaN clearly experienced a faster heating and cooling rate than the gate
metal. This is to be expected as the heating occurs in the GaN layer itself. The verification
of this confims that thermoreflectance signal detected is truly associated with the GaN

even if the absolute temperature is not correct.
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Figure 59: a) Comparison of temperature response with varying power density of gate
metal temperature to GaN channel side b) Transient temperature profile measured
from cross sectional view.

5.2.4 Bias Dependence

The bule heating profile has been shown via simulations and steady state
measurements to be heavily dependent on the electri¢3&ld6]. Changing the gate and
drain bias, the electrifield can be altered and theule heating profile will consequently
change. Sice the thermoreflectance signal obtained via the 365 nm LED excitation source
has been shown in the previous section to be attributed to GaN, a bias dependence study

was conducted to determine if any changes in the temperature profile could be detected.
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To ensure the same power dissipation was applied across all measurements, the gate and
drain bias were both adjusted to achieve a peak power density of 3.3 Whamesults

for three different bias conditions are showrrigure60.

Figure 60: Bias dependene of temperature dstribution across GaN layer in GaN/SiC
HEMT.

The effects of the bias conditions are clearly seen faure60. After 2e of the
device being turned on, the temperature distribution across the channel is shown to differ.
A general trend is observed where the profile is shown to become more localized with
increasing drain bias and more negative gate bipplyfg a gate vliage of 0 V, the
device is operating isimilar conditiors to fully open channetonditions (previously
explained in Chapter 2) where the heating profile is more spread out across the channel.
Applying a more negative voltage such-as/, the device tragitions toa state closer to

pinch-off conditions where a depletion region is formed under the Gaeeeffect of the
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