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Abstract

Further advancements with GaN based technologies relies on the ability to
handle the heat flux, which consequently arises from the high power density.
Advanced cooling techniques and thermal optimization of the technology are
therefore prioritized research areas. Characterization techniques play a key
role in the development of new cooling solutions, since these rely on accurate
measurements of e.g. the temperature of the device. This thesis covers
techniques to electrically characterize the lateral and vertical heat properties
in GaN, and a temperature compensation technique for GaN MMICs.

The first part outlines a methodology to electrically extract the thermal
resistance of a GaN resistor without risking distortion from field induced
electron trapping effects, which are exhibited by GaN heterostructures. The
technique uses differential resistance measurements to identify a suitable resistor
geometry, which minimizes trapping effects while enhancing the self-heating.
Such conditions are crucial for electrical methods since these exploit the self-
heating for a thermal analysis.

Furthermore, a test structure and measurement method to electrically char-
acterize the lateral heat spread was designed and evaluated. The structure is
implemented with a thermal sensor, which utilizes the temperature-dependent
IV characteristics of a GaN resistor, making it suitable for integration in GaN
MMICs. The transient response can be obtained to extract the thermal time
constants and propagation delay of the heat spread. At higher ambient temper-
atures, the propagation delay increases and the thermal coupling is increased.

Lastly, a biasing technique to compensate for thermal degradation of the
RF performance of an LNA was developed. By utilizing the gate- and drain
voltage dependence of the RF performance, a constant gain against increasing
temperature can e.g. be achieved.

Keywords: characterization, AlGaN/GaN, thermal effects, electrothermal,
thermal resistance, thermal coupling, temperature compensation.

iii



iv ABSTRACT



List of Publications

Appended Publications

This thesis is based on work contained in the following papers:

[A] J. Bremer, D. Y. Chen, A. Malko, M. Madel, N. Rorsman, S. E. Gunnars-
son, K. Andersson and M. Thorsell, ”Thermal Characterization of GaN
HEMTs Affected by Trapping Effects Using Electrical Measurements,”
submitted to IEEE Transactions on Electron Devices, 2019.

[B] J. Bremer, J. Bergsten, L. Hanning, T. Nilsson, N. Rorsman, S. Gustafsson
A. M. Eriksson and M. Thorsell, ”Analysis of Lateral Thermal Coupling
for GaN MMIC Technologies,” IEEE Transactions on Microwave Theory
and Techniques, vol. 66, no. 10, pp. 4430-4438, October, 2018.

[C] J. Bremer, L. Hanning, N. Rorsman and M. Thorsell, ”Compensation
of Performance Degradation Due to Thermal Effects in GaN LNA Us-
ing Dynamic Bias,” in 48th European Microwave Conference, Madrid,
September, 2018, pp. 1213-1216.

Other Publications

The content of the following publications partially overlaps with the appended
papers or is out of the scope of this thesis.

[a] L. Hanning, J. Bremer, M. Ström, N. Billström, T. Eriksson and M. Thorsell,
”Optimizing the Signal-to-Noise and Distortion Ratio of a GaN LNA us-
ing Dynamic Bias,” in 91st ARFTG Microwave Measurement Conference,
Philadelphia, PA, June, 2018, pp. 1-4.

[b] J. Bremer, N. Rorsman and M. Thorsell, ”A Novel Test Structure for
Electrothermal Assessment of GaN Technologies,” in 9th Wide Bandgap
Semiconductors and Components Workshop, Harwell, October, 2018, pp.
1-5.

v



vi LIST OF PUBLICATIONS



Contents

Abstract iii

List of Publications v

1 Introduction 1

2 Electrothermal Characterization 3
2.1 Current Transport in GaN 2DEG . . . . . . . . . . . . . . . . . 4

2.1.1 Self-heating versus Electric Field . . . . . . . . . . . . . 4
2.1.2 Temperature Dependent IV . . . . . . . . . . . . . . . . 5
2.1.3 Differential Resistance Measurements . . . . . . . . . . 6

2.2 Temperature Measurements . . . . . . . . . . . . . . . . . . . . 8
2.2.1 Optical Methods . . . . . . . . . . . . . . . . . . . . . . 8
2.2.2 Electrical and Physical Methods . . . . . . . . . . . . . 12
2.2.3 Thermal Resistance Extraction . . . . . . . . . . . . . . 14

2.3 Lateral Thermal Coupling . . . . . . . . . . . . . . . . . . . . . 17
2.3.1 Thermal Sensor . . . . . . . . . . . . . . . . . . . . . . . 17
2.3.2 Thermal Test Structure . . . . . . . . . . . . . . . . . . 19
2.3.3 Transient Measurements . . . . . . . . . . . . . . . . . . 19
2.3.4 Modeling . . . . . . . . . . . . . . . . . . . . . . . . . . 20

3 Temperature Insensitive MMIC 23
3.1 MMIC Characterization . . . . . . . . . . . . . . . . . . . . . . 24
3.2 Temperature Compensation . . . . . . . . . . . . . . . . . . . . 26

4 Conclusions 29

Acknowledgments 31

vii



viii CONTENTS



Chapter 1

Introduction
Wide bandgap semiconductors, in particular gallium nitride (GaN), have
emerged as viable materials for fabrication of transistors with high power
density and breakdown voltage. This has made GaN technology an important
tool in the work to meet the performance requirements in areas such as the
defence, wireless communication, and power electronics industries. Power
transistors need to withstand high voltages and minimize resistive losses to
meet efficiency and voltage conversion demands. The mobile phone networks
primarily see increased demands on higher user data rate, improved energy
efficiency, and lower cost. From 2018 to 2019, 530 million new subscriptions
were made globally to mobile broadband services, and the total mobile data
traffic during 2019 was 38 exabytes per month [1].

To cope with these demands, microwave electronics, with higher output
power, higher efficiency, and lower noise continuously has to be developed.
Larger bandwidth is required to accommodate the increased data rate and
therefore transistors need to be able to operate at higher frequencies. In the
5th generation of wireless communication systems (5G), operating frequencies
up to 60 GHz are expected and wireless links in future backhaul networks are
discussed to operate at frequencies up to 170 GHz [2]. For radar applications,
the output power as well as the sensitivity and robustness of the receiver are
of concern. The RF output power has to be maximized to increase the range
and the receiver must be sensitive to detect objects with small radar cross
sections. The transmit-receiver module must also be able to withstand large
input signals without losing any sense/detection capabilities.

GaN based high electron mobility transistors (HEMTs) exhibit great char-
acteristics for the above requirements. The performance is enabled by the large
bandgap of GaN (3.4 eV), its large electron velocity (2× 107 cm/s), together
with the ability to form HEMT epi-structures with high electron mobility
(> 2000 cm2/Vs) and large electron sheet density (> 1× 1013 cm2). The large
and direct band gap structure leads to robust devices that can operate at high
voltages. The high electron mobility and large sheet density enable high current
densities in the transistors. Furthermore, the large electron velocity enables
high frequency performance with fT and fmax reaching over 400 GHz [3]. These
material properties lead to high output power densities (Pout = 3 W/mm) at
operating frequencies up to 100 GHz [4]. In addition, low specific on-resistances
(< 4.5 mΩcm2) for breakdown voltages up to 2 kV can be achieved [5].

The performance of GaN HEMTs is currently limited by dispersive effects
caused by electron trapping and self-heating. Trapping effects are caused
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2 CHAPTER 1. INTRODUCTION

by trapping states located mainly on the surface and in the buffer of the Al-
GaN/GaN heterostructure. It gives rise to various forms of frequency dispersion
e.g. DC-current dispersion, current collapse, and RF-current slump, which lead
to reduced output power, efficiency, and premature gain compression [6].

The material properties of GaN allow for 5-10 times higher power densities
compared to GaAs [7]. Furthermore, the theoretical limit is beyond 40 W/mm,
which has been demonstrated on single finger HEMTs and with short pulses.
[8]. Such power levels cannot be used in real applications since the devices
would undergo excessive self-heating, which would degrade the performance
and risk reducing the mean time to failiure (MTTF). Currently, commercial
monolithic microwave integrated circuit (MMIC) foundries are rated in the
order of 5 W/mm to keep the channel temperature below 200 ◦C [7], and thus
maintaining a certain minimum MTTF. GaN devices can withstand higher
maximum junction temperatures (up to 400 ◦C). Regardless, the work on
increasing the power density of GaN HEMTs is limited by self-heating and the
ability to remove the heat caused by the dissipated power in the MMIC.

The thermal limitation can be overcome by either increasing the device
efficiency, which reduces the dissipated power, or improving the heat extraction.
The latter concerns thermal management, where heat extraction is improved
by means of remote or integrated, passive and active cooling. Passive remote
cooling is the traditional approach for high power GaN chips, where the die
is attached to a heat-spreader and package with thermal interface materials
(TIMs). The device temperature is set by the thermal resistances in the GaN-
die, heat spreader, TIMs, and package, where the heat spreader should have
minimal thermal resistance and a matching coefficient of thermal expansion
(CTE). For near-junction cooling, high thermal conductivity substrates such as
SiC (500 W/mK) and chemical vapor depositioned diamond (2000 W/mK) have
been developed. This type of cooling is mainly limited by the thermal boundary
resistance (TBR), which is introduced by the substrate-GaN interface [9].

In addition to the heating, which introduces thermal memory effects, GaN
devices are subjected to electrical memory effects caused by the electron
trapping. These effects are interacting with each other and must therefore be
well understood. Characterization methods need to be developed as well as
extended to correctly handle self-heating in order to accurately estimate e.g.
the thermal resistance. Furthermore, as the size of circuits decreases at higher
frequencies, the laterally coupled heat between devices becomes significant, and
is therefore important to measure and understand. Chapter 2 is dedicated to
electrical characterization techniques, including measurements of the lateral
and vertical heat properties as well as trapping effects.

Increased operating temperature degrades the physical parameters such
as electron mobility and saturation velocity, leading to reduced current in
the transistor. These thermal effects generally degrades the performance
of MMICs in terms of output power, gain, efficiency, and noise [10]. Since
these characteristics largely depend on the electrical stimulus, electric-based
temperature compensation techniques can also be employed to mitigate thermal
performance loss. In chapter 3, a biasing technique to make several performance
parameters of a GaN MMIC temperature insensitive is evaluated.



Chapter 2

Electrothermal
Characterization

Electrothermal characterization provides information of both the thermal and
electrical properties of the device. It is a central part in e.g. the work to
optimize the epi-structure and substrate since thermal optimization may have
adverse effects on the electrical performance and vice versa. The electrical
characteristics are affected by various forms of dispersive effects, which mainly
originate from electron trapping and self-heating. Trapping effects modulates
the current via the trapping/de-trapping of trapping states. Self-heating affect
the current via the temperature dependence of the electron mobility. In general,
both these effects degrade the electrical performance and they are coupled to
each other via the dissipated power. Thermal effects hence also include how
heating influences trapping effects and its impact on the current.

An exemplifying scenario is the load-line for a class-B biased transistor. It
passes through regions with high electric fields and varying power dissipation.
This causes charging/discharging due to traps in the material as well as varia-
tions in device temperature according to e.g. the envelope of modulated signals.
As a result, signals applied to the device are distorted accordingly [11]. It is
difficult to predict the resulting IV characteristics and non-trivial to separate
trapping effects from from self-heating due to the overlap in time constants
(100 ns - 100 s) [12]. Paper [A] studies the effects of trapping and self-heating
on the current in GaN resistors. Such devices are easily fabricated and general
measurement results also apply for HEMTs. Electrical measurements methods
are presented and used to identify conditions where self-heating dominates
the current behaviour. This enables the extraction of thermal properties from
electrical measurements, which is very useful in order to thermally evaluate e.g.
packaged devices.

Paper [B] is dedicated to characterization of the lateral heat spread in GaN
on silicon carbide (SiC) samples. Significant heat coupling can be exhibited
due to thermal barriers and the difference between the in plane and transversal
thermal conductivity of the SiC substrate. Time constants and heat propagation
characteristics at different operating temperatures are obtained from transient
measurements. These are parameters of interest from a circuit simulation and
thermal management perspective.
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4 CHAPTER 2. ELECTROTHERMAL CHARACTERIZATION

2.1 Current Transport in GaN 2DEG

A GaN heterostructure forms a two dimensional electron gas (2DEG), which
constitutes the conductive channel. The current transport in the 2DEG depends
on the applied lateral electric field, channel temperature as well as charge in
the vicinity of the 2DEG due to e.g. a gate contact or trapped electrons. The
electron drift current can be modeled by

Id = qnsvd (µe (E, Tc) , E)W, (2.1)

where q is the electron charge, ns is the electron density in the 2DEG, vd is the
electron drift velocity, µe, is the electron mobility, E is the electric field, Tc is
the channel temperature and W is the width of the GaN resistor. Under ideal
conditions, Id is set by the isothermal field dependent electron drift velocity
vd = vd(µe(E), E) [13]. However, self-heating reduces the electron mobility
due to e.g. polar optical phonon scattering at higher temperatures [14], which
in turn affects the drift velocity [15].

Electron trapping in the buffer and at the surface give rise to a virtual
gate effect. The charging and discharging of such traps modulate the vertical
electric field and ns accordingly. The traps may have different activation
energies and the trapping of electrons depends strongly on the kinetic carrier
energy and hence applied electric field [16,17]. The de-trapping also depends
on the field but is also strongly dependent on Tc and hence on the ambient
temperature, Ta, and dissipated power, which is also field dependent. Because
of the simultaneous dependence on E of both ns and vd, it becomes difficult to
isolate the impact of self-heating from a measurement of Id.

2.1.1 Self-heating versus Electric Field

It is clear that the dispersive effects will manifest differently depending on
the voltage sweep and device geometry. For an accurate thermal analysis,
the self-heating (vd(Tc)) must be isolated from trapping effects i.e. ns should
ideally be constant and independent of E and Tc. The electric field is reduced
either by decreasing the applied voltage or increasing the contact separation.
Furthermore, the self-heating needs to be enhanced by increasing the dissipated
power, Pdiss. It is directly proportional to the dissipated power in the resistor,
which can be expressed in the linear region as

Pdiss = qnsµeW
V 2

L
, (2.2)

where V is the voltage and L is the contact separation. Equation (2.2) shows
that it is better to reduce the field by increasing the contact separation (∝ 1/L)
rather than decreasing the voltage (∝ V 2) in order to maintain a high joule-
heating [18]. In addition, the devices may be scaled up (W ) to increase the
power. Fig. 2.1 shows the power dissipation and power density versus E
for different contact separations. The power dissipation is increasing with
contact separation, while the power density is similar or slightly higher (right
y-axis) for the longer resistors. This results in higher self-heating (and channel
temperature). Consequently, the resistance increase versus field is larger for
longer contact separations as is indicated by the larger reduction of the current
derivative for the longer resistors in Fig. 2.1(inset).
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Figure 2.1: Power dissipation/density (main figure) and current (inset) versus electric field
of four GaN resistors with different contact separation.

2.1.2 Temperature Dependent IV

A simple way to evaluate (2.1) with a well defined homogeneous field is to
remove the gate and only control the lateral field of the resulting GaN resistor.
This makes it easy to see trapping-originating effects on ns and it also simplifies
the measurement methods by removing the second port. One disadvantage
is not to be able to turn off the channel while applying high fields (pinch-off
measurements). Fig. 2.2 shows GaN resistors configured as transfer length
method (TLM) structures with 100µm width, and contact separations 3-50µm.
In paper [A], experiments were carried out on for different samples, M1-M4,
which have varying parameters that are of importance for thermal properties
(section 2.2.3).

The current characteristics depend on the trapping characteristics that
affect Id via ns. This depends on the available trapping states (activation
energy and density), which is determined by the epitaxial design and fabrication
of the heterostructure. Consequently, the IV versus temperature characteristics
may behave very differently between different samples. Normally, the current
is expected to decrease for higher temperatures. However, if µe(Tc) is not the

100 µm

32 µm 2.5 µm 4 µm 45.5 µm

100 µm

3-50 µm

Figure 2.2: Chip photographs of GaN resistors configured as TLM structures.
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Figure 2.3: Current versus electric field of GaN resistors on two different samples. Main
figure: A 2.5 µm (sample M1) and 3 µm (sample M3) contact separated resistor. Inset: A
5 µm long resistor (sample M3).

dominant temperature-dependent factor, this may not be the case. The current
versus average electric field of the 2.5µm (M1) and 3µm (M3) resistors is shown
in Fig. 2.3(main). For M3, the current is first decreasing with temperature
up to 15 kV/cm, after which the temperature dependence is inverted due to
the trapping characteristics. The channel temperature increases with E and a
positive current-temperature coefficient suggest ns is increasing more than µe
is decreasing as Tc rises. In contrast to M3, a negative current-temperature
coefficient can be seen for M1 (dashed line) throughout the whole measurement.
However, a kink-effect [19] can be observed around 20 kV/cm at 20 ◦C, which
shows that M1 is not trap free.

The positive current temperature coefficient above 20 kV/cm for the 3µm
resistor of M3 does not appear for the 5µm resistor, as seen in the inset of
Fig. 2.3. A larger contact separation is therefore beneficial to avoid high fields
and trapping of electrons. This is useful in order to study self-heating effects
more separately.

2.1.3 Differential Resistance Measurements

The extent to which trapping and self-heating individually affect the current is
not obvious for devices with longer contact separation, and for samples with
less trapping (M1 Fig. 2.3). In such cases, further information can be gained
by studying the differential resistance r = (∂Id(V, Ta)/∂V )−1. When only
considering the mobility-temperature dependence, r is expected to increase as
Ta increases. A decreasing r(Ta) characteristic is therefore an indication of
electron trapping.

In paper [A], differential resistance characteristics were investigated for both
long and short contact separations, as shown in Fig. 2.4. In general, it can be
seen that there is a region at low fields, which exhibits a positive temperature
coefficient (µe(Tc) dominates), and a region at higher fields where this is no
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Figure 2.4: Differential resistance versus electric field of GaN resistors on two different
samples. Main figure: A 32 µm (sample M1, solid line) and 30 µm (sample M3, dashed line)
contact separated resistor. Inset: A 2.5 µm long resistor (sample M1).

longer the case. As an example, the 30µm resistor (M3) exhibits a positive
temperature coefficient up to approximately 3 kV/cm (Fig. 2.4(right y-axis)).
Above 5 kV/cm, a negative temperature coefficient can be seen, indicating an
increasing ns as Tc rises. In addition, it can be observed that M1 has a larger
region with a positive temperature coefficient compared to M3.

The differential resistance measurement offers a simple tool identify the
onset of significant trapping effects. It is also a practical tool to quantify the
amount of self-heating in terms of resistance increase, as discussed in paper [A].

Low Field Dispersive Effects

Although self-heating is dominating at low fields, it is still of interest to know
how electron trapping affect the low field characteristics. As was seen in
section 2.1.2, the trap dynamics are strongly temperature dependent, and
hence the resistors could exhibit de-trapping effects at low fields (0-3 kV/cm)
if Ta is high enough. The low field resistance for each resistor is given by

Rmeas = 2
Rc
W

+Rsh
L

W
, (2.3)

where, Rc is the contact resistance, Rsh is the sheet resistivity and Rmeas is the
measured DC resistance, which is equal to r at low fields. Rsh = 1/qnsµe is a
geometry independent material parameter that is expected to be approximately
the same for all resistors. Fig. 2.5 shows the extracted Rsh of different GaN
resistors from a TLM structure. The shorter contact separations can be seen to
have a significantly higher sheet resistivity due to the electron trapping caused
by the higher electric field. The 32 µm and 45.5 µm resistors yield a similar
resistivity, as expected due to the large contact separation. It is possible that
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Figure 2.5: Extracted sheet resistivity versus ambient temperature of GaN resistors with
different contact separation.

the observed impact on the sheet resistivity, which remains up to 100 ◦C are
due to deep level trap states.

In general, the critical combination of Ta and the electric field can be
seen by studying r(Ta) and dr(Ta)/dTa at lower fields around 0.5-3 kV/cm, as
performed in paper [A]. Such measurements provide a detailed overview and
indicate at what voltage and ambient temperature that the thermal analysis
should be performed.

2.2 Temperature Measurements

Numerous techniques for measuring the channel temperature and associated
thermal resistance of microwave devices exist. The methods may be initially
divided in three categories: electrical, physical, and thermal imaging, where the
methods are either of steady-state or transient analysis type. A brief review
and discussion of these methods is presented here followed by the methodology
presented in paper [A].

2.2.1 Optical Methods

Thermal characterization of GaN has some unique challenges compared to
Si and GaAs. The wide bandgap leads to transparency and thin film inter-
ference issues, which can lead to errors for thermal imaging techniques such
as infrared radiation (IR) imaging, thermoreflectance (TR) thermal imaging,
and Micro-Raman spectroscopy. Nevertheless, the majority of temperature
measurements of GaN devices is carried out using these methods. Raman
and TR partly overcome some of the challenges but are associated with their
respective limitations. Advantages with optical measurements include a direct
measurement of the channel temperature (steady state or transient) with high
resolution, without the need to modify or physically contacting the DUT.
Optical access to the device is however required, which cannot be provided
for packaged devices. Detailed studies on GaN HEMTs using these methods
can be found in [20–22]. In the following sections, each method, along with its
associated advantages/disadvantages, is briefly presented and discussed.
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Infrared Radiation

IR thermography is based on acquiring the intensity of the thermal radiation,
which is described by Planck’s formula. Real bodies do not exhibit perfect
absorption and emission and the frequency-dependent emissivity (ε) of the
object (grey body) has to be taken into consideration. The total energy flux is
given by Stefan–Boltzmann law, P = εσAT 4, however, a sensor only measures
a limited part of the spectrum.

The energy impinging on a material must either pass through, be absorbed,
or be reflected (transmissivity, absorbtivity, and reflectivity), and the sum of
these three properties must add to unity. Good absorbers are equally good
emitters (emissivity = absorbtivity). In this case, all emitted light originates
from thermal radiation and the temperature accuracy can approach mK. Metals
tend to be very reflective and may have emissivity ε < 0.1. In this case, a large
part of the measured signal originates from reflected light, and the instrument
mostly measures the ambient temperature or system noise level. The emissivity
of semiconductors can vary in the range between 0.3 and 0.8. Undoped silicon is
transmissive for infrared wavelengths > 1.1 µm but doped silicon is absorptive
(and emissive). Plastics, ceramics, glue, and many organics are very absorptive.

In IR thermography, the signal is collected by an optical system, consisting
of a microscope, IR optics, and an IR sensitive detector array. The varying
emissivity of different parts of the circuit is compensated for with a correction
algorithm. By measuring the IR intensity from the circuit at a known temper-
ature, the emissivity at each pixel can be obtained, which can then be used to
compute the temperature of the powered device.

To obtain the temperature of low-emissivity materials, the temperature of
such materials has to be raised substantially above the background tempera-
ture. High-power devices may quickly degrade and fail at these temperatures,
making the measurement difficult to perform. Absolute temperature uncer-
tainty increases with temperature and can reach 20–50 ◦C for a temperatures
higher than 400 ◦C [22]. For wide bandgap semiconductors, which are very
transparent for IR wavelengths, considerable depth averaging as well as lateral
averaging (due to limited spatial resolution) occurs. In this case, IR emission
from deep below the surface reaches the IR detector, and gold metallization
on the back contact can reflect more radiation, leading to errors between the
calibration and measurement. Consequently, it becomes difficult to determine
which temperature is represented by IR thermography. Coating the device
with nontransparent material improves the accuracy, however, this method
risks causing surface contamination/damage and does not guarantee a correct
temperature observation.

IR imaging is beneficial to measure the surface temperature over large
areas and is de facto industry standard for channel temperature measurements.
It provides a full field temperature mapping with good spatial (1.9µm) and
temporal (3µs) resolution.
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Raman Spectroscopy

Temperature measurements using Raman spectroscopy utilizes the dependence
on temperature of the phonon frequency (oscillations of atoms in the crystal
lattice). Inelastic light scattering in a material results in a change in the
wavelength of laser light incident on the surface due to optical phonon emission.
Because of the temperature dependence of the phonon frequencies, Raman
spectroscopy can be used to determine the temperature of a localized region if
the frequency shift with temperature is obtained from calibration. Materials
may exhibit several specific vibrational modes, which can be used to determine
temperature, stress/strain, crystal quality and impurities/defects. The GaN
Raman spectrum exhibits one strong phonon mode (E2 high) around 568 cm−1

and a weaker (A1 LO) around 735 cm−1. The E2-type phonon mode of the SiC
substrate is visible at 778 cm−1. Contact metals do not exhibit easily accessible
lines in their Raman spectrum for temperature measurements.

For GaN, the phonon frequency shift can be affected by piezoelectric strain
caused by an applied electric field as well as due to the CTE mismatch between
the epilayer and substrate. The total change in phonon energy from a change
in temperature can therefore be separated into two parts, related to the change
in lattice temperature in a bulk strain free material ∆ωT , and the additional
change induced by mechanical strain ∆ωε, including the CTE. A pinch-off
measurement can be performed to allow self-heating to be determined separately
from piezoelectric strain. The accuracy of Raman measurements depends on
the smallest value of frequency change of a given phonon mode, which can be
reliably determined from the spectrum. A temperature accuracy around 4 %
of the temperature rise can typically be achieved, and the accuracy increases
inherently at higher temperatures. The linewidth of the Raman peak also
defines the resolution. For SiC, it results in a resolution roughly 2–3 times
better compared to GaN, because of the narrower Raman modes.

The method involves focusing a laser onto a sample with an objective
lens and passing the scattered light through a Rayleigh filter and onto a
spectrograph. After the phonon frequency shift as a function of temperature is
obtained for the material, the temperature rise due to self-heating of the device
can be extracted by measuring the difference between the phonon frequency
of the powered and the unbiased device. Normally, calibration coefficients
of both the high and low modes are obtained and both modes are measured
at pinch off and at powered conditions. The results are then compared to
separate the stress and temperature. It may be needed to measure the relative
intensity of the Stokes (phonon creation) and Antistokes (phonon annihilation)
processes, which is an alternative method to derive the temperature. Stokes
modes appears symmetrically relative to the laser frequency. Theoretically, the
ratio of these intensities is material independent.

The Raman method is limited to device areas where the semiconductor
material is visible (no top metals) and cannot measure HEMTs with field plates.
It can measure the temperature a few microns below the semiconductor surface
with high spatial resolution (approximately 0.4µm laser spot size). With less
lateral averaging (compared to IR), it is considered suitable for precise single
point channel temperature measurements for HEMTs.



2.2. TEMPERATURE MEASUREMENTS 11

Thermoreflectance

The thermoreflectance measurement technique exploits the temperature depen-
dence of a material’s reflectivity. As the temperature of the sample changes,
the refractive index, and therefore, the reflectivity also changes. A first order
approximation of the reflectivity-temperature relationship is

∆R

R
=

(
1

R

∂R

∂T

)
∆T ≡ Cth∆T. (2.4)

The intensity of the optical reflection of an illumination (∆R/R) changes with a
change in surface temperature (∆T ) and can be related by the thermoreflectance
coefficient, Cth. The amount that the reflectivity changes with temperature
(Cth) is a function of the illumination wavelength, the ambient temperature, the
material, surface characteristics, and material processing technique. Dielectric
coatings and passivation layers change the reflective properties and hence Cth
must be measured for each surface. Cth can be considered to be constant
over a wide temperature range however ideally it is measured at the operating
temperature of interest. For most metals and semiconductors the value is of
the order 10−2 /K to 10−5 /K. Since it is very small, a lock-in technique is used
to enhance the signal to noise ratio (SNR). To achieve the best temperature
resolution, the illumination wavelength that maximizes Cth for the material
should be selected. A trade-off with spatial resolution (wavelength dependent)
is therefore sometimes warranted.

A pixel-by-pixel calibration of the TR coefficients allows the temperature
information at targeted locations to be derived from the light intensity. Images
are detected by either a PIN diode array camera or a special high frame
rate intensified charge coupled device (CCD) [23]. TR uses probing light
sources in the visible range to achieve sub-micron spatial resolution. The
shorter illumination wavelength improves the spatial resolution of the thermal
image considerably compared to other techniques. A spatial resolution of
0.25µm with a diffraction limit at 0.2-0.3µm for wavelengths 365-780 nm can
be achieved. The systems also offer high temporal (0.8 ns) and temperature (<
0.5 ◦C) resolution. For CCD based thermoreflectance systems, the temperature
resolution is generally limited by the quantization threshold of the camera
[23]. In general, UV and visible wavelengths (365 nm to 760 nm) results in
a diffraction limited spatial resolution. By using UV light < 370 nm, the
transmission through the GaN and SiC, which can cause thin-film interference
effects that convolute the thermoreflectance signal, is reduced. At 365 nm a
clear reflection of the top surface for GaN on SiC is achieved [24].

TR is useful to measure temperature gradients on surface microscopic
regions with dimensions smaller than the diffraction limit of IR. It excels at
fast transient measurements as well as measuring the surface temperature of
semiconductors and metals with high temporal and spatial resolution. TR does
not require specific sample heating and can be done at room temperature or
even at cryogenic temperatures.
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2.2.2 Electrical and Physical Methods

Physical contact methods measure the temperature of an object or material that
is making thermal contact to the DUT. Several such techniques exist [25], most
of which are not widely used for temperature measurements of GaN devices.
This thesis focuses on thermal sensors, such as µRTDs [26], which are integrated
in the vicinity or even into the active device. This technique requires no optical
access and is useful for e.g. temperature monitoring of circuits. Different
types of thermometers have therefore been thoroughly studied for microwave
transistors. State of the art implementations can be found in e.g. [27], where a
resistive nickel temperature sensor was integrated next to the gate on the drain
side of an RF HEMT. In general, the challenges are to accurately measure
the channel temperature of the active (measured) device without affecting its
performance, as is discussed in section 2.3.1.

Electrical methods make use of temperature dependent parameters such as
the drain current [28, 29], gate resistance [30], and Schottky diode current [31]
to determine the channel temperature. Normally, the thermal resistance (Rth)
is determined, which can then be used to calculate the channel temperature
for steady state conditions, given the dissipated power. To determine the
thermal impedance, AC signal excitations can be combined with gate resistance
thermometry (GRT) techniques such as in [32]. In general, the advantage
with electrical methods is the capability of a fast initial thermal evaluation
without the need for dedicated equipment, as well as to be able to evaluate
packaged devices for improved cooling. Some disadvantages is the averaging of
the extracted channel temperature, and the sometimes needed modifications to
the DUT, which could risk the high frequency performance.

The electrical methods exploit the self-heating in the device and how it
affects electrical properties to derive information of the thermal properties.
For GaN devices however, section 2.1 shows that dispersive trapping effects
also affect the electrical parameters and thus have to be considered. In this
situation, techniques using GRT are advantageous since the gate resistance
is not affected by trapping effects. Recent work with this technique include
frequency-resolved GRT with sub-100 ns time resolution [33].

Pulsed IV Techniques

One common approach is to utilize pulsed IV measurements for thermal char-
acterization as outlined in [28, 29]. In such measurements, the influence of
self-heating on the device IV characteristics is studied using different pulse
widths and/or pulse periods. The technique relies on the temperature depen-
dence of the on-resistance, Ron, as defined in Fig. 2.6. First, a look-up table of
Ron versus temperature is made by sweeping the ambient temperature using
e.g. a thermal chuck. It is assumed that due to the low power dissipation
in the Ron-region, the ambient temperature equals the channel temperature.
In the next step, Ron is extracted at a fixed ambient temperature while the
device is pulsed from different quiescent bias points, corresponding to different
dissipated powers (Pdiss), as shown in Fig. 2.6.

By mapping the Ron versus Pdiss to the Ron versus Ta = Tc look-up table
previously created, the thermal resistance can be extracted from the slope of
the resulting Tc versus Pdiss curve. As discussed in [29], the method is highly
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Figure 2.6: Pulsed measurement of the on-resistance from different points of quiescent
power dissipation.

dependent on the sub-microsecond pulses to limit cool-down of the device
during the Ron versus Pdiss measurement. This can be difficult to achieve since
the current starts to decrease even between 3-20 ns [15] for higher levels of
power dissipation.

When applying this technique on GaN devices, the impact of trapping
effects is typically addressed by stressing the HEMTs with different fields to
vary the effect of current collapse. In [29], the stressed and fresh HEMTs yield
similar results, which is attributed to the minimal impact of current collapse
compared to self-heating in the linear region. These conclusions are however
device-dependent and the measurement settings possibly need to be adjusted
for more trapping-impacted DUTs.

3ω Methods

The 3ω method [34] is a well established method for measuring the thermal
conductivity of dielectric solids. A metal film is deposited on top of a sample,
whose thermal conductivity is to be determined. The method uses the radial
flow of heat from the metal film, which is used both as a heater and thermometer.
The temperature oscillations in the line can be analytically solved for to derive
an expression between the slope of the in-phase temperature oscillations versus
frequency, and the thermal conductivity.

Next, the temperature oscillations of the metal line are measured by using
the third harmonic of the voltage across the line. A current at the angular
frequency ω heats the sample as 2ω and produces a temperature oscillation
at 2ω. The resistance of the metal increases with increasing temperature and
the resistance of the metal line therefore exhibits a small AC component at 2ω.
The resistance oscillation (2ω) times the original driving current (ω) produces
a small oscillation of the voltage across the line at 3ω. This AC voltage is
measured using lock-in amplifiers and is then used to calculate the thermal
conductivity. In the derivation in [34], it is assumed that the TBR between
the metal line and sample can be ignored. For GaN heterostructures, this is
not true due to e.g. the TBR contribution created by the nucleation layer [9].

The key to avoid the impact of trapping effects is to avoid high electric
fields. Methods that utilize small AC signals to determine thermal properties
are therefore beneficial since high fields are avoided altogether. Therefore,
methods similar (e.g. GRT [33]) and methods based on 3ω have been developed
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to measure the thermal resistance of GaN HEMTs. In [35], the 3ω method is
extended by operating the HEMT in the linear region, and using the channel
resistance as a thermometer. In this case, the DUT is placed in a Wheatstone
bridge to be able to detect the 3ω signal, which is roughly 90 dB lower than
the fundamental. The 3rd harmonic voltage can be expressed in terms of
Ron(t), the bridge elements and excitation voltages/currents. Consequently,
an analytic expression of Zth can be derived because of the Ron(Pdiss(t), Zth)
dependence. The limitations with this technique are discussed in [36] and
involve the parasitic contributions as well as the temperature coefficients
(ideally zero) of the bridge components. Also, the requirement of a dedicated
test structure itself is practically disadvantageous. An additional inconvenience
with this and similar GRT methods is the requirement of high performance
signal generators and lock in amplifiers.

2.2.3 Thermal Resistance Extraction

Several of the existing electrical methods require either special test config-
urations of the DUT, and/or requires dedicated non-standard measurement
equipment. The pulsed methods are applicable to most devices but suffer from
insufficiently fast pulses. In paper [A], the thermal resistance was extracted
using the electrical method in [37], where the thermal resistance is determined
at discrete bias points. The method therefore works in good conjunction with
the electrothermal characterization in section 2.1, where the measurement
ranges first can be established. Because the method uses discrete bias point
analysis, Rth is provided at different points of quiescent power dissipation.
This is a considerable benefit to the afore-mentioned methods, which do not
provide any information of the generally nonlinear Rth(Pdiss) characteristics.
The derivation is described comprehensively in [37] and qualitatively here for
the specific devices. It starts with the linear thermal system model

Tc(t) = p(t) ∗ hth(t) + Ta, (2.5)

where p(t) is the instantaneous power dissipation and hth(t) is the thermal
impulse response. The system to solve consist of (2.5) and the general elec-
trothermal device function, f(i(t), v(t), Tc(t)). In [37], the electrothermal
system is analyzed using a small signal approximation around an equilibrium
bias point, to form expressions of the admittance parameters of the device as a
function of the thermal transfer function and thermal (current) coefficient. For
the 1-port GaN resistors in this work, the extrinsic input admittance is

Y extin =
Y intin +Hth(ω)IQα

1−Hth(ω)VQα
, (2.6)

where Hth(ω), is the thermal transfer function α is the thermal coefficient and
VQ, IQ is the bias voltage and current. Y extin and Y intin are the input admittance
parameters with and without the influence of self-heating, respectively. For
static voltages and currents, the temperature coefficient can be shown to be

α =
dI/dTa

RthVQdI/dTa + 1
, (2.7)
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where dI/dTa is the current derivative with respect to ambient temperature.
Equation (2.6) and (2.7) can be solved for Rth at steady state conditions when
Hth(0) = Rth. The solution is

Rth =
Y extin − Y intin

dI/dTa(IQ + VQY intin )
. (2.8)

It can be seen that the thermal resistance reduces to zero when no self-heating
occurs (Y extin = Y intin ), as expected. Since Y extin = dI(VQ)/dV all parame-
ters except Y intin on the right-hand side in (2.8) can be determined with DC
measurements at different ambient temperatures. It is therefore beneficial to
extract a DC model describing the measurement data to reduce the impact of
measurement noise (see paper [A]).

To determine Y intin an isothermal measurement needs to be performed similar
to the sub-µs pulses for the pulsed IV method. It can be seen in (2.6) that
Y extin = Y intin when Hth = 0 i.e. when no self-heating occurs. Thus Y intin can
be determined with S-parameter measurements above the thermal response,
which are performed at the bias points of interest. Fig. 2.7 shows the input
impedance (Zin) obtained from low frequency S-parameters from 5 Hz to 3 GHz.
The self-heating increases the resistance significantly at low frequencies with
more pronounced impact at 4-8 V due to the higher power dissipation. The
cut-off point, where Hth(ω) = 0, is approximately at 100 MHz and higher
frequency characteristics depend largely on pad parasitics. One advantage
with this isothermal measurement is that S-parameter measurements are trivial
to carry out with any VNA. There is effectively no upper limitation of how
fast signals that can be used. The method also provides a good overview
of the parasitic contribution to the result. If needed the parasitics can be
de-embedded, provided a sufficient model is available.

An example of the thermal resistance obtained from using equation (2.8)
can be seen in Fig. 2.8. In this case, the measurements were performed on
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Figure 2.7: Real (main figure) and imaginary (inset) part of the input impedance versus
frequency for a 32 µm GaN resistor biased at 0-8 V.
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resistors with around 30µm contact separation between 4-10 V at 20 ◦C, in
accordance with prior differential resistance measurements. Three resistors at
different locations on the samples were measured and averaged. At low power
(4-6 V), the uncertainty is large (insufficient self-heating), which explains the
initially decreasing thermal resistance. At higher power (7-9 V), the thermal
resistance is approximately constant or increases slowly with increasing power
(M1).

M1-M2 have a 100µm SiC substrate from two different suppliers. A maxi-
mum difference of 3 K/W can be seen, which could originate from differences in
the crystal quality of the substrates. These samples are on 4” wafers and the
measurement positions are far apart. The variation of the thermal resistance
could therefore be partly due to non-uniform contact with the chuck.

The M3-M4 samples have a 500µm SiC substrate, with a thin and thick
buffer. In this case, since the substrate supplier is also different, the limited
improvement could be due to either the buffer or substrate differences. The
measurement positions are close together (16x16 mm2 samples), which results
in a similar backside thermal interface and smaller variations of the thermal
resistance.

In general, the values are highly affected by the test rig and depend on if the
samples are e.g. glued, screwed, or are placed directly on the chuck. Soldering
the samples to a baseplate carrier may reduce the thermal resistance up to
40 % [29]. The lower Rth of the thicker substrates (M3-M4) is likely due to the
partial lateral heat spread that increases the effective area of the heat source
to the chuck. However, since M1-M2 have an Au-metalized backside, a direct
comparison between the thin and thick substrate samples is not applicable.
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2.3 Lateral Thermal Coupling

The combination of high power MMICs designed at high frequencies inherently
leads to a high power density, where the area available for heat removal is
reduced. Consequently, self-heating is expected to increase but also the coupled
heat between active devices becomes significant. In addition, highly integrated
active antenna systems are likely to have densely packed high power microwave
transceiver front-ends with spacing in the order of half a wavelength. This will
increase the electrical and thermal coupling between the different functional
blocks, such as power amplifiers (PAs) and low noise amplifiers (LNAs) [38].

The majority of electrothermal GaN studies characterize the self-heating
effects and associated Rth measurements is primarily a measure of the vertical
heat conduction. It is therefore important to develop methods that are able to
characterize the lateral thermal coupling in the technology. This facilitates the
technology development, circuit design, and would enable a complete thermal
model, which can be used to predict the performance of multi-function GaN
MMICs. The thermal coupling is characterized by the speed of the heat
propagation, and is dependent on the material composition, layer structure, as
well as the distance and the operating temperature. The trade-offs for optical
methods over large and small areas (section 2.2.1) make electrical methods an
attractive alternative. A dedicated test structure and electrical methodology,
which can study the lateral coupling over short and long distances is therefore
of interest.

2.3.1 Thermal Sensor

To implement the necessary test structure, an on-wafer sensor is needed that
can monitor the operating temperature. Ideally, the sensor is compatible with
full MMIC processing and can operate without impacting the normal operation
of the HEMT (non-invasive). The sensor should be physically small (high
spatial resolution) so that it can be placed close to the measured device. For
an active sensor, the quiescent power dissipation must be minimized as the
generated heat increases chip temperature and introduces measurement errors
by influencing the measurement itself. In addition, high temperature sensitivity
and temporal resolution are required to detect weak coupling at long distances.

While the physical sensors in e.g. [26,27] are viable, it is straightforward
to exploit the temperature characteristics of the GaN resistor (section 2.1.2)
for a sensor application. In this case, the sensing element is the channel in
the GaN layer (compared to surface metals in e.g. µRTDs). This makes it
suitable to study the thermal coupling between channels of multiple GaN
devices. The proposed sensor in [B] is a small 2x15µm resistor. Fig. 2.9 shows
the IV characteristics from -50 ◦C to 100 ◦C. A small bias voltage is desirable
to avoid trapping (section 2.1) and reduce the quiescent power dissipation. The
contact resistance is approximately constant versus temperature [39]. Thus at
low fields, the current’s temperature dependence is solely due to changes in
the resistivity of the 2DEG. The current-temperature sensitivity can however
be seen to increase between the linear region and saturation region (inset).

For accurate temperature estimations, the self-heating needs to be low
enough so that the ambient temperature sets the channel temperature (Tc = Ta).
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Figure 2.10: Pulsed IV-measurement of the thermal sensor with different pulse widths (a)
and current time response of the sensor for different voltages (b).

The pulsed IV measurement in Fig. 2.10a shows the impact of self-heating on
the sensor IV characteristics. As expected, the self-heating increases as the
pulse width increases, in this case from 500µm to 1 ms. The pulse repetition
frequency (PRF) must be low enough to ensure a full recovery of the current.
It can be experimentally determined by gradually decreasing the PRF until
it does not influence the measurement. As seen in Fig. 2.10a, due to the low
power dissipation at low voltages, the effect of self-heating on the current is
minimal up to 1.5 V. Hence, bias points up to this level should result in accurate
temperature estimations of the sensor. The time domain data in Fig. 2.10b
shows that a fast response below 100 ns starts to occur around 4 V. Extremely
short pulses are thus needed to see the effect of self-heating at higher voltages.
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2.3.2 Thermal Test Structure

A dedicated test area is proposed in [B] that includes both the proposed thermal
sensor as well as a heating element to emulate the presence of e.g. a power
amplifier. The heating element is a larger, 100µm wide resistor with 80µm
wide access lines. Fig.2.11(inset) shows the heater with 80µm access lines
to support larger currents. Thermal coupling over both short distances, e.g.
between HEMT fingers, and long distances, e.g. between transistor cells, are of
interest to study and model. The test structure consists of heaters and sensors
with eight different separations, ranging from 86µm to 484µm (center to center
point). A part of the fabricated test structure can be seen in in Fig. 2.11.

For transient measurements, the idea is to generate a rapid increase in
temperature in the heating element by applying a pulsed voltage stimulus.
The quick heating will cause a heat propagation in the lateral and vertical
dimensions and its propagation properties will depend on the thermal properties
of the heterostructure and substrate. Characterization of the lateral thermal
coupling is obtained from the transient current response of the sensor, which is
located at a known distance from the heater. To perform this measurement, a
time domain based measurement system was developed in [B].

2.3.3 Transient Measurements

To evaluate the capabilities of the structure and setup, transient measurements
were performed in [B] up to 5 ms. With a sensor biased of 1.3 V, a clear
response was observed, enabling detection of power levels of at least 0.5 W. For
a series of measurements, the power dissipation in the heater was set fix to
3.1 W. The transient response of the sensor current for all eight separations
is shown in Fig. 2.12a. As expected, the magnitude of the response decreases
with separation distance, due to the heat spread in all directions (lower half

484 µm

284 µm

184 µm

SensorHeater

100 µm

Figure 2.11: Part of test structure for lateral heat coupling measurements consisting of
heating elements (left) and thermal sensors (right) with increasing separation distances.
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Figure 2.12: Time domain current response of sensors for heater-sensor separations 86-
484µm (a), and current response of a sensor for different ambient temperatures (b).

of a sphere). The shape of the response varies however and a fast transient
response is observed within 100µs for the smaller separations, which becomes
less apparent for larger separations. The delay due to the propagation of the
heat can be seen to range from approximately 10µs to 100µs for the short and
long separation distances, respectively. A thermal equilibrium is not reached
in the sensor due to the presence of time constants longer than ms. According
to theory [40], initially the heat spreads in all 3 dimensions and the heater
is similar to a point source in 3D. As the heat reaches the bottom of the
substrate, the heat continues to spread mainly in the lateral dimensions due to
the lower thermal conductivity of the thermal chuck. As a consequence, the
temperature increases logarithmically as from a point source in 2D [40]. The
transition crossover between 3D and lateral heat spread can be found from the
intersection point between the two different slopes of the response in Fig. 2.12a.

The temperature dependence of the heat coupling is evaluated with mea-
surements at different ambient temperatures, as shown in Fig. 2.12b, where
the sensor at 86µm separation is measured at -50 ◦C, 25 ◦C and 100 ◦C. The
propagation delay has a notable temperature dependence and increases several
microseconds at 100 ◦C. At lower temperatures, the magnitude of the response
decreases, which indicates a significant temperature dependence of the GaN
and SiC layers.

2.3.4 Modeling

The sensor needs to be calibrated to measure the temperature. Fig. 2.9(inset)
show that the I(Ta) characteristics are approximately linear in the low voltage
(linear IV) region and hence a linear model is generally sufficient. However, as
the voltage increases, the IV and I(Ta) characteristics become more nonlinear.
To capture and analyse this behaviour, a model of both the voltage and
temperature is required. The following empirical electrothermal model is
proposed for this purpose

I(Ta, V ) = (a1 + a2Ta) tanh(V (b1 + b2Ta)) + V (c1 + c2Ta), (2.9)
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where V is the voltage and Ta is the ambient temperature. a1−2, b1−2 and
c1−2 are fitting parameters. This expression enables bias voltages up to 2 V
to be modelled and is mainly limited by the trapping effects, which are not
taken into account. Fig. 2.13(main) shows the model and measurement at
1.3 V, showing a good agreement with the measurement. The insets shows
the calculated transient sensor temperature at 86µm separation at different
ambient temperatures. Initially the temperature of the sensor equals the
ambient temperature (Fig. 2.13(a)), and it starts to increase as the heat reaches
the sensor. The temperature change (Fig. 2.13(b)) indicates a larger thermal
coupling at higher ambient temperatures. The reduced thermal coupling at
-50 ◦C compared to 100 ◦C is likely due to increased thermal diffusivity in the
SiC and GaN layers at lower temperatures [41].

By using a model of exponential terms, it is possible to determine the number
of thermal time constants present in the transient response. Although strictly
empirical, the model provides an analyzing tool to determine e.g. the delay and
it is a useful characterization to compare between different heterostructures.
In addition, the exponential terms can be used to synthesize thermal circuit
models, consisting of R (thermal resistance) and C (heat capacity) circuit
elements. The following empirical model is proposed in paper [B]

I(t) = I0 + σ(t− tdel)
3∑

n=1

An(e−(t−tdel)/τn − 1), (2.10)

where

σ(t− tdel) =

{
0, t− tdel < 0
1, t− tdel ≥ 0

· (2.11)

The model includes a DC term, I0, and exponential decay terms, with
amplitude coefficients (An) and time constants (τn). The step function (σ)
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models the propagation delay (tdel). Three terms resulted in a good fit to the
measurements in [B], however samples with thinner substrates may require
fewer terms [b]. Fig. 2.14 shows the propagation delay ranging between 1-200µs
for the different separations and ambient temperatures. The heat diffuses more
slowly at elevated temperatures, as implied by the increased delay at higher
ambient temperature.

The significance of each term can be understood by studying the amplitude
coefficients. It was found in the study that the coupling mechanism depends
on all three time constants for the shorter separations. However, for longer
separations, the response contribution of the faster time constants became
almost insignificant.
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Figure 2.14: Dependence of the propagation delay on the ambient temperature and
separation distance.
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Temperature Insensitive
MMIC

When the removal of heat is insufficient, the operating temperature of the
circuit increases, which results in a general reduction of the circuit perfor-
mance. At this point, the effects can only be mitigated by either increasing the
cooling or compensate for the performance degradation effects with electrical
compensation techniques. Solutions regarding the latter exist in the form
of analog on-chip compensation circuits and digital off-chip regulators using
on-chip sensors. For CMOS RF amplifiers, techniques utilizing analog adaptive
bias include zero-temperature coefficient biasing, constant-transconductance
biasing, and proportional-to-absolute temperature biasing [42, 43]. In these
techniques, the bias circuit is designed to generate a desired voltage/current
versus temperature characteristic that, when applied to the biased circuit,
counteracts the effects of higher operating temperatures.

For GaAs MMICs, an early proposal for a temperature compensation circuit
is [44], which uses a diode and a resistor. It utilizes the temperature character-
istics of the diode (decreasing threshold voltage with increased temperature) to
increase the gate voltage in the PA and therefore maintaining the gain at higher
temperatures. Another topology is demonstrated in [45]. In this case, an active
temperature compensation bias circuit is implemented with a current mirror
as well as thin film resistors and mesa resistors. With these resistor types,
the method can exploit the negative and positive signs of the temperature
coefficients of the different resistors to cancel out resistance changes.

Electrical compensation techniques rely on the fact that the transistor prop-
erties such as the current exhibit a stronger dependence on electrical stimulus
rather than thermal stimulus. It is well known that drain voltage modulation
can be used to enhance properties such as linearity and efficiency. Paper [C]
evaluates the use of supply modulation to compensate for thermally-induced
performance degradation in a GaN LNA. Multi-variable characterization and
modeling of several RF parameters is employed to identify trade-offs and
limitations which are involved using this technique.
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Figure 3.1: Principle of envelope tracking. (a) transistor output characteristics with two
bias points and RF signals with low (B1) and high (B2) amplitude. (b) power added efficiency
versus RF output power and different drain voltages.

Envelope Tracking

Supply modulation techniques are traditionally used to enhance the efficiency
of the PA in transmitters. PAs are usually biased so that there is sufficient DC
power (Pdc) at the drain to supply for peak output RF power (Pout) conditions.
However, when the amplifier is backed-off from peak output power, the excess
DC power is dissipated in the transistor since it is not being transformed into
RF power.

Envelope Tracking (ET) is an efficiency enhancement method that adjusts
the drain voltage to match the needed output power. It can be understood
from the bias points in Fig. 3.1a. At maximum output power, the load line
at B2 swings from the maximum to minimum voltage and the ratio Pout/Pdc
is as large as it can be for this bias point. If less power is needed from the
transistor, corresponding to e.g. the load line at B1, the transistor still has the
same DC power consumption. Consequently, more DC power is dissipated as
heat, and the power added efficiency (PAE) decreases. This can be avoided by
adjusting the bias voltage so that only enough power is supplied to allow for
the necessary load line swing, as is the case for the bias point B1 in Fig. 3.1a.

Fig. 3.1b shows the PAE for a PA versus RF output power and different drain
voltages. For a constant amplitude signal, the PA is biased to operate at its
peak efficiency point. When the signal has a high peak-to-average power ratio
(PAPR) and thus varying envelope, as seen in Fig. 3.1b, the PA is occasionally
forced to operate with less efficiency if the drain voltage is kept fixed. As can
be seen, the peak in efficiency occurs at a lower output powers for lower bias
voltages. Envelope tracking allows for the efficiency to track the peaks of the
swept bias voltage, resulting in a considerable improvement.

3.1 MMIC Characterization

A commercial 2-6 GHz GaN-on-SiC MMIC LNA, which is suitable for wireless
communication and aerospace applications was selected to study in paper [C].
An extensive characterization of the amplifier (Fig. 3.2a) was conducted, includ-
ing complete RF measurements as functions of gate and drain bias, (Vgs, Vds),
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as well as ambient temperature. The setup (Fig. 3.2b) performed the measure-
ments by first setting the operating point and then sequentially measuring
the gain, output third order intercept point (OIP3), 1 dB compression point
(P1dB) and noise figure (NF).

Each operating point is defined as (f, Vgs, Vgs, Ta), where f is the RF
frequency. When the frequency is held fixed, the parameters can be visualized
as surfaces plotted against a grid of (Vgs, Vds) points. The dependence of the
parameters on the bias point can be seen in Fig. 3.3a-d, where the ambient
temperature is fixed at 25 ◦C. It can be concluded that all parameters are fairly
sensible to changes in the drain and/or gate voltages. The gain (Fig. 3.3a)
exhibits a strong dependence on Vds whereas the OIP3, P1dB and NF (Fig. 3.3b-
d) show a strong dependence on Vgs. As a reference, the marked red circle in
Fig. 3.3a-d shows the recommended bias point.

As the ambient temperature increases, the channel temperature rises and the

(a)

PNA-X

Power Supplies
Thermal Chuck

P1 P2

DUT

N5245A

Vds
HP66312A

HP66312A Vgs

(b)

Figure 3.2: Photograph of MMIC low noise amplifier (a) and block diagram of measurement
setup (b).

Figure 3.3: RF measurements of GaN LNA for different bias points. The Gain (a), OIP3
(b), P1dB (c), and NF (d) are evaluated at 25 ◦C. The red circle marks the recommended
bias point.
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Figure 3.4: Gain (a) and noise figure (b) of a GaN LNA at different ambient temperatures
and for different drain voltages.

noise figure and gain starts to deteriorate, as seen in Fig. 3.4. The gain (Fig. 3.4a)
is reduced between 2-3 dB whereas the noise figure (Fig. 3.4b) increases around
0.5 dB within the measured temperature range. The main contributor to the
noise increase is thermal noise from different parts in the circuit, whose noise
power increases proportionally to its operating temperature. In general, the
gain is very sensitive to changes in the matching conditions, which may result
in mismatched matching networks. Although higher drain voltages can be seen
to increase the gain significantly, the increase can be seen to be diminishing as
the voltage increases. This due to the higher power dissipation, which increases
the self-heating and hence reduces the gain.

3.2 Temperature Compensation

Envelope tracking optimizes the efficiency by measuring the envelope of the
RF input signal to determine the needed bias. Similarly, the supplies can be
operated to optimize e.g. the gain or noise at different operating temperatures
by using the characteristics in section 3.1. In this case, the measured parameter
is the ambient temperature, which is equal to the backside temperature of the
MMIC. First, a pre-characterization and modeling of the MMIC is needed to
predict the performance for a given operating condition. It is straightforward
to fit behavioural models to the measured RF parameters, as is performed in
paper [C].

The simultaneous dependence on (Vgs, Vgs, Ta) of the modelled parameters
can be analyzed by plotting fixed values of the parameters as contour lines at
different temperatures, as seen in Fig. 3.5. Typically, the goal of temperature
compensation techniques is to reduce the temperature coefficient of the gain
and ideally have constant gain over a large temperature range. As seen in
Fig. 3.5, several bias point exist at each temperature, which yield the specified
gain. This allows for one more parameter to be controlled if the contour line
of this parameter crosses the gain contour. In this case, the noise figure is
selected to be controlled together with the gain, with the aim to have constant
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temperature for fixed recommended bias and dynamic temperature compensation bias. The
dynamic bias is performed to maintain the gain and noise level for temperatures above 25 ◦C.

values above room temperature. Also, since the peak values of the gain and
noise occur at different locations in the bias grid, the gain is prioritized as
the temperature increases. The bias at each temperature is selected to the
intersection point between the gain and NF contour lines. As a result the bias
points follow the solid black line in Fig. 3.5.

The parameter behaviour of the LNA can be seen in Fig. 3.6a-d for the
recommended bias point and temperature compensation (dynamic) bias. As
expected, the gain is constant above 25 ◦C and the noise is only shortly constant
because the increase of thermal noise is much larger than what can be com-
pensated for. Furthermore, it can be seen that the compensation increases the
power consumption as the temperature increases. This would also increases the
channel temperature, which ultimately reduces the MTTF. Thus, this type of
control scheme is not for long term usage, rather for temporarily increasing the
device performance. It is however worth mentioning that the power consump-
tion of the LNA can also be controlled to not exceed a certain value, although
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tradeoffs with linearity and noise has to be made. The linearity is in this case
significantly improved (Fig. 3.6(b)) with a larger gate voltage (Fig. 3.5). For
high input powers, this can be used to minimize the nonlinear distortion from
the circuit and hence increase the output signal-to-noise and distortion ratio
(see paper [a]).
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Conclusions

It is reasonable to assume that GaN-based technologies will be increasingly
used for electronic applications. As a result of the high power per unit area,
self-heating is today the single most limiting factor for the technology. It
is primarily a task for thermal management technologies to solve. However,
the characterization techniques play a key role in the development of new
cooling solutions. This thesis primarily covers problems regarding electric-based
measurements of the thermal resistance, as well as techniques to characterize
the laterally coupled heat.

Due to the pronounced effect of electron trapping in GaN, it is useful with a
methodology that identifies preconditions, where trapping effects are minimized,
and self-heating is maximized. Differential resistance measurements is one
method to detect such conditions and hence facilitates the extraction of the
thermal resistance. Normally self-heating is the dominating effect, however,
[A] shows that this is not always the case. The characterization methodology
therefore provides a useful assessment tool for new epitaxial- and substrate
topologies. Another area of interest is packaging, where the MMIC is fully
enclosed. In this case, the thermal resistance can only be measured with
electrical methods, however, the electrical properties may also be affected
because of piezoelectric strain induced on the enclosed surface.

GaN technology inherently allows for further circuit miniaturization and
facilitates the implementation of high power devices at high frequencies. In these
situations, the extent and mechanisms of the laterally coupled heat becomes
increasingly important to study. The developed test structure and method
in paper [B] is a novel approach to electrically characterize the heat coupling.
The compact version of the structure (paper [b]) enables an integration in
process control monitoring areas of MMIC processes. The modeling of the
transient lateral measurement is of particular interest since it can be used to
synthesize a thermal circuit model, which can be used for thermal simulations
in conventional MMIC design software. Interestingly, one time constant is
sufficient to model the coupling over large distances while several are needed for
short distances. In general, factors such as the substrate thickness and backside
conditions can be assumed to strongly influence the transient response.

Although it is more complex to implement a dynamic bias control of the
drain, measurements show its need to compensate e.g. gain loss. Utilizing both
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the gate and drain gives a high degree of freedom, however, tradeoffs between
noise, gain, and power consumption are inevitable.

Future Work

A continuation of the covered material in the thesis and additional related
studies of interest can be summarized as follows.

• The lateral measurements were limited to only one type of heat source. It
therefore remains to study the significance of its size and power but also to
evaluate samples with different backside contact (e.g. metallized). In the
next step, a lateral study evaluating e.g. the buffer and substrate thickness
can be performed. To continue the work towards a complete thermal model,
the transient model also needs to be extended to take the separation and
operating temperature into account.

• Electrical methods that measures the thermal resistance for different qui-
escent power levels are not common. The method used in this work is
promising but needs further verification for its implementation in GaN. The
significance of the type of IV model as well as the parasitic contributions
are important to evaluate since it affects the extraction. In addition, a
verification with other electrical and optical temperature measurements is
needed. The next step is to evaluate a scaled up, high power GaN resistor.

• The differential resistance measurement is a straight forward measurement
to quantify electron trapping. In particular, the impact off trapping on the
sheet resistivity can be more isolated if the width of the resistor is decreased
to reduce the heating. Measurements above 100 ◦C are also needed since
the the discrepancy between the long and short resistors is expected to be
reduced at higher temperatures.

• The thermal compensation technique is an initial step towards an advanced
bias control system for microwave amplifiers. To make the demonstrated
technique viable for real applications, the frequency dependence should also
be considered. It is also of interest to investigate how the variations between
several LNAs impacts the generality of the models.

• There are several types of packages and cooling solutions where the elec-
trothermal methods come well in hand. Integrated heat-spreaders on the
top of the GaN die, mounted either directly or with e.g. metal pillars, is
one area of interest. Packaging techniques, which utilize top side cooling
has the possibility to create a cheap cooling solution for GaN applications
without requiring changes to the technology process.
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