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JOHAN BREMER
Department of Microtechnology and Nanoscience
Chalmers University of Technology

Abstract

There is an increasing need to understand how thermal effects affect the performance
of amplifiers in radar systems. Increased chip power densities are to be expected
as the integration of multiple transceivers in SiGe/BiCMOS and in GaN, increases.
This will increase the electrical as well as thermal coupling between the transceivers,
and the increased temperature is likely to impair the performance of amplifiers.
Dynamic bias techniques are used today to increase the efficiency of transmitters.
Therefore, it is important to investigate if these techniques can be used also to
compensate for thermal effects which affect the elements in a multi transceiver chip.
This thesis deals with the development of a GaN based temperature sensor as well as
a study of the heat propagation properties in GaN on SiC structures. Furthermore,
a study of thermal effects in low noise amplifiers has been carried out, and the use of
dynamic bias to compensate for thermal performance deterioration, as well as other
features, is demonstrated.

A mesa resistor sensor and Schottky diode sensor were designed and evaluated.
It was shown that a 15 µm mesa resistor works well as a temperature sensor when
biased at an appropriate point. Models for predicting the temperature were devel-
oped based on measurements and a calibration method is proposed. It was shown
that heat pulses can be detected by the sensors. A sensor area was designed and
used to study heat propagation versus distance and temperature. A model describ-
ing the response of the sensor was proposed and evaluated. The model was used to
study how heat is coupled to the sensor in the GaN and SiC layers. The thermal
conductivity was seen to increase significantly in the GaN and SiC layers at lower
temperatures. The layer time constants and propagation delay were observed to
increase with temperature and distance. Light sources were also observed to impact
the sensor current response.

It was determined by measurements that thermal effects in general degrades the
performance of three evaluated low noise amplifiers, and that dynamic bias control
techniques can be used to cancel these effects for certain parameters. Increased
power consumption levels was observed when applying dynamic bias control. In
addition, it was demonstrated how dynamic bias can be used to eliminate gain
recovery effects after high power pulses. Lastly, suggestions for different modes of
operation, where dynamic bias is utilized differently, are presented.

Keywords: GaN, LNA, dynamic bias, temperature sensor, thermal effects, thermal
degradation, heat transfer, heat coupling, mesa, Schottky diode, modeling.
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1
Introduction

Future highly integrated active antenna systems for sensors as well as communica-
tion systems will have more densely packed transceiver front-ends, with multiple
transceivers on a single chip. This will increase the electrical as well as thermal
coupling between the di�erent functional blocks, such as power ampli�ers and low
noise ampli�ers. The operating temperature of an ampli�er is directly related to
the electron mobility, and hence the current through the transistor. An increase in
operating temperature will therefore directly impair the performance of the ampli-
�er. Future systems will also have an increased demand for �exible operation. The
communication industry demands �exible control of ampli�ers to ensure maximum
e�ciency and linearity when operating with complex modulation signals. In radar
applications, di�erent operation scenarios demands adaptive control of receivers/-
transmitters in order to maintain/enhance performance of the radar.

1.1 Thermal Challenges in GaN/SiGe BiCMOS

In the communication and radar industry, the development moves towards Multiple
Input Multiple Output (MIMO) systems which includes multiple antennas for the
transceiver front-ends. These MIMO systems provide spatial diversity and beam
steering capabilities for the communication system and the performance increases
with an increasing number of antennas. In [1] it is stated that Active Electron-
ically Steerable Antennas (AESA) are becoming increasingly standard in modern
radar systems, as the operational bene�ts exceed the extra complexity and costs of
hardware and software. It is also concluded that the transition from GaAs to a com-
bination of GaN/SiGe BiCMOS brings a reduction of the chip surface with a factor
beyond 5:1. In [2] a 28 GHz 32-Element phased array transceiver IC is implemented
in a SiGe BiCMOS process. The system consist of 32 transceivers taking 3 GHz IF
inputs to 28 GHz RF output. The chip occupies an area of 165.9 mm2. In the paper
it is stated that high output power comes at the cost of power consumption, cooling
complexity and increased size.

Another example of a MIMO system is presented in [3] where 64- and 256-
elements wafer-scale phased-array transmitters at 60 GHz in SiGe is presented. The
chip consists of a mm-wave transceiver and phased array unit elements which feed
on-chip dipole antennas. These blocks as well as RF distribution networks and
digital control modules (in BiCMOS technology) are integrated on a single silicon
chip. The area for the 64 and 256 element versions is 471 mm2 and 1740 mm2
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1. Introduction

respectively. Each transmit channel has a saturated output powerPSat of 3 dBm.
The equivalent isotropically radiated power (EIRP) is reported to be 38 dBm for
the 64 channel version. A relative drop in the EIRP of 0.5 dB was noted when all
64 channels were simultaneously driven compared to when only one channel was
active. This drop was attributed to the heating of the chip as the channels were
turned on. Since GaN technology enables high power at high frequency it is a strong
candidate for the AESA systems. In [4], a comparison is made between GaN MMIC
Ka band ampli�ers relevant for 5G applications. The power levels range from 4.7 W
to 8.7 W. It is reasonable to assume that integrating such ampli�ers in a small area
will amplify already existing heating problems in these circuits and the problems
observed in [2] and [3] will be of increased concern.

It is widely known that increased temperatures degrades the performance of GaN
HEMT transistors in terms of Noise Figure (NF), gain and output power. In [3], [5]
it is shown how extrinsic noise performance was degraded with temperature and how
access resistances (which increase with temperature) are a signi�cant contributor to
the overall noise performance of AlGaN/GaN- HEMTs. Furthermore, in [6] it is
concluded how the drain current is reduced with increased temperature, reducing
both output power and gain.

It is clear from these observations that in order to predict the level of perfor-
mance deterioration, there is a need to accurately determine the junction temper-
ature of the transistor. Furthermore, it is of interest to understand how heat is
transferred between the transceiver elements. This includes understanding the sig-
ni�cance of each layer in the material structure to the heat coupling and the time
constants related to each layer. Knowledge of these parameters and how they vary
with distance and temperature helps to predict the impact of thermal e�ects and is
therefore important in order to make better circuit designs.

1.2 Dynamic Bias Control

Traditionally an ampli�er in a transmitter or receiver is designed for a speci�c bias
supply operating point. This operating point, usually referred to as the quiescent
point, will be �xed to the designed value during normal operation. The class of
operation and general performance of the ampli�er would then be known in a speci�c
thermal environment and frequency band. Figure 1.1a shows a general block diagram
of a Power Ampli�er (PA) where the bias point does not change over time. In this
case the performance of the ampli�er may vary depending on the signal type and
operating climate. In contrast to the setup in Figure 1.1a, a system where the bias,
constantly or piecewise, does change over time is said to be a dynamic bias control
system.

Figure 1.1b shows a PA where the shape of the RF frequency is tracked by
the supply voltage logic which controls the type of supply voltage that feeds the
ampli�er. This technique is referred to as Envelope Tracking (ET) and is used to
enhance the performance of the ampli�er when it operates with highly amplitude
modulated signals. Since the bias operating point strongly a�ects key parameters
of the ampli�er such as gain, linearity, output power and noise �gure, the purpose

2



1. Introduction

(a) (b)

Figure 1.1: Example of a static bias system(a) and a dynamic bias system using envelope
tracking (b) .

of the control can be very di�erent. The manner in which the ampli�er is controlled
is therefore strongly application and situation dependent. ET in the mobile com-
munication industry serves to maximize e�ciency and minimize nonlinear e�ects.
Maximum e�ciency is achieved close to compression, a point where nonlinear e�ects
start to increase. An example is given in [7] where Envelope Tracking is used to
maintain e�ciency levels greater than 50 % in a GaN-on-SiC MMICs 12 W peak
transmitter for various shapes of amplitude modulated pulses.

To ensure that parameters such as gain and power remains constant over temper-
ature a structure shown in Figure 1.2 can be used. The structure includes a tunable
attenuator at the output of the ampli�er and the attenuation of the attenuator will
change according to the current temperature at the ampli�er. As the temperature
goes up, the attenuation will go down, ensuring a constant gain over temperature.
This is an example of a simple structure that handles thermal e�ects and is used
to a limited extent in the radar industry. Although such concepts address some of
the properties of dynamic bias control, alot of possibilities are yet to be explored.
Using an attenuator on the output means working around the problem of thermal
heating a�ecting ampli�ers. It solves the problem in a very ine�cient way by sac-
ri�cing power to be dissipated in the attenuator, causing e�ciency to drop and the
temperature to increase further. What needs to be investigated and what still is

Figure 1.2: Temperature dependent attenuation at output.
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1. Introduction

unknown is if the thermal deterioration e�ects can be solved at the ampli�er stage.
It is pointed out in [3] that the rise in chip temperature (and hence lower gain)

was compensated by increasing the Proportional To Ambient Temperature (PTAT)
current which is the current to the line ampli�ers (ampli�ers in each 4x4 sub-array
in [3]). This concept can be applied as a general way of controlling the performance
of each individual element in an array of transceivers. Figure 1.3 shows the block
diagram of a dynamic bias control system in an array of transmitters. The elements
are driven in a speci�c way that creates a desired radiation pattern. This will create
a unique thermal environment for each element in the array. As a consequence the
temperature for each element has to be measured separately. This information is
fed back into a bias control unit which then determines the appropriate bias for each
element with regard to its current thermal environment.

This bias control scheme is a possible solution to the problems in Section 1.1
and several parts of it need to be looked into. One of them is to what extent
can dynamic bias control be used to prevent thermal performance deterioration in
GaN transceivers. Another is how accurately it is possible to measure the junction
temperature of the devices with a GaN based temperature sensor.

Figure 1.3: Array of transmitters in a MIMO system.
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1. Introduction

1.3 Purpose of Study and Report Structure

The purpose of this project is to study the temperature dependent performance of
GaN circuits and to which extent this can be compensated for with an adaptive bias
control circuit. To determine the operating temperature of each individual circuit
in a multi transceiver chip, an on-wafer temperature sensor needs to be close to the
circuit. The integration of this sensor, as well as a characterization of the thermal
coupling across a large GaN die will be carried out to enable the bias compensation
scheme to be utilized on multi transceiver chips. In chapter 2 a GaN sensor study
is presented covering two process runs in Chalmers in-house GaN process [8]. The
study includes two types of sensors. One mesa resistor sensor and one Schottky diode
sensor. The chapter starts with the design layout of the sensors in two steps. This is
followed by a description of the measurement setup for the di�erent test structures.
Next, results are presented, including IV measurements, pulsed measurements and
modeling of the measurements in the following subsections. The last section covers
a test of the devices to see how well the sensors work in practice.

In chapter 3 a Low Noise Ampli�er (LNA) study is presented. The study covers
the behaviour of the LNA versus a large bias grid with over 200 di�erent bias points.
Three LNAs manufactured in three di�erent processes are covered. Two LNAs are
designed at Saab and processed at Chalmers and UMS. The third LNA is commer-
cially available from Qorvo1. The chapter starts with introducing key characterizing
parameters for the LNAs. The studied parameters are noise �gure, Output third
order Intercept Point (OIP3), 1 dB compression Point (P1dB) and gain. This is
followed by a description of the ampli�ers under test and the measurement setup
used for the LNA measurements. The results are presented, analyzed and discussed
in the subsequent sections starting with the bias sweep results. This is followed by
presenting the LNA performance parameters as surface plots versus the bias volt-
ages and temperature. In the last section, a high power RF pulse measurement
is presented on the Qorvo LNA. Chapter 4 summarizes the important results and
conclusions of the measurements in chapter 2 & 3. Lastly, future work is suggested
in chapter 5.

1TriQuint TGA2611, this LNA will be referred to as Qorvo in the text.
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2
GaN Temperature Sensor Study

As was stated in Section 1.2, knowledge of the temperature in the device is a key
factor to predict the long and short term reliability and e�ects on performance.
An integrated sensor in the used technology is the most desirable solution. In this
chapter, a study on GaN based temperature sensors is performed to evaluate what
type of sensor that can be used and how well the temperature can be estimated at a
given distance from the heat source. The study also gives insight in the properties of
propagating heatwaves in the GaN material for di�erent distances and temperatures.

2.1 Sensor Design

Using the Advanced Design System (ADS) from Keysight Technologies Inc., both
mesa resistors and Schottky diodes were designed to be used as temperature sensors.
Several versions of these devices were designed with di�erent dimensions (widths)
at di�erent separation distances. A �rst and second layout was designed, processed,
and measured in the scope of the study. The results from the �rst design were used
to signi�cantly improve the design for the second layout area. This second area is
the basis for the results presented in Section 2.3, 2.4 and 2.5.

2.1.1 First Design Run

The layout area of the �rst run can be seen in Figure 2.1a. The structure in the area
is based on two components, the heating element or "heater" and the sensor. Each
row in each square in Figure 2.1a has a heater to the left and sensor to the right.
The heater is a mesa resistor and the sensor to the right is either a Schottky diode
or mesa resistor. The heaters were designed with di�erent widths ranging from 25
to 50 µm with a contact separation of 2µm. This resulted in current levels ranging
from 20 to 50 mA at 5 V. The same mesa resistors were also used as sensors on
the opposite side (Top right square in Figure 2.1a). Schottky diodes with 25µm
gate width are used as sensors in the top left square in Figure 2.1a. The distances
between the heater and sensor range from 133µm to 1335 µm. A picture of the
processed design is shown in Figure 2.1b.

An expanded view of the structures in the bottom left and right squares of Figure
2.1a are shown in Figure 2.2. As can be seen in the �gures, these structure has a
common ground metal layer in between with separation distances ranging from 10
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2. GaN Temperature Sensor Study

to 50 µm. The di�erence between the two types is small, in Figure 2.2a there are
two mesa regions (teal boxes), with the metal in between on top of the GaN layer
structure. In Figure 2.2b the two active regions have been merged into one single
mesa, acting as both heater and sensor. These structures were designed to be used
as test devices to test the principle of operation during pulsed measurements.

(a)

(b)

Figure 2.1: ADS Layout area of �rst design (a) and processed devices(b) . Note: The black lines
in the background of (b) are markings for sample identi�cation on the backside of the transparent
substrate.

(a) (b)

Figure 2.2: Principle veri�cation structures in �rst layout with separate mesa (a) and common
mesa(b) .
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2. GaN Temperature Sensor Study

2.1.2 Second Design Run

The second area layout is a re�ned version of the �rst layout with improvements
based on the �rst measurement results. Figure 2.3a shows the area of the second
layout in ADS. As can be seen in the �gure, most squares has two columns of
heaters and sensors (or sensor only). Hence the access lines have reduced length
and increased width in order to decrease resistance in the lines and thus support
higher power.

The area in Figure 2.3a have only mesa resistors as sensors which where designed
to either 15 µm or 30 µm width. This gives lower quantization noise from the
instrument by enabling a reduction in the measurement range of the sensor current
(which becomes lower for smaller widths). The top right square in Figure 2.3a shows
the two sensors placed at distances ranging from 2µm to 400 µm. A similar area
was also designed with a gate process included. This area uses Schottky diodes with
25 µm and 50µm widths as sensors. These processed devices are shown in Figure
2.3b. As indicated by the �gure, these diodes are placed at the same distances as
the mesa sensors (5 to 400µm distances shown here).

The heaters in the �rst design provided to low power levels which were di�cult
for the sensors to detect. In the second design, the mesa heater resistor was increased
to 100 µm. One 600µm version was also designed consisting of six of the 100µm
versions in parallel. These larger heaters can be seen in the bottom and top left in
Figure 2.3a. Note the larger distances available by using the sensors in the second
column as sensors.

(a)

(b)

Figure 2.3: Design area of the second layout with mesa resistor sensors(a) and processed area
with Schottky diodes (b) .
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2. GaN Temperature Sensor Study

An expanded view of the speci�c devices are shown in Figure 2.4 including the
100 µm (2.4a) and 600µm (2.4b) heaters as well as the 15µm mesa sensor (2.4c)
and 25 µm gate width Schottky diode (2.4d). The �gures include the top metal
(red), ohmic contacts (teal), active regions (blue) and gate metal (pink). The �nal
processed versions of these devices are shown in Figure 2.5 where 2.5a and 2.5b is
the Schottky diode and mesa resistor placed 100µm from the heater respectively.
These structures provide the basis for the results in the remainder of chapter 2.

(a) (b)

(c) (d)

Figure 2.4: Sensors and heaters in the second layout. A 100µm heater (a) and 600µm heater
(b) . A 15 µm mesa sensor(c) and 25 µm Schottky sensor(d) .

10



2. GaN Temperature Sensor Study

(a)

(b)

Figure 2.5: Final processed sensors and heaters with 100µm separation. A 100µm heater and
25 µm Schottky sensor(a) and a 600µm heater and 15µm mesa sensor(b) .

11



2. GaN Temperature Sensor Study

2.2 Measurement Setup

The measurement setup for the GaN sensors is built to make two key measurements.
First the current versus voltage characteristics of the sensor is measured for di�erent
temperatures to pre-characterize its temperature dependence. The second measure-
ment is to characterize the lateral thermal properties of the structure by applying
a pulse to the heating element and monitor the resistance of sensors with di�erent
distances from the heater versus time. The entire measurement system used to make
both these measurements is shown in Figure 2.6. Omitted in the �gure is the thermal
chuck which controls the backside temperature of the Device Under Test (DUT).
In this case, the thermal chuck is not controlled by the computer, but set manually
before each measurement starts. Furthermore, during the measurements, the DUT
is placed in a probe station inside a nitrogen �lled chamber with the thermal chuck
as base and a plastic plastic top lid. This ensures a controlled climate in terms of
temperature and humidity. The chamber, DUT and thermal chuck can be seen in
Figure 2.7 where the top lid has been removed.

The setup is built around the current waveform analyzer CX3324A from Keysight
Technologies which can capture current and voltage waveforms with 1 GS/s on 4
channels. The current waveforms are measured with current probes which can be
connected to any channel. Similarly, voltage waveforms can be measured by connect-
ing a voltage sense port adapter to the desired channel. In this case the CX1103A
current probe is used with a sensor head for both current and voltage measurements
(IV-Probe in Figure 2.6). As can be seen in the �gure, channel 1,2 and 3,4 measures
the current and voltage waveforms on the heater and sensor side respectively. Fur-
thermore, the sensor is connected to a power supply that can either bias the sensor
at a constant voltage (for pulsed measurements) or sweep the voltage.

The heater is connected to a high power pulser module which is supplied by a
separate power supply with two channels (HP6625A). The pulser module switches
between the two channels according to the input signal from the waveform generator
(TG5012A). The waveform generator and current waveform analyzer are synchro-
nized using the 10 MHz reference signal. Furthermore, the waveform generator
triggers the current waveform analyzer when its signal goes high to the pulser mod-
ule. All instruments are controlled by a PC that con�gures the instruments and
acquires data via GPIB, LAN or USB interfaces.

12



2. GaN Temperature Sensor Study

Figure 2.6: IV versus temperature measurement and pulse measurement setup for GaN sensors.

Figure 2.7: Climate chamber with probes and DUT inside, placed on the thermal chuck. A
plastic top lid is placed on top and the chamber is �lled with nitrogen during measurements.

13



2. GaN Temperature Sensor Study

The choice of Power Supply Unit (PSU) for pulsed measurements is important, since
a constant output voltage is wanted for the sensor. Therefore, a detailed study was
carried out to determine the best PSU for this purpose. The tested PSUs were
the Hewlett Packard HP6625A, HAMEG HMP4040, Keithley K2400 and Hewlett
Packard HP4156. Figure 2.8 demonstrates the usage of these PSUs for the sensor
in Figure 2.2a. The right column shows the bias voltage applied to the sensor
before and after the heater is subjected to a pulse att = 0 s. The left column
shows the current response of the sensor. Apart from demonstrating the working
principle of the pulsed measurements, the measurement also veri�es the importance
of a stable PSU. In the ideal case, the sensor voltage is una�ected by the pulse
applied to the heater. However, since there is a common ground metal at the DUT
in these devices, the sensor voltage is forcibly changed by the heater pulse. These
voltage ripples translate to current ripples and therefore contaminates the actual
current response measurement. Clearly the HMP4040 power supply has the most
stable voltage level before and after the pulse. It is most likely due to the fact that
the PSU does not detect the ground disturbance and therefore does not start to
compensate for it which is the case for the other PSUs.

Figure 2.8: Comparison of PSU impact on measurement.
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2. GaN Temperature Sensor Study

2.3 IV Measurements

The IV versus temperature (T) measurements provides a good characterization of
the device and gives insight about the temperature dependence and whereabouts
of key parameters such as the threshold voltageVT for the Schottky diode and
saturation current level for the mesa resistors.

2.3.1 First Design Run

A typical IV versus T measurement for the �rst run is shown in Figure 2.9a for
the 50 µm mesa resistor and in Figure 2.9b for the 25µm Schottky diode. Several
versions of the mesa resistors were designed in Section 2.9a and the di�erence in
the IV measurements is mainly a scaling of the current magnitude if the width is
increased/decreased. As seen in Figure 2.9a, a voltage sweep from -5 to 5 V results in
a linear region from approximately -1 V to 1 V, and a saturation region outside this
range. In the linear region, a decreasing conductance� with increasing temperature
is observed. This is expected since the electron mobility decreases as the temperature
increases [6]. In the saturation region however, there is a change in sign ofd�=dT
and the conductivity increases as the temperature increases. A possible explanation
is that the higher electric �eld increases the rate of electron trapping which in turn
decreases the amount of charge carriers in the channel. As the temperature then
increases, the release rate of the electrons is increased, resulting in more charge
carriers as the temperature increases [9].

The IV versus T measurement for the Schottky diode is shown in Figure 2.9b.
In this case the voltage sweep ranges from 0.1 V to -15 V to make a reverse bias IV
characterization versus T. It can be seen that the diode has a larger current derivative
with respect to T close to the avalanche breakdown voltage. The diodes proved to
have a signi�cant spread between di�erent individuals in terms of breakdown voltage
level.

The �rst devices proved to have a number of drawbacks. Using a 50µm mesa
as sensor resulted in di�culties measuring the response properly for the pulsed
measurements. When the sensor is biased at around 1 V it gives a starting current
above 20 mA which is the upper limit for one of the lower current range modes for
the current waveform analyzer. The response during the pulse is in the order of
µA and therefore drowns in the quantization noise. Furthermore, using the 50µm
mesa as heater resulted in very low dissipated power levels (<1.2 W ), which further
complicated the detection. It is also possible that signi�cant power was dissipated
in the access lines. These lines were proven too thin and started to fuse when the
voltage reached levels around 25 V. The heater current was not measured for the �rst
run but can in this case be assumed to be greater than 50 mA. Testing the maximum
currents (or voltage levels in this case) also indicated the need for redundancy copies
in the layout. Finally, the shortest separation distance proved to be too large to
properly study the distance dependence and its impact on the response.
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(a) (b)

Figure 2.9: First layout IV versus T characteristics of a 50 µm mesa resistor(a) and 25 µm
Schottky diode (b)

(a) (b)

Figure 2.10: Second layout IV versus T characteristics of a 15µm mesa resistor(a) and 25 µm
Schottky diode (b)

2.3.2 Second Design Run

The second layout IV measurement for a 15µm mesa resistor is shown in Figure
2.10a. The measurement settings are the same as for the �rst run and the result
shows two major di�erences. The change in sign of the conductance is more or
less absent and the resistor has an expected behaviour versus temperature, with
increasing resistance up to 5 V. The resistor is less than one third of the width
but has almost half the current compared to the 50 um version in the �rst run in
the saturation region. These di�erences shows the sensitivity of e.g. ohmic contact
resistance which may di�er between runs.

Because of the di�culties with the large variation in the reverse biased IV char-
acteristics of the Schottky diode in the �rst run, the sweep range was changed to
measure the diode forward biased. The IV versus T characteristics of the forward
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biased Schottky diode can be seen in Figure 2.10b. It can be seen thatVT is shifted
towards 0 V as the temperature increases and the current increases by more than
1000 times over approximately 600 mV in the conduction region. The plot shows the
magnitude of the current. Hence the current in the o� region should be negative.

2.4 Pulsed Measurements

In this section, the heater is subjected to high power pulses which will be dissipated
in the resistor and produce heatwaves that will propagate in all 3 dimensions from
the heater into the GaN hetero structure. The results from Section 2.3.2 will be
used to bias the sensors in its most temperature sensitive area. In the case of the
mesa resistor, the area of interest is the area close to the end of the linear region
partly because the devices exhibit the strongest dependence there and partly because
biasing in the saturation region only serves to increase the self heating e�ects. These
e�ects are due to the biasing power consumption and can cause severe measurement
errors. After selecting an appropriate bias, the sensor current is then monitored
during the measurement in order to detect any temperature changes caused by the
propagating heatwaves.

The sensor response will be analyzed and modeled and parameters such as time
constants and delay of the current response are then extracted. Furthermore, the
I(T) dependence will be modelled and the expressions are used to determine the
measured temperature of the sensors.

2.4.1 Distance Dependence

The mesa IV measurement in Figure 2.10a indicates a good temperature sensitivity
at 1.3 V. Using this bias point, and an input pulse amplitude of 20 V gives the
response shown in Figure 2.11a. In the �gure, the pulse on timeton is 4.75 ms, the
dissipated power in the heater is about 3 W, the distance to the sensor is 2µm and
the thermal chuck temperature is 25°C. The sensor current is clearly a�ected by
the pulse and decreases as the temperature increases. After the pulse has ended,
the current recovers in a reverse manner. In order to make sure a full recovery
the pulse periodTp is set to 200 ms giving a duty cycleD = 4:75=200 = 2:38 %.
Finally, the sampling frequencyf s is set to 10 MS/s which is a good compromise
between capturing fast transients and suppressing high frequency noise. The light
in the test environment proved to have signi�cant in�uence on the measurement.
Figure 2.12a shows the same measurement as in Figure 2.11a in a dark and light
environment. It can be seen that the current decreases in a dark environment.
The current reduction continues as more time passes and even though the changes
become smaller, the blue curve gets shifting downwards. Figure 2.12b shows how the
IV versus T measurement for the Schottky diode is a�ected by the light. The sweeps
for 100 °C and 62.5°C were measured at another occasion than the other three
temperatures. This caused a gap to occur in the characteristics which introduces
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(a) (b)

Figure 2.11: Pulsed measurement with 2µm separation distance with a 15µm mesa sensor(a)
and a 25µm Schottky diode (b) .

(a) (b)

Figure 2.12: Pulsed measurement in a dark and light environment(a) and current drift caused
by light in an IV versus T measurement (b) .

errors in the biasing and temperature estimation of the diode. A possible explanation
for the light dependency is the interaction of photons with trapped electrons. By
illuminating the hetero structure with photons, the rate of traps released is increased
and thus the current is increased. The measurements in the following sections were
performed after approximately 2 min of darkness had passed.

With the bias and measurement settings kept constant as described above, the
15 µm mesa sensor current response can be evaluated versus the distances seen in
Figure 2.3. The distances are 2, 5, 10, 25, 50, 100 and 200µm. Figure 2.13a shows
the response from each sensor at the given distance. The �gure shows a spread
in the quiescent current for each device which is due to the spread in resistance
between individuals. The response is di�erent in magnitude and shape at di�erent
distances and approximately reaches a steady state during theton time at the shorter
distances (2-10µm). Figure 2.13b shows the same �gure but with the starting
o�set level (quiescent current) subtracted for each curve. This �gure clearly shows
how the magnitude of the current response decreases with distance. The derivative
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dI=dTjT =25 °C is assumed to have small di�erences between each copy. This explains
why the response of the 2µm sensor is slightly smaller compared to the sensor at
5 µm. A fast transient change occurs in the order ofµs and it becomes less apparent
as the distance increases.

The di�erent sequences and propagation delay can be seen by plotting the re-
sponse versus a logarithmic time as shown in Figure 2.14. The �gure shows that
the delay ranges from roughly 10µs to 100µs between the longest and shortest dis-
tances. It is also visible how the fast sequence occurs within 100µs for the shorter
distances.

(a) (b)

Figure 2.13: Current response of the 15µm mesa sensor biased atVb = 1 :301 V at 25 °C with
start o�sets (a) and with start o�sets subtracted (b) .

(a) (b)

Figure 2.14: Current response with logarithmic x axis scale and subtracted o�set with full view
(a) and zoomed view(b) .

The same pulsed measurement was also performed on the 25µm Schottky diode.
During the initial measurements of the �rst design run. It was discovered that a
reverse biased Schottky diode had very unpredictable temperature dependence and a
very small response. This introduced signi�cant amounts of quantization noise from
the instrument whose ranges did not �t well to the response. For the measurements
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of the second run, the Schottky diode was instead forward biased in the vicinity of
the threshold voltageVT . Between the di�erent individuals, VT proved to have a
spread in the order of mV. The spread has a large impact on the current response
(see IV plot). HenceVb for one individual could be inappropriate for the diode at
the next distance. This required a tuned bias voltage to be selected from the IV
versus T characteristics for each device. For this reason, only the �rst four distances
were measured with this sensor. Figure 2.11b presents a pulsed measurement for
the Schottky diode. The diode is biased at 0.704 V which is a good point for the
2 µm separation as seen in the IV characteristics in Figure 2.10. The responses for
the �rst 4 distances can be seen in Figure 2.15a-b. The responses are similar to
those of the mesa sensors but with an opposite sign in the change. The derivative
dI=dTjT =25 °C is very sensitive to changes inVb or VT . This is evident from Figure
2.15b which indicates a higher response from the sensor at 25µm compared to
10 µm, meaning that the sensor at 25µm has a di�erent VT and therefore a di�erent
(higher) dI=dTjT =25 °C.

The logarithmic plots in Figure 2.15c and 2.15d indicate a similar delay as for
the mesa sensors. The slope of the response at about 1 ms also indicate the presence
of similar time constants as with the mesa sensor.

(a) (b)

(c) (d)

Figure 2.15: Current response of the 25µm Schottky diode biased atVb = 0 :704V at 25 °C with
startlevels (a) and with start o�set subtracted (b) . Current response with logarithmic x axis scale
and subtracted o�set with full view (c) and zoomed view(d) .
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2.4.2 Temperature Dependence

In this section, the sensors are evaluated at di�erent measurement temperatures
with the distance between the heater and sensor kept �xed. The measurement
temperatures are -50, 25 and 100°C.

From the IV measurements, the current dependence for the mesa sensor biased
at the end of the linear region predicts an increased current for lower temperatures.
This can also be seen in Figure 2.16a which shows the pulsed measurement performed
at the three temperatures. The o�set start level is higher for lower temperatures
but the response magnitude is smaller and vice verse. The di�erent sequences (time
constants) are also present for all three cases but is less visible for the lower tem-
perature because of the smaller magnitude in the response. It can be more easily
seen in Figure 2.17b where the axes are logarithmic. In the �gure, the shape of the
responses can be seen to be very similar apart from the magnitude and delay.

It can be seen from Figure 2.16b that going from a measurement temperature
of 100°C to -50 °C results in a decreased response magnitude of roughly 350µA. At
the same time the sensitivity is very constant as will be seen in Section 2.5.2. It is
therefore concluded that the measured temperature change is much lower when the
measurement is made at -50°C compared to 100°C even though the heater power
is the same for both cases.

For the Schottky diode the trend is the opposite for the start level compared to
the mesa sensor. Figure 2.18a shows the response of the sensor at the three temper-
atures. The o�set start for the current level is higher at 100°C as expected from the
IV characteristics in Figure 2.10b, and decreases with decreasing temperature. The
magnitude of the response in Figure 2.18b is strongly decreasing with decreasing
temperature. This indicates that the derivative of the I(T) characteristics is a vary-
ing function of temperature for the Schottky diode. This is also veri�ed in Section
2.5.2.

Logarithmic plots are shown in Figure 2.19a and 2.19b. In the latter, it is clear
that even though the response is small at -50°C the di�erent sequences are still
present.

(a) (b)

Figure 2.16: Current response of the 15µm mesa sensor biased atVb = 1 :301 V at -50, 25 and
100 °C with start o�set (a) and with start o�set subtracted (b) .
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(a) (b)

Figure 2.17: Current response of the 15µm mesa sensor biased atVb = 1 :301 V at -50, 25 and
100 °C with logarithmic x axis (a) and both axes logarithmic (b) .

(a) (b)

Figure 2.18: Current response of the 25µm Schottky diode sensor biased atVb = 0 :704V at -50,
25 and 100°C with start o�set (a) and with start o�set subtracted (b) .

(a) (b)

Figure 2.19: Current response of the 25µm Schottky diode sensor biased atVb = 0 :704V at -50,
25 and 100°C with logarithmic x axis (a) and both axes logarithmic (b) .
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2.5 Modeling

In this section, the results from the pulsed measurements in Section 2.4 and the
IV versus T measurements in Section 2.3 are analyzed and modelled. The analytic
expressions of the pulsed measurements provide more accurate information about
the propagation delay, heat coupling paths and material properties of the GaN on
SiC structure. The modelling of the I(T) dependence gives more insight into the
temperature sensitivity and measured values of the sensors.

2.5.1 Current Response

The current responses of the mesa sensors in Figure 2.14 have a number of regions
where the slope remains constant until it enters another region. These di�erent
sequences of the response is believed to be contributions from di�erent thermal
coupling paths to the sensor. A model of the main heat coupling paths is presented
in Figure 2.20. The �gure shows the heater to the left and sensor to the right
with the di�erent layers in the structure. The main coupling is assumed to occur
in the GaN and SiC layers as well as a smaller coupling through the bottom of
the device (thermal chuck). The di�erent sequences following from these coupling
paths can mathematically be modelled by exponential terms with time constants
and amplitude coe�cients. One exponential term to each path in Figure 2.20 gives
three terms for this simple model. The time constants and amplitude coe�cients
indicate how fast the sequence of the speci�c path is and the magnitude of the
heatwave related to that path. Furthermore, a delayt � tdelay has to be introduced
wheretdelay is the time it takes for the fastest heatwave to reach the sensor. Hence
the function should have a constant value and start the sequence att = tdelay . The
following expression can be used to model the current response versus distance for
the 15 µm mesa sensor.

Figure 2.20: Simple heat transfer model in the GaN on SiC structure.
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