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heating for these high frequency diodes becomes very signi�cant for even a very small amount
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In this master's thesis di�erent methods of thermal and electrical characterization have been
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Chapter 1

Introduction

In physics, terahertz radiation refers to the propagation of electromagnetic waves frequencies in

the terahertz range, from 0.3 to 3 THz. In wavelengths, the range spans from 0.1 mm (or 100

µm) to 1.0 mm. Potential THz applications can be medical imaging, security scanning, radio

astronomy, earth science applications and ultra-fast communications [2, 3, 4]. Millimeter waves

have several advantages over their longer wavelength counterparts. It results in miniaturizing

key components like antennas as well as higher data rate in communications [5].

As Schottky diode technology moves towards higher frequencies the anode junction area of the

diode is reduced. The smaller anode size has an adverse e�ect on its thermal capabilities. The

reduced thermal performance and subsequent self heating of the diode imposes some challenges.

The traditional I-V and C-V measurements do not provide with reliable results and thermal

constraints limits the attainability of the electrical performance. That is why new methods

should be developed to characterize and accurately estimate the diode parameters and junction

temperature with known input power levels. Optimization of performance of the THz planar

Schottky diodes as well as frequency dependent losses and current crowding e�ect are discussed

in [6].

This thesis work is devoted to develop a better understanding of the THz planar Schottky diode's

thermal characteristics using simulations. At the end the simulated results are compared with

measurement results to accredit the research work.

1.1 Motivation and scope

In this thesis the prevailing methods like physical modeling, electrical measurements and imaging

methods are reviewed. The advantages and disadvantages of these methods are analyzed. The

suitability of characterization of THz varactor and mixer Schottky diodes are evaluated.

Thermal simulations are a valuable tool for evaluating the thermal performance of di�erent

12



CHAPTER 1. INTRODUCTION 13

Schottky diodes and for increasing the understanding of heat �ow paths. This information

will provide data, against which the measurement results can be compared. Two commercial

diodes, a varactor and a mixer diode, have been simulated. Only DC simulations are carried out

throughout this thesis as the key thermal parameters such as junction temperature, thermal

impedance and thermal time constant are to be found out. This work does not look into

current crowding e�ect and frequency dependent losses. That is beyond the scope of this thesis.

Furthermore, this thesis does not cover the optimization of the diode structure and properties.

Also variation for di�erent thermal properties for these diodes are also not studied in this thesis.

This thesis is related to the project work MilliLab framework work order 3 "Thermal and electrical

characterization for Schottky diodes".

1.2 Structure of the thesis

The thesis presents thermal modeling of a THz planar Schottky diode. Three thermal parameters

are of key importance in this thesis. The thermal parameters are thermal impedance, junction

temperature and thermal time constants.

In Chapter 1 background, motivation and scope of this thesis are described, and applications of

THz Schottky diodes and related challenges are presented.

Chapter 2 provides a general description of thermionic emission theory, current voltage (I-

V) characteristics of the Schottky diode, basic Schottky diode operation principle and series

resistance of Schottky diode. Di�erent thermal characterization methods applied previously are

also described. Analysis for di�erent thermal properties like thermal time constant and junction

temperature determination has been also presented in this chapter.

Chapter 3 is concerned with models and analysis methodology used in this work. Di�erent

processes to tackle the problem are presented in this chapter along with description on how

modeling in done is COMSOL Multiphysics.

Chapter 4 presents the corresponding results and analysis that is performed in this research

work. Thermal analysis has been done for two commercial diodes a mixer and a varactor. Here

also a simple diode structure is built and analyzed for di�erent thermal properties. First some

simulations are done to validate the work. Then simulations are done for di�erent conditions

and for di�erent thermal properties. Lastly, comparison between some measurement results have

been introduced and a level of uncertainty with the measured results is tried to �nd out. Chapter

5 concludes the research work and discusses future work.



Chapter 2

Terahertz planar Schottky diodes

In 1904, the �rst practical semiconductor device was introduced and it was a metal-semiconductor

contact which showed a certain rectifying behavior. The device was a metallic whisker pressed

against a semiconductor which became very popular for the applications. In 1938, Schottky

suggested that the rectifying behavior could arise from a potential barrier [1]. This was later

named as Schottky diode. In this chapter the operation of Schottky diode and di�erent thermal

characterization methods are discussed.

2.1 Overview of planar Schottky diode operation

The Schottky diode operation is a result of charge transport mechanism of metal-semiconductor

contact which is also known as Schottky barrier. Schottky diodes can be divided into resistive

(varistor) and varactor diodes. A varactor is a variable capacitor device in which the frequency

conversion is based on capacitance modulation. The resistive diodes are also known as mixer

diodes. In this thesis two commercial diodes, a mixer and a varactor diode have been analyzed

along with a simple built diode structure to validate di�erent results.

2.1.1 Metal semiconductor contact

The contact between the metal and semiconductor results into a potential barrier. This potential

barrier is responsible for the Schottky diode current voltage (I-V) and capacitance-voltage (C-V)

characteristics. In this section the operation under bias voltage and barrier formation is discussed

shortly. The physics behind Schottky diode operation is in detail discussed in [7, 8, 9].

When the metal and the n-type doped semiconductor are separated from each other the metal

semiconductor band diagram looks very di�erent from the band diagram when they are in contact

with each other. See Figure 2.1. This band diagram is in detail discussed in [10].

14
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Figure 2.1: Energy band diagram of metal-semiconductor (n-type) contact. In a) metal

and semiconductor are not in contact, in b) metal and semiconductor are connected and

form a single system [1].

Metal work function qφm is not in the same level with the n -type semiconductor work function

qφs. The work function is the energy di�erence between the Fermi level and vacuum level. Also

the electron a�nity qχs which is the energy di�erence between the electron conduction band

edge and the vacuum level of the semiconductor is shown in Figure 2.1 [1].

When the metal and semiconductor make intimate contact, the Fermi level of the metal and

semiconductor must be equal at thermal equilibrium. Also the vacuum level should be continuous.

These two requirement determine a unique energy band diagram of the ideal metal-semiconductor

contact [1]. Also when the Fermi level of the semiconductor is lowered to the same level as the

Fermi level in the metal, the �ow of electron stops. The electrons on the metal of the contact

create a potential barrier for the electrons in the semiconductor. This barrier is called the built-in

voltage. The built-in voltage can be calculated by equation (2.1).

qφbi = qφm − qφs. (2.1)

The electrons in the metal also su�ers a potential barrier with the height of

qφB = q(φm − χ), (2.2)

where q is the elementary charge and χ is the electron a�nity. The barrier height is also known

as the Schottky barrier. The �ow of electrons from semiconductor to metal causes part of the

semiconductor to gain positive net charge. The positively charged region which is created by

this �ow of electron is also known as depletion region. The width of the depletion region plays

a very important role in the function of a Schottky diode.

The Schottky diode can be biased in two di�erent ways. When the diode is forward biased and

voltage Vb is applied the energy is increased by qVb. Electrons with less energy are less likely to

move across the potential barrier than electrons with more energy and vice versa. This increases

the current through the junction as the voltage is increased. Under di�erent bias voltage the
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depletion region width can be calculated as

wd =

√
2εs(φbi − Vb − kBTj/q)

qND
, (2.3)

where εs is the permittivity of the semiconductor, kB is Boltzmann's constant, Tj is the

temperature of the junction and ND is the donor doping density.

Figure 2.2: Energy band diagram of metal-semiconductor (n-type) contact. In a) metal-

semiconductor junction is reverse biased, and in b) metal-semiconductor junction is

forward biased [1].

The energy band diagram of metal-semiconductor (n-type) in forward and reversed bias looks

like Figure 2.2 which is further described in [10] and not discussed in this thesis any further.

2.1.2 Current voltage characteristics

Under a forward bias, thermionic emissions, recombination in the space charge region and

recombination in the neutral region occurs in the current transport mechanism [11]. For a

good metal-semiconductor contact, the overall transport mechanism is believed to be dominated

by the thermionic emissions. Thermionic emission model of the Schottky diode is described in

[7, 12]. The current voltage (I-V) equation can be simply written as

Id(Vj , T ) = Is(e

qVj
ηkBT − 1) (2.4)

Is(T ) = AA∗∗T 2e

qφB
kBT , (2.5)

where Id is the total diode current, Is is the saturation current, Vj is junction voltage, η is the

ideality factor of the diode, A is the junction area, A∗∗ is the e�ective Richardson constant

(8.2 Acm−2K−2 for GaAs), T is the absolute temperature, φB is the barrier height and kB is

Boltzmann's constant.
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In case of a thermionic emission dominating the electrontransport mechanism, the ideality factor

is close to unity. But this is not the case in practical scenario. The e�ect of doping and

concentration and temperature in a ideality factor is formulated in [13] as:

η =
1

(kBT (
tanh( E00

kBT
)

E00
− 1

2EB
)

(2.6)

E00 = 18.5× 10−12

√
Nd

m∗
eεr

, (2.7)

where E00 is a material constant with constant doping density, EB is band bending, m∗
e is the

electron e�ective mass, and εr is semiconductor relative permittivity.

The bias current is responsible for the self heating in e�ect. The saturation current and the

ideality factor plays a very important role in de�ning the bias current.

2.1.3 Series resistance

The diode series resistance contains several key elements, each play a di�erent and signi�cant

role. There are three components which build the series resistance which can be expressed by

the following equation

Rs(Vj , f) = Rspreading(f) +Rcontact(f) +Repi(Vj , f), (2.8)

where Repi is the junction epitaxial-layer resistance, Rspreading is the bu�er layer spreading

resistance and Rcontact is the ohmic contact resistance.

• Bu�er layer spreading resistance, Rspreading

The bu�er layer is a highly doped semiconductor layer. Usually the epi layer semiconductor

and bu�er layer semiconductors are the same but in this case the layer is a highly doped

one. This bu�er layer spreading resistance is used to make the current �ow possible from

the epi-layer to the cathode ohmic contact. The resistance can be expressed as the following

according to [14]

Rspreading =
1

2Dqµn,bufNd,buf
, (2.9)

where µn,buf and Nd,buf are the electron mobility and doping concentration of the bu�er

layer, respectively. D is the anode contact diameter.

• Junction epi-layer resistance, Repi

Junction epi-layer resistance is the resistance that arises because of the undepleted epi-

layer. The conductivity of the epi-layer σepi is much lower than the conductivity of the

bu�er layer. It is assumed most of the power is dissipated in the epi-layer and the current
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�owing through the diode is concentrated near the anode contact. The epi-layer current

spreading resistance can be approximated using the equation

Repi(Vj) =
tepi − wd(Vj)
Aqµn,epiNd,epi

, (2.10)

where µn,epi and Nd,epi are the electron mobility in the epi-layer and donor concentration in

the epi-layer, respectively. tepi is the thickness of the epi-layer and wd(Vj) is the depletion

width.

When the diode is forward biased the depletion width wd(Vj) of the layer decreases with

the increase of applied voltage. On the other hand, when the diode is reversed biased the

epi-layer can be fully depleted.

• Ohmic contact resistance, Rcontact

Ohmic contact resistance allows current �ow between the semiconductor and the external

circuit. This contact resistance is usually very low.

2.2 Thermal properties of THz planar Schottky diode

Thermal analysis, one of the key analysis in the �eld of semiconductor device, is quite popular as it

plays an important role in device characterizations. Thermal characterization of a semiconductor

device can be considered as determination of the temperature response of the semiconductor

circuit junction due to internal self-heating [15]. Much detailed attention in respect of thermal

characterization was given to transistors [16, 17, 18]. Thermal characterization of varactors is

also reported in [19, 20]. Thermal analysis of the high frequency planar Schottky diode based

multiplier chip can be found in [21]. Here the thermal analysis is done for the entire chip not a

single anode diode structure. A new method for extracting the series and the thermal resistance

can be found in [22].

When the diode is in forward biased condition the heat is generated in the diode because of

the current �ow through the diode. Most of the power is dissipated in the junction and heat

generation occurs. Most of the elevated heat can be found in the top and bottom of the junction.

The heat transfer occurs through convection, conduction and radiation. When the diode is only

biased with a DC voltage no RF power is delivered, the heat is assumed to be transmitted

through convection and conduction in the form of heat transfer in solids. No radiation occurs

in this case according to [6]. The dissipation of power in the junction converts into heat energy.

As the other layers bu�er layer,cathode and anode have high electrical conductivity, most of the

power is dissipated in the junction. So the dissipated power PT can be expressed as

PT = VjId. (2.11)
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The junction temperature of the diode can be approximated using

Tj = T0 + PTRθ, (2.12)

which can be found in [9, 23]. Here Tj is the junction temperature of the diode, T0 is the ambient

temperature and Rθ is thermal resistance.

Thermal resistance in case of a diode can be de�ned as the temperature di�erence between the

junction, Tj , and another iso-thermal surface, T0, divided by the power �ow, PT , between them

[24]

Rθ =
Tj − Tx
PT

. (2.13)

For round anodes, thermal resistance can be calculated using the approximate formula in [5]

Rθ =
ρθ
4ra

, (2.14)

where ρθ is the thermal resistivity and ra is the anode radius.

The thermal problem can also be analyzed by considering only conduction by the following heat

equation [25]

ρmcp(T )
∂T (x, y, z, t)

∂t
= {∇[κ(T )∇T (x, y, z, t)]}+ g, (2.15)

where ρm= material mass density, cp(T )= thermal capacity or speci�c heat, T (x, y, z, t)= local

temperature, κ(T )= material thermal conductivity and g= heat generation per unit volume.

For a steady state case, di�erential form of Fourier's Law [26] of thermal conduction shows that

the local heat �ux density ~q is equal to the product of thermal conductivity κ(T ) and the negative

local temperature gradient ∇T
~q = −κ(T )∇T. (2.16)

The heat �ux density is the amount of energy that �ows through a unit area per unit time.

Thermal conductivity of the semiconductor that is used in the epi and the bu�er layer also

changes with the temperature. For GaAs the conductivity temperature relationship can be

expressed as [27]

κGaAs(T ) = 50.6× (
300

T
)1.28

W

mK
. (2.17)

2.3 Di�erent methods for thermal characterization

There are many di�erent ways to measure the temperature within a semiconductor devices. This

section covers a few of them and their advantages and disadvantages.
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2.3.1 Full wave modeling

The Schottky diode can be modeled using a full wave 3D software like ANSYS mechanical or

COMSOL. To model this diode in a 3D simulator �rst it should be noted if the simulator contains

a thermal as well as AC/DC module if only DC simulations are done to characterize the diode.

If RF power is also used then it would be better if the software also contains a microwave

heating module. In this case, COMSOL was chosen as it contains heat transfer in solids and

electric currents module and it is possible to couple these two physics module together. Also it

contains microwave heating module which supports the RF heating part, which is not the focus

of this thesis. The diode is built to resemble its real life counterpart as accurately as possible.

After the geometry is de�ned, material properties of di�erent layers that have been used in the

real life scenario should be associated. Di�erent material properties like thermal conductivity,

electrical conductivity, heat density and relative permittivity should be included. The voltage

and the ground should also be marked. Now to emulate a real life scenario temperature boundary

has to de�ned and convective cooling from the outside should also be speci�ed. If the doping

concentration and mobility of electrons is not known then it is assumed that all the power is

dissipated in the epi-layer and the other layers are highly conductive. A full wave model is

most e�cient as there are no limitation of time and step in this case. In case of time dependent

analysis with a very small step size giving rise to the number of steps included in the simulations,

simulation time increases. The anode temperature and the heating of di�erent part of the diode

can also be seen from these simulations. Any new feature addition is quite simple including the

change of outside temperature and e�ect of convective cooling from outside.

2.3.2 Physical contact method

This method actually uses some other devices that can sense the temperature of the diode

or anode junction. Thermocouples, scanning thermal probes, liquid crystals or thermographic

phosphorous can be the devices which are used for this purpose. Size of probe or coating particles

being used in the measurement determines the spatial resolution and the time response depends

upon the thermal response time of the probe or particles [28]. Advantages of the measurement

method can be

• They can have a very good spatial response, less than 100 nm.

• Temperature maps can be made from the blanket coating method.

Disadvantages of physical contact method are several. There should be a good surface view of

the device and should be available for contacting. Also the method is quite expensive.
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2.3.3 Electrical junction temperature measurement

Junction temperature measurement is necessary for realizing the thermal performance of the

design and application of the diode. It is widely used nowadays. This method uses the junction

temperature as a sensor [24]. The forward voltage drop in the junction is used as a temperature

sensitive parameter. Relationship between the voltage drop in the junction and the temperature

shows almost a linear relationship when a constant current is applied to the diode. This in turn

helps to compute the semiconductor junction temperature in response of the power dissipated in

the junction. This current is also known as "sense current" [28]. The constant sense current is

small enough not to cause signi�cant self heating. The calibration equation can be expressed as

[28]

Tj = m ∗ VF + T0, (2.18)

Where m is the slope, T0 is the ambient temperature and VF is the temperature sensitive

parameter. VF is di�erent for each diode. Hence calibration is required for each diode. After

calibration the junction can be used as a temperature sensor which is able to measure the

temperature using the forward voltage measurement obtained from the sense current.

A known power level is applied to the diode and then switched o� to very low value for very short

period of time during which the temperature sensitive parameter is measured. This temperature

sensitive parameter is compared with the initial value and calibration has been performed in

known ambient temperatures. In this method a problem arises with the transient electrical

signal. This is very common when switching from high power value to a low power value.

The problem can be solved by using a delay. In this time the diode also cools down. The

measurement is carried out as soon as the heating signal is interrupted so the diode does not

cool down signi�cantly [28].

2.3.4 Liquid crystal imaging method

Liquid crystal is used in the imaging method to evaluate the temperature of the diode. Liquid

crystal responds to temperature and this response is used to measure the part of the diode

that is coated with liquid crystal. Liquid crystal has a unique property. If the temperature

is varied the crystal will re�ect visible light of di�erent wavelengths [29]. This is utilized in

the imaging method. As the temperature of di�erent parts of the diode is varied di�erent

wavelengths of visible light starts to re�ect and the temperature variation can be understood

from this phenomenon [30].
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2.3.5 Method based on S-parameter and temperature controlled

measurements

In this method thermal resistance is extracted from temperature controlled I-V measurements at

di�erent known temperature and S-parameter measurement at known ambient temperature [22].

The temperature dependent saturation current and ideality factor measurements are veri�ed

with the theoretical model in [22]. The S-parameter measurement is carried out in the low

frequency and high bias current region. This method describes the e�ect of self heating of the

anode junction on the extracted values of series and thermal resistance.

2.3.6 Pulsed I-V measurements

The traditional DC I-V measurements are found inaccurate for THz Schottky diodes for two

reasons, self-heating of the device and trapping e�ect [31]. Static DC I-V measurements

performed at di�erent bias condition can provide good results in cases where self heating of

the diode and trapping e�ect are negligible. For THz Schottky diode the size of the anode

junction becomes small. This small anode junction reduces the thermal handling capability

of the diode and the e�ect of self heating becomes signi�cant even for very small currents (in

mA). The thermal and trapping e�ect can change the obtained results found from static DC I-V

measurements [32].

To avoid this problem I-V measurement should be done using a very fast signal which is

signi�cantly lower than the value of the thermal time constant of the diode. The diode will

not be self heated in this case. The diode under test has not time to react thermally. This

system provides the capability to make isothermal measurements for such devices where the self-

heating of the device can a�ect the I-V characteristics. In this thesis the simulated results are

compared with the pulsed I-V measurement results.

2.4 Analysis for di�erent thermal properties

2.4.1 Steady state thermal analysis

Steady state thermal analysis is done under a condition where the diode is not in�uenced by the

previous temperature of the component. This is done by employing suddenly a constant level

of power to the diode and keeping the power constant for a longer period of time. During this

time the power dissipation varies which gives rise to temperature. When the temperature is not

a�ected by previous temperature, the temperature becomes stationary and the device reaches

its thermal equilibrium. The diode is heated with the voltage for a long time to see the steady

state thermal behavior. Theoretically a diode should be heated for an in�nite amount of time
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to reach its thermal equilibrium. But that is not so in the practical case. During this time

the outside temperature and the convective cooling is kept constant. The diode does not go to

thermal equilibrium instantly with the introduction of the voltage.

The physical reason behind this phenomenon is the existence of heat capacitance that is present

in each matter. These capacitances need to be charged up to go to the thermal equilibrium and

charging up via heat �ux needs time. When the capacitances are fully charged the diode reaches

the steady state condition [24]. As the heat capacitances are a material property, the steady state

condition for di�erent diodes of di�erent epi and bu�er layer are di�erent. Thermal resistance

or impedance can only be computed in the thermal equilibrium with the help of equation (2.13).

Also heating characterization can be found from the steady state analysis. Heating character-

ization is the response of the diode in a heating condition. It contains a complete behavior of

the diode ranging from transient to steady state. This data are very helpful for analyzing and

predicting the behavior of the diode in di�erent power conditions [24].

2.4.2 Transient thermal analysis

This type of thermal analysis is employed to de�ne the transient thermal properties shown by

the diode. The thermal time constant can be found out using the transient thermal analysis.

A small pulse voltage is used and the diode is let to cool down after the pulse. The diode

temperature does not abruptly fall down. Some time is needed for the diode to completely come

to the ambient temperature. The thermal time constant can be found out from the following

formula.

Tj = PTRθ[
4

π
3
2

][
t

τ
]
1
2 (2.19)

for t < τ . Here, τ= thermal time constant and t= time.

This equation is found to be accurate during the early part of the pulse not the entire duration

of the pulse which is further described in [33].

The thermal time constant can be also estimated using

τ = [
2F

π
]2[
ρCp
κ

], (2.20)

according to [33]. Here F = die thickness.

The thermal time constants are found out in this thesis by heating the diode for a very long

period of time and �tting the variation of temperature with time in and �nd out the di�erent

time constants. If the rise time of the diode has to be �tted the following equation can be used.

T = T0 + T1 × (1− exp(−t
τ1

) (2.21)
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where T0 is the ambient temperature. T1 is the temperature coe�cient and τ1 is the thermal

time constant. The temperature rise vs time curve of the diode can be �tted with several time

constants using MATLAB.



Chapter 3

Modeling and analysis methodology

The Schottky diode can be modeled using full wave 3D software like ANSYS mechanical, CST

Studio Suite and COMSOL Multiphysics. To model a diode in a 3D simulator it should be �rst

noted if the simulator contains a thermal as well as electrical current module to perform DC

simulations of the diode. COMSOL Multiphysics has a good coupling between di�erent physics

phenomena like heat transfer and electrical currents. Also there is a separate module called joule

heating which is a coupled physics module, providing coupling between electric currents and heat

transfer [34].

If RF heating is considered, there is a separate module to use as well. The diode is built

to resemble its real life counterpart as accurately as possible. After the geometry is de�ned,

material properties of di�erent layers that have been used in the real life scenario should be

associated with the model. Di�erent material properties such as thermal conductivity, electrical

conductivity, heat capacity, and relative permittivity should be included. The voltage and the

ground should also be marked. To emulate a real life scenario temperature boundary has to be

de�ned which represents the �ow of heat away from the diode. If the diode is cooled down by

external cooling mechanism, it can also be simulated using a convective cooling mechanism.

3.1 Modeling of a simple diode

A simple diode which is called as test diode A for the rest of the thesis is approached at �rst.

This diode contains only the basic layers an anode, a cathode, an epilayer and a bu�er layer.

The resistance of each layer can be found from the resistance de�nition formula

R = ρ
L

A
, (3.1)

where ρ is the resistivity of the material and L and A are the length and area of the layer,

respectively.

25
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Stationary and time dependent simulations have been performed for test diode A. The maximum

temperature of the junction, thermal resistance and the thermal time constants can be found

from these simulations. Structural dimensions of di�erent layers can be found in Table 3.1.

Table 3.1: Structural parameters of di�erent layers of test diode A

Layer Material Radius (µm) or

length (µm)

Height

(µm)

Width

(µm)

Anode Extended Gold 2 2

Anode contact Gold 0.4 0.6

Anode �nger Gold 20 2 4

Bu�er layer GaAs 7.51 2

Epilayer GaAs 0.6 0.05

Insulating layer SiO2 7.51 0.6

The structure of test diode A can be found in Figure 3.1. In a Schottky diode almost all the

power is dissipated in the epilayer. The bu�er layer is much more conductive than the epilayer.

Figure 3.1: Test diode A containing all the basic layers (anode, cathode, insulation, bu�er,

epi layer) (left); wire frame view of the diode (right).

The material properties that are used in the simulations can be found in Table 3.2. Here the

electrical conductivity that is mentioned in Table 3.2 is not the actual epilayer conductivity. The

epilayer here is working as a resistor to have the desired amount of current �own through the

diode or diode current and the electrical conductivity of the epilayer is changed to achieve that

amount of current.
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Table 3.2: Material properties of di�erent layers of diode model test diode A

Material Thermal

conductiv-

ity(W/mK)

Speci�c

heat

capacity

(J/kgK)

Mass

density

(kg/m3)

Electrical

conductivity

(S/m)

Relative

permittivity

Epi

layer

GaAs

51 ×
(300/T )1.28

327 5317 830 12

Bu�er

layer

GaAs

51 ×
(300/T )1.28

327 5317 4.1× 107 12

Gold 310 130 19320 4.1× 107 1

Si02 1.4 730 2200 0.01 4.2

3.2 Modeling with only heat transfer

One simple method to tackle the problem in hand is to only treat the problem as a thermal

problem. It is evident that almost all the power is dissipated in the epilayer. So if a heat

source can be speci�ed in the anode junction the thermal problem can be solved. The thermal

parameters that can be found in Table 3.2 are responsible for the conduction of heat and that

is why we can have di�erent temperature in di�erent parts of the diode. The speci�c heat

capacity or material heat capacitance is responsible for the transient thermal behavior of the

diode. The amount of power that we want to use can be described as a heat source and it should

be speci�ed in the epilayer. One drawback of this method is the diode current cannot be found.

The current change that happens with the rising temperature cannot be found while using this

method of simulation. While using this method the power is kept constant. This constant power

is conducting heat through the entire diode. But for di�erent heating time it is later shown that

we have di�erent temperature. This phenomenon happens because of Joule's law.

Joule's law states the heat energy produced in a conductor is dependent upon the current passing

through the conductor, the resistance of the conductor and time of power supplied.

Q = I2Rt, (3.2)

where Q is the heat energy produced by a constant current I through a conductor with resistance

R for a time t.
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3.3 Modeling with heat transfer and electric currents

As most of the power is dissipated in the epilayer, the bu�er layer is assumed to be electrically very

conductive and the insulating layer is much less conductive. Almost no current passes through

the insulating layer and for this reason there is almost no heat dissipated in the insulating layers.

The heat generation can be stated in the following manner:

Q ∝ I2R, (3.3)

where Q is the amount of heat energy produced. I and R are the current passing through each

layer and resistance of each layer, respectively. This heat energy produced will eventually give

rise to the temperature. If the current and the corresponding voltage of the diode is known,

the resistance of each layer (except the epilayer) can be found out using the resistance formula

and the epi layer resistance can be found out using Kircho�'s voltage law, as the voltage and

current is known. If the resistance of the epilayer is known then electrical conductivity can be

easily derived from that. When the diode structure is complex then the resistance formula is

very di�cult to use and at that time the conductivity of the epilayer can also be established

by trial and error basis. Once again, the electrical conductivity of the epilayer here is not the

actual conductivity of the epilayer of the diode. It works as a resistor which can dissipate an

�xed amount of power in the epilayer.

3.4 Modeling with COMSOL Multiphysics

In COMSOL Multiphysics a common way of modeling is maintained. First the geometry of the

diode is drawn as accurately as possible to resemble its real life counterpart. The diode model

can also be imported from any 3D cad software using .step format. The materials have to be

de�ned. Meshing plays a very important role in the simulations. Meshing size in di�erent parts

should be de�ned as di�erent increments of meshing increase the number of degrees of freedom

in the simulations and which eventually increases the simulation time. Meshing size decrease in

an area increases the accuracy of the simulations. Increment of number of degrees of freedom to

be solved and increment of simulation time can be evident from tables found in the results and

analysis chapter.

In COMSOL it is possible to couple two di�erent physics module and in this case the heat

transfer in solids and electric currents module have been coupled with each other. The electric

current passing through the diode will give rise to heat and that will increase the temperature.

Some simulations are also done using only heat transfer in solids module in COMSOL. In the

latter cases the epilayer is selected as a heat source and the heat is transmitted throughout the

diode through the conduction heat and this increases the temperature. As it is later shown in the
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thesis while using only heat transfer in solids module in COMSOL less junction temperature was

found compared to when heat transfer in solids and electric currents module coupled together. A

reason behind this can be while using the heat transfer in solids module the diode current cannot

be found but when using the coupling between the heat transfer in solids module and electric

current module the exact diode current can be found by integrating the current density of the

cathode surface. The electrical parameters that are used for di�erent materials in this thesis is

changed in such a way that the desired amount of current is dissipated in the epilayer. These

parameters are not actual electrical parameters and they can be responsible for the di�erence

between the temperature found from the two methods used in the thesis.

In the anode portion of the diode, a terminal boundary has been de�ned as an electric potential

to emulate the applied voltage in the diode in real life scenario. The ground is set to be in the

outer side of the cathode boundary. The current will �ow among all the layers of the diode and

that will cause the heat generation in the diode.

Figure 3.2: Modeling with COMSOL. 1st: import geometry, 2nd: adding material, 3rd:

adding material to di�erent layer of the model, 4th: de�ning mesh for di�erent layers of

the model, 5th: adding physics, 6th: de�ning physics in the model, 7th: adding solvers.

Current passing through the diode can be found by integrating the current density in the outer

cathode/ground surface. The current has been controlled by changing the conductivity of the

epilayer. The epilayer conductivity has been �rst found from doing the calculation by hand,

using Kircho�'s voltage law. The voltage supplied to the anode is known and the current that

�ows through the diode is desired. For more complicated structure the current can be found by
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changing the epilayer conductivity using trial and error basis.

A pictorial view is presented from geometry import to the physics setup option. The di�erent

steps to be taken in COMSOL modeling can be found in the Figure 3.2. The diode should have

a temperature boundary de�ned. This temperature boundary will eventually represent the heat

�owing away from the diode and the temperature there should be the outside temperature. The

ambient temperature can be changed to see the diode operating in di�erent temperatures.

Figure 3.3: Flowchart representing process for COMSOL modeling.

To �nd out di�erent thermal parameters di�erent simulations are used. The junction temperature

of the diode and temperature distribution of the diode can be done using the stationary

simulations but to get the thermal time constants time dependent simulations have been applied.

This process works accurate for constant voltages. For di�erent applied voltages this process

also can be used by applying di�erent amount of voltages and changing the epilayer conductivity

each time to get the amount of current desired. This is a very time consuming process. A smart

way of modeling the diode with di�erent applied voltage is to include the diode current-voltage

relationship equation (2.4) in COMSOL. The saturation current and ideality factor of the diode

should be known exactly while using this process.

When the diode parameters such as saturation current and ideality factor are known the diode

I-V curve can be found by incorporating equation (2.4) in COMSOL. The diode current can

be simulated and from the current and voltage, the changing conductivity with the change of
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Figure 3.4: Assumed diode parameters for test diode A.

applied voltage can be modeled using equation (3.1).

Figure 3.5: Process to �nd out junction temperature(left). Incorporating current-voltage

relationship in COMSOL (right).

Figure 3.5 shows the process which shows the parameter entry and incorporating I-V relationship

in COMSOL. If only heat transfer is used then there is no need of coupling between the physics

modules. Heat transfer is the primary objective and the results can be found by de�ning the

heat transfer module. The temperature boundary and other parts remain the same as before.

If the electrical conductivity and the mobility of particles in each layer is known then it is also

possible to simulate the diode using a separate physics module that is included in COMSOL

Multiphysics called transport of diluted species. Using this physics module it is possible to

simulate the transport phenomenon in a semiconductor. But to use this physics module much

knowledge in semiconductor physics is required also parameters such as electron mobility, drift

velocity and electrical conductivity of both epilayer and bu�er layer has to be known. This

parameters are kept secret by the manufacturers of the diode and are not easy to come by. That

is why this physics module is not used in this thesis.



Chapter 4

Results and discussions

In this chapter results are described, presented and analyzed for three separate diode models.

One was the simple diode model which is known as test diode A. The other two are commercial

diodes. From those, one is a mixer diode from ACST GmbH which is referred as test diode B and

the other is a varactor diode from Chalmers University of Technology which is referred as test

diode C for the rest of the thesis. The maximum temperature of the junction, thermal resistance

and the thermal time constants can be found from these simulations.

4.1 Temperature distribution on diode surface

First the diode, test diode A was simulated using a stationary solver. The structural and the

material parameters that are included in the model can be found in Chapter 3 in Table 3.1 and

in Table 3.2, respectively. Free meshing was used in this case. Free meshing is actually the

meshing that is done by COMSOL automatically if no meshing is de�ned. The voltage supplied

was 1 V. The epilayer conductivity was changed in such a way that the current found after

integrating the current density over surface of the cathode was 5 mA. All these simulations were

done at ambient temperature 293.15 K.

Figure 4.1: Temperature distribution on the surface of test diode A (current 5 mA and

voltage 1 V).

32
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A more detailed picture of temperature distribution is shown in Figure 4.2 and Figure 4.3 The

diode has been split in the XZ plane and the cross section of the diode can be seen in Figure 4.2.

Figure 4.2: Cross section of the simple diode split in XZ plane with di�erent lines of

measurement of temperature.

The temperature calculated from equations (2.14) and (2.12) was found to be 362.5 K. So the

temperature di�erence between the theoretical and the simulated result was found to be around

8 to 9 K. This temperature di�erence is the result of the anode and the other parts of the diode

which takes much of the heat away from the junction.

Figure 4.3: Temperature distribution along di�erent lines described in Figure 4.2 for 5

mW input power.
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Figure 4.4: Slice of the diode for temperature distribution in XZ plane with 5 mW input

power.

Figure 4.4 represents a slice of test diode A in XZ plane. Here the junction temperature was

353.96 K. The main focus of this �gure is the junction temperature and how the heat �ows from

the junction. The temperature distribution in the insulating layer SiO2 is not shown here. Some

heat also �ows away from the insulating layer.

To �nd out the di�erence between the calculated junction temperature using equations (2.14)

and (2.12) and the simulated junction temperature a simple structure was developed which had

only a bu�er layer, an epilayer, an anode and a cathode with the structural properties found in

Table 4.1.

Table 4.1: Structural parameters of a simple structure to �nd out the heat loss

Bu�er

layer

radius

(µm)

Bu�er

layer

height

(µm)

Anode

height

(µm)

Anode ra-

dius (µm)

7.51 1 0.1 0.5

A simple structure with the structural parameters found in Table 4.1 and shown in Figure 4.5

has been presented to �nd out the power loss in a diode structure. 10 mA current and voltage 1

V is used for this purpose.

The temperature calculated from equation (2.14) and (2.12) was found to be 408.1 K. Here the

thermal conductivity used for the epilayer and bu�er layer thermal conductivity as 45 (W/m K)

for the ease of calculation. The ambient temperature was kept at 295.15 K.
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Figure 4.5: Simple structure model to �nd out the temperature loss. (a) Side view of the

simple structure, (b) top view of the structure and (c) back view of the structure.

Figure 4.6: Variation of junction temperature with bu�er layer radius for the simple

structure with 1 V and 10 mA.

At �rst the bu�er layer radius was decreased and the junction temperature increased with the

decrease of bu�er layer according to Figure 4.6. The highest junction temperature was achieved

when the bu�er layer radius was 1.01 µm. This highest junction temperature was found at

404.1 K. Still there was a 6 K di�erence between the theoretical and simulated results. So the

bu�er layer radius was kept constant at 1.01 µm and the anode height was decreased. When the

anode height was decreased the junction temperature increased which is presented in Figure 4.7.

The highest temperature achieved was 407.1 K. As the anode height is increased, the amount

of conductive material increases and this takes away heat from the junction. So the junction

temperature decreases with the increment of the height of the anode.

Also to minimize this temperature di�erence, meshing has been increased. As it was discussed

in Chapter 3, the number of degrees of freedom increases with the decremented of meshing size,
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Figure 4.7: Variation of junction temperature with anode height for the simple structure

with 1 V and 10 mA.

the simulation time also increases. Table 4.2 and Table 4.3 represent the e�ect of increment of

degrees of freedom to the simulation time. The computer that has been used for this simulation

purpose has four CPUs and 4 GB of memory. This does not have that much large e�ect in

stationary simulations but in time dependent cases this issue a�ects a lot.

Table 4.2: E�ects of degrees of freedom to be solved in simulation time for voltage of 1 V

and current of 5 mA

Number of degrees of

freedom to be solved

Simulation

time (s)

Junction

tempera-

ture (K)

410882 33 353.96

143140 12 353.02

69314 7 353.57

37250 5 353.27

25094 4 352.45

Again the diode was supplied with 1 V and the current that was desired is 1 mA. The epilayer

conductivity is varied in such a way that the total diode current is kept at the desired current.

Here the temperature rise according to equation (2.14) and (2.12) should be 13.75 K and the

junction temperature should be at 308.37 K. So there is a di�erence between the calculated and

simulated junction temperature of 1 to 2 K.

Temperature distribution of test diode C, which was a varactor diode and provided by Chalmers

University of Technology, was also seen. Here the diode was mounted in a quartz carrier in two

di�erent con�gurations. The con�gurations are on wafer CPW and metal housing made of brass
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Table 4.3: E�ects of degrees of freedom to be solved in simulation time for voltage of 1 V

and current of 1 mA

Number of degrees of

freedom to be solved

Simulation

time (s)

Junction

tempera-

ture (K)

410882 22 308.35

149112 10 308.36

143410 9 308.36

65034 5 308.37

63398 5 308.37

con�gurations. The ambient temperature was kept at 295.15 K. Two methods of simulations,

one using only heat transfer in solids and the other one using heat transfer in solids coupled with

electric currents module in COMSOL Multiphysics were used to �nd out the di�erence in the

results. The thermal properties of the materials used in these simulations can be found in Table

4.4. Electrical properties of the material was changed in such a way that the desired amount of

power 10 mW in this case was dissipated in the epilayer of the diode.

Table 4.4: Material properties of di�erent layers of diode model test diode C

Material Thermal

conductivity

(W/m K)

Speci�c heat ca-

pacity (J/kg K)

Mass density

(kg/m3)

GaAs 51 ∗ (300/T )1.28 327 5317

Gold 310 130 19320

Quartz 1.3 670 2200

Solder 43 243 7850

Brass 109 377 8600

To have a better understanding of the temperature distribution of the test diode C, temperature

along the line in the Figure 4.8 has been provided. The diode is cut into half, attributed to the

symmetrical property of the structure.

From Figure 4.9 it can be depicted that the air bridge �nger is heated up more compared to

the other regions. Also the diode in metal housing exhibited higher temperature than the CPW

con�gurations. Also the simulations that involved both the heat transfer and electric currents

physics module presented a slightly higher temperature. The di�erence between results of the two
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Figure 4.8: Cross section of test diode C split into half in XZ plane with lines of

measurement of temperature.

methods of simulation was found to be 4-5 K. The reason behind this can be the electric currents

cannot be found when the diode is simulated using only heat transfer in solids physics module.

So the current in this case can be lower than the current that is found out and kept constant

when heat transfer and electric current module are coupled together. This lower current can

be the result of low junction temperature. The metal housing con�guration simulations exhibits

more junction temperature because the temperature boundary is further away from the junction,

which enables the junction temperature to be a little more than the CPW con�gurations. The

outer part of the metal housing was selected to be the temperature boundary when using this

metal housing con�guration and the outer part of the quartz substrate was selected to be the

temperature boundary in CPW con�gurations.

Figure 4.9: Temperature distribution of test diode C along the line described in Figure

4.8.
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The highest temperature was found when both electric currents and heat transfer module was

used and the diode was in metal housing con�guration. For 25 mW of power dissipation the

temperature found was 404 K and the highest temperature was found in the middle of the anode

junction. All the simulations using both methods and both con�guration for 25 mW of power

the junction temperature was found in the region of 391-404 K.

For 5 mW of power the temperature found using both simulation methods and both con�gurations

was from 312.3-314.4 K. The highest temperature was found when using both electrical currents

and heat transfer in solids module coupled together and in the metal housing con�guration.

Figure 4.10: Metal housing structure with dimensions.

The metal housing structure with dimensions are presented in Figure 4.10 and Figure 4.11. In

these �gures only half of the diode is presented. Because of the symmetry of the structure the

other half of the diode would be the same.

Figure 4.11: Metal housing structure with dimensions.
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4.2 Simulations related to thermal resistance

Thermal resistance can be calculated using equation 2.13. Another diode which was a mixer diode

and referred as test diode B, provided by ACST GmbH has been used for this measurement. This

diode structure was mounted on quartz substrate. The material properties of test diode B can

be found in Table 4.5.The structure of the diode was a bit similar to that of the test diode A.

Table 4.5: Material properties of di�erent layers of diode model test diode B

Material Thermal

conductivity

(W/m K)

Speci�c heat ca-

pacity (J/kg K)

Mass density

(kg/m3)

GaAs 51(300/T )1.28 327 5317

Gold 310 130 19320

Quartz 1.3 670 2200

SiO2 1.4 730 2200

AlGaAs 78.68 342 5320

Figure 4.12: Structure of test diode B. A: Side view of the diode under quartz. B: Side

view of the diode. C: Top view of the diode mounted on quartz. D: Top view of the diode.

The radius of the anode was 0.5 µm. The anode radius was changed to �nd out di�erent thermal

behavior of the same diode with di�erent anode size. The ambient temperature was kept �xed

at 295.15 K. First power at anode was swept from 5 mW to 25 mW at the interval of 2.5 mW.

Anode radius of the diode was changed to 0.4 µm and 0.6 µm to see the variation when the anode

radius was changed. Theoretically the junction temperature should be a lot more according to

equation (2.14) and (2.12) at 25 mW when the anode radius was 0.4 µm than when anode radius

was 0.5 µm and 0.6 µm .

The di�erence between the junction temperature of the changed anodes varies more when the
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Figure 4.13: Junction temperature with variation of power for test diode B.

power is high than in low power such as 5 mW. Junction temperature variation while using 5

mW of power between the highest junction temperature (of 0.4 µm radius anode) and the lowest

junction temperature (of 0.6 µm radius anode) was found only 3.7 K whereas when 25 mW of

power was used the junction temperature di�erence between these two (463.7 K - 441.7 K) was

22 K.

Figure 4.14: Thermal resistance with the variation of power for test diode B.

The measurement of thermal impedance can be done from this simulation using equation (2.13).

The thermal resistances were found within the range of 5.5 × 103 - 6.2 × 103 K/W for the test

diode B with anode radius 0.5 µm.

Same simulations was done for test diode C. Again two methods were applied. The �rst one

with only heat transfer in solids physics module and the other one with heat transfer in solids

and electric current module in COMSOL coupled together. Test diode C has been also simulated

in two con�gurations: one using co-planar waveguide con�guration, the other one using a metal

block made of brass. As results in Figure 4.16 indicate the highest temperature was found

using the metal block con�guration and when using heat transfer and electric currents coupled

together. The lowest temperature was found using the CPW con�guration and only using the
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heat transfer in solids module. The junction temperature at 25 mW varied from 391-404 K. The

diodes in metal housing exhibited higher temperature and higher thermal resistance compared

to the diodes in CPW con�guration. Thermal resistance of the diode in metal housing has been

found in between 3.8× 103 - 4.4× 103 K/W whereas the thermal resistances found for the CPW

con�guration and using only heat transfer was found in the range of 3.4× 103 - 3.9× 103 K/W.

The thermal resistances were obtained using equation (2.13) .

Figure 4.15: Junction temperature with variation of power for test diode C.

Figure 4.16: Thermal resistance with the variation of power for test diode C.

4.3 Variation of the epilayer

The epilayer is actually a single crystal layer that is formed on the top of a single crystal substrate.

An epitaxial layer will normally have a lower electrical conductivity than the bu�er layer.

In this thesis the epilayer is considered as a cylindrical structure for the ease of the simulation.

But practically the situation is not like that. So it is necessary to study the cylinder height and

radius variation to validate the study. To study this phenomenon a voltage pulse was sent with

1 µs of pulse length and a delay of 10 ns. The pulse voltage had an amplitude of 1 V. Figure
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Figure 4.17: Diode current with time while using 1 V and epilayer resistance changed to

get 10 mA current.

4.17 re�ects the diode current after integration of current density has been done in the cathode

area of the diode on the surface of the cathode. The current desired was 10 mA after tuning the

epilayer electrical conductivity.

Figure 4.18: Test diode A temperature vs time with the variation of epilayer height with

voltage 1 V, current 10 mA, and 1 µs pulse length.

Figure 4.18 shows a �gure of test diode A with varying epilayer height. The initial height was

0.05 µm. The height was changed to 0.07 µm and 0.09 µm. It showed the temperature variation

in varying the height of the cylindrical epilayer is only 1 K.

Again this same simulation was done using test diode B. Here the original height was created as

0.06 µm and then varied to 0.08 µm and 0.1 µm. Here also the temperature drops 1 K with the

change of epilayer height. It can be noted as the epilayer height increases the temperature falls

down. In all used cases the current was kept constant at 10 mA.

The radius of the cylinder was also varied. In this case the test diode A was taken into account.

The initial radius was 0.5 µm. The radius has been changed from 0.5 to 0.7 µm. The variation
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Figure 4.19: Test diode B temperature vs time with the variation of epilayer height with

voltage 1 V, current 10 mA, and 1 µs pulse length.

found in the temperature is less than 1 K according to Figure 4.20.

Figure 4.20: Test diode A temperature vs time with the variation of epilayer radius with

voltage 1 V, current 10 mA, and 1 µs pulse length.

In this case also a pulsed voltage of 1 µs and 10 ns fall time was given as an input and the

voltage amplitude was set at 1 V. The current was changed by changing the epi layer electrical

conductivity in such a way that it keeps constant 10 mA when the voltage was 1 V.

4.4 Variation in anode �nger

The temperature boundary is found to be an important concept as it represents where the heat

will �nally �ow away from. The temperature boundary actually resembles a highly thermally

conductive region. This boundary has to be set to a right place or else the temperature of the

junction of the diode will vary. To check how the temperature boundary changes the diode

junction temperature again a voltage pulse of 1 µs with a fall and rise time of 10 ns was applied.
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The voltage amplitude was set to 1 V.

Figure 4.21: Test diode A temperature vs time with the variation of anode �nger length

with voltage 1 V, current 10 mA, and 1 µs pulse length.

Test diode A was simulated to portray the �uctuation of junction temperature with the variation

of the anode �nger length. The temperature boundary was set at the tip of the anode �nger

and the temperature there was set to be the ambient temperature 293.15 K in this case. The

diode current is kept constant at 10 mA when the voltage is 1 V by changing the conductivity of

the epilayer. As the temperature boundary is further away from the junction of the anode the

temperature will continue to rise. To �nd out the variation of temperature by varying the anode

�nger length the length of the anode �nger was changed from 8 µm to 12 µm. Figure 4.21 shows

the variation of temperature with the varying anode �nger length. The junction temperature

when the �nger length was 8 µm was found to be around 337 K and when it is changed to 14

µm the temperature was found around 342 K. There is almost a 5 K rise of temperature when

the anode �nger is only 6 µm longer.

Figure 4.22: Test diode A temperature vs time with the variation of anode �nger width

with voltage 1 V, current 10 mA, and 1 µs pulse length.
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The width of the anode was also been varied. The material of the anode �nger was gold. As the

anode �nger width increases, the amount of highly conductive materials increases. So heat �ows

away and junction temperature becomes less. A voltage pulse of 1 µs with a fall and rise time of

10 ns was applied again and the voltage amplitude was set to 1 V. Test diode A was simulated

anode �nger width varying from 1.5 µm - 3 µm with 0.5 µm step. The diode current for all

variations was kept constant at 10 mA when the voltage is 1 V by changing the conductivity

of the epilayer. A clear picture can be interpreted from Figure 4.22. At 1.5 µm the junction

temperature was found to be around 345 K and at 3 µm the anode temperature around 338 K.

A 7 K di�erence in temperature has been delineated with the variation of 2 µm width of the

anode �nger.

4.5 Temperature rise as a function of time

Theoretically the diode needs to be heated up for an in�nite amount of time to reach steady

state thermal equilibrium [24]. The epilayer and bu�er layer material's heat capacity or speci�c

heat of the diode is the main reason behind this phenomenon.

Figure 4.23: Temperature as a function of time for test diode B.

The transient thermal characteristics of test diode B can be found in Figure 4.23. The diode was

exhibiting the transient behavior in microseconds and milliseconds range. Here two variation of

test diode B with 0.5 µm anode radius and 0.6 µm anode radius have been simulated. The diode

was demonstrating steady state behavior after 10 ms. The diode was heated up with 10 mW of

power.

One problem with the COMSOL Multiphysics license was that only one million simulation steps

were permitted. That is why these simulations have been done in 3 parts. The �rst step was 1

ns to 1 µs with a 1 ns step size, the second part 1 µs to 1 ms with a step size of 1 µs and the
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third part 1 ms to 10 s with a step size of 1 ms. The combined simulation run time was about

3.5 hours. After every time step considered here the initial value and the outside temperature

has been kept at 295.15 K.

Table 4.6: Simulation time (time dependent simulations) of Test diode C with di�erent

number of degrees of freedom and varying step size

Number of de-

grees of freedom

to be solved

Simulation time

(s)

Step size (s) Number of steps

1342277 3912 10−6 1000

1342277 4290 10−9 1000

465071 4164 10−9 1000

465071 3903 10−3 1000

The simulation time for di�erent number of degrees of freedom can be found in Table 4.6. The

diode was not heated up for 10 s time continuously. The initial temperature was set to be

295.15 K. To tackle this problem two solutions have been considered. The �rst consideration is

to change the ambient temperature of the second step to the �nal value of the �rst step. Here

main consideration is given to the anode junction temperature so at the time the the second

simulation starts the junction temperature would be the latest value and the diode will act as a

continuously heated diode.

The second consideration is to change the initial value of the junction temperature of the second

step to the �nal value of the �rst step. The ambient temperature of the diode is kept at constant

295.15 K.

Figure 4.24: Test diode B temperature rise with time.
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Test diode B was simulated using 10 mW of power and the diode was heated for a very long

time. The three methods mentioned earlier have been compared. Test diode B exhibited the

same result when the initial value of the junction temperature after the second step was changed

to the �nal value of the �rst step and the whole time the initial value of the junction temperature

was kept at ambient temperature 295.15 K. When the ambient temperature was changed the

diode's behavior towards the rise of temperature changed towards the end completely and the

temperature di�erence from the other two methods was found very signi�cant. While using

the �rst two methods the diode started to present steady state thermal behavior when the

temperature was 352 K. But when the ambient temperature was changed the same behavior was

found around 412 K, which di�ers from the other methods by almost 60 K. The third method

were the ambient temperature was changed was not found reliable when test diode C simulated

results were compared with measurement results.

Figure 4.25: Test diode C temperature rise with time.

Next test diode C was heated up for a long time to see the temperature response using both

of the CPW and metal block con�gurations. Both of the con�gurations were heated up with

10 mW of power for a very long time. The CPW con�guration showed lower response than the

metal block con�guration in the milliseconds to onward region and reached thermal equilibrium

faster than the metal block con�guration. The highest temperature was found to be in the CPW

con�guration 328 K and metal block con�guration 332 K. The diode was exhibiting transient

behavior in microseconds and milliseconds range.

4.6 Thermal time constant extraction

To �nd out the thermal time constant the diode should be heated up for a long time and then

the diode should let to cool down. The thermal response of the diode from the peak junction

temperature to the local ambient temperature is �tted with exponential curves in MATLAB to
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�nd out the thermal time constants. But the COMSOL license that is with us cannot simulate

more than 1 million step points. That is why the the thermal time constants are extracted from

the heating curves of the diode. Test diode C was used with 6.74 mW of power and the diode

was heated for 10 seconds. The heating curve was then �tted with MATLAB curve �tting and

4 time constants were used to �t the curve with the simulated data. The diode was �tted with

equation (4.1).

T = (T1×(1−exp(
−t
τ1

))+(T2×(1−exp(
−t
τ2

))+(T3×(1−exp(
−t
τ3

))+(T4×(1−exp(
−t
τ4

))+T0, (4.1)

Where T1, T2, T3 and T4 are the temperature coe�cients and τ1,τ2,τ3 and τ4 are the thermal

time constants T0 is the ambient temperature.

Figure 4.26: Test diode C thermal time constant extraction with MATLAB curve �tting

for simulated results.

The thermal time constants and temperature coe�cients can be found using equation (4.1) in

the Table 4.7.

Table 4.7: Extracted thermal time constants

No. of

time

constants

T1 T2 T3 T4 τ1 τ2 τ3 τ4

4 3.538 2.998 8.191 3.986 4.82*

10−6

3.48*

10−4

0.0037 0.0036

3 3.512 2.993 4.217 4.41*

10−6

3.59*

10−4

0.0037
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4.7 Di�erent heating time

This simulation was carried out to show how temperature of diodes rise when they are heated

for di�erent time. The two variations of the test diode B were taken in this case and they are

heated with an ideal voltage pulses, that means the pulses have no fall or rise time, for a variable

amount of time in the microseconds range. The pulse width was taken as 1, 2, 5, 10, 20, 50 µs.

Temperature for di�erent pulse length is di�erent because of the Joule's law which can be found

from equation (3.2).

Figure 4.27: Test diode B junction temperature fall for di�erent heating time.

Temperature will rise more if the diode is heated for a longer period. Also in the previous

simulations the diode B with a 0.6 µm anode exhibited less junction temperature than the 0.5

µm anode radius diode B. This can be at a glance seen in Figure 4.27. The highest junction

temperature was found when the diode B with radius 0.5 µm was heated up with a pulse width

of 50 µs, which was about 345 K. The lowest junction temperature was exhibited by the 0.6 µm

anode radius test diode B heated up with 1 µs.

Figure 4.28: Test diode B temperature fall time in log scale.
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Figure 4.28 presents the temperature fall of the diodes vs time in logarithmic scale. Though less

temperature was found in the junction of test diode B with a variation of 0.6 µm anode when

heated up with a longer pulsed voltage, more time is needed for the diode to cool down.

The junction temperature variation with the variation of di�erent heating time can be more

clearly depicted from Figure 4.28. Test diode B with the variation of 0.6 µm presents less

junction temperature than the 0.5 µm anode test diode B. Here it also shows the temperature

variation in the junction is more rapid when the pulse width is small than with bigger pulse

widths.

Figure 4.29: Test diode B peak junction temperature after di�erent heating time.

Test diode C was heated up for di�erent amount of time. While measuring this diodes it was

not possible to get the peak temperature of the junction. Rather the diode was heated up for

a long time and then the diode was let to cool down. While the diode was let to cool down

the junction temperature was measured after some time was passed as there would be some

instrumental e�ects present if the diode temperature is measured right after the diode is stopped

being heated. However this problem does not persists in the simulations. So the diode is heated

up for di�erent amount of time and the diode was let to cool down for 15 µs.

Figure 4.30: Test diode C cooling curves for di�erent heating time.
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Figure 4.30 shows the cooling curves after the diode is heated for di�erent amount of time.

Simulations have been carried out for 6.74 mW of power and for 500 ns, 800 ns, 1 µs, 2 µs, 5

µs, 8 µs, 10 µs, 20 µs, 50 µs, 80 µs, 100 µs, 200 µs, 500 µs and 1 ms. From these cooling curves

the junction temperature of the diode can be found out for a speci�c time period. In that way

the junction temperature of the diode after the diode is cooled down can be found out. Also,

with the COMSOL license does not permit to use more than 1 million data points. So using this

process the characteristics of the diode while cooling down can be found.

Figure 4.31: Test diode C temperature response from cooling curves.

From the cooling curves of test diode C the temperature response of the diode can be found.

This temperature responses can be found in Figure 4.31. Data has been taken at the peak

temperature and for 200 ns, 400 ns, 600 ns and 1 µs. The simulations were carried out with the

ambient temperature at 297 K and the CPW con�guration of test diode C. In these simulations

scenario the power that was supplied to the diode was kept constant.

4.8 Comparison with the measured results

In measurement and simulations, one diode test diode C, a varactor diode from Chalmers

University of Technology, was common. In this section measurement results are compared with

the simulated results. The measurement results are taken from [35]. For this work the ambient

temperature was kept at 297 K and the diode was heated up for 10 s. There should be some

variation as the power in the simulation is kept constant throughout the simulation. But in a

practical case, the diode current rises with the temperature rise of the junction and the power

is not constant. The power used in the simulation was kept constant at 6.74 mW. The peak

junction temperature, thermal resistances and thermal time constants were compared with the

measurement results.

The measurement process is carried out using a heating plate, a temperature sensor and
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parameter analyzer. The diode was placed in the hot plate and the hot plate was heated up at

known temperatures. The diode current changed with the heating according to equations (2.5),

(2.6) and (2.4) and from this changed diode current and known heating plate temperature the

temperature versus time curves were found out after performing calibration. The measurement

procedure is in detail discussed in [35].

However, it was not possible to get the measurement results when the diode junction temperature

was at peak. The diode was heated up for 10 s and data was taken 450 ns after the heating

was �nished. At that time the diode has already cooled down a bit. That is why the measured

temperature is in some time frame lower than the simulated results as shown in Figure 4.32. As

expected the measurement results should present more junction temperature than the simulated

results. This excess junction temperature can happen because of the soldering that is used to

attach the diode with the quartz substrate. The soldering e�ect is not discussed in this thesis

and will further studied more. Moreover, in the simulations the diode current was kept constant

but in reality the diode current increases with the increase of junction temperature and this

increase in current will result to more junction temperature.

First the peak temperature of simulated results and measurement results after 450 ns were

compared. The power that was selected for the comparison between measured and simulated

results was 6.74 mW.

Figure 4.32: Comparison of measured and simulated results with 6.74 mW of power of

test diode C temperature rise with time.

Figure 4.32 presents the di�erence between the measured and simulated results of the junction

temperature as a function of time. The temperature di�erence was negligible and was as low

as 0.4 K. The temperature di�erence might be more than 10-15 K between the simulated and

measured results. The primary reason behind this is the soldering of the diodes. In this thesis

the simulations done for test diode C had solder presented in the body of the diode. But for

test diode C the solder was ideal. Although solder was used for test diode C in practical cases
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the exact solder area and thickness cannot be determined and can be di�erent for every diode.

This excessive solder acts as a resistor and that resistor is responsible for the di�erence of heat

between the measured and simulated results.

The thermal resistance was calculated for measured and simulated results for test diode C with

the help of equation (2.13).

Figure 4.33: Comparison of measured and simulated results with 6.74 mW of power of

test diode C thermal resistance.

The simulated maximum thermal resistance was found 3.191×103 and from measurement it was

found at 3.252×103. The di�erence of thermal resistance between the simulated and measurement

results were found to be 60 K/W at the highest point.

To �nd out thermal time constants curve �tting was used and then the thermal time constants

were found out using equation (4.1) and equation (2.21). Both the measurement and simulated

temperature rise time with respect to time curves were �tted and thermal time constants

extracted.

The measured temperature response with time curve was �tted in MATLAB and the thermal

time constants were found out. As it is not possible to measure in lower than microseconds the

curve was �tted with 3 time constants.

The measured heating curves have been �tted with three time constant with the help of MATLAB

curve �tting. The extracted thermal time constant for the measured results can be found in Table

4.8.
Table 4.8: Extracted thermal time constants for measured results

T1 T2 T3 τ1 τ2 τ3

20.8 5.8 5.0 0.218*10−3 1.7*10−3 6.18*10−3
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Figure 4.34: Test diode C thermal time constant with MATLAB curve �tting for measured

results.



Chapter 5

Conclusion and future work

The reduced size of the anode junction for THz diodes degrades the thermal handling capabilities

and the real electrical performance of the diode could not be determined. The thesis was aimed

to build up an understanding of the thermal behavior of Schottky diodes. Especially the three

thermal parameters junction temperature, thermal resistance and thermal time constant. All

these three parameters are essential to characterize the Schottky diodes in terahertz range.

The 3 thermal characterization parameters namely junction temperature, thermal resistance and

thermal time constant are studied in the thesis. At �rst a simple terahertz Schottky diode

model with only the basic component of the diode was constructed. The analysis methodology

was evaluated and and then two commercial diodes, a varactor from Chalmers University of

Technology and a mixer diode from ACST GmbH from Germany, were analyzed.

At �rst for test diode A, the di�erence between the simulated and calculated result was found

around 8-9 K, which is 13 % of the total junction temperature. To �nd out where this heat is

�owing away to a simple structure was simulated and it was con�rmed the heat is �owing away

from the bu�er layer and the anode. Variation in the epilayer was an important concept as the

epilayer was di�erent from its real life counterpart. It was seen from the simulations that if the

height of the epilayer was varied almost double the change of junction temperature was found

around 1 K. When the radius of epilayer was varied the increase of 0.2 µm increased the junction

temperature almost 1 K which is very low. Again temperature boundary, as it represents the

heat �nally �owing away was varied. The temperature boundary was set at the outer face of

the anode �nger and here the increase of 6 µm in the anode �nger length increased the junction

temperature by 6 K. The anode �nger width was also varied and here with the increase of 1.5

µm width the junction temperature increased around 7 K.

The cooling curves of the diode could not be seen properly as the license that is present could

not simulate more than 1 million data points. It took 1 hour with a CPU with 4 GB of RAM to

simulate the Schottky diodes with 1000 step sizes. So to simulate these diodes with more than

107 step sizes would have taken a lot more time and almost impossible to simulate. However,
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the heating of the diode was also simulated in 3 steps. First the diode was heated up to 1 µs,

then the diode was heated up to 1µs to 1 ms range and at last the diode was heated upto 10 s

range. This process was done in 3 ways. In one condition nothing was changed, in the second

con�guration only the initial value of the junction temperature was changed and at the last the

temperature boundary was changed. The �rst two processes gave identical results and when

compared with the measurement results the di�erence found was satisfactory. The 3rd and the

last process exhibited 60 K more temperature than the other two processes and ruled out.

For the two commercial diodes the peak junction temperature was found around 325-345 K for

10 mW of power. The Chalmers diode presented a maximum temperature of 328 K for CPW

con�guration and for the metal housing structure it showed the maximum temperature of 332

K. The di�erence in thermal resistance of the diode was found around 60 K/W at the peak

temperature. The ACST diode exhibited a maximum junction temperature of 352 K. Both of

the diodes went to thermal equilibrium around after 10 ms. Thermal time constants were found

out for the Chalmers diode using the curve �tting tool in MATLAB. The curve �tting was done

using 3 and 4 time constants.

Only one diode, the varactor diode from Chalmers University, was common for measurement

and simulation. The temperature di�erence was found only 0.4 K between the measured and

simulated results at the peak.

There are some future work that can also be done in the context of this thesis. Soldering plays a

very important role in the thermal behavior of the Schottky diodes. Some soldering was used in

the Chalmers varactor diode that is why the temperature di�erence between the measurement

and simulated results were found this low. The e�ect of soldering in the diode's electrical and

thermal characteristics can be further studied.

The simulations were done without the knowledge of the mobility of electron and holes, electrical

conductivity of the epi and bu�er layer and doping concentration of the bu�er and epilayer. If

these parameters are known, the diode can be simulated using the transport of diluted species

in COMSOL and the results can be compared. This module can trace the �ow of electron from

the metal to the semiconductor.

Throughout the thesis the power supplied to the diode is kept constant. The current is not

changing with the temperature as it supposed to be in a diode. To emulate a real life scenario

of a diode the saturation current and the ideality factor should be modeled. The saturation

current and ideality factors are all dependent on the junction temperature which is shown in

equation (2.5) and equation (2.6) as [13]. The e�ect of junction temperature in ideality factor

and saturation current is studied in [22] using some models. The e�ect of temperature in the

ideality factor and saturation current can be further studied using the COMSOL simulation

models used in this thesis.
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