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advantageous to submit final MISFET devices to an annealing process lasting at least 30

minutes and to a minimum of 300 C to improve the modulation capabilities of the
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gate module, although degradation is present on both metal contacts and the blocking

capabilities of the p GaN layer. 
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List of Abbreviations

RF sputtering Radio frequency sputtering

TLM Transmission Line Method

MISFET Metall Insulator Semicon-

ductor Field Effect Transis-

tor

MIS Metall Insulator Semicon-

ductor

C-V Capacitance-Voltage

DC Direct current

AC Alternative current

FBH Ferdinand Braun Institute

ALD Atomic layer deposition

PEALD Plasma Enhanced Atomic

layer deposition
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Chapter 1

Introduction

1.1 Project description

The PioneerGaN project at the Ferdinand Braun Institut consists in the de-

velopment of a GaN vertical-enhancement-mode transistor trench device with

switching and electrical capabilities that allow it to be used in power electronics

field. The presented thesis searched to assist the team in thin film layer charac-

terization of different modules involved in the transistors. This characterization

allow the team to understand and optimization the process technology used to

fabricate the ultimate devices.

The semiconductor GaN is already an industrialized material for high power and

high frequency devices due to it’s excellent properties such as a high saturation

electron velocity (allowing for fast switching devices), high breakdown field, low

intrinsic carrier concentrations (related to its high band gap energy), and high

thermal conductivity. They are used in various types of devices that surpass the

theoretical boundaries of Si-technology [3, 5, 9, 10]. To fully take advantage of the

material properties, vertical structures are now being researched and developed.

This type of approach greatly surpass the common lateral devices in the field of

high power electronics. In order to achieve the same power rating in lateral de-
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Figure 1.1: Topology of the first generation MISFET on GaN devices with mark-
ings of the characterized modules. Notice that the presented transistor is still in
developing stages and its therefore equipped with top surface drain for convenient
DC measuring and characterization.)

vices, relatively large areas are required since the voltage rating is dependant on

the dimensions of the channel instead of the doping and thickness of the layers.

In short, requirements for a more efficient chip design with lesser occupied area

and higher voltage ratings call for the usage of vertical type devices with resilient

materials such as GaN.

The frame of this work consisted on a study of the properties of different layers

present as modules in a first generation version of the GaN MISFFET device (See

Figure 1.1. The device consists on a GaN substrate epitaxialy grown on sapphire,

on which ohmic contacts are made by evaporation for both the Drain and Source

contacts after necessary etching and substrate protection. Following the process

flow, the gate module is created by PEALD deposited Al2O3 on the previously

angular trenched GaN that has exposed the blocking p-n layers and the difusion

n layer. Finally, the Gate metal contact is evaporated on the insulator layer after

required surface protections.

The studies conducted on all structures are done both before and after a final

annealing step. This allows the team to draw conclusions on the quality of the
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different layers as well as the influence and optimal parameters for the annealing

step. For these purposes, a total of three test device-types were manufactured fol-

lowing the same processes used for the MISFET:s. The different studied modules

consisted on the following:

1. Gate insulator module: For this module, a full characterization of the insu-

lator layer using MIS-capacitors (MIS Study) was used to gain information

on the quality of the insulator/GaN interface.

2. Epitaxy off-state blocking strength module: Breakdown structure charac-

terization (Breakdown Study) was made to draw conclusions on the quality

of the blocking layer and the influence of doping on the layer resilience.

3. Ohmic contacts module: Using the transmission line method for charac-

terization of metal contacts (TLM Study) conclusions can be made on the

quality of the metal contacts.

1.1.1 Gate insulator module: Characterization of insula-

tor layer using MIS-capacitors

One of the main challenges present when developing the MISFET lay in the design

and manufacturing of the gate stack module. For Si based devices, the insulator

separating the gate metallic contact and the semiconductor usually consists on

direct oxidation of the native Si material creating a layer of silicon oxide SiOx.

For the case of the GaN however, no such techniques are well developed. GaN

requires an non-native material to be deposited on the semiconductor surface to

serve as insulator in the gate. Until this day, several materials have been studied

to serve as the gate insulator including SiO2,Al2O3 Si3N4, MgO,Sc2O3,Ta2O5

among others, with deposition methods ranging from RF-sputtering, CVD to

ALD [13, 11].
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Figure 1.2: Full topology of the studied MIS Structures. The structures consist
on n-type GaN, Al2O3 insulator layer and a Ir/Ti/Au metal stack.

The development team in PioneerGaN focused its research in the development of

a gate module which consists on epitaxial grown GaN semiconductor layers and

an Al2O3 layer as the insulator using an ALD-technique. The location of the gate

stack module on the complete topology of a first generation device can be seen

in Figure 1.1. ALD is the favorite oxide deposition technology due to good doc-

umented material properties such as: high density, permittivity, conformal and

isotropic coverage. It also presents advantages when being deposited in trenched

topologies, and because of the fact that the ALD process makes it possible to ac-

curately deposit thin layers with great precision (even in vertical substrate walls),

specially for the Al2O3 case, more about this topic will be discussed in 2.

Although there exists available literature on characterization of Al2O3 layers, the

majority of these studies have been made on the SiAl2O3 interface [2]. The

GaN − Al2O3 interface is not well understood and the variations on ALD- are

being continuously researched [4]. The development of the gate module require a

complete systematic study of the interface with empirical experimental support.

For this purpose, a series of MIS devices were manufactured to study the quality

of the GaN/Al2O3 interface, an illustration of the MIS devices can be seen in

Figure 1.2. This part of the project is the most extensively studied, apart from an

empirical study on manufactured structures, it will be completed with simulation
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Figure 1.3: Topology of the manufactured breakdown structures consistent of
epitaxialy grown GaN layers and ohmic contacts consisted of stacked-metal.

results made on Silvaco− ”Atlas” 1.

1.1.2 Epitaxy off-state blocking strength module: Break-

down structure characterization

To gain information on the resilience of the p-n junction present in the transis-

tors n-p-n structure and the effects of the annealing step on the GaN epitaxial

layers, breakdown structures were manufactured and measured alongside the first

generation MISFET devices. The structures were submitted to a reverse bias at

which the blocking p-n junction should prevent majority carriers to leak in to

the drift region (n-layer) and the drift region should withstand the high electrical

field. When measuring blocking capabilities with a floating p-GaN layer, charac-

terization of the openbase breakdown voltage is acquired. All results from these

measurements will therefore be a lower estimate of the blocking capabilities of

the structureand about the epitaxial quality of the blocking layer and drift re-

gion since even the smallest structural impurities give rise to the early breakdown.

In particular, three wafers where manufactured in which the p-layer doping was

varied. The breakdown structures consisted on stacked epitaxial layers and metal

1A device simulation framework by Atlas https://www.silvaco.com/products/tcad/

device_simulation/atlas/atlas.html
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Figure 1.4: Topology of one singular TLM structure. The distances between the
ohmic contacts is of great importance for the proposed study.

contacts which allow measurements on the blocking capabilities. An illustration

of the breakdown structure devices can be seen in Figure 1.3.

The quality of the GaN layers can be analyzed after having sufficient data in

order to do a statistical analysis over the amount of voltage needed to break the

devices as well as the highest required breakdown voltage for each sample. More

information about the measurement procedure will be discussed in Chapter 3.

Results give insight on the effects of the annealing step as well as the quality of

the blocking layer.

1.1.3 Ohmic contacts module: Transmission line method

for characterization of metal contacts

Although the technologies for creating metal contacts with semiconductors are

well developed, empirical data is often extracted to quantify the quality of the

contacts upon development of new technologies. For this purpose, a statistical

study was made on a number of contacts belonging to the three wafers mentioned

in Section 1.1.2. The method used to measure and to extract interesting values

is further discussed and explained in Appendix A.

In short, a TLM device consist on two metal contacts evaporated on the semi-

conductor with a specific distance (d) between them. A series of these type of
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Figure 1.5: Representation of upper view for one CTLM Device group. Notice
the different separations d between the middle and the outlying contacts

structures are needed with varying distances d. During this study, a total of 6

different distances were utilized. A group of 6 devices with varying distances is

here refereed to as a ”CTLM device group”. For this study, around 100 device

groups were used to be able to extract the searched constants. An illustration of

one CTLM device group can be seen in Figure 1.5.

The quality of the contact is determined by the amount of resistance it poses

on current flowing through it and will be quantified by analysis of the contact

resistivity. As with the previous studies, the effect of the final anneal step is

studied for three wafers. In the transistor, studies were made on the drain ohmic

contacts, this only yields information about the quality of a the metal/substrate

contact. For future studies, it is recommended to do TLM measurements on the

Source contacts, this would also give information about the epitaxial structure

and sheet resistance, this however extends the scope of this work.
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Chapter 2

Physical Background

2.1 Semiconductor device equations

The device equations presented in this section provide a mathematical model

to the physical phenomena present in semiconductor electronics. The list of

equations will be referred to as The semiconductor equations, and will be used

when simulating semiconductor electronic devices.

→
∇ •

→
∇Φ = −q

ε
(p− n+ C) (2.1)

This first equation relates the electrostatic potential Φ with a given charge dis-

tribution. In the case for semiconductor electronics, the space charge density

consists on a combination between the intrinsic hole concentration (p), the in-

trinsic electron concentration (n), and the concentration of additional charges

(C). The additional charges can be present mainly by two mechanisms: by dop-

ing of the semiconductor material of donor (ND) or acceptor (NA) type, and from

trapped charges (mostly present in material interfaces). During the extent of this

work trapped charges present in the interface between GaN semiconductor and

Al2O3 will be further studied. Therefore, calculations and simulations in this
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work assume C = Nd −NA + ρp − ρn.

∂n

∂t
= Gn −Rn +

1

q

→
∇ •

→
Jn (2.2)

∂p

∂t
= Gp −Rp −

1

q

→
∇ •

→
Jp (2.3)

These two equations are known as the Carrier continuity equations. Here,
→
Jp

and
→
Jn denote the hole current density and electron current density respectively,

Rn and Rp are the electron and hole recombination rate 1, Gn and Gp are the

electron and hole generation rate2.

→
Jn = qnµn

→
E − qDn

→
∇n (2.4)

→
Jp = qnµp

→
E − qDp

→
∇p (2.5)

These final equations combine the current contributions from the two known ef-

fects: Drift3 and Diffusion 4.

It is the combination of these Equations that allow semiconductor structures to

be simulated. It is often required that the user specifies the different constants.

For this project the constants where taken from the Silvaco datasheets for GaN

and Al2O3. More on the simulation procedure can be read in Appendix B

1Process by which both carriers annihilate each other.The energy difference between the
initial and final state of the electron is released in the process

2This process is caused by external influence such as excitation with photons or ionization
in the presence of high electric fields

3Current due to an applied electric field
4Current due to movement of holes or electrons from a region of high concentration to a

region of low concentration
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2.2 Gallium Nitride GaN

Gallium Nitride is a III/V direct band-gap semiconductor. It has a Wurtzite

crystal structure and wide band-gap of 3.4 eV. It is commonly used in light

emitting diodes, but in later years it has been in focus in R&D since it is one of

the best candidates for high power and high frequency semiconductor applications

[13, 9, 10]. GaN is an artificially produced compound, it can be grown on foreign

substrates such as Sapphire, SiC and Si, although in later years, self-standing

GaN wafers have been manufactured (only 1-2 inch as compared to 8-24 inch

of Si). The advantages of GaN as opposed to Si and GaAs lie in its exceptional

material qualities: its high saturation electron velocity affects the highest possible

oscillation frequency, which in its turn allows for fast switching devices. This is

highly coveted when in power switching devices such as transistors. GaN is also

able to withstand high currents due to its high breakdown strength and its high

electron mobility. The high breakdown strength is based on the fact that GaN has

a large band-gap which naturally makes it very useful in power supply circuits.

Furthermore, the high thermal conductivity of GaN allows devices to be operated

at more rigorous conditions, in particular transistors with high currents and fast

switching can develop temperatures of around 400◦C. These advantages can

easily be understood in Figure 2.1.

The manufacturing of the first generation devices during this project consisted

on epitaxial grown GaN on a Sapphire crystal structure in order to develop the

process technology. Although the devices can be said to be vertical, all metalic

contacts were made on the ”top” side of the wafers in order to make measure-

ment easier. Epitaxial growth of GaN consists on a chemical material growth tech-

nique, this method yields a mono-crystalline substrate. Epitaxial (uni-crystalline)

growth is used to grow mono crystals with different doping layers. This is very

advantageous when manufacturing MISFETs [6].
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Figure 2.1: Graphic comparison of GaN properties with Si and GaAs (image
provided by Dr. Ing. Bahat-Treidel at the FBH)

2.3 GaN MISFETs

MISFET is an acronym for metal insulator field effect transistor. These type of

devices control the conductivity over one semiconductor layer (channel) with an

external applied potential (over the gate) that induces electrical field attracting

minority carriers and so creating a conductive path which opens the device (con-

nects the drain and source terminals).

Transistors have been since their discovery in 1947 the most widely used electronic

device in circuits, at it’s time replacing the inefficient, heat generating, expensive

and bulky vacuum tube. Their developers: John Bardeen, Walter Brattain and

William Shockley staff members at Bell Laboratories in Murray Hill, NJ were

awarded the Nobel Prize in physics in 1956 for this contribution, although the

basic principle for the transistor was first patented by Julius Edgar Lilienfeld

in 1925. This new device set the start of a new era of technological advances

represented by Moores Law (which calls for a doubling of the Silicon transistors

performance with a lowering cost approximately every 18 months).

Although Silicon based devices are and will continue to be the main material

18



Figure 2.2: Cross-section of a common MISFET device with a planar topology
structure

used for transistors in computers, the technology has in later years reached the

predicted theoretical capabilities for this material. One of the leading candidates

for taking electronic performance to the next level is Galium Nitride (GaN).

In the development of GaN technology, one of the most focused areas of research

is in power electronics. The innate properties of Si make it impossible for the

material to be used in electronic circuits where power chips operate at higher

voltages (>10 kV), frequencies and temperatures [7]. GaN is a leading candidate

for replacing Silicon in this field, mainly thanks to its wide band-gap (3 times as

big as Si), its high dielectric strength, high operating temperature, high current

density, high switching speed, low on-resistance and with stability in radiation

environments [7][8]. These properties make GaN a suitable building block for

devices in power amplifiers at microwave frequencies, in military and space appli-

cations, light emitting diodes (for violet light), power converters among others [7].

Generally, MISFETs use electric fields to regulate the current flowing through

the channel. When a voltage is applied between the gate and body terminals, the

generated electric field penetrates through the insulator and creates a conductive

”channel” at the semiconductor-insulator interface. The channel becomes an

inverted version of the body doping (p-type or n-type) becoming the same type

as the areas under the source and drain terminals, thus providing a medium

through which current can pass. This accounts for the main advantage of FETs

19



Figure 2.3: Cross-section of a vertical MISFET device designed by PioneerGaN
at the FBH.

compared to other types of transistors (mainly bipolar junction transistors BJT)

namely that it requires small currents to turn on (<10 mA) while delivering high

currents to the load (>10 A). The gate is separated from the channel by a thin

insulating layer to reduce gate leakage.

2.3.1 Vertical GaN MISFET

To make full use of the advantages of GaN in power electronics, the design of

the transistor should follow a vertical topology. This type of device falls into

the classification of Power MISFETs. These devices are specifically designed to

handle high power levels. The main difference from regular planar devices is it’s

vertical structure. In vertical devices the voltage rating of the transistor depends

on the doping and the thickness of the lower n+ GaN layer (see Figure 2.3), this

thickness is easily controllable during epitaxial growth. This makes it possible to

reach high voltages without device failure. On the other hand, the density of the

current flow is dependant on the width and doping of the p GaN layer. Varying

these parameters during fabrication of the devices allow manufacturers to fulfill

final device requirements.
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Figure 2.4: Graphical representation of the four steps of the ALD sequence for
deposition of Al2O3.

2.4 Aluminum Oxide (Al2O3)

Aluminum oxide (Al2O3) is a chemical compound now widely used in semi-

conductor electronics due to its insulator capabilities and its high permittivity

(k = 9 − 10)[2]. The high permittivity make it a optimal material to be used

as the insulator in the gate module since it offers a protection to the substrate

against possible currents originating from an applied gate voltage thus reducing

leakage current. One of the main advantages for using Al2O3 in semiconductor

electronics is it’s availability for being deposited on a variety of substrates (and

other materials) with great accuracy, layers of a few nanometers have been re-

ported. During the scope of this work ALD deposited Al2O3 was used as the

insulator layer in MIS devices.

2.4.1 Al2O3 ALD

Deposition of Al2O3 with ALD is a process that is currently being researched

and optimized for different deposition on substrates and metals. It consists on 4

main steps at the end of which one atomic layer of Al2O3 is deposited. It uses

trimethylaluminium (TMA) as a precursor and water as a oxidant as follows (see

Figure 2.4):
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1. TMA exposure: The precursor is let into the reaction chamber in a gaseous

form. In this stage, one layer of TMA bounds chemically to the substrate.

2. Purge : Pumping of the precursor excess out from the reaction chamber.

3. Oxidation: The surface is exposed to H2O vapor, this causes a chemical

reaction which results in the deposition of a Al2O3 surface.

4. Purge : Pumping of the H2O vapor out from the reaction chamber.

Since these steps represent the deposition of one atomic layer of Al2O3, the process

is repeated as a loop. This allows the thickness to be controlled very precisely by

varying the amount of loops. Therefore, layers of very small thicknesses (in the

order of nm) can be deposited with great accuracy.

2.5 C-V Measurements

C-V analysis consist on analyzing the capacitance measured when submitting

MIS devices to a DC bias voltage, and a small sinusoidal signal (1 kHz - 10

MHz). Charges present in the MIS device produce a capacitive current which

can be measured by a C-V meter.

The capacitance-voltage (C-V) measurement is a powerful and commonly used

method of determining MIS dimensions such as the gate oxide thickness, substrate

doping concentration, threshold voltage, and flat-band voltage. Furthermore,

they help characterize interface and near interface impurities in the insulator/-

substrate contact, more on this topic in Section 2.6.1.

2.6 MIS-Capacitor

The MIS-capacitor is the most simple structure that allow researchers to study

the insulator/semiconductor interface. In the transistor, the MIS represents the
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Figure 2.5: Band-diagram of MIS capacitor. From left to right: inversion deple-
tion and accumulation regimes for a MIS capacitor with n-type semiconductor.

group: gate/insulator/substrate. The interesting substrate part is the blocking,

p-GaN layer. Although for this study we considered a MIS structure based on a

n-type GaN semiconductor, conclusions on the interface quality due to structural

differences can be extended to the transistors as long as the surface treatments

remain the same.

The studied devices consisted on n-type GaN substrate epitaxialy grown on sap-

phire. Ohmic contacts to the n-GaN layer consist of a Ti/Al/Mo/Au metallization

after this, samples are loaded to the ALD machine and given a surface treatment

with NH3-plasmatic gas. The ALD process results on a 20 nm thick layer of

Al2O3 on which a metal stack of Ir/Ti/Au is deposited using metallic evapora-

tion (Figure 1.2).

The band diagram for a MIS-device with n-type semiconductor submitted to dif-

ferent biases can be seen in Figure 2.5. For small negative biases (Depletion),

electrons will be repelled from the insulator/semiconductor interface. This leaves

a space-charge region of ionized donor charges. Stressing the device further into

Inversion (higher negative bias) will cause minority carriers (holes) to be at-

tracted to the interface. The semiconductor will become inverted in a near vicin-

ity of the interface. In this case, this creates a p-layer across the semiconductor.

On the other hand, stressing the device into positive bias causes accumulation of

majority carriers (electrons) near the interface until saturation occurs.
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Figure 2.6: Typical C-V curves for MIS capacitor (n-type semiconductor) mea-
sured with different superposed AC signal-frequency.

Measurement on the MIS devices consist on identifying the different capacitor

stages (Inversion, Depletion and Accumulation) by applying a DC bias that takes

the device to its corresponding stage. Superimposed with this DC bias is an AC

signal that allows for the detection of the different charges. The rate in which

the DC sweep is made affects the curve. If the sweep is made too fast, without

allowing minority carriers to be generated, the curve will follow the deep deple-

tion curve. The frequency of the AC signal is also of great importance to the

measurement results. When a low frequency is applied (< 10Hz), the semicon-

ductor is allowed to reach equilibrium in-between each oscillation following the

variation of the measurement signal. This allows the C-V curve to adopt the

low frequency behaviour. But with a higher frequency, the measurement allows

minority carriers to be generated without equilibrium of majority carriers, thus

generating the more interesting high frequency curve.

As seen in Figure 2.6, the curves do not diverge from each in the accumulation

regime. Here, the space charge capacitance is large because of the increased

number of majority carriers near the surface, and the capacitance of the MIS

device approaches the capacitance of the insulator layer alone (i.e. the impurities

in the insulator). Therefore it can be said that: Cmax = Cinsulator
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2.6.1 MIS-Capacitor impurities

The ideal capacitor C-V behavior is naturally affected by impurities in the semi-

conductor surface, in the oxide and by structural differences between the molec-

ular structure of the semiconductor and insulator materials. Although the equa-

tions governing the behavior of the interface are known (The semiconductor equa-

tions), it is not trivial to build models for each type of: gate module structure,

material combination and process technologies. Development of new technology

always require experimental studies of the devices and its interfaces.[2, 1, 12].

To be able to study the impurities, scientist and engineers have agreed on a

model to classify the different types of impurities. The classification was made

for studies on the Si/SiOx interface. The resulting model from these studies

is generally used for all type of semiconductor/insulator technology. The model

consists on classifying the impurities into four types depending on their location

and behavior.

• Fixed interface charges: These charges are located in the immediate

interface between the semiconductor and the oxide. Their net charge can

be positive, negative and neutral. They can be mobile in the semiconductor

but not in the oxide. They are usually caused by chemical residuals or

defects in the semiconductor surface (which can be originated in a variety

of process steps, but most commonly in etching steps). They are know to

affect the capacitors C-V curve by stretching or squeezing the curves, as

shown in figure 2.7.

• Fixed oxide charges: These type of charges consist on immobile charges

or ’traps’ located inside the oxide, but only in the near vicinity to the semi-

conductor, also called the border. These charges are commonly known as

border traps which is the name that will be used in the remaining part of
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Figure 2.7: Illustration of the influence of impurities on the ideal C-V curve of a
MIS capacitor with n-type substrate

this work. The exact location of these type of traps varies from material to

material but the border is always considered to be only in a range of a few

nanometers (for the Si/SiOx case it is commonly 3 nm).

They are defined as defects in the oxide closest to the substrate, an area

in which charges can be exchanged with the semiconductor. They are gen-

erally caused by dangling bonds or by structural differences between the

molecular composition of the semiconductor and insulator. These charges

are immobile during application of an electric field, they require therefore

study over their capacitance when applied an AC signal. They are not de-

pendent on the thickness of the insulator layer (for layers larger than 10

nm), and are not affected by impurities in the semiconductor.

In the case of the Al2O3/GaN interface, border traps include oxide traps

near the GaN substrate. Previous studies have shown that the polarity of

the charges is negative [2]. These border traps can can be regarded as a

charge sheet located at the Al2O3/GaN interface for interpretation of elec-

trical measurements.

In C-V curves, fixed oxide charges shift the ideal C-V behaviour horizon-

tally (See Figure 2.7), the shift can be in either direction depending on the
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polarity of the traps. It is important to know that it is only the occupied

traps that create the shift in curve, if the traps are not occupied, they are

not detectable with the C-V method. Regularly the shift in curve occurs

when changing the sweep direction: for the n-type semiconductor MIS de-

vice, going from negative to positive voltage will not show the traps, it is

only when sweeping the device in backward direction (from positive to neg-

ative voltages) that traps will show (since they will be occupied by exited

carriers). The following formula is used to be able to calculate the amount

of border traps from C-V curves.

∫ AppliedBias

InversionBias

|Cforward − CbackwarddV (2.6)

It is important to clarify that this formula can be used when Cforward is

regarded as a quasi-ideal curve when regarding the effects of the fixed oxide

charges. This can be done after measures are taken to ensure emptying of

states before the backward sweep.

• Oxide trapped charges: These impurities are located in the bulk of the

insulator layer. They are solely dependant on the deposition technique and

the quality of the insulator material. They can affect the insulator layer

resistance since they affect leakage currents.

The perceived hysteresis is generated by the activated charges when sub-

jecting the device to positive biases, and can be quantified by:

NOtx =
δVFB ∗ Cox

q

• Mobile ionic charges: These are mobile charges within the bulk that

affect stability and robustness of the device, specially in aging conditions.
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They are mostly present during raised temperature of the device. They

often originate from the deposited metal or other process steps involving

external materials.
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Chapter 3

Experiment setup and Results

3.1 C-V Measurements and breakdown voltage

VBr measurements

The C-V measurements made during this work allow us investigate if the fixed

oxide charges and the fixed interface charges behave in the same way as agreed

on from previous studies. Since the nature of the PEALD Al2O3 layer and the

Al2O3/GaN interface is not well understood it was not completely clear that the

presented model in Chapter 2 is applicable for this interface. The measurement

sequences are therefore required to prove the validity of the model and to give

direct information about the amount of each of the charges and the voltage-shift

they cause (in particular the VFB-shift), both before and after the annealing step.

To choose the correct set of C-V measurements, empirical tryouts were made

varying different measurement sequences and setup variables. Among these vari-

ables were: the range of the applied bias, the frequency and amplitude of the

superposed AC signal, the connection mode of the LCR meter and the delays

between each measurement point. It was agreed that the measuring sequences

should be chosen so that MIS devices could give direct information about the
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annealing step’s influence on the amount of perceived border traps and the re-

sulting VFB-shift as a function of an applied voltage.

To determine the range of the applied voltage for which the MIS capacitors should

be stressed, previous studies showed a high dependency between early device fail-

ure and the insulator thickness. For the 20 nm thick layers, previous measure-

ments had shown positive bias robustness until around +20 V (evidence showed

a resistance of 1 [V/nm])[4]. This was taken as an absolute maximum for the first

generation of measurements. Furthermore, in C-V measurements, the DC signal

is superposed with an AC signal (1 MHz, 1e-3 V), this type of stress showed early

breakage of around 15 V. Therefore, the maximum voltage for the 20 nm thick

insulator layer devices was of 14 V. Reverse biasing the MIS structure (negative

bias for n-type semiconductors) helped invert the device and empty the detectable

charges, this type of stress did not degrade the devices as much as forward bias-

ing. The reverse bias to invert the devices was therefore chosen to be -15 V.

After the empirical tryouts, two types of C-V measurements were conducted.

They both consisted on a continuous alternation of sweeps in forward and back-

ward direction. For the first type of measurements (type 1 ), the devices are taken

through depletion (by applying negative voltage of -15V) after which a forward

sweep is done to a maximum voltage (Vmax) and backwards trough depletion

again. The maximum voltage is varied starting with 1V and ending with 14

V (as mentioned above) with a step of 1 V. Taking the devices into depletion

between each sweep allow the device to be initialized or emptied of traps in the

semiconductor. More explicitly, the amount of detectable traps are the traps that

become occupied during the forward sweep, these traps need to be undetectable

for the next sweep, it is therefore required to empty them by pushing the charges

away from the Al2O3 border and into the semiconductor. More techniques exist
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to empty these traps, they are mostly based on applying different types of elec-

tromagnetic signals such as UV-light to push the charges away from the traps.

During the line of this work, a light assisted measuring technique was tested dur-

ing the empirical tryouts but discarded. The technique consisted on applying

light whose wavelength could exite charges within the Al2O3 energy band during

the inversion process. Although this technique is proven to more efficiently empty

the traps, the effects (although noticeable) were not crucial for the results. The

amount of time required to use the light assisted technique would have affected

the time frame of the project. Therefore, the measuring sequence chosen for emp-

tying traps consisted solely on inversion of the MIS device.

The goal of the type 2 measurements was to show the VFB-shift caused after

applying a positive bias. The measuring sequence only differs from type 1 by

the absence of an inversion step in between each of the forward sweeps. Since

the device is not emptied of traps in between sweeps, it will experiment a sort of

burn-in effect. This effect will be noticeable by a much larger difference between

the different forward sweeps, which in it’s turn will increase the VFB-shift. The

goal is to study the relation between the amount of border traps and the appar-

ent VFB-shift. Comparing the behavior of the amount of border traps and the

VFB-shift (both as a function of the applied voltage), allow us to make conclu-

sions on the behavior of the border traps. More specifically that they account

for the VFB-shift effects present both in the MIS-capacitors and in the MISFET:s.

For the breakdown analysis, fresh devices were stressed with a stepped voltage

ranging from 0 to breakdown with a step of 1 mV. A statistical analysis of the

data give information about the robustness of the devices before and after the

annealing step. All of the measurements stated above were done on devices man-

ufactured on one single wafer. Measurements were taken in various sites of the
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Figure 3.1: Illustration of the wafer dicing with naming of each part. Each part
was submitted to a certain post-matallization annealing sequence.

5 min 15 min 30 min 45 min

250 C B1 C4 D1 A1
275 C B2 C3 D2 A2
300 C B3 C2 D3 A3
325 C B4 C1 D4 A4

Table 3.1: Experimental annealing matrix varying time and temperature. see
Figure 3.1 to see location in wafers

wafer before annealing procedures.

For analysis of the annealing step, the wafer was diced into 16 different parts,

each part of the diced wafers had around 25 devices to measure and would be

submitted to a certain type of annealing, varying the annealing temperature and

the annealing time. In total, the experimental matrix can be seen in Table 3.1:

3.2 Results

Measurements from the first type of C-V measurements can be seen in Figure

3.2. Directly from the C-V plots its possible to identify the effect of the post-

metalization annealing step on the behaviour of the devices. Devices exposed to

higher temperatures show a larger capacitance range. This points directly to the

fact that the semiconductor is being allowed to modulate completely. In compar-
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Figure 3.2: Results of the type 1 C-V measurements. Each of the graphs has a
different annealing time and each of the colored curve-groups represent a different
annealing temperature.

ison, non-annealed samples show poor modulation.

Comparing the influence of annealing time and annealing temperature on device

modulation it is clear that although the spread of the forward sweeps is affected

by the annealing time, the annealing temperature has a greater effect on the de-

vices. Further analysis of the amount of border traps using Equation 2.6 reveals

the behaviour in Figure 3.3.

From these measurements, it is once again clear that the annealing temperature

has a great effect on device behaviour, more specifically on the amount of per-

ceived border traps. Devices that were treated with higher temperatures show a

higher amount of filled border traps. From this the PioneerGaN learned team

that efforts on further analysis of the annealing step should be focused on an-

nealing temperatures and not annealing times.
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Figure 3.3: Ploted amount of accumulated border traps as a function of the
applied forward bias. This results were extracted from the graphs in Figure 3.2
using Equation 2.6

The second type of C-V measurements give proof that the model used to classify

the different type of impurities is valid in the GaN/Al2O3 case. The devices that

where stressed only in forward bias have a larger spread between the curves in

the forward sweeps compared to the devices that were taken to depletion. The

transistor device will only be stressed in forward bias and the threshold voltage

instability will be directly related to the flatband voltage shift (VFB − shift)

found in this type of measurement. Therefore, further analysis is made on the

VFB-shift of the device as a function of the applied voltage (Figure 3.3).

As expected, the VFB-shift is directly related to the amount of charged border

traps near the interface (Figure 3.4) giving proof that the suggested model for

classifying traps and charges in the GaN/Al2O3 interface is valid. This agrees

with literature (Section 2.6.1). Furthermore, the results are in accordance to the
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Figure 3.4: Effect of post- metallization annealing time and temperatures on
VFB-hysteresis

ones derived from the type 1 measurements, namely that higher temperatures

give larger VFB-shift and have a larger capacitance range.

Finally, breakdown voltage was measured for fresh devices (devices not previously

measured), results can be seen in Figure 3.5.

Unfortunately, the standard deviation for the samples before the annealing doesn’t

allow for a conclusive result of whether or not the annealing procedure has a pos-

itive or negative effect on the robustness of the devices. It is clear however that

annealing doesn’t degenerate the devices, some of them might have had faults

caused during manufacturing, which accounts for the outliers. However, analysis

on the results from samples which were submitted to the highest annealing tem-

perature (350◦C) show an overall increase of breakdown voltage, surpassing even

results from non-annealed samples. All of the samples submitted to 350◦C dur-

35



Figure 3.5: Statistical illustration of device breakdown results organized by post-
metallization annealing time and temperatures

ing 45 min, had better breakdown capabilities than of all the samples before the

annealing. This is to show that there is no clear relation between the annealing

step and the breakdown capabilities.

3.2.1 Discussion

The measurement techniques proved that the behaviour of the GaN/Al2O3 inter-

face can be modeled with the standard classification used in other interfaces. The

border traps found in the measurements have the same characteristics as those

found in the literature (Section 2.6.1).

With regards to the annealing process, it was found that the annealing temper-

ature has a bigger effect on devices than the amount of time they are submitted

to the heat treatment. For further studies, devices should be submitted to an

annealing procedure of at least 30 minutes since results show that longer times

are to be preferred.

Although previous studies report that this annealing-step increases interface qual-
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Figure 3.6: Illustration of proposed MIS structure and present charges before
post-matallization annealing

ity, it was found that samples treated with higher annealing temperatures showed

a higher number of border traps. However, they also showed better modulation

and breakdown capabilities. Further analysis of the results allowed us to explain

the behaviour as follows:

Before the post-metalization annealing-process there exists a big amount of posi-

tive interface trapped charges, these are located in the bottom side of the insula-

tor. As these charges are present from the beginning, they will have an effect on

the semiconductor. The semiconductor will experience a conduction band pin-

ning making it accumulated even when applied a negative bias. This accounts

for the low range of capacitance in the non-annealed samples (behaviour also ex-

plained in Chapter 2). The trapped charges will also serve as a ”charge shield”,

preventing the semiconductor and its charges to be fully affected by the applied

bias. This may account for the low amount of perceived border traps. Since it

is only the occupied traps that will be noticeable when measuring, it is safe to

conclude that the low amount of border traps in the non-annealed samples are

simply an incomplete picture of the real amount of border traps in the oxide. An

illustration of the charges present before the annealing can be seen in Figure 3.6.

However, after the anneal step, it becomes clear that the semiconductor is allowed

to fully modulate (Since the capacitance range is as expected). This means that
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Figure 3.7: Illustration of proposed MIS structure and present charges after post-
matallization annealing

the electric field is successfully reaching the semiconductor, this gives proof that

the charge sheet in the interface has dissipated, most likely into the semiconduc-

tor (see Figure 3.7). The absence of this charge sheet can be the reason why some

devices show better breakdown capabilities (as seen in Figure 3.5). This theory

is however to be further examined in future studies. The behaviour explained

above was put into proof by simulating the devices in Silvaco Atlas (see Section

3.2.2 and Appendix B).

3.2.2 MIS Simulation

Simulations served as a tool to fully understand the physic properties behind the

observed behavior. Because of the uniqueness of this project, most of the ma-

terial constants were not fully known. The doping and the permittivity of the

materials played a special role on the calculation of the theoretical values. In this

part, simulation results served as the ”ideal behaviour” to better understand the

role of the different impurity charges.

For the MIS simulations, one of the biggest sources of error was the permittivity

of Al2O3. as mentioned in Chapter 2, the literature values for this material are
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in the range of 9-10. Contradictory to this fact, the measured relative refractive

index (provided by a project partner) was of 1,04 , yielding a permittivity value

of around 3. This value turned out to be highly dependant on the measure-

ment setup, mainly because of the bridge between optical properties and electric

ones (for some of the samples, the refractive index could not even be measured).

Therefore, it was only the insulator thickness that was assumed to be known for

the Al2O3 layer.

As mentioned in Chapter 2, the saturation of the curve in the accumulation regime

(positive bias for n-type semiconductor MIS) represents the capacitance provided

by the insulator only, in this regime the MIS capacitor behaves a regular plate

capacitor. Therefore the oxide thickness and the dielectric constant are related

as:

Cinsulator =
εinsulatorA

tinsulator

The material constants are chosen as follows: dielectric constant for Al2O3 is

extracted from the formula above (since all other variables are known), yielding a

value of 7.76. All of the materials constants of GaN were taken from the embed-

ded data sheets of Silvaco Atlas 1. These are independent of the studied process

step.

To be able to prove the reliability of the simulation results as opposed to the ex-

perimental ones first simulations where done varying the semiconductor doping

concentration. From specifications given to the process technology department,

the real doping concentration was to be 3∗1018cm−3. Figure 3.8 shows the curve

behaviour when the interface is assumed to be ”ideal” (without impurities) for

doping ranging from 1∗1017 to 1∗1019 together with the experimental curve that

1http://www.silvaco.co.kr/products/vwf/atlas/optotech/material/material.pdf
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Figure 3.8: Simulation of MIS-capacitor C-V behaviour for different n-doping
GaN substrates, compared with experimental curve

showed best modulation.

Since the results in Figure 3.8 showed that the experimental curve (for the sam-

ples annealed for 45 min in 325 C) lay in between the two simulation curves for

1∗ 1018 and 5∗ 1018cm−3 doping and the overall shape and capacitance range are

as expected, it is concluded that simulation results are valid.

To prove the hypothesis stated in the previous section, a sheet of interface charges

was introduced in the model. C-V simulations made with different charge densi-

ties can be seen in Figure 3.9.

As expected from the analysis and literature studies, the presence of charges in

the interface reduce the measured capacitance range in C-V curves. This is in

accordance to the behaviour of non-annealed samples (as explained before). The

charges also appear to shift the curve towards the left, this effect is also seen in

the experimental results.

Next step was to introduce border traps since they are also present in the hypoth-
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Figure 3.9: Simulation of MIS-capacitor C-V behaviour varying interface charge
densities. (Blue curve is the ideal curve without introduced charges)

esis explaining the device behaviour. These charges were introduced as a charge

sheet in the insulator layer. Once again we study the effect of these traps by

simulating the C-V behavior. Results can be seen in Figure 3.10.

The effects of these traps can be seen as a shift of the curve to the right after

a certain energy level has been crossed. Border traps appear to be responsible

for the ”flat regime” seen in the experimental results as well (as can be seen in

Figure 3.10 marked with a red circle).The position of this ”flat regime” is depen-

dant on the energy level of the traps. It is therefore possible to fit the simulation

curve as good as possible (by varying the charge densities and energy levels of

the impurities), and to identify in which process step these impurities might be

appearing. This task is however more substantial and it’s therefore suggested as

a future study.

Finally the two types of impurities are included in the simulation model yielding

the results in Figure 3.11. These results are in accordance to the experimental

results both before and after the annealing step, giving the PioneerGaN team

confidence in the described hypothesis.
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Figure 3.10: Simulation MIS-capacitor C-V behaviour with introduced filled bor-
der traps. (Blue curve is the ideal curve)

Figure 3.11: Simulation of a MIS-capacitor C-V characteristics with trapping and
interface charge behaviour. (Blue curve is the ideal curve)

3.3 Breakdown structure characterization

During manufacturing run of the first generation MISFET devices, both break-

down and TLM structures were created (Figures 1.3 and 1.4 ). This makes it

possible to relate measurement and analysis of results covered under this thesis

to actual MISFET:s measurements of devices fabricated in the same wafer, thus

removing possible sources of error from different process techniques and process
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GVT01-15 GVT01-16 GVT01-17

Source: n GaN 500nm 1e18
cm-3

500nm 1e18
cm-3

500nm 1e18
cm-3

Blocking: p GaN 300nm
1e16 cm-3

300nm
5e16 cm-3

300nm
5e17cm-3

Drift: n- GaN 1000nm
3e17 cm-3

1000nm
3e17 cm-3

1000 nm
3e17 cm-3

Drain: n+ GaN 2375nm
2.5e18 cm-3

2760nm
2.5e18 cm-3

2595 nm
2.5e18 cm-3

Buffer: uid GaN 4615 nm 5300 nm 4615 nm

Table 3.2: Wafers epitaxy, these wafers were used for TLM and Breakdown struc-
ture studies.

Wafer Doping of p-layer [cm3] Anneal treatment

GVT01-15A 1e16 no treatment
GVT01-15B 1e16 250 C, 45 min
GVT01-15C 1e16 300 C, 45 min
GVT01-15D 1e16 350 C, 45 min
GVT01-16A 5e16 no treatment
GVT01-16B 5e16 250 C, 45 min
GVT01-16C 5e16 300 C, 45 min
GVT01-16D 5e16 350 C, 45 min
GVT01-17A 5e17 no treatment
GVT01-17B 5e17 250 C, 45 min
GVT01-17C 5e17 300 C, 45 min
GVT01-17D 5e17 350 C, 45 min

Table 3.3: Experimental matrix varying p-layer doping and annealing treatment.
These wafers contained both the Drain TLM structures and the breakdown struc-
tures.

runs.

A total of three different wafers (GVT01-15, GVT01-16 and GVT01-17) were

fabricated for this purpose. The wafers consisted of epitaxialy grown GaN on

sapphire following the specifications in Table 3.2. Each of the 3 wafers were diced

into four pieces insuring non variability on samples due to differences between

wafers. In total, the experimental matrix can be seen in Table 3.3.

Breakdown structures were created to specifically measure the blocking capabil-

ities of the n/p/n structure present in the MISFET:s. This blocking capability
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Figure 3.12: Statistical results of breakdown structure voltage-failure for different
post-metalization annealing steps.

is measured by applying increasing voltage with a step of 1 V to a max of 100

V, the current limit was set to 1 mA, meaning that the voltage for which cur-

rent bigger than 1 mA started flowing through the contacts would count as the

breakdown voltage of the sample. It was expected that the difference in doping

concentration of the p GaN layer would yield a noticeable difference in breakdown

results. This information is important since it is the doping that later determines

the source-drain current density in vertical MISFET:s. Statistical results can be

seen in Figure 3.12 and in Table 3.4.

Further analysis on the result distribution throughout the wafers can be seen in

Figure 3.13, all of the results show a tendency for devices to have better blocking

capabilities in the center of the wafers. This behaviour is seen for all quarter-

wafers (is is most clear in the GVT01-17 wafer). The behaviour is understood

by the PioneerGaN team. It appears from a uneven activation of the p GaN

layer during the epitaxial growth of the GaN material. Thus it can be said that
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Wafer Mean [V] Std Dev Maximum Observations

GVT01-15A 44.59 14.89 60 22
GVT01-15B 32.61 12.33 52 13
GVT01-15C 33.19 10.84 50 19
GVT01-15D 32.60 12.65 54 33
GVT01-16A 12.81 11.04 62 22
GVT01-16B 13.81 11.40 63 27
GVT01-16C 12.30 6.691 41 33
GVT01-16D 12.29 9.505 63 31
GVT01-17A 20.04 26.32 100 22
GVT01-17B 20.22 31.95 87 18
GVT01-17C 19.96 21.64 92 26
GVT01-17D 18.21 17.90 85 33

Table 3.4: Statistical data of breakdown structure voltage-failure for different
post-metalization annealing steps.

these results give clear evidence that the epitaxial grown p GaN layer needs to

be specially considered in future runs. Also, since differences in transistor quality

can be traced to a certain location in the wafers, it is possible to directly relate

p-layer activation (and doping concentration) with device quality.

Since the only wafer that showed satisfactory results through the complete wafer

was GVT01-15 and the remaining wafers showed a clear result distribution based

on device location, the PioneerGaN team agreed that the majority of the de-

vice’s early failure is due to the incomplete p GaN activation, this fault arises

during epitaxy. Taking into account only the innermost devices (that is to say

the observations with maximal breakdown voltage for each wafer) it is possible

to see a clear linearity between the p GaN doping concentrations and breakdown.

The proposed linearity can be seen in Figure 3.14. This behaviour was to be not

fully expected from the theory pointing to the fact that there might be presence

of tunneling effects, the study of these extend away from the scope of this work.

A statistical analysis requires filtration of the majority of observations leaving

only a hand-full of results, this makes it impossible to draw any official further

conclusions. Despite this, the effects of the annealing step can be studied since
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(a) GVT01-17 (A-D) (b) GVT01-16 (A-D)

(c) GVT01-15 (A-D)

Figure 3.13: Distribution of breakdown structure voltage-failure for different post-
metalization annealing steps in wafers. Notice that result spreads originate from
device location.

Figure 3.14: Maximal voltage breakdown of breakdown structures as a function of
the doping concentration and grouped as the applied post-metalization annealing
step at different temperatures
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they are not dependant on the previous process-steps.

The clearest results of breakdown degradation due to the annealing step can be

seen for wafer GVT01-15. The mean breakdown value is reduced from 40 to 30

V. For wafer GVT01-17 the annealing clearly affects the maximum breakdown

voltage, reducing breakdown voltage capabilities with 10V (as seen in Table 3.4),

this effect is noticeable even for samples submitted to 250 C. For wafer GVT01-

16. The degrading effects of the annealing step are not as clear due to the low

amount of reliable samples.

The reason for the degradation due to the annealing procedure is believed to

depend on ionic charges originating from metal contacts. These type of charges

are created when metal reacts to other elements present either in the environ-

ment around the wafers or in the devices themselves. This effect is common in

semiconductor devices, it is important to take these effects into account when

evaluating device lifetime. The reason for which the PioneerGaN team believes

the degrading effects originate from the metal contacts is because of the other

material’s properties: GaN has good heat and radiation resistance (as seen in

Chapter 2).

Degradation on the n-p-n structure due to an annealing step is firstly noted

during this study. It is important to notice the effects of high temperatures not

only for sake of research over the annealing step but also to know the effects of

high temperatures for which the devices will be submitted to during their lifetime.

Devices should be correctly dimensioned to account for the effects seen during

this section.
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Anneal Temperature [C] Mean [µ] Std Dev Maximum Observations

No anneal 6.51 0.47 7.51 65
250 7.30 1.07 10.3 67
300 7.78 2.57 17.1 71
350 6.87 1.25 11.0 82

Table 3.5: Statistical results of the transfer length (Lk) computed from TLM
results.

Anneal Temperature [C] Mean [Ω ∗ cm2] Std Dev Maximum Observations

No anneal 2.27e-5 2.29e-6 2.66e-5 65
250 2.95e-5 7.27e-6 4.77e-5 67
300 3.40e-5 19.8e-6 10.8e-5 71
350 2.83e-5 7.92e-6 5.53e-5 82

Table 3.6: Statistical results of the contact resistivity (ρc) computed from TLM
results.)

3.4 TLM Characterization

As mentioned before, TLM structures (Figures 1.4 and 1.5 ) were manufactured

together the first generation MISFET devices in three wafers (Table 3.2). The

principles behind TLM measurement can be found in Appendix A. The structure

of the TLM-structures can be seen in Chapter 2, it is crucial to notice that the

structure of the contacts does not differ between the different wafers since the

only difference in-between the wafers is the p-layer doping which is not present

in this structure.

After measurement and summary of the results, a primary filtration of the results

is made by disregarding results that had a bad quality of linear fit (for more in-

formation about the linear regression made see Appendix A). Only results with a

quality of fit higher than 80% are regarded as valid. Statistical data on transfer

length (Lk) and contact resistivity (ρc) is presented in tables 3.5 and 3.6 respec-

tively.

To better understand and view the results of the statistical data graphical rep-
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Figure 3.15: Graphical representation of statistical data extracted from TLM
results, previously displayed in Tables 3.5 and 3.6

resentation of the results is presented in Figure 3.15. The results show that

although the mean value for both the transfer length and the contact resistivity

is relatively constant regardless of the annealing temperatures, the variability of

the results is greatly affected. For both of the computed values, it is the non-

annealed samples that show the smallest variability. Meaning that the metallic

contacts made on GaN are either affected by the annealing step or are affected

by the location in the wafers. To be able to draw definite conclusions, results are

drawn dependant on their physical location on the wafers and to their quality of

Fit. This information can be seen in Figures 3.16, 3.17 and 3.18.

From Figures 3.16, 3.17 and 3.18, it becomes clear that specially for the case of

results computed from devices submitted to 300 C anneal, the outliers can be

directly traced to wafer GVT01-15C. This quarter of the wafer GVT01-15 had

overall bad TLM results, which can be seen since the mayority of the results have

a bad quality of fit. Pointing to the conclusion that outliers are not originated

during the annealing step but are position dependant. Most likely the results ob-

tained from quarter wafer GVT01-15C were affected by the measurement setup

since the other quarter-wafers from wafer GVT01-15 (GVT01-15A, GVT01-15B

and GVT01-15D) did not have unsatisfactory results.
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The conclusive result remains: overall variability of results is affected by the

annealing temperature. Generally it is expected that the annealing treatment

shouldn’t have an impact on the GaN quality (due to it’s good heat resistant

properties). The degradation is therefore attributed the the GaN/metal interface.

It is however clear for the PioneerGaN team, that results are ”good enough” for

the metal contacts made on GaN in this stage of the project.

3.5 Summary of results

The first set of experiments consisted on C-V and breakdown measurements con-

ducted on MIS devices that would give information about the gate module on

MISFET:s. These experiments gave conclusive results on the behaviour of the

GaN/Al2O3 interface. Relating the obtained results from the selected C-V mea-

surement sequences (type1 and type 2 ) gave proof that the charges present in the

interface could be classified as stated in the studied literature over the Si/SiOx

interface. After this conclusion was made, results could be related to simulations

made in Silvaco Atlas which allowed the PioneerGaN team to prove a hypothesis

of the origin and location of the different type of charges. It became clear that

an annealing step had a profound effect on the dissipation of interface charges.

The annealing temperature had more effect on the dissipation of the charge sheet

that the annealing time. Further studies on other devices were therefore only

carried out varying annealing temperature with a constant annealing time. The

dissipation of the charge sheet allow electromagnetic fields to better penetrate the

Al2O3 layer and the GaN/Al2O3 interface, allowing the semiconductor to mod-

ulate completely, it also appears to improve breakdown capabilities, although to

fully be able to draw this conclusion further studies are recommended.
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(a) GVT01-17 (A-D) (b) GVT01-16 (A-D)

(c) GVT01-15 (A-D)

Figure 3.16: Distribution of transfer length results (Lk) dependant on wafer loca-
tion for different post-metalization anneal temperatures. Outliers (marked red)
occur due to badly fitted data.
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(a) GVT01-17 (A-D) (b) GVT01-16 (A-D)

(c) GVT01-15 (A-D)

Figure 3.17: Distribution of contact conductivity (ρc) results dependant on wafer
location for different post-metalization anneal temperatures.
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(a) GVT01-17 (A-D) (b) GVT01-16 (A-D)

(c) GVT01-15 (A-D)

Figure 3.18: Distribution of quality of fit dependant on wafer location for different
post-metalization anneal temperatures.
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The second and third set of experiments were conducted on three separate wafers,

they consisted on breakdown and TLM characterization. These studies give in-

formation about the n-p-n structure and on the metal/GaN contacts present in

the MISFET:s.

Measurements made on the breakdown structures showed a great dependency

on wafer location. Although this made it impossible to draw reliable statistical

results on the blocking capabilities of the n-p-n structure, it gave insight on the

quality of the epitaxial grown GaN, specially the activation of the p-layer. Taking

into account only the devices located in the center of the wafer (devices with a

well activated p-layer) it was found that higher doping of the p-layer gave the n-

p-n structure better blocking capabilities. It was not possible to draw conclusive

results on the effects of the annealing step for all wafers. It was only for wafer

GVT01-15 where it was clear that the mean breakdown was reduced after the

annealing step.

Regarding the TLM characterization, the degrading effects of the anneal step

are clear since the variability of the transfer length and the resistivity of the

metal contacts is greatly increased due to the anneal. Despite this, the order of

magnitude of the results both before and after the anneal are satisfactory for the

project.
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Appendix A

TLM Measurements

Transmission line model measurements are regarded as the standardized method

for extracting information about different resistances present in ohmic contacts.

In this thesis, the method is used for analysis of MISFET:s drain ohmic contacts.

This interface is hard to model since its properties are individual for each scenario,

being highly dependant on the materials and processes used during fabrication.

Therefore it is a common practice to empirically determine the specific character-

istics for each process model. This appendix describes the principles behind the

measurement setup, procedure for parameter extraction and . Further analysis

of the implications of the results on the overall project are made in Chapter 3.

A.0.1 Principles

The sample used for TLM measurements consist on a series of metal contacts

placed on a semiconductor surface. The simplified picture of the test device can

be seen in figure 1.4. When a voltage difference is applied to the metal plates,

current will flow between them. This current will be affected by the resistance Rt.

This resistance can be regarded as a serial connection of the two metal resistances

(Rm), the sheet resistance (Rs) and the more interesting contact resistances (Rc).
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Explicitly the total resistance is:

Rt = 2Rm + 2Rc +Rs (A.1)

For the remaining part for the extraction of the contact resistances in this work,

a multiple contact technique is used. The technique allows for the extraction of

Rc without having the ambiguity of dealing with metal bulk resistance or the

substrate resistance. Although these values can also be extracted from this tech-

nique, the procedure has no affect on the values of the contact resistance (Rc), as

is the case with other methods (The interested reader is welcomed to read about

”two-terminal contact resistance methods”).

Compared to Rs and to Rc, RM can be neglected (for conductive metals, resistiv-

ity is several orders of magnitude lower than that of un-doped semiconductors).

The simplified model is now:

Rt = 2Rc +Rs (A.2)

Furthermore, the resistance of an object depends on two primary factors. It’s

material and it’s dimensions. For any given material, the resistance is inversely

proportional to the cross-section area the current flows through and directly pro-

portional to the length that it has to cover in the object. The material constant

is given by a material constant that is denoted as conductivity. The resistance

is therefore computed as:

R = ρ
l

A
(A.3)

where l is the length of the conductor, A is the cross-sectional area and ρ is the

material conductivity. To be able to compare different contacts without having a

standard geometrical quantity we require the so called contact resistivity (ρc)
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Figure A.1: Example of procedure used to extract of Transfer length and contact
resistance from measurements done on a CTLM device group.

with units [Ωcm2]. This is done by letting l→ 0.

ρc = lim
x→0

(ρl) = RcAc (A.4)

Although the geometrical dimensions of the metal contacts is known, current

flowing through the contact will not be uniform, therefore it is not possible to

use the physical area to determine the contact area. Instead we introduce an

”average distance” that an electron travels in the semiconductor before it flows

into the contact, this distance is denoted as transfer length LT . and its given

by:

LT =

√
ρc
Rs

(A.5)

Having defined the effective length in which the current flows through, the ef-

fective area is treated as LTW . In Rs however, the current flows uniformly so

Rs = ρs
L
W

. This yields:

Rt = ρs
l

W
+ 2RC (A.6)

or

Rt =
Rs

W
(l + 2LT ) (A.7)
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Figure A.2: Example showing invalid measurements due to compliance. These
values are filtered out.

This result show the linearity when varying the length in-between the different

contacts (l). Plotting the measured total resistance RT against a variation of

the lengths between the contacts allow us to fit a line and extract the searched

contact resistance RC , the semiconductor sheet resistance and the transfer length

as shown in Figure A.1. Furthermore the contact resistance is Rc = ρc
LTW

from

which the contact resistivity is extracted.

A.0.2 Data treatment

Practically, the measurement system gives current values (in [A] ) for a voltage

range of [-20V 20V]. For protection of the needles used in the probing station, a

compliance is set for the current so that no values higher than 1 mA are reached.

However, when compliance is reached, the measured point will give faulty results

(ass seen in Figure A.2). Filtration of the results is therefore needed prior to the

analysis. After filtration, Rt values are extracted from a linear fit of the points.

This is done for all of the individual TLM structures. Next step consists on plot-

ting the acquired Rt points as a function of the contact distances (l). This allows

for a second linear fitting and the extraction of the parameters using Equation

A.7.

A final statistical study is made for all of the acquired parameters. Together with
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information about the quality of the fittings, faulty linear fittings are filtered out

by analysis of least squares as a measure of fitness.
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Appendix B

Silvaco simulation

Simulation of the manufactured MIS devices were conducted using the Silvaco

Atlas software packages. In order to simulate with this packages the following

steps are required:

1. Definition of device structure.

2. Definition of the physical behaviour

3. Numerical algorithmic calculations.

4. Results compilation.

Firstly, device structure is defined using Silvaco’s built in software: Dev.Edit.

This software allows to create the structure in a graphical interface. It is also

possible to set material and physical dimensions, the software exports a .str file

containing the required information about the structure of the device, that is to

say: mesh parameters, material constants and a specification of the areas where

these constants are valid. For the scope of this work, the used mesh consisted

on a total of 10205 points and 19968 triangles. The mesh that was used for the

simulations can be seen in Figure B.1.

60



Figure B.1: Final mesh used for simulations in Silvaco Atlas

Notice that the mesh is made finest in the GaN/Al2O3 interface near vicinity.

This is necessary since it is in these regions where majority and minority carriers

will move. Resolution is also greater in the insulator layer than in the semicon-

ductor bulk area for this same reason. The .str file containing the mesh and

material constants are imported to the simulation main file and the required ma-

terial changes are applied such as the semiconductor doping, and the dielectric

permittivity (For more information about the origin of the simulation values see

Chapter 3.2.2).

go a t l a s

mesh i n f=MIS capacitor mesh01 . s t r width=3140

doping mate r i a l=GaN uniform donors concent ra t i on=1e18
mate r i a l r eg i on=2 p e r m i t t i v i t y =7.76

Contact number=2 name=anode workfunct ion =5.5
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After defining the structure and the mesh, the definition of the physical behaviour

is made by introducing the impurity charges to be studied and the models to be

implemented when computing results. The first type of impurities are the inter-

face charges: definition of interface charges require information over the charge

concentration and the location of the charges. The second type of impurities

is the interface traps, these require information about the discrete energy level

within the bandgap of the semiconductor, trap type (acceptor or donor), life-

time, mobility and location. The information about these constants was varied

to obtain the most accurate results.

The models used when simulating MOS structures include recombination and

mobility modeling for all of the involved charges (For more information about

these models see Atlas Users manual).

i n t e r f a c e charge=3e13 y . min=0 y . max=0.01

i n t t r a acceptor e . l e v e l =1 dens i ty=1e13 degen=4 s i gn=1e−13
s i gp=1e−14 depth=−0.001 hpo ints=10
models MOS pr in t

The numerical computations are made taking into account both type of carrier

types (acceptors and donors) since they are both present in the proposed MIS

model. Results are stored in a .log file where the results over successful computa-

tions are appended. A first computation of all values for an applied bias of -15V

is made to ensure result convergence. Afterwards, a sweep of bias from -15V to

14V with a superposed AC signal is applied to the structure.
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method c a r r i e r s =2 maxtrap=10

s o l v e vanode=−15

output con . band charge band . param t . quantum
save out f=MOScap init . s t r
l og out f=MOScap sweep forw1 . l og

s o l v e vanode=−15 vstep =.5 v f i n a l =14 name=anode
ac f r e q=1e6 d i r e c t

save out f=MOScap sweep forw1 . s t r

l og o f f
qu i t

The final .log file is viewed in one of Silvaco Atlas software packages: Tonyplot

which allow the user to plot the results. The aquired results can be found in

Chapter 3.2.2.
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