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CHAPTER I

INTRODUCTION

Group III-Nitrides are important materials that can satisfy optical and elec-

trical requirements which are not compatible with Si and traditional III-V materials

properties. The direct bandgap of III-Nitrides and energy extending over a wide

range of values (0.7∼ 6.2eV) make them usable as very versatile light emitting sources

as shown in Fig. 1.1. Beginning with blue light emitting diodes (LEDs) in the 1990s,

the replacement of the incandescent light market with white LEDs has been ongoing

and it is expected to save energy worth a 100 billion dollar annually. Other optical

applications are data storage devices, laser diodes (LDs) and ultra violet (UV) LEDs

for the detection of bio particles, air and water purification, medical treatment and

missile warning systems.

Nitride alloys are also suitable for high power and high frequency applications.

The high breakdown voltage of these materials makes them ideal for high power ap-

plications and their high saturation velocity is for high speed device operation. Figure

1.2 shows the position of GaN devices in terms of frequency and power performance

in comparison with Si and traditional III-V materials. Applications include power

amplifiers for wireless base stations, low noise amplifiers and high power switches.

Sensing devices are another important application of nitride materials espe-

1
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Figure 1.1: Energy bandgap and lattice constant of nitride materials. Recently the
bandgap energy of InN is reported as 0.7eV.

cially for harsh environments as these materials are thermally and chemically stable.

They also exhibit less intrinsic leakage and are capable of operating at high tem-

peratures due to the larger bandgap and stronger bond energy. Furthermore, the

possibility of sensor integration with nitride-based high power electronic devices is a

clear advantage over oxide sensors.

III-Nitride device and growth technologies became mature since the birth of

blue LEDs. However, there are still many problems that need to be addressed.

This thesis is devoted to improving III-Nitride heterostructure materials and de-

vices for electronic device and gas sensor applications. The approaches used for this
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purpose include tailoring materials by optimization of material growth parameters,

characterization of devices and materials and designing of novel structures through

understanding of the material and device dependence.

Figure 1.2: Frequency vs. power.

1.1 History of GaN growth

The first Gallium Nitride (GaN) material was produced by passing ammonia

over hot gallium by Jusa and Hahn, in 1938. Small needles and platelets of GaN were

synthesized from this process. After three decades, large area GaN was grown by

hydride vapor phase epitaxy (HVPE) directly on sapphire by Maruska and Tietjen

in 1969 [1]. Unfortunately, this GaN layer showed large n-type background doping

and poor crystallinity due to heteroepitaxial growth on a non-native substrate.

In 1983, Yoshida employed an AlN intermediate layer and demonstrated that

the cathodoluminescence efficiency of the overlaying GaN was improved [2]. Later

this idea was developed further by Akasaki and Nakamura with a thin AlN nucleation
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layer [3] or GaN nucleation layer [4] grown at low temperatures (500∼ 750 ◦C) prior

to the growth of high temperature bulk GaN. In this growth technique called a two

step growth, a low temperature nucleation layer promotes the GaN growth mode

from 3 dimensional islands to 2 dimensional growth mode and leads to a flat and

smooth surface of the heteroepitaxially grown bulk GaN.

The success in p-type doping is another breakthrough in the history of GaN

growth. As p-dopants, group II elements (Zn, Cd, Mg or Be) were used but the

doped layers turned out to be very resistive. Amano and Akasaki observed that

highly resistive Mg doped GaN became brighter during cathodoluminescence (CL)

scanning. A further photoluminescence study revealed that low energy electron beam

irradiation (LEEBI) converted an Mg-doped GaN layer to a p-type doped conductive

layer [5]. A complex of Mg and hydrogen atoms produced during the growth is

attributed to the impeding of p-dopant activation [6]. Releasing hydrogen atoms

by either annealing above 750 ◦C (in vacuum or N2 environment) or electron beam

irradiation enables the realization of p-type conducting layers [7, 8]. However, only

1∼ 5 % of the Mg atoms are expected to be ionized at room temperature even after a

post annealing process due to its high activation energy (160 meV). Therefore, highly

efficient p-type doping in GaN still remains a problem.

High-brightness blue LEDs with a brightness of over 1 cd were demonstrated

by Nakamura in 1994 owing to the significant progress in nitride material growth

and fabrication technology [9]. Nevertheless, the high density of threading disloca-

tions (TDs) remained detrimental to the light emitting efficiency of laser diodes. In

order to reduce the TD density (1 ∼ 10 · 1010 cm−2), various growth techniques were

investigated. Among them, lateral epitaxial overgrowth (LEO) reduced the TD den-

sity down to mid of 106 cm−2 and laser diodes became commercially available with
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a life time of 10,000 hours at the end of 1997 [10]. The efforts continue in order to

accomplish high efficiency and long life time blue and UV violet LDs by means of

producing GaN substrates or very thick GaN grown by HVPE.

1.2 MOVPE growth system

Metal organic vapor phase epitaxy growth (MOVPE) is a principal growth

technique for III-Nitrides. It is distinguished from Molecular Beam Epitaxy (MBE)

from the perspective of source materials, growth mechanism and growth pressure.

In MBE growth, the source materials are supplied as a beam of gas by heating

high purity elements. The growth temperature is usually lower than MOVPE growth

(500 ∼ 750 ◦C). Since the atoms of the necessary materials are delivered onto a

substrate as a beam of gas, the MBE technique needs growth pressures as low as

10−10 torr for the efficient delivery of the atoms. Atoms react on a substrate surface

and layers grow two dimensionally. A plasma is often used for supplying atomic

source of nitrogen as ammonia cracking efficiency is quite low at the temperatures

used. The possibility to control the interface on mono layer level is a great advantage

of this growth technique.

In MOVPE growth, metal organics (TMGa, TMIn, TMAl) are used for group

III (alkyl) source and ammonia is used as a group V (hydride) source. They are

transported to a heated substrate by carrier gases (hydrogen and/or nitrogen) and

gas phase reactions occur. Since MOVPE does not require ultra high vacuum (UHV),

higher up-times are possible so that it can become a mass production tool to produce

layers for solid state lighting and solar cell applications.

With MOVPE, GaN growth temperatures are usually above 1000 ◦C due to the

low cracking efficiency of ammonia. The substrate is heated by means of Radio Fre-
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quency (RF), resistive or infrared lamp heating. Since thermal convection becomes

serious at such high temperatures, appropriate reactor design is substantial to sup-

press gas turbulence and maintain laminar flow on the substrate. The consequence

of improper reactor design is poor material uniformity and instability of growth. In

order to address this problem, various type of reactors have been developed: the

vertical type with high speed rotation (>1500 rpm), close space vertical rotating disc

type, pancake (or planetary) type, barrel type, and horizontal type. In general, they

are categorized based on the direction of the gas injection to the substrate surface

(parallel or vertical), the rotation speed of the substrate, the space between gas in-

jection and substrate. The benefits of each approach are as follows: The boundary

layer is thin and uniform in a vertical reactor with high rotating speed. A close space

reactor is good for operation under atmospheric growth condition because the small

distance between gas entry and susceptor eliminates free convection. The planetary

reactor type can operate under atmospheric condition and is capable of growing large

volumes of wafers. A detailed review of reactor designs can be found in Ref. [11]

and Ref. [12].

1.3 Crystal structure of nitrides

The common crystal structure of group III-Nitrides is wurtzite. Although the

rock-salt or zinc-blende structure is possible depending on growth conditions and

the type of substrates, the wurtzite form P63mc (C4
6v) is thermodynamically stable

in ambient environment. The rock-salt structure is a structure transformed from

wurtzite at high external pressure. The zinc-blende structure is metastable and may

be stabilized by epitaxial growth on Si, GaAs, MgO and 3H SiC. Progress was made

in improving the material quality of zinc-blende nitrides. Nevertheless, there are still



7

fundamental problems to be addressed such as rough substrate-epilayer interface,

high density of planar defects, tendency of phase transformation into the wurtzite

and poor optical quality. The work presented in this thesis focuses on the wurtzite

nitrides exclusively.

Figure 1.3 illustrates the wurtzite structure. In this figure, the Ga atoms are

represented by large black beads while the N atoms are represented by small white

beads. The wurtzite lattice is characterized by two parameters: the edge length of

the basal hexagon (a) and the height of the hexagonal lattice cell (c). The growth

surfaces of GaN grown on c-plane sapphire substrates are depicted in Fig. 1.4. The

growth surface is terminated by either Ga atoms or N atoms depending on the growth

conditions. The Gallium terminated surface is termed Ga-face (or A face) and the

nitrogen terminated surface is called the N-face (or B face). In MOVPE growth,

the GaN surface is normally terminated by Ga atoms. In contrast, GaN grown with

MBE can have either Ga-face or N-face controlling with nucleation layer or growth

conditions. For the Ga-face, N has three dangling bonds but it has only one dangling

bond in case of the N-face GaN [13]. Therefore, the face type can have profound

effects on etching and impurity incorporation. Since all III-Nitride layer types (GaN,

AlGaN, InGaN etc.) presented in this work are grown with MOVPE, the layers have

Ga-face.

1.4 Substrates for nitrides

The challenge of nidride material growth lies in the heteroepitaxial growth.

Since the melting condition for GaN requires high nitrogen partial pressure

(45,000 Atm) and high temperature (about 2500 ◦C) [14], preparation of native GaN

substrates is extremely difficult in comparison to Si and GaAs. To date, GaN native
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Figure 1.3: A unit cell of wurtzite GaN.

Figure 1.4: Atomic arrangement in Ga-face and N-face GaN.

substrates are available only in small sizes and their quality is still poor. Although

free standing 2 ” GaN grown by HVPE with a TD density below 107 cm−2 is com-

mercially available now, its price is between $1,500 and $6,000 per wafer depending

on quality [15]. Therefore, the use of non-native substrates is still inevitable.

There is significant disparity of the thermal expansion coefficient and the lattice

constant between nitride layers and substrates as shown in Table 1.1. This causes

crystalline defects in the GaN layer in the form of threading dislocations, stacking

faults and the electrical and optical performance of nitride devices will be degraded
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accordingly.

Material GaN AlN InN 6H-SiC Si Sapphire
Symmetry Wurtzite Wurtzite Wurtzite Wurtzite Diamond Hexagonal
Native Substrate No No No Yes Yes -
a (Å) 3.189 3.112 3.548 3.081 5.431 4.758
c (Å) 5.185 4.982 5.76 15.117 - 12.99
Lattice Mismatch
with GaN (%)

0 2.48 -10.12 3.51 -16.96 13.9

αa (10−6· K−1) 5.59 4.2 5.7 4.2 3.9 6.7
αc (10−6· K−1) 3.17 5.3 3.7 4.68 8.5 -
Thermal Conduc-
tivity at 300K
(W/cmK)

1.3 2.0 0.8 4.9 1.3 0.3

Melting point TM
◦C

2500 3000 1100 2830 1412 2040

Table 1.1: Material properties of III-Nitrides, other semiconductor materials and sapphire.

The lattice mismatch of a semiconductor film with GaN is given by:

Δa(%) =
aGaN − afilm

afilm

· 100 (1.1)

Here, afilm is the in-plane lattice constant of the film. Although Eq. 1.1 shows

that the lattice mismatch between GaN and sapphire is 33 %, the actual mismatch is

14 % because GaN basal plane rotates by 30 ◦ with respect to the c-plane of sapphire

during the growth [16].

The choice of substrates can be determined by the targeted application. For

high power devices, SiC will be the best candidate because of its good thermal con-

ductivity. Besides, its better thermal and lattice match with GaN is an advantage

over Si or sapphire. Nevertheless, the resulting structural defects are comparable to

those obtained by growth on sapphire substrates in spite of all the advantages. Its

inapplicability to UV devices and its relatively high price (>$1000 per wafer) im-

pede its general use. Therefore, sapphire remains the common non-native substrate

because of the relatively low price (about $50 per wafer), the mature manufacturing
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technology and stability at high temperatures. Although Si has not been considered

as a main substrate for III-Nitrides due to its large lattice mismatch with GaN, the

significant quality improvement of GaN grown on Si spurred its use recently.

1.5 Electronic properties of nitrides

Table 1.2 lists the electronic properties of III-Nitrides and other semiconduc-

tors. The electron mobility for high quality unintentionally doped (UID) wurtzite

bulk GaN ranges from 300 ∼ 400 cm2/Vs. The highest reported mobility for MOVPE

grown GaN was 900 cm2/Vs [17] and 1245 cm2/Vs for free standing bulk GaN [18].

The maximum phonon limited mobility of GaN is predicted to be about 1350 cm2/Vs

for electrons and 200 cm2/Vs for holes at 300 K. However, defects created from the

heteroepitaxial growth hinder the achievement of such high values.

The breakdown field of nitride materials is one order of magnitude larger than

that of Si and conventional III-V materials as shown in Table 1.2. Hence, Nitrides

are promising for high power device applications. Moreover, their large bandgap

allows one to obtain higher output power Pmax (∝ E4
g ).

The current state-of-the-art power density of AlGaN/GaN heterostructure field

effect transistors (HFETs) is about 32.2 W/mm at 4 GHz [19] and 10.5 W/mm at

40 GHz with a drain bias of 30 V [20]. In contrast, the maximum power density of

GaAs is 1 W/mm. However, there are still some obstacles for the commercialization

of such devices. Long term reliability, leakage current at shorter gate lengths, cost

and maturity of substrates, fabrication processes and thermal management have to be

resolved for mm-wave applications. A good review about the progress in III-Nitride

based electronic devices can be found in Ref. [20].
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Parameter GaN AlN InN 6H-SiC Si GaAs
m∗

e 0.22 0.33 0.11 0.45 0.98 0.067
m∗

h 0.8 - - 1.2 0.49 0.45
μe (cm2/Vs) 300 ∼ 1000 135 1000 ∼ 1900∗ - 1350 8500
μh (cm2/Vs) 200 ∗ 14 - 50 450 330
vs (x107cm/s) 2.5 1.4 2.5 2 1 2
Breakdown field (MV/cm) 5 4-12 5 3-5 0.3 0.4

∗ : theoretical values

Table 1.2: Electronic properties of nitrides and other semiconductor materials.

1.6 Polarization fields in III-Nitrides

Spontaneous polarization (PSP ) and piezoelectric polarization (PPE) are very

important features in nitride heterostructures. Due to PSP and PPE, a large amount

of electrons can be created at the interface of nitride heterostructures even without

intentional doping. Since the high electric field induced by the polarization confines

the electrons two dimensionally, these electrons are referred to as a two dimensional

electron gas (2DEG) or sheet charges. The advantage of this 2DEG is the remark-

ably high mobility compared to electron carriers produced by intentional doping in

bulk nitride materials because the electron transport properties do not suffer from

Coulomb scattering. In addition, a strong sensitivity to surface states of the 2DEG

extends the application of nitride heterostructure devices to gas sensors and bio

sensors.

1.6.1 Spontaneous polarization

Spontaneous polarization (PSP ) refers to the built-in polarization field caused

by the lack of inversion symmetry of the crystal and the characteristics of the ionic

bonds between Ga and N atoms. Due to the displacement of electron charge clouds

towards one of the atoms, a net positive charge is present on one face of the crystal

and a net negative charge on the other face as shown in Fig.1.5.
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In III-Nitrides, asymmetry of inversion is present only along the c-axis. Hence,

PSP is parallel to this direction and c-plane nitrides are therefore called polar nitride

materials. In contrast, m-plane (11̄00) and a-plane (112̄0) nitride materials are non-

polar materials as they have inversion symmetry and equal numbers of Ga and N

atoms are present in the planes.

PSP is defined as a vector pointing from a metal cation toward a nitrogen atom.

Thus, its direction depends on the growth face: PSP points in the [0001̄] direction in

case of Ga-face nitrides while it is parallel with [0001] in case of N-face nitrides.

Spontaneous polarization is screened by charges adsorbed to the surface of the

material, as well as screened by free charges in the bulk. Therefore, it is assumed

to be uniform or zero in a bulk. It is worth noting that if the interfaces are not

atomically sharp and exhibit a certain degree of interdiffusion, the differences in

spontaneous polarization would be reduced. Furthermore, if domains with inverted

polarity exist, the overall polarization may be compensated.

- - - - - - - - -

+ + + + + + + + +
GaN/AlGaN/InGaN

Psp

+
-

Ga

N

Figure 1.5: Ionic bond between Ga and N (left). Spontaneous polarization (PSP ) and sheet
charges in nitrides with a Ga-face grown on c-plane sapphire (right).

1.6.2 Piezoelectric polarization

The nature of piezoelectric polarization PPE is attributed to the strain caused

by pseudomorphical growth between two lattice mismatched layers while spontaneous

polarization is an inherent characteristic associated with crystal structures. When a

layer is grown on a lattice mismatched substrate or layer, the top layer tries to fit its
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in-plane lattice constant to the lattice constant of the layer underneath. This is called

pseudomorphical growth. During this process, strain and stress will be developed in

the top layer. Figure 1.6 depicts the compressive strain in InN and tensile strain in

AlN when they are pseudomorphically grown on relaxed GaN.

AlN
InN

GaN

Sapphire

Figure 1.6: Strained AlN and InN grown on relaxed GaN. After Ref. [21].

However, pseudomorphical growth is only possible as long as the layer can ac-

commodate the stress from the lattice mismatch. As the thickness of deposited layer

increases, the stress in the layer also increases. Therefore, the layer will try to re-

duce the accumulated stress energy and finally grow with its original lattice constant.

This process is termed relaxation. The relaxation may occur by the generation of

dislocations, by delamination, cracking or a combination of some of them. When the

layer is relaxed, PPE becomes zero.

When biaxial stress is assumed in wurtzite nitrides, PPE is given by:

PPE = 2
a − a0

a0

(
e31 − e33

C13

C33

)
(1.2)

Here, a and a0 represent the strained and the relaxed in-plane lattice constant of
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the layer, respectively. e31 and e33 are the piezoelectric tensor components, C13 and

C33 are elastic constants complying to Hooks law. The derivation of Eq. 1.2 can

be found in Appendix A. From Eq. 1.2, the direction of PPE will be dependent on

the sign of Δa = a − a0. PPE will point in [0001] under tensile strain (Δa > 0).

Otherwise it will point in the opposite direction when compressive strain (Δa < 0)

is effective. In contrast, the direction of PSP is independent of the sign of the strain.

1.6.3 Polarization induced charges

An electrostatic field is present in III-Nitrides due to the aforementioned polar-

ization fields. In this section, the calculation of this field and its effects are presented

as applied to AlGaN/GaN heterostructures which are the prime materials of interest

in the thesis.

First of all, PPE and PSP of AlGaN with a Al composition x can be estimated

by

P AlGaN
PE = xP AlN

PE + (1 − x)P GaN
PE + bx(1 − x) (1.3)

P AlGaN
SP = xP AlN

SP + (1 − x)P GaN
SP + bx(1 − x) (1.4)

The first two terms are given by linear interpolation between the values of GaN

and AlN corresponding to Vegard’s law. The last term is a nonlinear term and

b is the bowing parameter. In favor of simplification, however, only linear terms

are considered here. The relevant parameters such as lattice constants, PSP , the

piezoelectric tensor components, elastic constants are summarized in Table 1.1 and

Table 1.3.

Therefore, P AlGaN
PE and P AlGaN

SP can be given by:

P AlGaN
PE = 2

aAlGaN − aGaN

aAlGaN

(
−1.6 + 0.5x − (3.1 − 2.3x)

390 − 6x

398 − 21x

)
(1.5)

P AlGaN
SP = (−0.056x − 0.034)Cm−2 (1.6)
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GaN AlN InN
PSP

1 (Cm−2) -0.034 -0.090 -0.042
e31

2 (pmV) -1.6 -2.1 -3.5
e33

2 (pmV) 3.1 5.4 7.6
C11

2 (GPa) 390 396 223
C13

2 (GPa) 398 373 224

1 : in Ref. [13, 22]
2 : theoretical values
3 : theoretical values

Table 1.3: Spontaneous polarization of wurtzite III-Nitrides and polarization coefficients.

Since GaN is assumed to be relaxed on sapphire substrates, only spontaneous po-

larization is present in GaN while the total polarization field in AlGaN is the sum

of PPE and PSP . At the interface between AlGaN and GaN, the disparity of the

polarization field produces net charges given by

±σ = P AlGaN
Total − P GaN

SP (1.7)

Accordingly, the sheet charge density is described by

ns =
σ

e
(1.8)

As illustrated in Fig. 1.7, the net positive charge is present at the bottom of the

AlGaN surface due to the difference of the two polarization fields. In order to satisfy

charge neutral condition, the positive charges must be compensated by electrons

at the top of the GaN surface. These electrons form a Two Dimensional Electron

Gas (2DEG) also called sheet charges which are confined in a potential well. The

corresponding depth of the potential well is associated with the difference of electron

affinity between the two layers.

Figure 1.8 depicts PPE and PSP existing in relaxed GaN, strained AlGaN and

InGaN on the relaxed GaN. GaN and InN have similar PSP values, but PSP in
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- - -

+ + +
GaN

PSP

- - - - - - - - -

+ + + + + + + + +
AlGaN

PSPPPE

Figure 1.7: Polarization fields in AlGaN/GaN heterostructures.

AlN is two times larger than in GaN. Therefore both PSP and PPE are important

in AlGaN/GaN heterostructures while PPE contributes to the 2DEG dominantly in

InGaN/GaN heterostructures. Besides, two dimensional holes will be formed instead

of a 2DEG due to a net negative charge at the interface.

(a) GaN (b) AlGaN/GaN

(c) InGaN/GaN

Figure 1.8: Spontaneous (PSP ) and piezoelectric (PPE) polarization in nitride materials
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1.7 Outline of this work

The objective of this work is to optimize the material quality of III-Nitrides

grown on sapphire substrates by metal organic vapor phase epitaxy (MOVPE). Both

polar and non-polar nitrides were studied for high frequency and high power tran-

sistors and gas sensors.

Following the introduction made in this chapter, chapter II presents the details

of the MOVPE system recently set up in our laboratory along with an overview of

the growth mechanisms. The electrical and optical characterization systems used for

evaluating the nitride materials are also described.

The results on polar nitride material characteristics are presented in chapter III

and chapter IV. The optimization process of bulk GaN is presented first in chapter III

and followed by a discussion on nitride heterostructures in chapter IV. The growth

and device characterization results of AlGaN/GaN and AlN/GaN heterostructures

will be covered in chapter IV.

Growth of non-polar GaN will be discussed in chapter V. This chapter describes

the characteristics of non-polar GaN and presents the optimization results using

various nucleation layers along with results on devices fabricated on them.

Chapter VI is dedicated to the use of polar nitride materials in gas sensing

applications. The first part of this chapter covers gas sensors based on nitride Schot-

tky diodes. The gas sensing mechanisms and design parameters which impact the

gas sensitivity are discussed. In the last part of this chapter, GaN/air gap based

Fabry-Pérot Filters (FPFs) are discussed. The theory of distributed Bragg reflectors

and a one dimensional mechanical model for FPFs are reviewed. Design and simu-

lation results of GaN/air gap FPFs are presented together with growth and etching

experiments.
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A summary of the thesis work together with discussions on the observed results

are presented in Chapter VII. The final chapter indicates suggestion on future work.



CHAPTER II

MOVPE GROWTH SYSTEM AND MATERIAL

CHARACTERIZATION METHODOLOGY

This chapter describes the MOVPE growth system and material characteriza-

tion tools used for this work along with a brief introduction of their principles.

The first half of this chapter focuses on the issues related to the operation of

the MOVPE system. An overview of the MOVPE growth processes is presented first

to allow better understanding of the hardware used. The description of the Thomas

Swan MOVPE system used in this work is presented next. Since gas flow and material

growth are sensitive to the temperature of the substrate, the temperature calibration

process is also presented.

The second half of this chapter is dedicated to the characterization method-

ology. The importance of material characterization is significant since electrical,

structural and optical characteristics serve as a feedback for the subsequently follow-

ing steps necessary for layer design and quality improvement. Hall measurements and

Capacitance-voltage measurements are conducted for the characterization of electri-

cal properties. A Photoluminescence set-up is utilized in order to probe the optical

properties of the materials. Structural characterizations are carried out with a X-ray

diffraction system, atomic force microscopy, secondary electron microscopy and a

surface profiler. Impurities and atomic composition in grown layers were analyzed

19
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with secondary ion mass spectroscopy and X-ray photoelectron spectroscopy.

The laser interferometer, which allows in-situ monitoring of layer growth shall

also be discussed, since it provides better understanding of the surface and interface

roughness along with the growth rate.

2.1 Overview of reaction processes in MOVPE growth

There are many thermodynamic and kinetic processes involved with MOVPE

layer growth. However, the key reaction process in III-V MOVPE growth can be

expressed as follows.

AIIIR3 + BVX3 −→ AIIIBV + organic by-products (2.1)

R is a radical such as methyl (CH3) or ethyl (CH2CH5) or other organic groups and

X is usually hydrogen. AIII and BV are cations and anions, respectively. In case of

GaN growth, the main reaction is described as below.

Ga(CH3)3(g) + NH3(g) −→ GaN(s) + 3CH4(g) (2.2)

Here, g and s stand for gas phase and solid phase, respectively.

Figure 2.1 illustrates the possible processes of the chemical reactions in III

- Nitride growth [23]. The reactor design in this figure shows the design of the

TS MOVPE system. MO sources and NH3 are injected to the reactor through a

showerhead and transferred to the substrate. Due to the high temperature (> 900 ◦C)

in the reactor, the MO sources are decomposed completely and form various pyrolysis

products. MO Sources and/or pyrolysis products are transported and adsorbed to the

growth surface and then diffuse into growth sites. Finally the atoms are incorporated

into the growth film. By-products flow out to an exhaust line.
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Boundary Layer
NH3TMGa

Diffusion

Adsorbtion
Pyrolysis Desorption

Aduct Formation
TMGa-NH3

Surface Reactions

Temperature Control

Showerhead

GaN Layer

Sapphire Substrate

Figure 2.1: Reactions in a MOVPE reactor and on the substrate surface. After Ref. [23].

Pyrolysis and diffusion of a group III source through the boundary layer control

the growth rate. During this process, solid adduct formation between NH3 and the

MO source can deplete the precursor concentration. As a result, the growth rate

is reduced. A well known problem is the pre-reaction between NH3 and TMAl.

Parasitic deposition within the showerhead or on the reactor wall can also cause

low growth rate and poor film quality. Therefore, the reactor design has evolved to

suppress parasitic reactions and enhance the growth rate [24].

Depending on growth temperature, there are three growth regimes : (1) sur-

face kinetically limited regime, (2) mass transported limited regime and (3) surface

desorption limited regime [25, 26]. In the surface kinetically limited regime, the

growth rate is dependent on temperature as the cracking efficiency of MO sources

relies on temperature. Due to incomplete decomposition of the group III source, the

surface reaction rate is slower than the diffusion rate. Complete pyrolysis of TMGa
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is observed at temperatures above 500 ◦C and of TEGa for 300 ◦C in H2 and N2

environment [27]. However, the cracking efficiency of the alkyl sources depends on

pressure and surface conditions as well. In presence of NH3, full decomposition of

TMGa is observed above 650 ◦C [28].

In the intermediate temperature zone (600∼1100 ◦C), mass transport of the

alkyl source controls the growth rate dominantly. The temperature dependence

becomes negligible. Surface kinetics are faster than the diffusion rate so this regime

is termed also diffusion limited growth regime. Above 1100 ◦C, the growth rate

decreases due to Ga and N desorption from the surface (desorption limited regime).

Therefore, GaN growth is usually performed in the mass transported limited zone.

The amount of MO source supply to the reactor is given by:

fMO(μmol/min) =
fH2

22414(sccm/μmol)
· PMO

PBubbler − PMO
(2.3)

where, f H2 is the net hydrogen flow into the bubbler from the input mass flow

controller and PBubbler is the back pressure on the bubbler set using the output

pressure controller. PMO is the vapor pressure of the MO as a function of temperature

given from Eq. 2.4.

log [PMO] = B − A/T (2.4)

where, constants A and B are empirically determined for each specific MO source.

The properties of MO sources and their pressure and temperature coefficients are

summarized in Table 2.1.



23

Symbol Vapour
pressure at
25 ◦C (torr)

A B Melting
point
(◦C)

Remark

TMGa 238 1825 8.50 -15.8 Most common gallium source
TEGa 4.79 2530 9.19 -82.5 Best source for high purity but low

growth rates
TMAl 14.2 2780 10.48 15 Most common aluminum source,

high carborn incorporation
TEAl 0.041 3625 10.78 -52.5 Very low vapour pressure,
TMIn 1.75 2830 9.74 88 Most common indium source, high

carborn incorporation
TEIn 0.31 2815 8.94 -32 Liquid indium source, pre-reaction
DEZn 8.53 2190 8.28 -28 n-doping material
Cp2Mg 0.05 3556 10.56 175 p-doping material

Table 2.1: Properties of metal organic sources.

2.2 Overview of the Thomas Swan MOVPE system

The vertical-type close space MOVPE reactor system set up for this work is

given in Fig. 2.2 and its schematic is presented in Fig. 2.3. There are two separate

gas delivery lines used in order to suppress gas phase pre-reaction between ammonia

and the MO sources. The upper gas line carrying ammonia and silane is called the

hydride line (Group V) and the lower gas line carrying the MOs is called the alkyl

source line (Group III). Alkyl, hydride and carrier gases are directed into the run

lines or vent lines through Epifold vent/run manifolds. Run lines are led to the

reactor and vent lines are led to an exhaust system.

Two Epifold vent/run manifolds are fitted between the upper and the lower

vent and run lines for stabilizing the input flow and pressure into the reactor. This

ensures a smooth transition when the precursors are switched into or out of the

reactor. Smooth transitions can be further enhanced by using a make-up line (LM1,

LM2 for the lower gas line and UM1 and UM2 for the upper gas line, see Fig. 2.3)

and a differential pressure control system.
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Figure 2.2: Image of the 3x2 ” Thomas Swan MOVPE system used in this work.

Figure 2.3: Schematic of the Thomas Swan MOVPE system used in this work.
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An Epifold is a linear block of stainless steel with an axial 6 mm hole. Process

gases flow with a high velocity along its length through this hole. The vent and run

lines are connected to the Epifold by three way solenoid valves. When the valve is

activated, process gases are directed into a run line or to the vent when the valve

is in its normal state. The dead volume of the valve is as small as 0.02 cc so that

efficient switching of MOs from a vent line to the reactor or vice versa is possible

without interface smearing due to diffusion effects.

The purpose of differential pressure control is the prevention of any unwanted

gas flow effects when the pressure in the vent line is not equal to the pressure in the

run line. The pressure change occurs since the flow of the MOs, ammonia and carrier

gas can be continuously changed during the growth process. The pressure difference

in these two lines causes gas back-streaming, slow switching transition and unwanted

mixing effects. In order to compensate the pressure difference, a differential pressure

transducer (MKS Baraton type 223B) is fitted between the vent and the run lines.

The zero differential pressure point between two lines can be set by adjustment of

additional manual valves. The output voltage signal of the transducer is connected

to an MKS 260 feedback control system. The output driving signal of the MKS 260

connected to a mass flow controller (MFC) of the vent line modifies the flow in the

vent line corresponding to the differential pressure.

Despite the above described design considerations, the transient conditions may

still affect the growth characteristics while the differential pressure is completely cor-

rected. Especially in the growth of nitride heterostructures and alloys, pressure

change becomes more serious due to abrupt and frequent switching of the flow of

the MOs. The consequence of poorly controlled transitions is degradation of the

electrical and optical performance. For example, in AlGaN/GaN heterostructures,
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the mobility of the 2DEG is highly sensitive to the interface quality. In InGaN/GaN

Multi Quantum Well (MQW) structures, the optical emission peak position is de-

pendent on the accuracy of the In amount in the InGaN alloy and the peak intensity

can be reduced by a poor interface quality between InGaN and GaN. Therefore, two

make-up lines are implemented. The make-up lines compensate for the amount of

precursor flow changes by flowing an equivalent quantity of hydrogen to either the

vent or run line. The amount of make-up gas (H2 in this system) is determined prior

to the beginning of the process via the control software.

Two types of carrier gases are available for the described system: nitrogen and

hydrogen. 99.999 % hydrogen, moisture of which is further removed by an absorber

(supplied by Air Liquid), is used as carrier gas for bulk GaN and AlGaN/GaN het-

erostructure growth in our research. For InGaN MQW growth, 99.999 % nitrogen

is used. The purity of the carrier gas affects the properties of the grown films by

introducing impurities, defects and stress. Since the MOs strongly react with mois-

ture and oxygen, the carrier gases must contain these elements as little as possible.

The dew point of N2 and H2 are therefore monitored by a Panametric hygrometer to

maintain a moisture level as low as a few ppm in our MOVPE system. As hydride

source, 99.9999 % ammonia is used. 50 ppm silane diluted with 99.999 % hydrogen

is used for n-type doping.

There are five MO sources installed in our system: two TMGa, TMIn, TMAl

and Cp2Mg. One of the TMGa sources is connected to a double dilution system and

the other one is connected to a single dilution system. The double dilution system

has an additional dilution MFC at the input MO lines. In case the dynamic range

(maximum flow rate/minimum flow rate) of the process exceeds the dynamic range

of a single MFC (20 in the given system) the second MFC is required to control
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specially very low flow rates. TMGa connected to the single dilution system is used

for bulk GaN growth or AlGaN growth. The other Ga source connected to the

double dilution system is used only for the growth of GaN wells in InGaN/GaN

MQWs which requires a dynamic flow range above 20.

(a) (b)

Figure 2.4: (a) Schematic of the TS reactor. (b) The top view of the susceptor. There are
three 2” wafer pockets and three heating zones marked by A, B and C.

Hydride and alkyl sources flowing in the run lines are delivered into the re-

actor through the shower head. The schematic of the reactor is illustrated in Fig.

2.4(a). The shower head features many small size (about 1 mm diameter) holes, so

called orifices. The density of these holes is about 100 per square inch. Orifices for

the Alkyls and hydride sources are aligned side by side and distributed uniformly

across the entire showerhead (S/H) in order to suppress pre-reaction between them.

The distance between the S/H and the susceptor is less than 2 cm. It prevents re-

circulation of gases so that free convection can be reduced. This design improves

uniform gas mixing and enhances the growth rate, interface abruptness and process
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reproducibility.

Three 2 ” sapphire substrates sit on a graphite susceptor coated with thin sil-

icon carbide (SiC) and rotate via a Ferrofluidic double magnetic fluidTM bearing

system during the growth. The rotation of the substrate enhances the uniformity

of the gas flow. Underneath the graphite susceptor a resistive tungsten heater is

mounted consisting of three separate tungsten coils. The heating zones are defined

corresponding to the coil locations as Zone A (the center), Zone B (the middle) and

Zone C (the outermost) as seen from Fig. 2.4(b) and the ratio of electrical power

for each zone can be controlled. The substrate temperature is measured by a ther-

mocouple (TC) which is located at the small recess underneath the susceptor. The

TC output lead is connected to a feedback temperature controller (Eurotherm 2216)

to maintain the growth temperature setpoint. However, the position of the TC is a

few millimeter below the susceptor. Its position is adjusted manually. A significant

difference exists, therefore, between the real temperature of the substrate and the

TC reading temperature. In order to know the accurate substrate temperature and

ensure temperature uniformity across the substrate, optical pyrometers are employed

to monitor the surface temperature. There are three optical ports for checking the

temperature of the three heating zones as shown in Fig. 2.4(b). Details about the

temperature calibration process will be discussed in section 2.3.

The stainless steel jacket enclosing the reactor chamber and the S/H are cooled

by water to ensure the rubber o-ring seals are not damaged. These o-rings can

withstand up to ∼200 ◦C while the growth temperature is much higher than that.

The cooling water temperature for the S/H is kept at 45 ◦C by using a heat exchanger

so that deposition on the S/H and memory effects of Cp2Mg are reduced. Normal

tap water is provided to the reactor jacket in order to prevent parasitic reactions
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with sidewall depositions. The TS system requires a constant water flow rate of

more than 1 slm. Any interruption of the cooling water flow will trigger an interlock

system so that the system is safely shutdown without any safety risk.

When over pressure builds up in the reactor, the pressure is relieved in two

ways. If the reactor pressure reaches 950 torr for some reason without power loss,

the system opens a normally closed (NC) valve and relieves the overpressure. On

the other hand, if reactor over pressure occurs due to a power failure, pressure will

be relieved by a normally open (NO) valve which is connected to the exhaust system

via a 3 psi check valve. This check valve needs regular checking. Any damage to this

check valve can lead to major leaks in the reactor. Figure 2.5(a) shows the image of

the S/H of our system which was contaminated due to a reactor leak. The image of

the normal S/H with regular GaN deposition is presented in Fig. 2.5(b).

(a) (b)

Figure 2.5: Image of the showerhead taken (a) after reactor leak and (b) before reactor
leak.
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The reactor pressure is controlled using an MKS253 throttle control valve and a

feedback controller (MKS651) connected to the reactor absolute pressure transducer

with a range of 10 ∼ 1000 torr. The feedback controller is connected to the gate valve

and controls the valve position in order to maintain set-pressure. The first system

pump used was an Alcatel 200 mechanical oil pump. The downside of mineral oil

pumps is oil back-streaming to the reactor and oil contamination in the exhaust

line. Also this pump has a heating problem due to the aggressive ammonia. After

several electrical failures due to the heating problem and damages to the shafts, it

was replaced by an EDWARD QDP40 dry pump. Its capacity is ∼1200 slm and its

body and motor are water-cooled. Since it does not need any oil lubricants, cleaner

operation is possible. Excess gases and by-products in the reactor are directed to

a pump. Two filters, a post reactor filter and a pall filter are installed in order to

protect the pump. The post reactor filter is a stainless mesh filter. It traps relatively

large particles during the nitrides growth. The second filter is a large area fine filter

with a pore size of 6μm.

Since MOVPE growth uses toxic gases and hydrogen, special treatment of any

toxic chemicals from the reactor exhaust and vent line is necessary. Therefore a

scrubber was set up which allows both thermal and wet treatment. In a ceramic

heat chamber, H2 and MOs are burnt into moisture and oxides at 750 ◦C. Most of

the ammonia is diluted with water and then neutralized in a wet chamber.

In order to control the pneumatic valves for the MOs, carrier gases and am-

monia, the pressure of the compressed air necessary always has to be maintained at

80 psi. An air pressure drop below this pressure leads to a failure of the valves. In

order to ensure the operation of pneumatic valves, an N2 bottle was connected to the

air supply line via a 3 psi check valve. It allows to operate pneumatic valves even if
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the pressure of the compressed air drops.

The gas and MOs valves can be controlled either manually or automatically.

However, only manual setting is allowed to control the heater, substrate rotation

and reactor purge gas flow. This is one of the drawbacks of our system. Ramp

up and ramp down times for substrate heating and rotation are not automatically

synchronized with other steps. This may cause instable purge gas flow and induce

stress in the grown film. Many trial and error iterations are required in order to

optimize these conditions. However, the possibility to handle gas and MOs valves

manually during the process allows to correct the growth process for any reasons of

safety or flaw in the growth recipe promptly.

The integrated interlock system returns the system into a safe state provided

that any problem as follows occurs: water flow stop, reactor over pressure, low

extraction flow, low pneumatic air pressure, system door open during the process,

any abnormal events with the ammonia gas bottle cabinet, reactor open. In this

event, the 24 V power controlling the pneumatic valve is cut and Epifolds switch the

MOs and gases from the reactor to the vent line. The bubbler sources are disabled

and then purged by nitrogen.

The reactor chamber is enclosed by a total loss glove box. 99.999 % N2 flows

constantly so that the moisture level inside is maintained at about ∼20 ppm. The

separation of the reactor from the normal ambient environment reduces the possibil-

ity of contamination. However, a large amount of N2 consumption is the downside

of the total loss glove box.

The Thomas Swan (TS) system used in this work is equipped with an Epison

controller. This equipment is based on ultrasonic velocity measurement and is able

to control MO flow very accurately (∼ppm). For the growth of any In alloys such
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as InGaN MQW, this controller is very useful since very small amounts of different

In incorporation can produce inhomogeneous quality.

2.3 Temperature calibration

Prior to the actual GaN growth, the susceptor temperature has to be calibrated.

This procedure is important because of the discrepancy between the thermocouple

(TC) reading temperature and the real temperature of the wafer which sits in the

susceptor. Since the heater is controlled by the TC read-out temperature, the dif-

ference between these two values must be corrected. Otherwise, the material quality

can be degraded in many ways. A small deviation of growth temperature of the NL

layer is detrimental to its quality and consequently degrades the quality of high tem-

perature GaN layer grown on top of it. In addition, accurate temperature calibration

will improve the uniformity of the wafer since the temperatures of all three heating

zones are calibrated to be equal or less than 1 % off.

The principle of the susceptor temperature measurement is the black body

radiation. Infrared radiation from the heated susceptor surface propagates via the

optical probes and is measured by an optical pyrometer. A minimum of three probes

is necessary for a temperature calibration of the three corresponding heating zones

(see Fig. 2.4(b)). The optical probes consist of a quartz rod inside a stainless steel

jacket and an o-ring and have to be calibrated with respect to a reference system.

An OMEGA CN920 black body furnace was used for this purpose. The radiation

of the furnace was measured via the optical probes and the values were mapped to

the furnace set temperature accordingly. From this relation, linear coefficients (slope

and intercept) of the probes are extracted. Optical probes with ideal conditions will

allow very small deviation from the set-values. Therefore, the slope will be close to
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(a) (b)

Figure 2.6: Linear parameters of the optical probes measured at different times. (a) Slope
and (b) Intercept.

one and the intercept value will be very small.

Figure 2.6 shows that the linear coefficients of the optical probes are signifi-

cantly different depending on the quality of the probes. With the probes used in our

experiment in the year 2005, the quartz rod was chipped and the metal jacket was

damaged. Due to this, the slope and the intercept of the probes are significantly off

from the ideal case. Once these damaged quartz were replaced by new ones in the

year 2006, better correlations were obtained. However, the optical probe characteris-

tics drifted again in a second measurement in the year 2006 due to the thin coating of

the quartz rod which occurred during the calibration process. After the calibration

of the optical probes, they are inserted into the optical ports in the showerhead as

seen in section 2.2 in order to be able to read the susceptor temperature. In this

process, a temperature look-up table referring the real susceptor temperature to the

TC setpoint was completed for the different growth temperatures (e.g. nucleation

layer growth temperature and main layer growth temperature).

Although temperature calibration ensures the correct temperature of the sub-

strates, several remaining problems with this method must be manifested. Firstly,
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the temperature read by the optical pyrometer is highly sensitive to the actual state

of the optical probe as mentioned above. Oxidation or any damage of the optical

probes in the course of several growth runs must be accounted for.

Secondly, significant temperature deviation must be addressed among different

susceptors due to the emissivity of the suscptor. Thirdly, the emissivity of a susceptor

can even change due to the deposition of growth by-products. Especially, the impact

of AlN deposition is significant by more than 200 ◦C. To overcome these issues, a quick

and simple method is proposed [29]. The temperature of the three zones is calibrated

with a reference susceptor which has not been used for growth at all. Since it has not

been used for growth, no change of emissivity is ensured. For the susceptors being

used, only the temperature of the growth pocket (zone B) is measured and calibrated

with respect to the reference susceptor. This requires a spare susceptor and perfect

uniformity of the suscptor is assumed. However, this method was evaluated to be

adequate for this works purpose.

2.4 Material characterization methodology

2.4.1 Naked eye characterization

Naked eye characterization is a simple and quick method to evaluate layer

quality as soon as a thin film is unloaded from the growth reactor. Good quality

III-Nitride layers grown on sapphire wafers have smooth and transparent surface.

Any quality degradation can be indicated by roughness and color of the surface. The

drastic change of thickness across III-Nitride layers can be indicated by a color ring

pattern on the surface.
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2.4.2 Optical microscope

Another powerful visual inspection tool is an optical microscope. It can provide

surface morphologies in detail: defects, scratches and particles. In particular, when

it is equipped with a Nomarski differential interference contrast system, the surface

feature contrast of the layer is enhanced further.

2.4.3 Hall effect measurement

Hall effect measurements give information about sheet resistance, carrier den-

sity and Hall mobility of semiconductor layers. In this work, Hall effect measure-

ments are used to characterize bulk GaN and AlGaN/GaN heterostructures as will

be presented in chapters III and IV.

The importance of RT Hall measurements for bulk GaN has three aspects.

Firstly, an estimation of structural defects such as threading dislocations (TD) can

be obtained in undoped GaN since the Hall mobility is strongly sensitive to TD den-

sities. Secondly, the carrier density of undoped GaN given by RT Hall measurements

provides information about the background carrier density associated with impurities

and defects. Lastly, doping efficiency can be estimated for doped GaN by measuring

the carrier density corresponding to the silane or Cp2Mg flow.

In addition to room temperature Hall measurements, extensive information

about the grown layers can be obtained by conducting temperature dependent Hall

measurements. The electron Hall mobility is limited by different scattering mecha-

nisms such as acoustic phonon, optical-phonon, ionized impurity, interface and dis-

location scattering. These are strongly dependent on temperature. Ionized impurity

scattering, interface scattering and dislocation scattering are, in particular, related

to material quality and show different temperature dependence. Therefore, material
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quality can be evaluated accordingly by the Hall mobility measured as a function of

temperature. Measurement of carrier density as a function of temperature provides

the activation energy of impurities and dopants. By comparing free carrier density

and total impurity density, the compensation ratio can also be extracted.

Temperature dependent Hall measurement is a useful tool for confirming the

presence of a 2DEG in AlGaN/GaN heterostructures. The effective mobility of both

bulk and a 2DEG are limited by the polar optical phonon scattering at temperatures

above 170 K. Below this temperature, however, the two mobilities show a different

trend. The 2DEG mobility slowly increases as the temperature is reduced. In con-

trast, the mobility of bulk GaN decreases steadily due to ionized impurity scattering.

In spite of all benefits from temperature dependent Hall measurement, in this work,

only room temperature and 77 K Hall measurements are carried out due to the fact

that our measurement system can be cooled effectively by liquid nitrogen but does

not have the necessary compressor for controlling the operating temperature.

In our Hall measurement set-up, a standard electromagnet with a field strength

of 1000 Gauss is used and a Keithley 236 source measurement unit is used as a cur-

rent source. The current range of this equipment is 1 nA∼1 mA. It can characterize

materials having a sheet resistance of up to 106 Ω/�. For even higher resistive ma-

terial, a low current source (pA) and additional effort to make good ohmic contacts

are required. All the measurements were done in a dark environment in order to

avoid noise induced by photocurrent.

For conductive materials, ohmic contacts are formed by Indium dots at the

four corners of the wafer chip and consequently annealed at 400 ◦C for about 5

minutes. If the material is undoped bulk GaN and/or resistive, a Ti/Al/Ti/Au

(25/120/12/300 nm) multi layer is deposited by e-beam evaporation and annealed at
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850 ◦C for 30 seconds. The principle of Hall effect measurements is described below.

In order to measure the sheet resistance, the van der Pauw technique is used.

This is a very useful method since it can be applied to any arbitrary sample shape.

However, the ohmic contacts have to be located at the periphery of the sample

(preferably at the corners) and the contact size and thickness of the thin film must

be much smaller than the distance of two contacts. For the case of a rectangular

sample, Ra and Rb must be measured to deduce the sheet resistivity as shown in

Fig. 2.7. The resistances Ra and Rb are obtained by applying a constant current I

through two contacts and measuring the voltage V at the other two contacts.

(a) measurement for Ra

(b) measurement for Rb

(c) measurement for Hall voltage

Figure 2.7: Configurations of van der Pauw measurement.

With the assumption that all ohmic contacts and the uniformity of the sample

are good, two measurements of the resistance for two different polarities are enough
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to determine Ra and Rb. From the relationship between Rs, Ra and Rb given in

Eq. 2.5, the numerical solution of Rs is described by the measured voltages VAB,DC ,

VBC,AD and their average voltage Vavg as shown in Eq. 2.6

exp(−πRa/Rs) + exp(−πRb/Rs) = 1 (2.5)

Rs = d ∗ π

ln 2
f ·

(
VAB,DC

VBC,AD

) (
VAvg

I

)
(2.6)

Rs is now replaced with the sheet resistivity ρs which is obtained by dividing Rs by

the thickness d of the conducting channel. Here f is the van der Pauw geometry

factor. Its solution can be numerically calculated from the following equation.

VBC,AD − VAB,DC

VBC,AD + VAB,DC
=

f

ln 2
arccos

(
exp(ln 2/f)

2

)
(2.7)

The DC current I applied to a sample should be controlled so that the power dissipa-

tion is no more than 5 mW. Heating the crystal increases phonon scattering and leads

to a higher resistivity. Measurement in a dark environment avoids errors caused by

photoconductive noise. This becomes very important when a high density of defects

exists in the thin films.

In order to determine the carrier density N and the mobility μ, Hall voltage

measurements are required along with van der Pauw method measurements. When

holes and electrons are present in a semiconductor and the magnetic field Bz (coming

out of the plane of the paper in Fig. 2.8) is applied to them in perpendicular direction

to their movement, both electrons and holes move in y-axis direction due to the

Lorenz force F = qvxBz. A pile of charges generates a counter electric field Ey which

prevents further electrons or holes from accumulation. The differential voltage due

to this electric field is termed the Hall voltage VH = Ey ∗ w.

From Fig. 2.8, the total net current density in y-direction (Jy) is zero at
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Figure 2.8: Hall effect in a semiconductor.

equilibrium state.

Jy = Jh + Je = eNpvhy + eNevey = 0 (2.8)

Here, Np and Ne are the hole and electron carrier density, respectively. However, the

net force on holes and electrons along the y-direction is given by the Lorenz force

and the counter electric field as below.

Fhy = eEy − evhxBz and − Fey = eEy + evexBz (2.9)

Replacing the net force with the drift mobility and drift velocity terms and consid-

ering current equilibrium state from Eq. 2.8, Eq. 2.9 becomes,

Ey(Npμh + Neμe) = BzEx(Npμh
2 − Neμe

2) (2.10)

When the total current density along the x-direction (Jx) is described in terms of

Ex, the Hall coefficient RH is defined as below.

RH =
Ey

BzJx

=
Npμh

2 − Neμe
2

e(Npμh + Neμe)2
(2.11)
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The sign of RH shows the carrier type of the semiconductor and it depends on

doping and temperature since drift mobility and carrier concentration are a function

of temperature. Hall mobility and sheet carrier density are calculated from the

known magnetic field and the change in voltage with and without the presence of

the magnetic field as below.

μHall = 108

(
ΔVAC,BD

Bzρs

)
and n =

1

qρsμHall

(2.12)

2.4.4 Capacitance-Voltage measurement

Capacitance-voltage (C-V ) measurements can provide information about car-

riers and impurities in semiconductors. The carrier concentration profile versus de-

pletion depth confirms the presence of a 2DEG explicitly as can also be confirmed

by low temperature Hall mobility measurements. Besides, the location of the 2DEG

can approximately be estimated.

Figure 2.9 shows a typical structure of a Schottky diode and its small signal

equivalent circuit model. Since the substrate used in this work is resistive, the ohmic

contact is placed on the same side of the Schottky contact. When reverse bias is

applied to a Schottky contact, mobile charges move away and cause a depleted space

charge region of the width wd inside the semiconductor.

Ohmic Schottky

C

Ohmic Schottky

C

2DEG

Figure 2.9: Small signal equivalent circuit model of the Schottky diode structure under
reverse bias. After [30].

When the junction is assumed to be a parallel plate capacitance, the depletion
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depth wd is given by:

C =
εsε0A

wd
(2.13)

where, A, εs and ε0 are the area of the Schottky contact, the relative dielectric con-

stant and the free space permittivity, respectively. In case where the semiconductor

doping varies with distance, the space charge is not constant and will be given by:

Q = A

∫ wd

0

N(w)dw = −CV (2.14)

Here N(w) is the doping concentration at the depth of w. Consequently, an increment

in voltage dV results in an increment in Qs. From the differential of Eq. 2.14 and

by replacing dw/dV with (dw/dC)(dC/dV ), the following equation can be obtained

[31].

Nd(wd) = − C3

qεsε0A2 dC
dV

= − 2

qεsε0A2
d 1

dC2

dV

(2.15)

The profile of the carrier concentration Nd(wd) can be plotted with respect to

depletion depth wd from Eq. 2.15.

2.4.5 Photoluminescence characterization

The principle of photoluminescence (PL) spectroscopy is construed by sponta-

neous emission from a given material. When electrons in a given material are excited

by an external optical energy, they transit from a ground state to an excited state.

Conversely when excited electrons return to the ground state, they will lose energy

in some ways. This latter process is referred to a electron-hole recombination pro-

cess. In particular, a recombination process involved with emitting light is termed

as radiative recombination or spontaneous emission.

Figure 2.10 presents the various cases of electron - hole recombination. Ra-

diative recombination occurs when an electron transits from the conduction band
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to the valence band or from the donor to the valence band or from the conduction

band to an acceptor via processes (a)-(c). These processes are related to the band

edge emission since the corresponding photon energy is close to the bandgap en-

ergy of GaN. Defects at deep levels produce non radiative recombination by emitting

phonons instead of photons in process (d).

(a) (b) (c) (d)

Figure 2.10: Recombination process of electrons and holes in GaN via (a) conduction band
to valence band, (b) donor site to valence band, (c) conduction band to ac-
ceptor site, (d) non-radiative recombination. After Ref. [32].

If high quality undoped GaN is assumed, its PL spectra will show a sharp peak

at the wavelength corresponding to the band edge emission. However, broad peaks

are also in general observed beside the band edge peak. They are associated with

impurities which are incorporated in UID GaN and occupy either donor or acceptor

sites. Impurities can also create deep level defects so non-radiative recombination

will occur. Hence, the PL intensity will decrease accordingly.

Since carriers at shallow defect states (close to the bands) are thermally in-

activated at low temperatures (<<300 K), all three radiative recombination paths

become stronger while they give very weak peaks in the RT PL spectrum. In low

temperature PL spectrum data, the band edge spectrum provides information about

strain, acceptors, donors, free excitons, binding energies by analyzing the position,

intensity and full width at half maximum of the respective peaks. These features

are strongly related to material quality. In undoped GaN, the presence of a strong
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donor peak manifests a high background carrier density originating from intention-

ally or unintentionally incorporated impurities. On the contrary, if a peak related

to acceptors exists in undoped GaN, this implies the existence of acceptor states

from structural defects or intentionally or unintentionally incorporated impurities.

Therefore, PL is another tool which verifies the resistive characteristics of GaN along

with Hall measurements.

Although band edge PL spectra can give overall ideas about the type of impuri-

ties (either donor type or acceptor type), it is difficult to identify the origin of defects.

Therefore it is necessary to measure the PL spectra below the band edge. This can

give more detailed information about defects since specific defects are involved with

different peaks shown in the range of wavelength from 380 nm to 700 nm.

The PL measurement set-up used in this work is illustrated in Fig. 2.11. A

55 mW He-Cd laser (center wavelength λ=325 nm) was used as an optical source in

this work. Its power density at 325 nm is about 2 W/cm2. The excitation energy of

our source is equivalent to 3.82 eV. It can probe bulk GaN (Eg=3.4 eV) and AlGaN

with Al compositions up to 12 %. A 325 nm line filter is used in order to block other

ranges of wavelengths.

After the broadband dielectric UV mirrors and a UV silica convex lens, the

light incidents on the sample (typically 7mm x 7mm) mounted in a cold stage. The

temperature of the cold stage is controlled between 10 K and 320 K by a He recircu-

lation cryostat and a heating element. Emitted light from the sample is focused by

an UV lens into the spectrometer. A 340 nm long pass filter before the entrance slit

of the monochrometer reduces diffuse laser reflections into the detection system. The

PL signal is detected by a Spex 500M monochrometer which is connected to a pho-

tomultiplier tube (PMT). The grating inside the monochrometer has 1200 lines/mm
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Figure 2.11: Schematic of the photoluminescence (PL) measurement set-up.

with 400 nm blazes.

In summary, PL is a non-destructive powerful technique to investigate electrical

and optical characteristics of GaN. It provides not only the information of defects in

GaN but also the information about surface roughness, interface roughness, impurity

levels and alloy disorder since PL originates near the surface of the material. In this

work, low temperature PL measurement was employed to confirm the presence of

acceptors in resistive GaN. (see chapter III).

2.4.6 X-ray Diffraction

The X-ray Diffraction measurement technique is a powerful method to investi-

gate crystalline quality, composition, thickness, strain, lattice mismatch, surface and

interface roughness of grown layers. In this research, a BEDE D1 high resolution

X-ray diffraction system (HR-XRD) was used in order to characterize the structural

properties of nitride materials. The set-up configuration of this system is presented

in Fig. 2.12.

The X-rays are generated from a 2.2 kW water-cooled Thales X-ray tube. Since
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the X-ray beam scattered by the crystal-under-test is broadened by the geometrical

and spectral divergence of the incident X-ray beam, a Si channel cut crystal (CCC) is

used for beam collimation. In order to achieve very high resolution (about 5∼12 ”),

two CCCs have to be used in the asymmetric configuration. However, it reduces

beam intensity so it is not applicable to the measurement of nitrides.

Due to the relatively low intensity of the beam scattered from nitride materials,

one CCC and a 100μm precision slit after the CCC are used for beam collimation.

The slit allows only passing of CuKα1 (λ=1.54056 Å). Beam divergence due to the

limitation of this set-up configuration is about 30∼40 ”. However, this is still ac-

ceptable for nitride materials because the resulting peak width in nitride materials

is much larger than this beam divergence due to the high structural defects in this

material system.

Figure 2.12: Schematic of X-ray Diffraction measurement set-up.

When X-rays scatter with atoms in adjacent crystal planes at a specific angle,

the scattered X-rays interfere constructively (see Fig. 2.13). This angle terms as

Bragg angle (θB) and the Bragg condition is given in Eq. 2.16.

mλ = 2dhkil sin θB (2.16)

where h, k, i and l are the Miller indices, dhkil the spacing between neighboring

planes and m is the order number of the reflection from the planes. In a hexagonal
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structure, dhkil is calculated as below.

dhkil =
1√

4
3

(
h2+hk+k2

a2 + l2

c2

) (2.17)

where a and c are the in-plane and out-of-plane lattice constants, respectively. The

hkil plane is equivalent to the hkl plane since i + h + k = 0 [33].

(a) (b)

Figure 2.13: Schematic of (a) a X-ray beam scattered by a plane with lattice spacing d and
(b) an incident and scattered beam under Bragg condition.

In order to evaluate the structural defects in bulk GaN, the ω-rocking curve is

measured. With this measurement it is possible to estimate quality parameters such

as lattice tilt, wafer curvature, screw-type dislocations, edge-type dislocations and

mixed-type dislocations and mosaicity as depicted in Fig. 2.14. During the scan,

only the sample is moving along the ω axis while the detector position is fixed at 2θB.

Since the detector does not move, only one lattice plane spacing impacts the scan. It

is important to note that at least two ω scans have to be performed. Scanning with

respect to both the symmetric reflection plane and the asymmetric reflection plane

is necessary in order to evaluate different types of dislocations.

XRD measurements together with Transmission Electron Microscope (TEM)

studies for different qualities of GaN showed that the peak broadening in the symmet-

ric rocking curve can be attributed to screw-type dislocations because the scattered

X-ray beam is reduced by inconsistent lattice plane spacing (tilt of the mosaic struc-
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ture). On the other hand, the asymmetric rocking curve is broadened by edge-type

and mixed dislocations due to the twist of the mosaic structure. The origin of GaN

mosaic structures and dislocations are sub-grains which form during the growth mode

transition in heteroepitaxial growth of bulk GaN. Fig. 2.14(c) illustrates a mosaic

structure consisting of many sub-grains. As sub-grains are tilted or twisted against

each other, screw-type dislocations, edge-type and mixed dislocations are generated.

Details about the growth mode transition will be presented in the following chapter.

(c)(b)(a)

Figure 2.14: Structural defects in GaN. (a) screw-type dislocation, (b) edge-type disloca-
tions, (c) mosaicity of GaN. After Ref. [34].

Symmetric rocking curve measurements are performed under the condition that

the lattice plane is parallel to the surface normal. Planes interrogated here have

Miller indices of h = k = 0 so for example [002] or [004]. θB of each symmetric plane

is provided by the BEDE D1 software. In contrast, asymmetric measurements are

more complicated than symmetric measurements, as the angle of the incident X-ray

beam (θB) is set by the Bragg angle and φ being the angle between the surface

normal and the diffraction plane normal. In a hexagonal crystal, φ is given as below.

cosφ =
l/c√

4
3

(
h2+hk+k2

a2 + l2

c2

) (2.18)

Two asymmetric rocking curve measurements are possible depending on how
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the sample axis angle ω is determined. In Grazing Incidence (GI) system configu-

ration or Grazing Exit (GE) system configuration, ω is given by either θB − φ or

θB + φ, respectively. Due to the limitation of the detector position, GI geometry is

used in this research. Figure 2.15 illustrates a GI scan set-up.

Figure 2.15: Schematic of Grazing Incidence (GI) XRD scan set-up.

Typical bulk GaN has an (002) FWHM of about 200∼300 ” and a (102) FWHM

of about 400∼550 ”. Since the FWHM of the symmetric and asymmetric plane is a

measure of the TD density, the mechanism of sheet resistance change of bulk GaN

was investigated in correlation with the (002) and (102) FWHM in this work. It will

be discussed in section 3.3.

In this work, coupled ω-2Θ scans and X-ray reflectivity (XRR) are employed

to characterize AlGaN/GaN heterostructures and optimize them accordingly. A

coupled ω-2Θ scan is performed by moving both the sample and the detector in a 1:2

ratio simultaneously. In this case, various lattice plane spacings can be investigated.

The scan is sensitive to the lattice constant and gives information about strain.

Besides, the Al composition can be extracted from the peak separation between

GaN and AlGaN layers (see also section 4.2). A series of coupled scans at different
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sample angle offsets builds a reciprocal space map. This is a useful tool to analyze

the AlGaN lattice relaxation in AlGaN/GaN heterostructures. Detailed discussion

about stress analysis by XRD can be found in Ref. [35].

The grazing incident (GI) XRR method allows to measure thicknesses of 5∼

500 nm and a layer roughness less than 30 nm. Its principle is based on grazing

incident X-ray scattering. At small incident angles, θ, below some critical angle

θc, the X-ray beam is totally reflected from the solid surface because the refractive

index for X-rays is less than one. θc depends on the electron density, scattering factor,

atomic number of the material and the wavelength of the incident beam. Above this

θc, the X-ray beam penetrates the surface and variations in electron density through

the sample give rise to a distribution of the scattered intensity as the incident angle is

varied. Using this method, the AlGaN layer thickness which is typically below 30 nm

can be characterized. Since it is impossible to measure such ranges of thicknesses by a

conventional SEM, XRD is a useful tool for the characterization of heterostructures.

2.4.7 Atomic Force and Scanning Electron Microscopy

Atomic Force Microscopy (AFM) allows to measure the surface topography on

a scale from a few Å to 100μm. While a cantilever probe holding a stylus with a

radius of a few nm scans over the surface, the cantilever is deflected according to

Hooke’s law due to the interaction between the tip and the sample surface. The

variation of the tip height is measured by a laser signal which is reflected from the

tip into a photodiode. In order to avoid the tip being crushed by the surface in case

of very rough samples, the interaction force between the tip and the surface can be

held constant by an additional piezoelectric actuator.

In general, three scanning modes are available depending on the physical con-

tact between the tip and the sample surface: contact mode, intermittent-contact
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mode and non-contact mode. The contact mode is also known as repulsive mode

due to the associated force between the tip and the sample. In this mode, an AFM

tip gradually approaches the surface until the atoms are in contact. As a result of

repulsive van der Waals forces between the tip and the atoms, the cantilever will

bend to keep the tip away from the surface. The disadvantage of the contact mode

are probable surface damage and lateral force due to the changes in friction and

slope.

Intermittent-contact mode (tapping mode) is employed in order to address

these issues. In this mode, the cantilever is oscillated at its resonant frequency in air

or other gases and positioned above the surface. Therefore, it only taps the surface for

a very small fraction of its oscillation period. Lateral forces are consequently reduced

compared to the contact mode. Besides, it is useful for samples having a very soft

surface since the duration of contact with the surface is very short. Finally, the non-

contact mode is a powerful method to characterize magnetic force or electrostatic

force materials with the assumption that the van der Waals force and the capillary

force can be ignored.

In this study, a Digital Instruments Nanoscope IIIa AFM with a 20 nm SiN

probe mounted was used. Figure 2.16 illustrates its schematic and a detail view of

the optical head. It can operate either contact or tapping mode.

AFM provides information about surface roughness, growth mode changes and

dislocation density. In this work, our bulk GaN grown on c-plane sapphire substrates

measured by AFM showed a root mean square (RMS) surface roughness value of

about 1.5∼3 Å. In contrast, non-polar bulk GaN grown on r-plane sapphire substrates

exhibited much rougher surfaces with a RMS roughness >2 nm. By counting the

number of growth step termination defects at the surface, the mixed-type and pure
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Figure 2.16: Schematic of AFM (left) and optical head (right). The main components of
the optical head are: laser (1), mirror (2), cantilever (3), tilt mirror (4) and
photodetector (5). After Ref. [37].

screw-type dislocation density was estimated to be about 109 cm−2 [36]. However,

edge-type dislocations cannot be observed by AFM as they do not terminate at the

surface and are usually too small to be resolved by AFM.

A Scanning Electron Microscope (SEM) was also used for the measurement of

film thickness and surface topography. The basic principle of a SEM is projecting

a focused electron beam on the sample surface and detecting electrons which are

scattered after the collisions between the electron beam and atoms at or near the

sample surface. A SEM consists of an electron gun, an anode, a vacuum chamber,

electron lens and coils for focusing. The image of the sample surface is represented

by brightness contrast. It is generated by photons as the emitted electrons from the

surface collide with a scintillator material.

After the incident electron beam collides with atoms, electrons with various en-
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ergies can be detected as shown in Fig. 2.17. Electrons with energies of 2∼10 keV are

called secondary electrons and are typically used to probe surface morphology. Back

scattered electrons and X-rays having higher energy are useful to analyze chemical

composition contrast and material compositions.

A Philips XL30FEG and Zeiss DSM 950 were used in this work. The thickness

of bulk GaN and AlGaN alloys was measured and consequently the growth rate of

those was obtained. In this work, the typical growth rate of our GaN is about 2μm/h

and the AlN growth rate is between 0.5∼1μm/h depending on growth conditions

applied. Since the generation of secondary electrons is related to the topography of

the respective sample, SEM is a good tool for characterizing the surface. The surface

topography of bulk GaN and AlN was also studied to investigate their surface quality

after chemical etching.

Figure 2.17: Signals emitted from interactions between the incident electron beam and the
sample. After Ref. [38].

2.4.8 Secondary Ion Mass Spectrometer

The Secondary Ion Mass Spectrometer (SIMS) is a superior tool for determining

impurity concentrations with respect to film depth. SIMS is a destructive technique,

but provides accurate results for impurity profiles. It is based on the acceleration

of heavy metal ions at a target sample and sputtering off constituent atoms. Atoms
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from the target sample become then ionized, and are attracted to a charged detector.

The sputtering ion used in this work was cesium (Cs+) with a primary ion energy

of 4 keV.

2.4.9 X-ray Photoelectron spectrometer

The X-ray Photoelectron spectrometer (XPS) is a useful tool for elemental

composition analysis of the surface in the range of 1∼10 nm. When a sample is

irradiated by aluminum or magnesium X-rays, electrons gaining kinetic energy escape

from the surface. By analyzing their kinetic energy, the elements present in the

material and their chemical states can be obtained. In this work, a Thermo VG XPS

system was used with Mg kα (1253.6 eV) in order to identify the presence of in-situ

grown SiNx.

2.4.10 Surface profiler

Surface profilometry is another common tool to characterize the surface to-

pography. The vertical position of a diamond stylus tip varies as the surface of the

sample changes. It can characterize etching depth, MEMS structures, and surface

roughness including film stress. In this work, a Dektak 6M from Veeco was used for

the measurement of the wafer curvature to estimate the film stress (section 3.3) and

the calibration of the AlN etching rate (see also section 6.3).

The Stoney formula as given in Eq. 2.19 shows that the stress built in a

deposited film due to lattice and thermal mismatch can be calculated from the me-

chanical properties of the film and the curvature change of a wafer before and after

the film deposition.

σr =
Ed2

s

6(1 − ν)df

(
1

Ro

− 1

Rf

)
(2.19)

In Eq. 2.19, E and ν is Young’s Modulus and the Possion ratio of the film, re-
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spectively, and ds and df is the thickness of the substrate and the deposited film,

respectively. Ro and Rf is the radius of the wafer before and after film deposition.

In this work, E and ν of GaN were set 345 GPa and 0.25, respectively. In order to

obtain accurate results, the sample shape must be approximately a sector of a circle

and the same points on the wafer must be measured for all scans.

2.5 Interferometer

In this section, the laser interferometer is introduced. It is not a direct charac-

terization technique. However, it allows real time in-situ monitoring of III-Nitrides

growth which provides information about the growth rate, surface roughness change

and growth interruption.

The principle of a laser interferometer is based on Fabry-Pérot interferometry.

In multiple layers consisting of substrate, grown film and air, the reflectance is given

by:

R =
r1

2 + r2
2e−αdf + 2r1r2e

−αdf cos Δ

1 + r1
2r2

2e−αdf + 2r1r2e−αdf cos Δ
(2.20)

r1 =
nf − 1

nf + 1
, r2 =

ns − nf

ns + nf

(2.21)

where r1 and r2 are the Fresnel coefficients for the air/film and film/substrate inter-

faces and Δ is the periodicity of the interference pattern (peak to peak). α is the

absorption coefficient which is dependent on the extinction coefficient of the film at

the probe wavelength λ. When nf and ns are the index of refraction for the film and

the substrate and df is the film thickness, Δ is given by:

2π = Δ =
4πdfnf

λ
(2.22)

The incident angle of the laser beam is assumed to be normal to the surface. The

thickness corresponding to one period can be verified afterwards by SEM measure-

ments. Approximately, one oscillation corresponds to 135 nm GaN in this work.
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Accordingly, nf is calculated to be about 2.135. This value is a little off from 2.39

at a growth temperature of 1000 ◦C as reported by Thomas Swan. The difference is

due to our higher growth temperature (1030 ◦C) and the measurement error of the

SEM.

The reflected intensity will be attenuated as the thin film growth progresses.

The relevant terms for the attenuation are the exponential terms in Eq. 2.20. The

absorption coefficient α is described by the film extinction coefficient kf

α =
4πkf

λ
(2.23)

If the probing wavelength is chosen where III-Nitrides have very low kf , the attenu-

ation of the signal is ascribed to other factors such as the surface roughness rather

than the film absorbance.

In this work, a commercial laser interferometer built by Thomas Swan is used.

Its working principle and setup within the reactor is shown in Fig. 2.18. The red

diode laser (λ=635 nm) is mounted at the top of the S/H. At this wavelength, kf is

less than 0.01 so that the film absorbance effect can be ignored.

Prior to use, a calibration must be performed with a 100 % and a 0 % reflectivity

material, for example a mirror and a black surface. The laser was aligned in order

to maximize the reflectivity from a bare sahppire wafer by adjusting its x, y position

and tilt angle. Typical reflectivity of a sapphire substrate used in this work was

about 7.5 % depending on the roughness of the sapphire wafer. The aligned laser

beam is split into two directions by a 1:1 beam splitter: to the center of the sample

through an 1/4 ” optical port and to a photo diode as a reference signal. The reflected

signals from the wafer are collected by a photo diode and sent to a lock-in amplifier

for reducing background noise. A sensor and an associated gearbox mounted on

the rotation drive motor provide a synchronisation pulse once per revolution to the
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reflectometer control unit. Therefore, any point on the wafer or any wafer from the

three wafer pockets can be monitored.

Figure 2.18: Schematic of the in-situ laser interferometer set-up. After Ref. [39]

Figure 2.19 shows a typical laser interferogram of GaN. The laser signal re-

flected from the surface changes as the growth proceeds. In order to help under-

standing these changes, six major growth events are indicated alphabetically. The

temperature profile is presented along with the reflectance signal. The growth events

of each step are as follows.

• A : Sapphire substrate cleaning

The reflectance signal remains relatively constant which indicates the value of

a bare sapphire wafer until GaN nucleation layer growth starts. Small varia-

tions observed here are due to the refractive index change corresponding to the

temperature change.

• B : Nitridation and low temperature nucleation layer growth

The reflectance signal increases once the growth of the NL begins.

• C and D : Temperature ramp up and nucleation layer annealing
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Figure 2.19: Profile of temperature and reflectance signal during GaN growth.
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The signal drops during the process of temperature ramp up and NL annealing

where no TMGa is fed into the reactor.

• E : High temperature GaN growth

The reflectance signal recovers as high temperature GaN grows. Slow attenua-

tion is observed.

• F : Growth stop and cooling down

The monitoring of the reflectance signal is stopped.

Apparently, each growth event is distinguished by an associated interferogram

pattern. Therefore, the interpretation of the interferogram helps understanding the

evolution of the surface morphology at each stage. In case of bulk GaN growth,

the features between B and E have tremendously important meaning which will

be addressed later in section 3.1. By manipulating the surface morphology in this

period, the quality of GaN is significantly affected.

2.6 Conclusion

The MOVPE system, which was set up for carrying out the work presented in

this thesis, was described. The system used is a commercial system manufactured

by Thomas Swan Scientific Equipment Ltd. It is equipped with a 3x2” Closed-

Coupled Showerhead designed to improve layer uniformity and reduce gas mixing and

residence time. Separate alkyl and hydride source injection lines were used for the

suppression of pre-reaction between sources. Both pressure balancing and flow make-

up systems are incorporated to improve the interface quality of the heterostructures.

The electrical and optical characterization systems were presented.

Capacitance-voltage measurements and low temperature Hall effect measurements
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were used to identify the presence of 2DEG in AlGaN/GaN heterostructures. Naked

eye and optical microscope studies provided quick and qualitative information about

the grown layers. Further investigations of the surface morphology were done using

scanning electron and atomic force microscopy. Low temperature photoluminescence

was utilized to study defects and conductivity of the layers grown in this work. Using

an X-ray system, information about thickness, crystalline quality and the composi-

tion of ternary alloys was obtained. SIMS and XPS provided quantitative informa-

tion about the depth profile of impurities. The built-in strain in nitride layers due

to heteroepitaxy growth was estimated by using a surface profiler. In-situ growth

monitoring was carried out with a laser interferometer.



CHAPTER III

POLAR GaN

Bulk GaN is a fundamental layer for all III-Nitride electrical and optical devices.

The base GaN on which the device layers are grown is often referred to as buffer layer

or template. Its thickness is usually between 2μm and 3μm. The key parameters

characterizing its quality can depend on the application but in general smooth surface

and good crystalline quality are required.

This chapter addresses the growth of bulk GaN with good crystalline quality

and electron transport properties, low background carrier density and high sheet

resistance. Several growth runs and material characterization were performed for

this purpose and in particular for obtaining highly resistive GaN. The improvement

in device characteristics associated with resistive GaN was confirmed by DC and

high frequency electrical characterization. n-type intentional doping processes were

studied in order to control the electrical conductivity of nitride based semiconductor

devices.

The results and issues related to the aforementioned optimization processes will

be described in this chapter. It should be noted that the bulk GaN discussed here is

grown on c-plane sapphire substrates and is consequently polar GaN. The results of

polar nitride heterostructures will be addressed in a subsequent chapter. Non-polar

60
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nitrides will be discussed in chapter V.

3.1 Overview of bulk GaN growth

The understanding of the growth process is essential to apprehend the correla-

tion between the quality of bulk GaN and growth parameters. Therefore, an overview

of the bulk GaN growth process is given in this section before the growth details are

discussed. Furthermore, the impact of the process parameters corresponding to each

step are addressed.

Standard GaN growth consists of five main steps:

• Sapphire substrate cleaning

• Nitridation

• Low temperature nucleation layer growth

• Temperature ramp up and nucleation layer annealing

• High temperature GaN growth

The flow of these steps is illustrated in Fig. 3.1 as a function of time. Here,

only the change of temperature, carrier gas H2 flow, TMGa and NH3 flow are shown

because of their importance. The gas flow and the MO sources need to be optimized

with respect to the design capacity and efficiency of the reactor. For the stabilization

of the growth system, the response time of mass flow controllers, MO valves and gases

and pressure controllers etc. must be considered in the ramp-up and ramp-down

times of each parameter.
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Figure 3.1: Standard growth sequence for bulk GaN.

3.1.1 Thermal cleaning and nitridation

The substrate cleaning is carried out with high hydrogen flow at a temperature

higher than the main GaN growth temperature in order to remove contamination of

the sapphire wafer especially with oxygen. The annealing time is typically 5∼10 min.

In the following nitridation step, the temperature ramps down to nucleation

layer (or buffer layer) growth temperature, typically 530∼560 ◦C. Ammonia is fed

into the reactor for a short period of time before the TMGa starts flowing. The

nitridation process modifies the sapphire substrate to amorphous AlNxO1−x within

a couple of mono layers [40] and promotes two dimensional nucleation layer (NL)

growth. In addition, it eliminates the nucleation of misoriented GaN islands [41].

The grown NL layer is strongly dependent on the length of the nitridation time

and ammonia flow. Since the transformation of the NL occurs after heat treatment,

the impact of the nitridation step will be addressed together with the NL annealing

process in the following section. The optimum nitridation time was found to be
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between 5 and 60 seconds at 200 torr. More results and discussions about nitridation

can be found in Refs. [42], [43], [44].

3.1.2 Nucleation layer growth and annealing

As reviewed in section 1.1, the use of low temperature (LT) AlN [45] or LT

GaN layers [4] spurred the improvement of GaN quality. It allowed conversion of the

three dimensional (3D) growth mode usually observed in the direct GaN growth on

sapphire wafers to the 2 dimensional (2D) growth mode so that GaN with a smooth

surface can be achieved.

(a)

(b)

(c)

Figure 3.2: Three different growth modes. (a) Volmer-Weber mode : Island growth (γf >
γs +γi), (b) Frank-van-der-Merwe mode : Layer by layer growth (γs > γf +γi),
(c) Stranski-Kranstanov : Finite layer growth and island growth.

In general, heteroepitaxial growth is of one of the three growth mode types as
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shown in Fig. 3.2. The growth mode is determined by the surface free energy of the

substrate (γs), by the interface (γi) and by the deposited film (γf) [46, 47]. When γf

is greater than γs + γi, Ga and/or N atoms diffusing from the boundary layer stick

to the growth surface and form random islands or clusters. They coalesce with each

other and result in a polycrystalline film being produced. This mode is called the

Volmer-Weber (3D) mode of growth. The direct growth of GaN on a sapphire wafer

at high temperature is of this type. Thermal treatment can change the orientation

of the polycrystalline film.

On the other hand, Frank-van der Merwe (FM) mode occurs when γs is greater

than γf + γi. An initial monolayer is formed on the substrate. The following layer

will be deposited after the first monolayer is completely covered. In case the sur-

face energy is greater than the strain energy in the deposited film, layer by layer

(2D) growth continues. Otherwise, strain energy leads to defecting of the film by

developing dislocations so that new nuclei or clusters are created.

The Stranski-Kranstanov (SK) mode is an intermediate growth mode between

3D and 2D growth modes. The growth begins with 2D but converts to 3D in order

to release internal stress due to lattice mismatch after one or more monolayers.

Quantum dots and wires are formed in this mode.

In this work, LT GaN NLs are exclusively used for the growth mode conversion

from 3D to 2D mode. Since the NL growth is performed at relatively low tempera-

tures (500∼600 ◦C), the growth process is surface kinetically limited. In this growth

regime, the growth rates strongly depend on the growth temperature. Therefore, the

minimizing of the temperature difference across the wafer is extremely important for

a uniform NL and GaN layer.

Early research about LT GaN NL growth reported that GaN NLs are also
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amorphous like AlN NLs. However, structural investigations by X-ray diffraction

(XRD) and transmission electron microscopy (TEM) revealed that GaN NLs grown

after an optimum nitridation contain both a cubic phase with a high density of

stacking faults and a hexagonal phase as shown in the left column of Fig. 3.3 [48].

During the NL annealing process, the NL recrystallizes and turns into a purely

hexagonal crystal. Furthermore, GaN evaporates from the NL surface so that 3D

islands are formed. Later these islands grow laterally and vertically and finally

coalesce with neighboring islands. During this process, sub-grains develop and defects

are generated. As addressed in section 2.4.6, the defects are edge-type, screw-type

and mixed character TDs. Island coalescence completes after 0.3μm [36] and the TD

density is reduced dramatically above this region. Defects in the high temperature

GaN, are therefore attributed to the characteristics of the NL. The pretreatment of

the sapphire wafer, the thickness of the NL and its growth condition and annealing

time are key factors determining the quality of the subsequently grown GaN.

Figure 3.3: HT GaN growth evolution with GaN nucleation layer. The left column shows
the GaN growth evolution with ideal nitridation conditions. The right column
shows the case with long nitridation time. After Ref. [49].

An example of the above effects is the case of a long nitridation. Grain growth
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is observed in this case due to the presence of a very thin AlN wetting layer which is

formed during the long pre-ammonia treatment as shown in the right column of Fig.

3.3. This leads to lateral grain growth and growth of a highly columnar structure of

GaN. GaN grown under such conditions is expected to have a high density of TDs.

Its electron mobility will consequently be degraded because TDs act as scattering

centers in the electron transport [50].

Due to the significant role of the nucleation layer for the quality of the grown

GaN, a plethora of work has been done to optimize it. It is known that island size, its

density, roughness, orientation and thickness determine the quality of the HT GaN.

All these factors can be optimized by controlling the NL growth temperature [51],

the V/III ratio by changing the Ga flow or the NH3 flow [52], the growth rate [53],

the NL thickness [54], the temperature ramp-up time and the duration of annealing

[48, 55, 56]. More extensive studies can be found in Refs. [26, 57, 58]. The impact of

the NL growth condition on the material properties are also reported by Nakamura

in Ref. [4].

3.1.3 High temperature GaN growth

The next step following NL growth and its recrystallization is the growth of

high temperature (HT) GaN. This layer is used as a template for further growth

of ternary alloys such as AlxGa1−xN and InxGa1−x N or is used directly for the

fabrication of bulk GaN Schottky diodes etc. Either way, layers with good Hall

mobility, low background carrier concentration, a smooth surface and low defect

density are preferable for good electrical and optical performance. The quality of the

HT GaN is affected by growth temperature, growth pressure, V/III ratio and the

thickness of the GaN layer.

The growth temperature of HT GaN layers is typically in the range of
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950∼1100 ◦C. In this temperature range, the growth rate is determined by the dif-

fusion rate of Ga and N atoms. Since a high V/III ratio is maintained to prevent

nitrogen vacancies, ammonia is assumed to be saturated compared to the group III

materials. Therefore, the growth rate of GaN strongly depends on the TMGa flow.

The growth rate drops slightly as the temperature exceeds 1030 ◦C due to Ga desorp-

tion from the GaN surface. The growth temperature is also known to affect the film

resistivity by creating acceptor-like TDs during the NL annealing process [59, 60].

The pressure range of GaN growth is much wider than of AlN or InN growth.

This is attributed to the different diffusion lengths of group III atoms. The diffusion

lengths of the atom species involved can be classified as follows: In > Ga > Al.

Therefore, much lower growth pressure is desirable for AlN growth than for GaN and

InN growth in order to enhance the mobility of atoms on the growth surface. The

advantage of low pressure (LP) growth for GaN is increased mass-transport over the

boundary layer and lower residence time on the growth surface. At higher pressure,

strain relaxation is much more suppressed so that lower TD densities are observed

[61]. For the case of LP GaN, growth pressure is maintained between 100 torr and

300 torr for the GaN NL and bulk GaN.

Although high ammonia pressure is required to prevent nitrogen vacancies,

extremely high V/III ratios can reduce the growth rate due to a parasitic reaction

between ammonia and the metal organic materials. Typically, the V/III ratio is

optimum in the range of 1000∼5000 .

As mentioned in section 3.1.2, the TD density in bulk GaN is decreasing re-

markably after 300 nm where the coalescence of the NL is complete. In addition,

a slight reduction of defects is expected as the film grows thicker because some of

the TDs are bent laterally and their propagation through the layer is stopped [62].
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This contributes to enhance the mobility and reduces the background carrier density.

Reasonable quality of GaN is typically obtained for GaN thicknesses exceeding 2μm.

3.2 Unintentionally doped (UID) GaN

UID GaN growth was carried out to evaluate the quality of material grown

by our TS MOVPE system. The GaN layers were characterized by Hall, XRD and

SEM in order to investigate their electrical properties, crystalline quality and growth

uniformity.

3.2.1 Growth of UID GaN

c-plane sapphire wafers having a thickness of 430±25μm, 2 ” diameter and

polished on one side were used in this work. For the growth of the NL, the sapphire

substrate must have an atomically flat and clean surface. Its root means square

(RMS) surface roughness is less than ±0.5 nm (manufacturer specification). The

susceptor rotates with a speed of 100 rpm during the growth so that a uniform

gas flow can be ensured over the wafers. A 10 slm total gas flow in the reactor is

maintained throughout the entire growth process and 2.5 slm ammonia flow is used

for both LT NL and HT GaN growth. A typical structure of bulk GaN grown in

this work is depicted in Fig. 3.4.

Thermal cleaning of the substrate is performed at 1060 ◦C with high hydrogen

flow for 5 min and then the growth temperature (Tg) and growth pressure (Pg) are

set to 530 ◦C and 200 torr, respectively for the NL growth. After short nitridation,

a 20∼25 nm thick NL was grown. The temperature is then raised to 1040 ◦C to

anneal the NL. Temperature ramp-up time (tr) is 300 s. The NL is annealed at

this temperature for ta and the HT GaN growth follows. A summary of the growth
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Figure 3.4: Typical structure of bulk GaN grown in this work.

conditions is tabulated in Table 3.1.

Pg Tg (◦C) V/III ratio tr (s) ta (s)
NL 200 530 3600 300 150
GaN 100 1040 920 - -

Table 3.1: Growth conditions for NL and HT GaN.

The residual stress in the grown GaN was measured by a commercial laser

ellipsometer (FSM 500). Here a laser beam with a wavelength of 650 nm scans across

the wafer and allows measurement of the wafer curvature. This step is performed

before and after the GaN growth. Four different directions are scanned to increase

the measurement accuracy as described in Fig. 3.5. The surface profiles of the

sapphire substrate with and without GaN on top were scanned from the top to the

flat side (direction 2) and the results are presented in Fig. 3.6. The concave shape

shown in the figure indicates that the stress present in the layer is compressive.

The residual stress is extracted from the Stoney’s equation (see section 2.4.10

for details). The residual stress corresponding to these conditions is about -0.68 GPa.

The origin of this stress is thermal and lattice mismatch between GaN and the

sapphire wafer. Typical stress values of GaN grown on sapphire by MOVPE are in
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Figure 3.5: Diagram of the four scan directions for wafer surface curvature evaluation by
a surface profiler.

Figure 3.6: Example surface profiles of a wafer before and after GaN deposition (scan
direction 2).

the range of -0.2 to -0.7 GPa [63]. This indicates that the GaN grown in this work

is rather highly strained.

3.2.2 Characterization

In order to characterize the crystalline quality of the grown UID GaN, the

BEDE D1 XRD system is used. The ω rocking curves of a sapphire substrate and of

one of the first bulk UID GaN layers produced in this work are presented in Fig. 3.7.

The measured full width at half maximum (FWHM) of the sapphire (006) reflection

plane is about 44 ” showing that the substrate quality is high. The FWHM of the
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GaN symmetric reflection plane (002) and of the asymmetric reflection plane (102)

are 354 ” and 671 ”, respectively as can be seen from Fig. 3.7. As mentioned before,

screw and mixed TDs broaden the symmetric FWHM while the asymmetric FWHM

reflects the total TD density including edge dislocations. Therefore, the density of

screw and mixed TDs and of edge TDs can be expected to be around 108 cm−2 and

5 ∼ 7 · 1010 cm−2, respectively1.

Figure 3.7: Symmetric and asymmetric ω rocking curve for GaN and Al2O3.

The thickness of the UID GaN was measured with a ZEISS DSM-940 SEM for

the calibration of the growth rate. The average growth rate is 2.30 ± 0.1μm/h and

its uniformity across the wafer is about ±5 %.

The range of the Hall mobility of UID GaN grown in this work is

126∼138 cm2/Vs with a background carrier concentration of 0.7 ∼ 1.28 · 1017 cm−3.

Its sheet resistance (Rs) is mid 103 Ω/�. In good quality UID bulk GaN, the back-

ground carrier density is mid 1016 cm−3. Since the UID bulk GaN grown in this work

1based on the correlation between FWHM and TD density as given in Ref. [64]
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is rather conductive due to high background carrier densities, it is not directly suit-

able for high frequency devices. Therefore, growth optimization was performed with

special focus on enhancing the sheet resistance, as will be discussed in the following

section.

3.3 Resistive GaN

Even though the predicted intrinsic carrier density is ∼10−6 cm−3 [65], epitaxi-

ally grown GaN has intrinsic n-type background carrier density of >1016 cm−3. This

problem lies in nitrogen vacancies, oxygen and other impurities incorporated into the

material during the growth. Nitrogen vacancies and oxygen are known to be residual

donors in GaN. Such unintentionally doped (UID) GaN layers impede the electrical

and optical device performance. Particularly in high electron mobility transistors

(HEMTs) and heterojunction field effect transistors (HFETs), UID GaN degrades

the high frequency performance and hinders good pinch-off because of the presence

of a parasitic conductive channel formed through the UID GaN as shown in Fig.3.8.

Therefore highly resistive (HR) or semi-insulating (SI) GaN layers are substantial

for proper high frequency operation.

430 m Alμ 2 3O

UID GaN

AlGaN

G
S D

2 DEG

Current through 2DEG conduction channel

Current through conduction channelGaN buffer

Figure 3.8: Two conduction channels in AlGaN/GaN HFET devices.
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In order to obtain HR GaN, residual donors must be minimized by means of

suppressing the impurity incorporation and residual donor compensation by either

deep level acceptors or acceptor-like threading dislocations (TDs). However, since

TDs are reported to be electron scattering centers, their density needs to be care-

fully controlled. Impurities in GaN should be minimized to achieve this objective.

However, as will be reviewed in detail in the subsequent section, a significant part of

impurities originate from carrier gases and MO sources, the reactor parts, and the

reactor purging time after wafer loading etc. Parameters of this type are controlled

through the hardware involved in MOCVD growth rather than the growth itself.

This work focuses on the residual donor compensation method.

Residual donor compensation can be achieved by introducing deep acceptors

created by intentional doping with transition metals such as Cr, Fe or Carbon. On

the other hand, acceptor-like TDs are produced by controlling growth parameters

without any intentional doping. In this work, resistive GaN was studied by adjusting

the growth parameters since utilizing Fe or Cr may lead in reactor contamination

[65]. An important aspect considered was the origin of the resistivity as described.

In our previous work, Hubbard et al achieved a GaN sheet resistance as high

as 1010 Ω/� by optimizing growth parameters, especially the NL annealing temper-

ature and the nucleation layer (NL) thickness [60]. However, the limitation imposed

in this approach was a very narrow growth temperature window. A high sheet resis-

tance could be obtained only at a specific annealing temperature (1030 ◦C) and the

sheet resistance dropped significantly at higher or lower temperature. Moreover, the

residual donor compensation mechanism were not clear.

Assuming that the donor compensation in the UID GaN grown here is ascribed

to TDs where acceptor carbon impurities segregate, it is not possible to explain
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the lower sheet resistance of GaN annealed at 1050 ◦C. Although GaN annealed at

1050 ◦C has a higher TD density than GaN at 1030 ◦C, its sheet resistance was only

106 Ω/�. This chapter provides further experiments and clarifications regarding the

origin of the GaN resistivity.

The goal of this work is to obtain resistive GaN over a wide growth parameter

window with high reproducibility. Therefore, the growth parameters were stud-

ied at a fixed annealing temperature of 1040 ◦C. Furthermore, the same processes

were applied to numerous growth runs to ensure process reproducibility. Hall mea-

surements, in-situ laser interferometry, photoluminescence measurements and XRD

measurements were utilized to characterize background carrier density, crystalline

quality and to identify the compensation mechanism. The impact of the optimized

resistive GaN on HFET devices will be presented in chapter IV.

3.3.1 Impurities in UID GaN

1) Nitrogen (N) vacancy

GaN contains always N vacancies due to the high equilibrium pressure of ni-

trogen. N vacancies are considered to be the dominant source of donors in UID

GaN. However, good resistive GaN with low background electron concentration was

obtained without suppressing N vacancies later. It implies that N vacancies are not

a dominant donor source in GaN.

2) Silicon

Si is believed to be a shallow donor since it occupies the energy state between

22 meV and 42 meV from the conduction band minimum [66, 67, 68] as shown in

Fig. 3.9 when Si substitutes Ga sites (SiGa). The source of silicon in UID GaN

can be from decomposition of SiC substrates or SiC coating of a susceptor. Since

sapphire substrates were used in this work, the main source of Si in UID GaN is
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considered to be the susceptor.

3) Oxygen

Oxygen incorporated in the nitrogen lattice site (ON) is known to be the major

source of background donors by donating its extra valence electron. A more complex

form involved with VGa (ON -VGa) is also proposed as a donor [69]. Figure 3.9 shows

the donor levels related to oxygen in GaN occupying the shallow donor state between

2 and 34 meV from the conduction band minimum [70, 71, 72].

The possible origins are moisture or oxygen remaining in ammonia and the

MOs or water produced during the sapphire thermal cleaning process as the sapphire

substrate is etched by hydrogen at high temperatures. The exposure of the reactor

to air during the wafer loading process is probable source. The use of pre-baked

sapphire and purging the reactor chamber for a long time prior to the growth

effectively reduced background donor concentration down to 2.28·1016 cm−3 [73].

4) Carbon

Carbon is a common impurity in MOCVD grown GaN films because of the

use of metal organic group III precursors. SiC coated graphite susceptors or SiC

substrates are plausible sources, too. Unlike Si or oxygen, carbon exhibits a more

complicated behavior and it is known as a amphoteric dopant. It acts like a shallow

donor with an ionization energy of 200 meV when carbon substitutes Ga (CGa).

Conversely, it becomes a shallow acceptor if it incorporates into the nitrogen site

(CN ). Interstitially placed carbon (Ci) is more interesting. Its energy level is mid-

gap and its electrical characteristics are determined by the Fermi level positions.

Therefore, carbon is often used for donor compensation in UID GaN. However, a
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non-optimized quantity of carbon can haunt the device performance. Its presence in

the active region can play the role of a scattering center and has been also implicated

in gate leakage and dispersion in HFET devices [74].

5) Hydrogen

Hydrogen can be incorporated during MOVPE growth of GaN through MO

sources and hydrogen carrier gas. The issue related to passivating Mg acceptors is a

well known problem. In contrast, the effect of hydrogen in n-type GaN is negligible

because its solubility in n-type GaN is very low in comparison to that in p-type GaN

[75].

Ec
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Si

22 ~ 42 meV
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2 ~ 34 meV

CGa

CN

Cinter:

Figure 3.9: Energy state of impurities in UID GaN.

3.3.2 Optimizing resistive GaN

The aim of this work is to optimize growth conditions so that the residual

donors unintentionally incorporated from the system can be compensated by accep-

tor like threading dislocations (TDs). The density of threading dislocations can be

controlled by the thickness of the NL, growth temperature of the NL, growth pres-

sure, growth rate, temperature ramp-up time, NL annealing time and temperature,

V/III ratio [60, 76, 77, 78, 79]. Among them, the V/III ratio, ramp-up time and

NL annealing time were considered as the key parameters to be studied due to the
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profound effect they have on TDs.

Growth temperature and thickness of the NL were ruled out because a small

variation of them profoundly impacts on the characteristics of GaN. Growth pressure

and temperature for the high temperature GaN are also kept at the same values for

UID GaN growth. Growth pressure is often adjusted to control the amount of carbon

incorporation and strain. However, they are not of interest in the scope of this work.

Growth temperature is chosen around 1040 ◦C considering the high quality of GaN

and the limit of our heater system. A summary of growth parameters considered in

this work is shown in Table. 3.2.

During the optimization process, the resistivity of GaN can be predicted at the

growth stage - even before Hall measurements - by the in-situ laser interferometer.

Although it is not a quantitative way of evaluating the resistivity as in case of sheet

resistance or carrier concentration characterization, the profile of the interferogram,

especially the recovery time, is known to be strongly correlated with the resistivity

of GaN.

Fixed parameters Controlled parameters
Temperature V/III ratio

Pressure Ramp-up time
NL thickness NL annealing time
Growth rate

Table 3.2: Growth control parameters for NL and HT GaN.

As introduced in section 2.5, the laser interferometer monitors the reflectance

change of a grown layer during the growth process. Figure 3.10 demonstrates a

typical interferogram of GaN. The x-axis indicates the growth time and the y-axis

indicates the reflectance intensity. A significant change of reflectance occurs at five

points labeled alphabetically from A to E.
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At point A, the reflectance increases as the GaN NL growth starts and contin-

ues to do so until it reaches to point B. Between points B and C, the temperature is

elevated to 1040 ◦C and NL annealing is initiated. During this process, the TMGa

flow is stopped and only ammonia is fed into the reactor to prevent excessive de-

composition of the GaN NL above 900 ◦C. As the GaN NL evaporates and becomes

purely hexagonal NL islands are formed, a reflectance drop is observed. After NL

annealing, TMGa is delivered to the reactor and HT GaN growth starts from point

C. At the initial stage, growth mode conversion from 3D to 2D takes place. Islands

grow vertically and laterally and coalesce with each other from point D. Finally the

GaN surface becomes smooth and the reflectance intensity is fully recovered from

point E. The recovery time is defined as the time for the complete 2D transition

(between point D and point E). The length of the recovery time is known to be

correlated with the resistivity of GaN in conjunction with the TD density.

Figure 3.10: Typical interferogram of bulk GaN.
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3.3.3 Experiments : Part I

In this experimental part, the investigation was performed with respect to the

V/III ratio, NL thickness and temperature ramp up time (tr). Samples were divided

into three groups and different growth conditions were applied to them.

Table 3.3 summarizes the three growth conditions. In condition I, higher V/III

ratios were applied for both NL growth and HT GaN growth than the values employed

in UID GaN growth. The NL thickness was kept at 22 nm. On the other hand, in

growth condition II, the V/III ratio was kept as for the UID GaN growth condition

used but the thickness of the NL was increased by 3 nm which is in the range of the

deviation of the NL thickness. Lastly, in condition III, the ramp-up time was varied.

The V/III ratio remained the same as used in UID growth and the thickness of the

NL was kept at 22 nm again.

Condition I Condition II Condition III
NL thickness (nm) 22 25 22

V/III ratio (NL/HT GaN) 5700/1500 4200/1200 4200/1200
Ramp-up time(sec) 260 260 260, 280, 300

NL annealing time(sec) 40 40 40

Table 3.3: Three groups of growth conditions for NL and HT GaN.

Figure 3.11(a) and Figure 3.11(b) present the FWHM of the (002) and the (102)

reflection plane of the samples and their recovery time versus ramp-up time. Both

the (002) and (102) FWHM remain comparable for all samples except the samples

grown under condition I. The (102) FWHM of sample group I is remarkably higher

(688 ”) than that of the other samples while its (002) FWHM is a little bit above

the others. Since the (102) FWHM is broadened by pure edge-type dislocations and

mixed-type dislocations, we can conclude that higher V/III ratio leads to a higher

density of edge dislocations. The surface morphology of NL between point C and D
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(a)

(b)

Figure 3.11: ω rocking curve measurement results and recovery time vs. growth condition.
(a) The FWHM value of the (002) and (102) reflection plane. (b) Recovery
time vs. temperature ramp up time.
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in Fig. 3.10 was investigated with AFM and the results showed that ammonia rich

conditions led to a higher density and a lower aspect ratio of the NL islands [80].

The observed high TD density and the quick recovery time under condition I in this

work are therefore in agreement with Ref. [80].

There is no significant difference between samples grown under condition II

and III in terms of recovery time and FWHM values. Only when the temperature is

ramped up in 300 s, the recovery time was increased slightly and the (102) FWHM

seems to be improved. Otherwise, stable oscillations in the interferogram are ob-

served within 1025±20 s in most samples and the (102) FWHM is around 530 ”.

This allows to conclude that the crystalline quality does not change remarkably by

a 2 or 3 nm NL thickness change and that the ramp-up time of 300 s enhances the

crystalline quality slightly.

3.3.4 Experiment : Part II

In the following steps, the effect of the NL annealing time is investigated. The

NL annealing time is varied between 10 s and 150 s while the other growth parameters

were kept as under growth condition III. However, the temperature ramp-up time

was chosen to be 300 s considering the improvement of crystalline quality reported

in the previous section.

Figure 3.12 compares the interferograms of two samples annealed for short time

(40 s) and long time (150 s), respectively. The points where the GaN coalescence

is completed are also marked in the figure. Although the reflectances are slightly

different at the point where the NL growth stops, this corresponds to even less than

1 nm difference in the NL thickness. Therefore, the recovery time is solely dependent

on the annealing time.

Figure 3.13 shows that the FWHM (102) associated with edge and mixed TDs
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Figure 3.12: Interferograms of two samples annealed for 40 s and 150 s.

strongly relies on annealing time. In particular, either very short annealing times or

long annealing times increase the FWHM (102) by a factor of 1.5. Since no significant

change was observed in the FWHM (002), only the (102) FWHM and recovery time

are presented here.

As the GaN NL is annealed longer, the number of NL islands increases due to

further evaporation of GaN from the NL. Densely populated NL islands will quickly

coalescence with neighboring islands once the high temperature GaN growth starts.

Therefore, the coalescence (recovery) time will be reduced accordingly. In contrast,

the density of TDs will increase as TDs are generated at the borders where islands

coalescence. In this context, it can be understood that the GaN annealed for 150 s

has a high density of NL islands and short recovery time.

The poor quality observed with the sample annealed for 10 s can be explained

through the following process. Since the NL remains a relatively flat and continuous

film rather than randomly distributed islands due to the very short annealing time,
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Figure 3.13: The FWHM value of the (102) reflection plane and recovery time vs. NL
annealing time.

the polycrystalline structure of the NL leads to HT GaN of rather poor crystallinity

similar to that of the sample annealed for a very long time. The recovery time is

relatively shorter and the density of TDs is higher.

Intermediate annealing times result in a reasonable crystalline quality with a

(102) FWHM value of about 550 ”. This value indicates a TD density of about

109 cm−2. Since two to three additional oscillations were necessary to reach full

intensity in the interferogram signal, the recovery time was in this case relatively

long. Hall measurements results indicated that the sheet resistance of these samples

is between 104 Ω/� and 106 Ω/�. The highest Rs of about 106 Ω/� is obtained with

a sample annealed for 70 s. Although the sheet resistances of samples annealed for

10 s and 150 s are above this range, such high density of threading dislocation can

impede the electron mobility because it acts as a center of scattering. Therefore, the
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annealing time was chosen to be 70 s as a compromise between crystalline quality of

GaN and sheet resistance. In chapter IV, HFET devices fabricated on GaN templates

having comparable quality as the above analyzed template are compared in terms of

their impact on device performance. A comparison with respect to materials with

less resistive GaN is also made.

3.3.5 Band edge PL emission

PL characterization was performed with samples having various resistivity val-

ues (HR GaN, UID GaN and Si doped GaN) in order to study the origin of different

resistivities. XRD, Hall measurement data and recovery time of the examined sam-

ples are presented in Table 3.4 together with their electrical characteristics. The car-

rier density of HR GaN is difficult to be measured accurately due to the used exper-

imental set-up which is capable of measuring carrier densities up to high 1016 cm−3.

More precisely, the significantly high resistivity of these samples imposes the need for

strong magnetic field and current control in the range of less than 1 nA. Poor quality

of the ohmic contact also hinders accurate measurement. Detailed description of the

used PL system and a discussion about the principle of PL can be found in section

2.4.5.

HR GaN UID GaN Si-doped GaN
XRD FWHM (002) 310 320 -
XRD FWHM (102) 530 407 -
Recovery time (s) 624 2000 -

Carrier density (cm−3) NA 9 · 1016 1 · 1018

Rs (Ω/�) 106 4 · 103 2 · 102

Table 3.4: PL sample list.

Figure 3.14 presents the 10K band edge PL emission (3.45∼3.52 eV) of HR

GaN along with UID GaN and Si doped GaN. In order to compare their spectra
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clearly, the PL spectra of HR GaN and Si doped GaN are rescaled by 10 and 25

respectively. Four well resolved peaks are observed in HR GaN and UID GaN while

a very broad peak (donor related peak) is only found in Si-doped GaN. As indicated

in the figure, each peak corresponds to the acceptor-bound exciton (A0X), the donor-

bound exciton (D0X), the free exciton A (XA) and the free exciton B (XB).

Figure 3.14: 10K band edge PL emission of UID GaN, Si doped GaN and HR GaN.

The exciton localization energies for donor and acceptor in the resistive samples

are about 8 meV and 14.8 meV, respectively. Here, the exciton localization energy or

binding energy is defined as the distance from the D0X or A0X peak to the peak of

the XA. These values resemble those reported for the binding energies of donor and

acceptor in homoepitaxial grown GaN which are known to be 6.2 meV and 11.6 meV

[81]. The deviation of the binding energy of our samples from the literature values

is due to the strain caused by the growth conditions and the type of substrate used

(sapphire). The peak position is also indicative of the strain in GaN. As bulk GaN
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is strained more, the peak positions shift to higher energies (blue shift). The peak

of Si-doped GaN is centered at 3.475 eV which also indicates the strain relaxation.

This result agrees well with those of other groups. Significant strain relaxation was

also reported for Si-doped GaN when the Si concentration is above 2 · 1017cm−3 [82].

Detailed information about the correlation between PL peaks and strain observed in

various bulk GaN layers can be found in Ref. [83, 84]. Although not shown here,

samples grown by our in-house MOCVD also show various peak positions depending

on the growth condition.

It is worth noting that the A0X peak shows a profound difference in all three

types of GaN. As the sheet resistance of GaN becomes higher, the A0X peak becomes

more dominant than the D0X. The peak ratios of A0X to D0X summarized in Table

3.5 are a very important measure of the GaN resistivity. Considering the fact that

no p-type dopant was used in these experiments, the observation of an acceptor

A0X peak implies the presence of acceptors incorporated during the growth. The

correlation between sheet resistance and the A0X to D0X ratio supports that the

resistivity of GaN is increased by the compensation of background n-type carriers

with acceptors. This result also agrees well with other reports [60].

Sample A0 − X D0 − X XA XB
I(A0−X)
I(D0−X) Rs (Ω/�)

HR GaN 3.4767 3.4831 3.4915 3.502 2.45 106

UID GaN 3.477 3.483 3.4910 3.502 1.16 4 · 103

Si doped GaN - 3.476 - - - 3 · 102

Table 3.5: Summary of PL peaks and the peak ratio of A0X to D0X in bulk GaN with
various resistivities.

Although at first glance, the origin of resistive GaN can based on the 10K band

edge PL emission, be understood by the compensation of acceptor like defects, the

type of specific defects or impurities is not clear yet. In our previous work, the origin
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of the A0X peak may be caused by carbon impurities and its segregation at TDs

in accordance with the results of Wickenden et al [60, 79]. However, this failed to

explain the observation of low resistivity of GaN grown below 1030 ◦C in this work

where a higher density of carbon can be incorporated.

The concentration of carbon impurities measured by Secondary Ion Mass Spec-

troscopy (SIMS) is affected adversely by growth temperature and growth pressure of

the bulk GaN layer [77]. It was proposed that carbon is removed from the growth

surface more effectively in a GaN decomposition environment in the form of methyl

fragments [85]. High ammonia or high hydrogen flow, low pressure and high tem-

perature are believed to enhance the GaN decomposition rate [85]. Conversely, the

acceptor level is expected to increase together with carbon impurities at lower growth

temperature, lower ammonia flow and higher pressure. Therefore, samples grown be-

low 1030 ◦C were expected to demonstrate higher Rs compared to others annealed at

1030 ◦C as in Ref. [60] since all growth conditions were maintained the same except

the temperature of the HT GaN.

Furthermore, HR GaN grown in this work at higher ammonia flow shows high

sheet resistance Rs despite the low carbon concentration. Therefore, the resistivity

of GaN cannot be explained simply by the presence of carbon and a high TD density.

Because of the currently insufficient explanations, PL measurements were extended

to longer wavelengths from the band edge to 700 nm in order to probe defect related

emissions. The results obtained from these studies will be present in following section.

3.3.6 PL emission related to defects

In the previous section, the presence of the acceptor peak in UID and HR

GaN was confirmed through high resolution band edge emission. Furthermore, the

higher the resistivity of GaN is, the higher the acceptor peak is expected to be.
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Figure 3.15: Various radiative transition paths in GaN. After Ref. [86].

However, this peak does not provide information about the type of defects related

to unintentionally generated acceptors and how they are affected by the growth

conditions. Since defects in GaN contribute to the PL emission in a pronounced way

and their behavior strongly depends on temperature, the PL studies of this work were

extended further in terms of wavelength and temperature compared to the simple

band edge measurements presented in section 3.3.5.

Figure 3.15 illustrates the radiative emissions in doped and undoped GaN cor-

responding to the transition energies caused by various atoms incorporated in GaN.

The first letter stands for the wavelength range, i.e. B for blue and Y for yellow

etc. and the last letter L indicates luminescence. It is known that specific emission

signatures appear depending on the growth system and material sources used, as well

as on contaminants present during growth [86]. The Zn and Mg impurities shown

in this figure can be excluded as possible dopants based on the SIMS results of the

tested samples.

In this work, blue (BL) and yellow luminescence (YL) are of prime importance
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since defects in HR GaN and UID GaN are closely related to those two emissions. The

YL spectrum, which is nearly Gaussian shaped is centered at 2.3 eV with a FWHM

of about 350 meV. The BL emission is caused by transition from the conduction

band or the shallow donor to deep acceptor sites (0.34∼ 0.4 eV). Its peak is centered

around 3.0 eV with an FWHM of about 400 meV.

The PL emission of HR GaN, UID GaN and Si doped GaN from the previous

section will be compared next in order to investigate the contribution of dominant

defects to the GaN resistivity. The 10 K PL spectra from the three types of GaN

are presented in Fig. 3.16. The spectra of HR GaN and Si doped GaN are rescaled

for comparison. In addition to the band edge related emission, two broad band

emissions can be observed in UID GaN and HR GaN. In contrast, BL is significantly

low in Si doped GaN. Table 3.6 shows a summary of the peak ratios of blue

luminescence (IBL) to yellow luminescence (IY L).

HR GaN UID GaN Si doped GaN
IBL/IY L at 10K 8-9 10 7 · 10−3

Table 3.6: Ratio of the blue luminescence peak (IBL) to yellow luminescence peak (IY L)
at 10K.

Yellow luminescence

Yellow luminescence (YL) in GaN is due to the transition from shallow donor

levels to deep acceptor levels. Although it is also observable in UID GaN, the dom-

inance of YL in n-type GaN is a well known phenomenon, too. Either the complex

defects VGaON or VGaSiGa are believed to be the source of YL. Their binding energy

is 1.8 eV and 0.23 eV and their energy levels are positioned at 1.1 eV and 0.9 eV from

the top of the valence band, respectively [87]. As shown in this reference, the for-
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Figure 3.16: 10K PL emissions from UID GaN, HR GaN and Si doped GaN.

mation energy of Ga vacancy related defects is dependent on the Fermi energy level

using first principle calculations; the less formation energy is necessary for the defects

when the Fermi level is close to the conduction band, the higher the concentration

of such defects will be in n-type GaN. Elsner et al. also proposed that a VGa-O

defect is related to the acceptor level and also participates in the YL broadening

near threading-edge dislocations [88]. Besides, Ga vacancies alone and complexes

involving carbon (CN ) are believed to be the source of YL in UID GaN and carbon

doped GaN [89, 90].

Blue luminescence

The defects and impurities associated with BL in un-doped GaN are VGaON

[91] and VGaHn [92, 93]. Albrecht ascribed it to the 60◦ dislocations forming a wide
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band of half filled acceptor states in his cathodoluminescence study [94]. In C doped

GaN, CGa contributes to the BL emission. Interestingly, BL emission is observed in

samples grown by MOVPE and not in those grown by MBE [86], where no hydrogen

sources are used.

Discussion

The significantly high intensity of YL observed in Si doped GaN studied in

this work can be explained by the aforementioned VGa related defects. Although

the presence of high carbon density (> 1018 cm−3) can also produce a strong YL

peak, this is unlikely to be the case in this study. First, no intentional carbon

doping was attempted and second, if such a high carbon concentration is incorporated

unintentionally, its impact would have been seen from the PL results reported here

for HR GaN and UID GaN.

Armitage showed that the intensity of the yellow luminescence band (IY L) is

almost equal to the intensity of the blue luminescence band (IBL) when GaN is

doped with carbon at 1018 cm−3. Furthermore if its concentration raises above this

level, YL emission increases accordingly [89]. However, the ratio of IBL/IY L is much

higher than the value expected from GaN with high carbon concentration. It follows

therefore that the concentration of carbon must be below 1018 cm−3 in UID GaN and

HR GaN samples studied here since the IBL/IY L ratio is much larger than one.

The presence of the A0X peak in UID GaN supports this argument since the

A0X peak is missing in highly C doped GaN. The acceptor CN prefers to form elec-

trically inactive pair defects (CN - CGa) in extremely high concentration of carbon.

Consequently, carbon acceptor incorporation and compensation of residual donors

becomes inefficient [95, 96].

The absolute intensity of the YL emission of HR GaN is slightly reduced in
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comparison with UID GaN in Fig. 3.16. This might be due to the VGa related defects,

which are the major source of YL band emission, being suppressed in resistive GaN ;

the formation of these defects is implausible as the Fermi level is close to the valence

band.

BL emission appears and competes with YL emission in UID GaN and HR

GaN whereas no BL emission is observed in Si doped GaN. Although the absolute

intensities of BL emission and YL emission from UID GaN is stronger than from

HR GaN, the ratio between the two peaks is comparable between the two types of

GaN as seen in Table 3.6. The lower emission efficiency in HR GaN is explained

by its high density of threading dislocations predicted from the FWHM of the (102)

reflection plane. Another role of TDs is to trap impurities.

West performed SIMS measurements for GaN layers in order to study the

impact of growth pressure and TD density on impurity incorporation [97]. He showed

significant effects of growth pressure on carbon incorporation presumably due to

the stronger molecular integrations between carbon and hydride gases. As growth

pressures become higher, less carbon is incorporated in GaN. However, no strong

correlation was found between the density of threading dislocations and the amount

of carbon incorporation. Although an intermediate density of TDs (5.6 · 109 cm−3)

contained more carbon atoms than other samples having one order of magnitude

lower or higher density of TDs 2, the dependence of TD density was vaguely observed.

This implies that the complex defects of carbon and TDs are not the sole source of

high resistivity of GaN layers.

The BL emission is, to some extent, also dependent on the V/III ratio. Figure

3.17 presents the PL spectra of the aforementioned UID GaN and HR GaN grown

2growth pressure for all samples were maintained at the same value
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Figure 3.17: 10K PL emission of GaN layers grown under different growth conditions.

at a V/III ratio of 1100 along with the other HR GaN grown at a higher V/III

ratio (1500). The sheet resistance of both HR GaN samples grown with different

V/III ratios is as high as 106 Ω/�. The FWHMs of the (102) reflection plane is

comparable; the values of the higher and lower V/III ratio sample are 688 ” and

745 ”, respectively. However, a significantly lower BL emission is observed in HR

GaN with high V/III ratio. The peak ratio of BL to YL is about 1.7 for this sample.

Since high ammonia flow was adopted for a higher V/III ratio while the TMGa

flow was kept the same, less carbon concentration was expected under this growth

condition. Therefore, defects, specially originating from VGaHn [92, 93], seem to be

responsible for the high resistivity of this HR GaN sample since it was grown with



94

high ammonia flow (high V/III ratio). This is consistent with the fact that ammonia

rich conditions will generate more hydrogen dissociation from ammonia and also Ga

vacancies.

The discussion presented so far addressed the correlation between PL spectra

and possible defects incorporated under different growth conditions. Figure 3.16

implies a low radiative recombination rate due to TDs. Besides, the GaN layers

grown under the same conditions except for the NL annealing time can have different

sheet resistances because of different TD densities.

On the other hand, different types of defects can be responsible for the different

values of measured resistivities. In Fig. 3.17, two HR GaN layers grown with different

ammonia flow but having similar TD density and sheet resistance are compared. The

significant suppression of BL emission by a factor of four indicates that the origin of

high resistivity is different. Considering the fact that high ammonia flow enhances

the removal of carbon from the growth surface, the carbon concentration is reduced

effectively. Therefore, other defects such as VGaHn can be speculated as the origin

of high resistivities in this work.

3.3.7 Process stability

Materials grown under the same growth conditions should exhibit similar elec-

trical and optical characteristics. In order to ensure good growth reproducibility, the

growth window should also be wide enough so that small variations of the growth

parameters do not affect the material properties. In order to address this issue,

numerous HR GaN growth runs were carried out.

The values of the (002) FWHM measured in this study were overall increased

by more than 20 ”. Since this variation is not drastically critical for the quality

of GaN, data will not be presented here. These minor changes could be due to
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the quality of the GaN which is observed to drift even though the same growth

conditions are applied. This drift can also be caused by XRD measurement errors

including probing position, wafer stress condition etc. or can be the consequence of

a change in substrate quality, S/H and susceptor conditions.

Figure 3.18 compares the (102) FWHM values from two series of runs. Minor

changes are observed at annealing times between 40 s and 90 s as indicated in the

figure. The FWHM (102) is in the range of 500 ∼ 550 ” for both series of runs

and the sheet resistance is about 106 Ω/�. Therefore, the NL annealing time of this

regime with a center value of 70 s seems to permit the establishment of a reasonable

process window. However, remarkable difference was found between two runs when

the GaN layers were annealed for 10 s and 150 s. Further investigation suggested that

two major parameters can cause the instability of the process when no significant

change of the reactor condition is assumed. The discussion of these two parameters

follows in the next section.

1) Nucleation layer

The importance of the NL is profound as this layer determines the electrical

and optical characteristics of subsequently grown GaN layers. The thickness of this

layer must be tightly controlled. Otherwise, the same NL annealing time causes a

different density of NL islands and number of TDs consequently. In the experiments

reported in section 3.3.3, a thickness variation of about 3 nm was considered to be

acceptable. In order to verify the thickness variations, the growth rate of the NL was

carefully calibrated and its consistency was monitored from run to run as discussed

next.

The growth temperature of the NL was kept at 530 ◦C. For the calibration of

the growth rate, the growth of a very thick NL with a thickness of more than 500 nm
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Figure 3.18: The FWHM value of the (102) reflection plane vs. NL annealing time.

was carried out. The SEM measurement results showed that the average growth rate

was about 0.5μm/h. Repeating the SEM measurements following each run was felt

to be impractical since this is a destructive post growth characterization technique.

Moreover, a nucleation thickness of less than 30 nm NL is below the 100 nm resolution

of the system. Therefore, the NL thickness of each sample was extracted from the

correlation between the SEM measurement and the interferometer data.

The extracted NL growth rates are presented in Fig. 3.19. It has to be noted

that the values presented in this plot were measured only at the center of the respec-

tive wafer. The dashed line shows the growth rate of each run before the S/H and

susceptor cleaning. The solid line indicates the monitored growth rate after cleaning

of the S/H and the susceptor while the x-axis indicates the growth sequence follow-
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Figure 3.19: NL growth rate before and after S/H and susceptor cleaning.

ing reactor maintenance. A bake and coating run was performed between bulk GaN

runs in order to keep the conditions of the susceptor and the S/H the same. The

only exception was the case of the growth right after the maintenance of the S/H.

Before S/H and susceptor were cleaned, the average growth rate was about

460 nm/h. The maximum deviation of the NL growth rate was ±24 nm/h. Consider-

ing that the time for the NL growth is about 3 min, the resulting thickness deviation

is about ±1.2 nm. This value is acceptable as it does not influence the quality of the

HT GaN. Compared to the growth rates before the maintenance, a profound change

was observed in the first three runs after the maintenance. In particular, the growth

rate of the first run following the maintenance was only 75 % of the previous runs.

This change can definitely cause the change of the resistivity of GaN. Nevertheless,

the growth rate seems to recover after the growth of a few bulk GaN layers. There-

fore, care must be taken to keep S/H and susceptor conditions consistent in order to
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prevent drastic changes of the NL thickness.

2) Substrate bowing

The most remarkable quality change observed was for a sample annealed for

150 s. This cannot be understood just by nucleation layer thickness variations. Since

no significant change of the MOVPE system occurred during the time of these ex-

periments, the sapphire substrates were investigated as a possible source for these

differences. In order to verify the effect of the sapphire substrate, their surface

profile was measured by a commercial surface profiler (VEECO Dektak 6M). The

sapphire wafers were randomly picked from a set of 50 wafers. The scan directions

and positions are as shown in Fig. 3.5 on page 70.

R1 R2 R3 R4 FWHM(002) FWHM(102)
S 1 25 36 43 28 - -
S 2 280 300 153 108 - -
G 1 25 19 17 22 364 713
G 2 12 14 19 16 342 428

Table 3.7: calculated radius of two sapphire wafers and two consequently grown GaN layers
on the same substrates (unit: m).

Four distinguished data sets of two substrates and GaN layers grown on them

are provided in Table 3.7. The same growth conditions were applied for these two

GaN layers. A symmetric concave shape and a relatively smooth surface profile

were observed from the sapphire wafer 1 (S1) while sapphire wafer 2 (S2) showed

an asymmetric convex shape with a relatively flat but rough surface. The average

radius of S1 and S2 are 30 m and 190 m, respectively. The surface profile of both GaN

layers is concave and the average radius is 20 m and 15 m for G1 and G2 respectively.

Despite the little difference of the radius of the two GaN layers, the FWHM (102) of

these two GaN layers confirms the impact of the substrates on the GaN layers. The

GaN layer G2 grown on the flat sapphire substrate (S2) has a FHWM of 428 ” which
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is 30 % less than that of G1.

The asymmetry observed from S2 could be deleterious because it causes a

temperature gradient and a non-uniform gas flow, which results in non-uniform NL

growth. However, its large radius implies that less stress will be caused by this

substrate. On the other hand, enhanced stress contribution is expected from S1

because of its small radius as predicted by the Stoney equation (see Eq. 2.19 in

section 2.4.10). As a result, a large number of TDs is generated. Therefore, the

desired quality of the sapphire substrates should combine the features observed in

two sapphire wafers, namely smooth, uniform and low stressed characteristics. In

addition, its quality must be consistent in order to prevent profound quality changes.

3.4 n-doped GaN

The ability to modulate conductivity by doping allows the fabrication of various

device types. In case of HFET devices, the importance of doping is relatively low

compared with investigating the development of highly resistive GaN due to the fact

that devices of this type are inherently doped through piezoelectric and spontaneous

polarization effects while a highly resistive substrate is substantially essential for

controlled current modulation. However, intentionally doped n- or p-type layers are

needed for unipolar and bipolar devices and also for certain HFET designs. Precise

doping control is in general considered a prerequisite for optimizing the device design

and allowing production of devices with consistent performance characteristics.

The GaN conductivity can be controlled by intentional incorporation of dopant

atoms into the Ga sites in the GaN crystal. As mentioned earlier, the common dopant

for n-type GaN is Si and Mg is commonly used for p-GaN. Since n-type material is

required to form good quality ohmic contacts for Schottky diode gas sensors and to
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form 2DEG in a-plane HFETs in this work, the carrier density and Hall mobility

was studied for various doping levels corresponding to the SiH4 flow.

In good quality GaN material, the electron carrier density increases linearly

with increasing silane flow as also can be seen in Fig. 3.20. This is due to the fact

that mobility is, in this case, not limited by dislocation scattering. Consideration

of Hall mobility data compared with the obtained carrier density showed that the

materials investigated here are of moderate quality.

Figure 3.20: Carrier concentration and mobility vs. silane flow.

Temperature dependence measurements of the band edge PL emission were

performed with a doped sample and the HR GaN sample in order to investigate

the temperature evolution of peaks. The carrier concentration of doped sample II

is 2 · 1018 cm−3 as measured by Hall measurement. In the doped sample, only D0X

is observed at 3.40 ∼ 3.42 eV. Figure 3.21 shows the temperature evolution of the

peaks found in HR GaN and sample II. The free exciton A (XA) peak, the D0X and
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the A0X move to lower energies as temperature increases. Moreover, the donor and

acceptor bound peak of HR GaN vanish above 60 and 80K. However, the free exciton

A remains even at room temperature due to its high binding energy (28meV) [98].

Figure 3.21: Temperature evolution of the peak position for HR GaN and sample II (N=
2 · 1018 cm−3).

3.5 Conclusion

The focus of this chapter was the growth and characterization of resistive bulk

GaN. Due to the heater design of the TS MOVPE system, the importance of tem-

perature calibration was addressed and its procedure was described. In order to

minimize errors and temperature discrepancy, the emissivity of the susceptor and
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the quality of the optical probes must be considered.

The first UID bulk GaN grown by the Thomas Swan MOVPE system in this

work showed a screw and mixed TD density of 108 cm−2 and a edge TD density of

5 ∼ 7 · 1010 cm−2. This implies that the crystalline quality of this unoptimized GaN

was quite poor. Besides, the background carrier density was ∼ 1017 cm−3 and the

sheet resistance was as low as 103 Ω/�.

In order to improve the addressed issues of the first UID bulk GaN, a growth

process optimization was performed. The control parameters were V/III ratio, tem-

perature ramp up time and NL annealing time. As a result, a high Rs of about

106 Ω/� was obtained. The edge TD density was estimated to be about 109 cm−2

which represents an improvement by about one order of magnitude.

The origin of the resistivity of our bulk GaN was studied with 10K and RT

PL measurements with wavelengths in the range from 350 nm to 700 nm. The 10K

band edge PL measurement confirms that the higher acceptor related peak exists in

resistive GaN whilst the donor related peak is dominant in UID and n-doped GaN.

In addition, BL emission related to TDs, VGaON and VGaHn was observed and was

stronger than the YL emission in the resistive GaN. On the contrary, BL emission

was very weak compared to YL emission in UID or n-doped GaN. These PL results

manifest that the acceptor like defects in our resistive bulk GaN originate from TDs

as well as from VGaHn.



CHAPTER IV

POLAR NITRIDE HETEROSTRUCTURES

III-Nitrides grown along the c-axis exhibit an internal polarization field due to

the asymmetry and strain caused by the lattice mismatch in related heterostructures.

As a result of the polarization field, electrons are confined in a well which is formed

at the interface between GaN and the adjacent ternary alloy layer and form a 2DEG

as described in section 1.6.

The 2DEG mobility in undoped heterostructures is 500∼2000 cm−2/Vs at room

temperature [99, 100] and 3000∼10000 cm−2/Vs at low temperature [101]. Such

high mobilities are ascribed to the fact that the transport of 2DEG is not affected

by ionized impurity scattering since no doping is employed. The high breakdown

voltages in conjunction with high mobilities make nitride heterostructures attractive

for high frequency and high power electronic devices.

The scope of the work described in this chapter is to investigate the growth

and characterization of various nitride heterostructures, and in particular undoped

AlGaN/GaN designs including devices based on them. The optimization of Al-

GaN/GaN heterostructures was performed by controlling the thicknesses of the Al-

GaN layer and the Al composition in order to achieve a high mobility and high sheet

charge densities. The 2DEG in AlGaN/GaN heterostructures was characterized by

103
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Hall effect measurements. ω-2Θ scans and GI-XRR scans were used to analyze the Al

composition, the thickness of the AlGaN layer and the interface roughness. Devices

were also fabricated and their DC and RF characteristics were evaluated.

AlN/GaN heterostructures were explored as an alternative to AlGaN/GaN

designs. The growth of them is more challenging due to the large lattice mismatch

of AlN with respect to GaN (2.5 %) and the high risk of AlN oxidation. In order to

address this issue, the use of in-situ SiNx passivation was employed and its effects

were investigated. This layer is expected to protect the surface of AlN and reduce

strain relaxation.

Lastly, the growth of InGaN/GaN MQWs and their incorporation in Light

Emitting Diodes (LEDs) was investigated. Since their light-emitting efficiency is

highly sensitive to the interface quality, this is an adequate measure of the MOVPE

system’s capability for producing abrupt growth transitions and sharp interfaces.

The effect of Indium composition and the quality of the heterointerface were evalu-

ated by PL and XRD characterization.

4.1 AlGaN/GaN heterostructures

4.1.1 Surface states and energy band diagram

It was shown in sections 1.6.1 and 1.6.2 that the spontaneous and piezoelectric

polarization in AlGaN/GaN heterostructures modifies the band diagram at the het-

erostructure interface and creates a 2DEG even without any intentional doping. The

resulting 2DEG density is 1012 ∼ 1013 cm−2. In contrast to III-Nitrides, traditional

III-V heterostructures, such as AlGaAs/GaAs require doping of the wide bandgap

material in order to obtain a 2DEG. Although the polarization field is present in Al-

GaAs/GaAs, its value is smaller than that of AlGaN/GaN heterostructures by one

order of magnitude and doping of the barrier layer is necessary in order to obtain a
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2DEG. Experimental results demonstrate that surface states are also important for

inducing the 2DEG. Therefore, this section is dedicated to the role and impact of

surface states in AlGaN/GaN heterostructures.

When the AlGaN surface is assumed to be ideal i.e. no defects and no surface

states are present, the polarization field only causes a linear band bending in the

AlGaN layer and does not affect the band of the GaN layer underneath up to a

certain AlGaN thickness. As the thickness of AlGaN increases further, the valence

band of AlGaN approaches the Fermi level leading in an accumulation of holes at

the surface. As a result, a positive sheet charge is formed. In order to compensate

these positive charges, a 2DEG is formed at the heterointerface as shown in Figure

4.1(a).

However, the surface of a semiconductor layer is in general imperfect and the

top surface of AlGaN is expected to contain vacancies or some other defects. Surface

states (especially surface donor-like traps) in AlGaN layers were proposed to be a

source of 2DEG by Ibbetson [102] and Smorchkova [103]. Figure 4.1(b) shows the way

that the state of surface traps and the band diagram are changed by increasing the

thickness of the AlGaN layer in a non-ideal surface case. Originally the surface states

are below the Fermi level but they become ionized as the AlGaN thickness reaches

the critical thickness. Electrons from the surface donor-like traps are transferred to

the heterointerface by the polarization field and they form a 2DEG. It is worth noting

again that the source of 2DEG and the energy band diagram are different in the non-

ideal and ideal surface as shown by the schematics of Fig. 4.1. Koley investigated

the surface potential of AlGaN/GaN heterostructures by using a scanning Kelvin

probe and confirmed the contribution of surface states to the 2DEG formation [104].

The simulation results of Al0.27Ga0.73N/GaN heterostructures showed that the
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Figure 4.1: (a) Energy band diagram when a 2DEG is formed in an ideal surface case.
After Ref. [105]. (b) Schematic diagram showing the development of the band
structure in AlGaN/GaN heterostructures with increasing AlGaN barrier width
in a non-ideal surface case. After Ref. [103].

2DEG density can increase by a factor of four when surface states are taken into

account [106]. When the surface donor like states are filled by carriers originating

from surface contamination-related phenomena or electrons arising by reverse bias-

ing a gate, the associated sheet charge carriers are depleted and the related device

performance is expected to be degraded as will be discussed in section 4.1.4 and 4.3.

The density of the 2DEG is not linearly proportional to the thickness of the

AlGaN layer. Generally, the amount of the 2DEG increases abruptly up to a certain

point and then saturates gradually. In particular, the relaxation of the AlGaN bar-

rier layer leads to a decrease in the 2DEG density as the effect of the piezoelectric

polarization is reduced. Therefore, the thickness of AlGaN should be optimized to

ensure the maximum 2DEG density and pseudomorphic growth.



107

4.1.2 2DEG transport

When a gate metal is deposited on undoped AlGaN/GaN heterostructures with

a Schottky barrier height eφb as shown in Fig. 4.2, the sheet charge density (2DEG)

ns is given by Ref. [107]:

ns =
σpol

e
− (

εAlGaN

dAlGaNe2
)(eφb + EF − ΔEC) (4.1)

Figure 4.2: (a) Schematic diagram of a nominally undoped AlGaN/GaN HFET structure.
(b) Conduction-band energy diagram for this structure. c) Schematic diagram
of polarization induced and free-carrier charge distribution. After Ref. [107].

σpol is the charge induced by the polarization field, εAlGaN is the dielectric

constant of AlxGa1−xN and EF is the Fermi energy at the heterojunction interface.

dAlGaN is the thickness of the AlxGa1−xN barrier. φb and ΔEC are the Schottky bar-

rier height at the AlxGa1−xN surface and the conduction band discontinuity between

AlxGa1−xN and GaN, respectively.

ΔEC is related to the amount of ns confined in a quantum well. The higher

conduction band discontinuity present in III- Nitrides enhances the 2DEG density.

ΔEC can be calculated through the following equation:

ΔEC = 0.75(Eg,AlGaN − Eg,GaN) (4.2)
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as suggested by experimentally obtained data [108].

In general, the effective electron mobility (μtotal) is given by:

1

μtotal

=
∑

i

1

μi

(4.3)

Here, μi is a mobility defined by the various scattering mechanisms such as phonon,

ionized impurities, alloy disorder, dislocations and interface roughness scattering.

However, it should be noted that the temperature dependence of electron mobility in

a quantum well is pronouncedly different from that in a bulk material. In Appendix

B, Table B.1 summarizes the electron mobility mechanisms as defined for various

scattering mechanisms in a bulk material and in a quantum well.

Figure 4.3 presents the electron mobility in Al0.15GaN0.85/GaN heterostructures

[109]. In this calculation, the 2DEG is assumed to have a density of 1.6 · 1012 cm−2

and the doping concentration of the AlGaN layer to be 1018 cm−3 while the dis-

location density is set to 109 cm−3. Acoustic phonon and polar phonon scattering

strongly depend on temperature whereas dislocation and remote donor scattering are

relatively independent of temperature. Accordingly, the total mobility of the 2DEG

is limited by the polar optical phonon scattering at temperatures above 170 K and

acoustic phonon scattering is dominant at temperatures between 70 K and 170 K.

The contribution of remote donors is relatively negligible in comparison with other

scattering mechanisms. Therefore, the effective mobility of the 2DEG is character-

ized by a slow decrement at low temperatures and a drastic drop above 170 K. A

similar trend was proposed by Bhapkar and Shur [110] who also showed a profound

discrepancy between the effective mobility of bulk GaN and that of the 2DEG at

temperatures below 170 K due to ionized impurity scattering. These distinct char-

acteristics allows in fact temperature dependent mobility measurement to prove the
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presence of a 2DEG.

Figure 4.3: Electron mobility vs. temperature of Al0.15GaN0.85 modulation doped structure
with the influence of different scattering processes. After Ref. [109].

Since electron transport takes place through the 2DEG channel in HFET de-

vices, the sheet resistivity of AlGaN/GaN heterostructures is a key parameter dic-

tating their performance. The sheet resistivity (ρs) is given by:

ρs =
1

ensμ
(4.4)

and depends on both mobility and sheet carrier density of the 2DEG. In order to

achieve low sheet resistivity, a high 2DEG density is preferable. However, as can be

seen from Table B.1, the mobility is to some extent limited by ns as well. A high ns,

consequently, reduces the mobility.

4.1.3 Heterostructure field effect transistors

A figure of merit (FOM or FM) is a quantized number which can be used

for comparing materials in a specific application. Johnsen proposed that the basic



110

limit of the device performance of a transistor is set by the product of the critical

breakdown field Ec and the saturated electron drift velocity vsat. This is defined

as JM = (Ecvsat/π)2 [111]. JM of GaN is larger by a factor of 800 and 80 in

comparison with that of Si and GaAs, respectively. Various figure of merits for

semiconductor materials were defined in terms of switching speed, power loss, etc.

They are summarized in Table C.1 in Appendix C.

A typical HFET device structure and its circuit model are described in Fig. 4.4.

A gate with the length LG and the width WG is placed between source and drain.

The space between source and drain is defined as Lds. The geometry parameters

WG and LG are associated with the drain current and the maximum frequency limit

for the devices, respectively. It is preferable to use small gate width designs for low

noise and low current applications while large gate width designs are recommended

for power applications.

Figure 4.4: Schematic of a typical AlGaN/GaN HFET device and its circuit model [112].

Figure 4.5 represents the typical small signal DC output current voltage char-
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Figure 4.5: IDS-VDS characteristics of AlGaN/GaN HFETs. After Ref. [112].

acteristics of AlGaN/GaN HFETs. The output drain current IDS is a function of the

gate voltage and the drain-source voltage. The I-V characteristics can be divided in

three regions: the linear region, where the drain voltage is small and IDS is linearly

proportional to VDS; the saturation region, where the current is independent of VD;

and the breakdown region where the drain current increases rapidly with a slight

increase of VD [112]. The gate voltage (VGS) controls the density of 2DEG concen-

tration in the channel. The threshold voltage Vth is defined as the voltage at which

the 2DEG concentration becomes negligible and the current channel is pinched off.

Devices used for microwave applications are qualified by the transconductance

gm which is strongly associated with the gain and high frequency properties. It is

given by:

gm =
∂IDS

∂VGS
(4.5)

HFET devices utilized in this work have a short gate length (<10μm), so the devices
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are assumed to operated in the saturation region. Accordingly, IDS (normalized by

the gate width) and gm can be simplified to:

IDS ≈ ensvs (4.6)

gm = evs
dns

dVGS

(4.7)

The frequency at which the current gain becomes unity for short-circuit condi-

tion is called cutoff frequency fT or unity current gain frequency. It can be described

using gm and the capacitance of the gate Cgs as below.

fT =
gm

2πCGS

(=
vsat

2πLG

) (4.8)

For power device applications, the breakdown voltage is one of the most important

features. Two different breakdown phenomenon are observed depending on the bias

condition: off-state breakdown and on-state breakdown. Off-state breakdown takes

place under large positive drain bias and pinch-off conditions. Under such circum-

stances, empty surface states which are responsible for the 2DEG become filled with

electrons from the negatively biased gate. Consequently, the 2DEG channel is de-

pleted laterally toward the drain region. As the electric field increases, off-state

breakdown occurs. At on-state breakdown, the contribution of impact ionization is

dominant when the device carries a considerable amount of current.

4.1.4 Defects and I-V characteristics of heterostructure devices

In HFET devices, current collapse, which is also referred to as dispersion,

DC/RF dispersion, current slump, has always impeded the high power performance.

Possible sources of the current collapse are deep levels at the interface and/or in

the buffer GaN layer, deep levels in the barrier layer under the gate metal and

surface states in the barrier layer. Depending on the associated defects, the current

dispersion can be classified into gate lag and drain lag.
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Defects located at the interface and/or in the buffer GaN layer are responsible

for the drain lag which is the current reduction at a given bias condition after a

high drain-source bias has been applied while the gate voltage is kept constant. The

mechanism of the drain lag is explained by electron trapping in the bulk GaN. High

temperature or photo illumination can help releasing electrons from traps leading to

partial recovery of the decrement of the drain current. Since no correlation between

surface passivation with SiNx and the current collapse was found, surface states are

not involved with this current abnormality.

Interestingly, the drain lag is more serious in the HFET devices with a semi-

insulating buffer layer than a conductive one [113]. Klein et al were able to identify

the deep levels at 2.85 eV and 1.8 eV by varying the energy of the incident illumina-

tion [74]. The author showed that the concentration of deep levels associated with

2.85 eV is correlated with the carbon concentration in the buffer layer and the concen-

tration of deep levels associated with 1.8 eV is related to higher dislocation densities.

Considering that carbon incorporation around TDs enhances the resistivity of GaN

buffer layers by compensating residual donors, the serious drain lag problem in a

semi-insulating buffer can be explained well by the observation of Klein [74].

There is a considerable difference between the output power of HFET devices

at RF frequencies and the values expected from DC I-V data. This phenomenon

is known as gate lag and also called DC-to-RF dispersion, current slump, current

compression, current collapse. For the RF characteristics, the knee voltage at which

the drain current becomes saturated shifts to higher values and the maximum current

is reduced in comparison to the DC I-V characteristics. Consequently, the RF output

power (Pout = 1/8 ·IDS,Max · (VBREAKDOWN − VKNEE)) is reduced.

Charge trapping in surface states is proposed as a responsible source of the
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gate lag [21]. In fact, the significant impact of surface passivation substantiates this

theory [114]. Figure 4.6 describes the mechanism of the gate lag. With negative

gate bias applied, electrons flowing out of the gate electrode are captured by the

free surface states at the area between gate and drain electrodes. Electrons captured

by the surface states cause a virtual gate. The reduction of the net positive charge

at the surface leads to a decrease in the drain-source current and transconductance

gm. Similar to the drain lag case, illumination can help detrapping charges from the

surface states [21].

Figure 4.6: A negatively biased gate leads to trapping of electrons in surface states and
formation of a virtual gate in the region between gate and drain. Consequently
the drain source current is reduced and the current collapse effect occurs. After
Ref. [21].

A gate lag measurement is an effective means to reveal this problem. In this

measurement, the drain-source voltage is kept at a constant value, while a pulse is

applied to the gate. Usually, this pulse is set to drive the transistor from below

pinch-off to the on-state.
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4.2 AlGaN/GaN heterostructures

4.2.1 Growth and characterization

The Al composition x along with the AlGaN barrier thickness are important

in determining the characteristics of AlGaN/GaN heterostructures. The choice of

Al percentage influences on the amount of polarization charges, the 2DEG mobility,

and the depth of the quantum well where sheet charges are confined. A higher Al

composition is beneficial to the induction of larger amounts of polarization charges

due to the increased spontaneous and piezoelectric polarization field (see Eq. 4.1).

Besides, the enhancement of the conduction band offset as a consequence of high

x (see Eq. 4.2) helps that the 2DEG is confined in a way that carriers do not

interact with other scattering centers in the bulk material. However, a high value of

x causes difficulties in growing thick and good quality AlGaN layers since its lattice

mismatch with GaN increases correspondingly. Large lattice mismatch leads to faster

relaxation of the AlGaN layer bringing with its defects as for example layer cracks.

These cracks limit the lateral transport capabilities of the 2DEG and degrade its

mobility. Hence, the growth optimization of AlGaN/GaN heterostructures aims for

high x while at the same time maintaining high quality of layer.

First, the Al incorporation issue was investigated. More, specifically, the corre-

lation between ammonia flow and the efficiency of the Al solid incorporation x into

AlGaN were investigated. In general, the pre-reaction between the aluminum source

(TMAl) and ammonia is known to impede the growth rate and the Al incorpora-

tion. The depletion of TMAl caused by the pre-reaction makes Al incorporation less

effective leading in a growth rate reduction [115].

Two different ammonia flows were chosen for the study of the impact of the Al

composition: 1) 2.5 slm which is used also for bulk GaN growth and 2) 1 slm flow.
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All other growth parameters, such as Tg, Rp, substrate rotation speed and total gas

flow in the reactor etc, the contribution of which is relatively negligible, were kept

the same.

The Al solid incorporation ratio in an AlxGa1−xN layer was determined by

XRD ω-2Θ measurements [116]. The relevant equation is given below.

(
Δd

ds

)
= −(Δθ)cotθB (4.9)

Here, ds is the substrate lattice plane spacing and θB is the corresponding Bragg

angle. Δd is the difference in the inter-planar spacing of the layer and the substrate

and Δθ is the separation of two peak positions. In this work, the layer to be charac-

terized was AlGaN and the substrate was GaN. By employing sample and detector

coupled scanning (ω-2Θ), the Bragg peaks of the substrate and the layer can be mea-

sured. For the simple case of the symmetric reflections (002) or (004) etc, the lattice

mismatch (Δd/ds) is obtained experimentally from the corresponding Eq. 4.9.

On the other hand, the in-plane lattice mismatch between AlGaN with Al

composition x and GaN can be predicted. Since the strain present in AlGaN and

GaN is biaxial, the in-plane lattice mismatch can be correlated with the out-of-plane

lattice mismatch by the Poisson ratio ν as below.

Δa

as
=

1 − ν

1 + ν

Δd

ds
(4.10)

Assuming that the in-plane lattice constant of the AlGaN layer complies to Vegard’s

law, which assumes that the lattice parameter of the alloy layer varies linearly with

the composition as given below in Eq. 4.11, the Al composition x can be calculated

from Eq. 4.10.

aAlxGa1−xN = (1 − x) · aGaN + x · aAlN (4.11)
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In the gas phase, the Al composition (gas phase ratio) is driven by:

Al gas phase ratio = [MTMAl]/[MTMAl + MTMGa] (4.12)

MTMAl and MTMGa are the molar flows of TMAl and TMGa, respectively. These

values are calculated by the related Eq. 2.3 on page 22.

The discrepancy between the gas phase Al ratio and x measured by XRD in-

dicates the efficiency of Al incorporation. The correlation between Al gas phase

ratio and the solid incorporation ratios are plotted in Fig. 4.7 with respect to two

different ammonia flows (2.5 slm and 1 slm). In the ideal case, the Al solid incor-

poration will be equivalent to the gas phase ratio as indicated by the solid line in

Fig. 4.7. However, experimental results show sub-linear behaviors. The Al solid

incorporation ratio deviates from the theoretical values by about 15 % in the worst

case. As the ammonia flow increases from 1 slm to 2.5 slm, its prereaction becomes

more pronounced. Therefore, in this work, the ammonia flow was maintained at less

than 2 slm for the AlGaN alloy growth in order to supress the pre-reaction.

The Al composition x was selected between 0.20 < x < 0.30 in order to achieve

high electron mobility and a reasonable 2DEG density. Low Al composition (x

< 0.15) causes poor confinement of the 2DEG due to the small conduction band

offset (ΔEC < 0.28 eV). As a result, the 2DEG mobility is reduced because the

wave function of the 2DEG penetrates into the bulk and its mobility is affected.

An increase of Al composition improves the charge confinement and enhances the

density of the polarization charges. However, this is accompanied by problems such

as higher alloy scattering (x > 0.3) and layer relaxation.

The growth of AlGaN/GaN heterostructures with 0.2 < x < 0.3 and 20 nm <

dAlGaN < 40 nm was followed by 2DEG transport characterization using Hall mea-

surements at room temperature and 77K. The Hall samples were prepared by dicing
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Figure 4.7: Solid Al incorporation vs. gas phase ratio in AlGaN layers with respect to two
different ammonia flows.

the center region of a 2” wafer into 7 mm x 7 mm sized chips. Since the growth at the

wafer edge is not uniform because of gas turbulence around the edge of the susceptor

wafer pocket, the area within a few mm from the top and flat side of the wafer edge

is excluded.

The average values of the room temperature Hall mobility and the 2DEG sheet

charge densities obtained from various runs during our optimization are presented in

Fig. 4.8. The Al composition was about 20±3 % and the thickness varied from 28 to

40 nm. The inverse relationship between Hall mobility and 2DEG density is observed

as expected. A remarkable degradation of the Hall mobility (about 538 cm2/Vs) and

an extraordinarily high 2DEG density was found at a barrier thickness of 40 nm.

It is worth mentioning that the observed high 2DEG density is attributed to the

residual oxygen in the GaN template which was exposed to oxygen environment
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Figure 4.8: RT 2DEG mobility and sheet charge carrier density vs. dAlGaN . Al composition
was controlled at 20±3 %.

before the AlGaN growth, since the template was loaded into the reactor without

removing the oxide layer. It can be speculated that the GaN underneath the AlGaN

layer turnes into an unintentionally n-doped layer due to oxygen incorporation. In

addition, the relatively thick AlGaN barrier (40 nm) reduces the mobility because of

the delocalization of the 2DEG [117].

The best results obtained in this work at room temperature are an average Hall

mobility and sheet charge density of about 1270 cm2/Vs and 7.0·1012 cm−2, respec-

tively, with Al0.17Ga0.83N/GaN (dAlGaN ∼ 30 nm). This result is in good agreement

with the theoretical and experimental work in Ref. [13]. The uniformity of the

RT Hall mobility and sheet charge density is about ±7 %. The average of the 77K

Hall mobility of this sample is about four times greater than the RT hall mobility

(5020 cm2/Vs) and the sheet resistance of the sample is about 680 Ω/�.

GI-XRR measurements of the corresponding samples were carried out to esti-

mate the interface roughness. The measurement and simulation results are presented

in Fig. 4.9. As a result, the surface and interface roughness is 0.7 nm and 0.5 nm

respectively implying a very good interface transition from the GaN to the AlGaN
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layer. In terms of material, the best Hall mobility and sheet charge density currently

Figure 4.9: GI-XRR measurement and simulation result for a Al0.17Ga0.83N/GaN het-
erostructure.

reported is ∼ 2000 cm2/Vs and mid 1013 cm−2. Compared to these values, there is

still room for improvement of the AlGaN/GaN heterostructure growth.

There are several possible approaches for improvement: 1) Increasing the chan-

nel confinement and polarization effect by raising the Al composition to 30 %, 2) in-

serting a very thin AlN interlayer between the GaN layer and AlGaN layer in order

to enhance 2DEG confinement, 3) improving the interface roughness by controlling

the quality of the GaN transition layer.

4.2.2 Device results

Al0.17Ga0.83N/GaN with a barrier thickness of ∼ 30 nm was utilized for HFET

device fabrication. The devices based on the in-house grown AlGaN/GaN het-

erostructures were compared with other devices fabricated on a reference sample

in order to verify the impact of the resistive GaN buffer layer. The reference sample

was grown externally. Table 4.1 is the summary of the structure parameters and Hall

results of two samples.
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in-house HFET Reference
d (nm) 30 16
x (%) 18 25

Sheet charge density (cm−2) 6.8x 1012 -
μ at RT (cm−2/Vs) 1280 -

Rs (Ω/�) 680 600

Table 4.1: Characteristics of in-house HFET sample and the reference sample.

The two samples were processed at the same time with the same fabrication

process. The fabrication started with mesa isolation using reactive ion etching (RIE).

Ti/Al/Ti/Au ohmic contacts were deposited followed by lift-off and rapid thermal

annealing at 850 ◦C for 30s in N2 environment. TLM measurements showed that

the quality of the ohmic contact is good: contact resistance Rc is about 0.5 Ω·mm

and the specific contact resistance was in the low 10−5 Ω · cm2. 1μm long gates

were defined by optical lithography and Ni/Ti/Au metals were deposited by electron

beam evaporation. The devices had two finger gates with a width of 150μm and

the distance between source and drain was 3.4μm. Figure 4.10 illustrates the cross

section and top view of device.

Figure 4.10: Cross section of AlGaN/GaN HFET devices and the microscope image of its
top view (Courtesy of Sanghyun Seo).

The DC characteristics of two samples are shown in Fig. 4.11. The in-house de-

vices show that gm and IGS are 138 mS/mm (at VGS=-1 V) and 6μA(at VGS=-10 V),
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respectively. The very small value of IGS implies a very low leakage current. In con-

trast, the reference AlGaN/GaN HFETs exhibit a gm and IGS of about 105 mS/mm

(at VGS=0.5 V) and 0.2 mA (at VGS=-10 V) respectively. In addition, the pinch-off

current of the devices on the in-house wafer was 25μA/mm (at VDS=10 V, VGS=-

3 V) whereas the pinch-off current of the reference devices is higher by a factor of

20. The low pinch-off current observed from the in-house sample is indicative of the

higher resistivity of the GaN buffer layer compared to the reference sample.

(a) The HFET device on the in-house sample (b) The HFET device on the reference sample

Figure 4.11: IDS vs. VDS (gate voltage step = 1V).

Photoluminescence (PL) measurements of these two samples performed at 11K

show that an acceptor bound peak is dominant in the in-house sample while a donor

bound peak is stronger in the reference sample as shown in Fig. 4.12(a). Figure

4.12(b) shows the secondary ion mass spectroscopy (SIMS) results of the two samples.

The concentrations of hydrogen, oxygen and carbon impurities are normalized with

respect to the GaN concentration and compared. Since stable measurement requires a

relatively long time, the data for several monolayers from the top surface (sputtering

time upto 100 s) are discarded. However, this measurement can still provide valid

information of the bulk GaN.

Overall, the concentration of hydrogen and oxygen is slightly higher in the in-

house sample than in the reference sample. Since the TD density of the in-house
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sample is also larger than that of the reference sample, defects such as VGaON and

VGaHN together with the TDs are responsible for the difference as proposed in chap-

ter III. No discrepancy in the concentration of carbon is observed in the two samples

except at a small degree at the surface. However, it is not sure that the high amount

of carbon measured is due to surface contamination or not. In order to better under-

stand those results, SIMS measurements need to be conducted after a SIMS system

calibrations with samples of known impurity concentrations.

(a) (b)

Figure 4.12: (a)11K band edge PL measurement and (b) SIMS results of the two samples of
in-house grown Al0.17Ga0.83N/GaN heterostructure and the reference sample.

High frequency characterization of the devices was also carried out in order to

obtain the two important parameters, fT and fmax, the frequency where the current

gain and the maximum stable gain become unity. The ratio of fT to fmax was found

to be in the range of two or three indicating good quality devices. fT and a fmax of the

in-house samples are about 11 GHz and 26 GHz, respectively and the associated fT

to fmax ratio is about 2.3. fT and fmax of the reference sample are about 9 GHz and

20 GHz. The high frequency characteristics of the two samples are not significantly

different. Nevertheless, an improvement of the device characteristics is observed
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for the in-house grown sample which is likely to be attributed to the resistive GaN

underneath the AlGaN layer. These values are comparable to device characteristics

reported for such devices at the time this work was done [118].

4.3 AlN/GaN heterostructures

AlN/GaN heterostructures are attractive in many ways in comparison with

AlGaN/GaN heterostructures. The alloy scattering observed in ternary alloys can be

avoided while the very thin AlN barrier layer can enhance gm and suppress the short

channel effect [119]. Furthermore, devices of this type are possible to be operated at

higher temperature and present reduced gate leakage due to their higher Schottky

barrier compared with that of the AlGaN layer [120]. The AlN layer also present a

small dielectric constant allowing therefore the reduction of the off-state capacitance

in metal insulator field effect transistors (MISFETs) which may lead to higher cutoff

frequencies compared to HFETs.

A 3∼5 nm thin AlN layer grown on GaN can lead in a high sheet charge density

and high electron mobility values, which are comparable to the values obtained with

AlGaN/GaN heterostructures due to the large polarization charge at the interface

between AlN and GaN. Recently the highest sheet charge density (ns = 5·1013 cm−2)

ever achieved was reported for AlN/GaN grown by MBE and corresponded to values

close to the theoretical limit of 6·1013 cm−2 [121]. However, the achievement of high

ns is still challenging because of the relaxation of the AlN layer due to large lattice

mismatch with GaN (2.5 %), AlN surface oxidation and the depletion of the 2DEG

caused by surface degradation during subsequent fabrication processes.

In order to address such issues, in-situ or ex-situ SiNx has been used as a pas-

sivation layer and device characteristics were found to be improved [119, 122]. How-
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ever, these papers report on AlN MISFET with SiNx grown by MBE and catalytic

chemical vapor deposition (Cat-CVD). So far in-situ SiNx grown by MOVPE was

studied only with AlGaN/GaN heterostructure HFETs [123]. In this work, AlN/GaN

MISFETs with in-situ SiNx grown by MOVPE were studied to investigate its effects

on the characteristics of MISFET.

4.3.1 Growth and characterization

AlN/GaN heterostructures were grown with the in-house MOVPE system on

c-plane sapphire substrates. Trimethylaluminium (TMAl) and Trimethylgallium

(TMGa) were used as alkyl sources and ammonia (NH3) was used as hydride source.

Silane (50 ppm SiH4 in hydrogen) was used for the in-situ SiNx growth. After clean-

ing and short nitridation of the substrate, the GaN nucleation layer was grown at

530 ◦C and subsequently annealed at 1040 ◦C. Finally, a 2 μm thick resistive GaN and

5 nm thick AlN layer was grown at 1020 ◦C. In order to grow an in-situ SiNx layer,

the temperature was reduced by 100 ◦C and silane was fed into the reactor until a few

nanometers of SiNx were grown on the top of the AlN layer. The growth rate of AlN

and the in-situ SiNx were characterized by Grazing Incidence X-ray reflectivity (GI-

XRR) measurements using the BEDE D1 system. The growth rate was measured to

be 143 nm/h and 10 nm/h, respectively. From the calibration of the growth rate, the

thickness of SiNx is found to be approximately 2∼3 nm. As a reference sample, an

externally grown AlN/GaN MISFET structure was prepared which did not have an

in-situ SiNx layer. Figure 4.13 illustrates the structures of the AlN MISFET with

in-situ SiNx and the reference sample.

The surface roughness of the AlN/GaN MISFET structures with and without

in-situ SiNx were measured by AFM and surface planarization was observed by in-

situ SiNx growth as shown in Fig. 4.14. The RMS surface roughness of the sample
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Figure 4.13: AlN/GaN heterostructure with in-situ SiNx (left) and the reference sample
(right).

with in-situ SiNx is 0.17 nm while the corresponding value of the sample without

in-situ SiNx is 0.38 nm. This agrees well with the results in Ref. [123].

(a) (b)

Figure 4.14: AFM image of two AlN MISFET samples. The RMS roughness are (a) 0.38nm
(without in-situ SiNx passivation) and (b) 0.17nm (with in-situ SiNx passi-
vation).

Hall mobility at room temperature and 77K was measured using the Van der

Pauw technique. Ohmic contacts were formed directly on the in-situ SiNx by de-

positing Ti/Al/Ti/Au (25/120/12/300nm) using an e-beam evaporator system and

subsequently annealed at 850 ◦C for 30s in N2 in a rapid thermal annealing (RTA)

system. However, removal of the AlN by KOH etching at 65 ◦C was necessary for the

reference sample and ohmic contacts were formed directly on the GaN. A straight

forward ohmic contact process by direct deposition of the ohmic metal on the in-situ
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SiNx MISFETs benefits from the absence of depletion of the 2DEG as well as the

absence of an oxide layer between AlN and the metal layer. The expected good

ohmic quality was confirmed by transfer length method (TLM) results which will be

also presented after the Hall results.

The room temperature electron sheet concentration is 6.8 · 1012 cm−2 and the

associated mobility is 950 cm2/Vs. The 2DEG mobility at 77 K is 2610 cm2/Vs. The

2DEG density of the reference sample is 9·1012 cm−2 and the mobility is 900 cm−2/Vs.

The observed higher 2DEG density might be due to weaker relaxation of AlN in the

reference sample which was grown at low NH3 flow. The ohmic quality of the devices

was furthermore evaluated by TLM. Table 4.2 is the summary of the Hall and TLM

measurement results of the in-situ SiNx and the reference sample. Although the

reference sample exhibits higher 2DEG density and slightly lower sheet resistance,

its contact resistance and specific contact resistance are much lower than those of

the reference sample. The contact resistance Rc and the specific contact resistance

ρc of the in-situ SiNx sample is 0.64 Ω·mm and 1.15 · 10−5 Ω·cm2, respectively. On

the other hand, the reference sample exhibits an about three times higher contact

resistance (Rc = 1.75Ω·mm) and an one order of magnitude higher specific contact

resistance (ρc = 1.0·10−4 Ω·cm2). The high contact resistance of the reference sample

is explained by the fact that the ohmic contact was formed directly on the GaN layer

where no 2DEG is present. Therefore, its ohmic quality is relatively inferior to that

of the in-situ SiNx sample even though it shows larger 2DEG density.

Wet and dry etching of in-situ SiNx were carried out with the Hall samples in

order to investigate the quality of in-situ SiNx and the way it affects the electron

transport characteristics. First, the Hall samples were treated in 50 % BHF (buffered

HF). The ohmic contacts were then masked in order to protect the metal and the
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in-situ SiNx Reference
n2DEG (cm−2) 6.8·1012 9·1012

μ (cm−2/Vs) 940 900
Rs (Ω/�) 600 570
Rc (Ω·mm) 0.64 1.75
ρc (Ω·cm2) 1.15·10−5 1.0·10−4

Table 4.2: Hall and TLM measurement results of the in-situ SiNx sample and the reference
sample.

rest of the area was exposed to BHF. The Hall mobility and sheet charge carrier den-

sity were measured again after etching and values of 1100 cm2/Vs and 6·1012 cm−2

were obtained. The observed change is attributed to surface state changes [124, 125].

These values did not change even after more than one hour of etching. Since long

time etching eventually degrades the ohmic contacts, there is presently no evidence

of complete SiNx etching by BHF. Additional studies using surface state character-

ization by X-ray photoelectron spectroscopy (XPS) are in progress for verification.

However, the extremely slow etch rate of in-situ SiNx is not a surprising result. Hey-

ing et al. reported that the etch rate of MBE grown SiNx at 750 ◦C is one hundred

times slower (4 Å/min) than the etch rate of PECVD SiNx. Since the growth tem-

perature of in-situ SiNx grown in this work is around 950 ◦C, its etch rate can be

extremely low. On the contrary, SF6 etching led to substantial changes even after a

few seconds of etching. The mobility dropped to 200∼300 cm2/Vs which is close to

bulk GaN values.

The etching effects were also studied by capacitance voltage (C-V ) measure-

ments. Standard Schottky diodes were fabricated with Ni/Ti/Au Schottky contacts.

In order to achieve good ohmic quality, Ti/Al/Ti/Au multi layers were deposited on

the in-situ SiNx directly. Then, the in-situ SiNx of half of the devices was etched

by SF6 and the Schottky contact step followed. Therefore, C-V characteristics of



129

Schottky diodes with and without SF6 etching can be compared on the same wafer.

The cross section of the Schottky diode is illustrated in Fig. 4.15(a).

Schottky

contact

Ohmic
contact

SiNx
AlN

Ti/Al/Ti/Au

GaN

Ni/Ti/Au

Sapphire

(a) (b)

Figure 4.15: (a) Cross section of the Schottky diode fabricated after SiNx etching. (b)
Depth profile of the carrier concentration of as grown AlN MISFET structure
with in-situ SiNx and after SF6 etching (right).

C-V characteristics were measured by an HP 4279A LCR meter at 1MHz.

The carrier concentration versus depth profile confirms that the 2DEG is located

at the interface between GaN and AlN in the MISFET with in-situ SiNx as shown

in Fig.4.15(b). However, the diodes treated by SF6 etching do not show any 2DEG

profile. The results are consistent with the observations from Hall measurements and

imply that either the 2DEG is depleted as a consequence of the SiNx etching or the

AlN layer is removed by SF6 together with SiNx.

The impact of in-situ SiNx was also studied optically by PL measurements

with a 325 nm continuous wave He-Cd laser. 11K band edge emission for three cases

are compared in Fig. 4.16. These correspond to experiments without etching, BHF

etching and SF6 etching. In addition to three major peaks, A0X, D0X and XA, a
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very broad peak at 3.40 eV can be seen from the as grown AlN/GaN MISFET sam-

ple with in-situ SiNx. The unusual peak shoulder also appears between 3.45 eV and

A0X. These shapes have not been found in either GaN or undoped AlGaN/GaN het-

erostructures. Although the peak at 3.4 eV becomes sharper and the peak shoulder

becomes suppressed after BHF treatment, no discernible change was found. How-

ever, these two peaks disappear in the SF6 etched sample. Therefore, they seem to be

related to the 2DEG or the in-situ SiNx layer. Since such peaks are not found in the

reference sample, surface modification during growth resulting in a Si diffusion-like

process is speculated as a plausible origin.

Figure 4.16: Band edge photoluminescence of the as grown AlN MISFET structure with
in-situ SiNx and after surface treatment by 50 % BHF and SF6.

4.3.2 Device results

1μm long gate devices were fabricated. The distance between source and drain

was 3.4μm. DC characteristics of the in-situ SiNx device and the reference sample

were measured at room temperature and are presented in Fig. 4.17. The in-situ

SiNx device exhibited a peak current density of 403 mA/mm at VGS = 1.5 V and the
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threshold voltage Vth was about -1.5 V. The peak extrinsic transconductance gm was

206 mS/mm at VGS = -0.6 V and VDS = 5 V as shown in Fig. 4.18. This is almost a

factor of three higher than 85 mS/mm obtained from the reference sample fabricated

using the same technology.

The gate leakage current density was found to be around 1 mA/mm at a reverse

VGS of -30 V. This is one tenth of that of the reference sample. The small signal

measurement results also show the superior performance of the in-situ SiNx MISFET

sample compared to the reference sample. The current gain cutoff frequency fT

and the maximum oscillation frequency fmax were found to be 10 GHz and 32 GHz,

respectively. This is a factor of 2 to 3 improvement compared to the results of the

reference sample.

(a) (b)

Figure 4.17: IDS vs. VDS curves (a) of the AlN MISFET with in-situ SiNx (b) of the
reference sample [126].

4.4 InGaN/GaN alloy growth

The InxGa1−xN alloy is a key material for blue and green light emitting devices.

In addition, the implementation of an InGaN channel in HFET devices can improve

the low-frequency noise behavior and the current collapse due to an increased con-
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Figure 4.18: Transfer characteristics of the in-situ SiNx MISFET and the reference sample
at VDS = 5V.

duction band offset between InGaN and GaN and a related carrier confinement im-

provement [127]. In this work, growth of InGaN/GaN multi quantum well (MQW)

structures was attempted as part of the efforts made to investigate multiple het-

erointerfaces used in GaN/AlN DBRs (see section 6.3). Since the characterization

methods for InGaN MQWs, for example PL and XRD, are non-destructive and pro-

vide accurate information about the quality of the heterostructure interface, they

were used in order to obtain a quick quality estimation of the heterointerface.

The challenge in the growth of InGaN is Indium segregation from the growth

surface since Indium is highly volatile and its bond energy with nitrogen is relatively

weak. Surface segregated In grows and forms metal droplets which disturb the ho-

mogeneity of the film. Therefore, low temperature growth (< 850 ◦C) is necessary
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[128]. The V/III ratio and the In molar fraction are also controlled in order to pre-

vent Indium segregation. The growth parameters determining Indium incorporation

are growth temperature, growth rate [4], carrier gas [129], TMGa flow [130] and

ammonia flow.

Al O2 3

n GaN
+

Undoped GaN

n GaN
-

(In Ga N /n-GaN) x2
Slightly Doped

0.15 0.95

(In Ga N /GaN) x30.15 0.95

p GaN
+

p GaN
++

Figure 4.19: Schematic of the InGaN MQW structure.

The test structure was a 5 period In0.15Ga0.85N MQW structure as shown in

Fig. 4.19. The target InGaN well thickness and the GaN barrier thickness are 2.5 nm

and 15 nm, respectively. To reduce the piezoelectric field which causes electron-hole

(e-h) separation in the well, the GaN barrier was slightly doped with Si. The reactor

pressure was fixed at 300 torr for the InGaN well and GaN barrier growth. For p-

doped GaN, the reactor pressure was 100 torr. TMGa flow, Tg and growth time for

the InGaN well were varied as shown in Table 4.3.

Sample Peak position
(nm)

Tg (◦C) TMGa Flow
(μmol/min)

InGaN growth
time(s)

M1 459 730 3.1 150

M2 419 750 2.1 150

M3 550 730 5.1 150

M4 491 730 3.8 150

M5 435 750 4.8 120

Table 4.3: Growth parameters for InGaN MQWs.

Room temperature PL measurements were performed for MQW structures
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grown under various conditions. In all samples, a weak GaN band edge peak was

found around 365 nm as can be seen in Fig. 4.20 and Fig. 4.21. In contrast, the peaks

for the InGaN MQWs were found at different wavelengths depending on the growth

condition. Sample M1 grown at a temperature of 730 ◦C had a peak at 459∼470 nm

while the peak of sample M2 was found at 419∼425 nm.

Figure 4.20: Room temperature PL measurement data of InGaN MQWs (I).

The blue shift of the PL peak in sample M2 indicates that the Indium incorpo-

ration is lower than in sample M1. Growth temperature differences between sample

M1 and sample M2 (ΔT=20 ◦C) lead therefore to a 40 nm shift of the peak. The

effect of TMGa flow can be found from the comparison between sample M1 and sam-

ple M3. Increasing TMGa flow from 3.1μmol/min to 5.1μmol/min shifts the peak

position from 459 nm to 550 nm. High Ga flow contributes to efficient trapping of

In and increases the InGaN QW thickness. Samples with thicker QWs usually show

lower intensity and a broader peak because of separation of e-h pairs. The peak

moved to green wavelengths (550 nm) and was broadened in sample M3 for these
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Figure 4.21: Room temperature PL measurement data of InGaN MQWs (II).

reasons.

In order to achieve good quantum confinement, the well thickness should be

smaller than one Bohr radius (3.5 nm in case of InGaN). Figure 4.21 confirms the

impact of the TMGa flow and the growth temperature on the PL characteristics. In

sample M5, the effect of high TMGa flow and reduced well thickness was compensated

by the effect of high growth temperature. Therefore, the red shift is smaller than for

sample M3.

Although sample M1 presented a blue LED spectra, its FWHM is about

160 meV which is much broader than that of a typical blue LED. To obtain sharp

peaks of about 20 meV, the well thickness should be further optimized. After anneal-

ing of sample M2 at 750 ◦C for 10∼20 min in N2 environment, the Mg doped layer

was found to be conductive. Blue emission was observed visually from this sample

by applying electrical contacts to the top and bottom layer of the structure. Figure
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4.22 (a) shows a typical result obtained from such tests. Electroluminescence was

not observed from samples without high temperature annealing. The XRD charac-

terization data in Fig. 4.22(b) illustrates well defined satellite peaks indicating a

good interface between GaN and InGaN.

Figure 4.22: (a) Blue emission from sample M1 (left). (b) θ-2Θ measurement of a InGaN
MQW (right) structure.

4.5 Conclusion

The focus of this chapter is the growth and characterization of nitride het-

erostructures such as AlGaN/GaN, AlN/GaN and InGaN/GaN.

The best electrical characterization results obtained from AlGaN/GaN het-

erostructures in this work were a room temperature average Hall mobility and sheet

charge density of about 1270 cm2/Vs and 7.0·1012 cm−2, respectively. This material

was also used to fabricate AlGaN/GaN HFET devices on a resistive bulk GaN tem-

plate. Good pinch-off characteristics, a low gate leakage current and a good gm value

of 138 mS/mm were demonstrated while the fT and fmax of these devices were about

11 GHz and 26 GHz, respectively. The obtained DC and high frequency characteris-

tics imply that both the resistive bulk GaN and the AlGaN layers are of good quality.
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AlN MISFETs with MOVPE grown in-situ SiNx were investigated. Good

ohmic contacts were possible without AlN etching. DC and RF characteristics of

the devices were found to be improved in comparison with AlN MISFETs without

a passivation layer by a factor of 2 to 3. fT and fmax of these devices were about

10.2 GHz and 32.3 GHz, respectively. Moreover, these are comparable or superior to

AlGaN/GaN HFETs presented in this work. Wet etching tests confirmed the high

quality of the in-situ SiNx. Significant depletion of the 2DEG was observed after

SF6 etching as evidenced by Hall, C-V and PL studies.

The growth of a InGaN/GaN MQWs (5 periods) structure was attempted to

verify the capability of the growth system in terms of multiple heterointerfaces. As

the result of optimizing the growth temperature and TMGa flow, a PL emission

centered at 419 nm and electroluminescence were observed. This indicates that the

TS MOVPE system used in this work is capable of growing multiple heterostructures

with abrupt interfaces.



CHAPTER V

NON-POLAR NITRIDES

5.1 Introduction

Nitride structures grown on c-plane sapphire wafers have been presented in

chapter III and IV. Polarization fields present in these structures result in a high

sensitivity to surface state changes and strain. Therefore, polar nitride materials are

attractive for sensor applications. In addition, 2DEG formation without intentional

doping enables the fabrication of high frequency devices. However, polarization fields

in III-Nitrides can also impede proper operation of certain device designs.

The strong polarization fields separate electron and hole (e-h) spatially in In-

GaN/GaN or AlGaN/GaN multi quantum wells (MQWs). As a result, the carrier

recombination efficiency is poor and the emission wavelength is shifted due to the

quantum confined Stark effect [131, 132]. The asymmetric energy band structure

caused by the polarization field is also believed to hinder the realization of resonant

tunneling diodes or varactors [133, 134].

In order to eliminate the polarization fields, the investigation of non-polar GaN

growth is underway. Promising non-polar nitride growth results had been reported

in early 2000 [135]. The schematic of the a-plane [112̄0] or m-plane [11̄00] crystal

structures of GaN, which are referred to as non-polar GaN, are shown in Fig. 5.1(a).

138
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The AlGaN/GaN heterostructure grown along the a-axis, for example, demonstrates

that no spontaneous polarization is present due to the symmetric arrangement of

atoms along this direction as depicted in Fig. 5.1(b). The piezoelectric polariza-

tion filed is present along the polar axis (c-axis) which is parallel to the growth

surface. Therefore, heterostructures grown in either of these orientations are free

of polarization-related electric fields. Figure 5.2 clearly shows that the presence of

polarization fields impacts on the e-h recombination possibility and the emission

wavelength in a AlGaN/GaN single quantum well.
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(1 00)1
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(11 0)2

x
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[ 00]11

[000 ]1

[11 0]2

AlGaN

GaN

Al atom Ga atom N atom

PPE(AlGaN)

PSP(AlGaN)

PSP(GaN)

(a) (b)

Figure 5.1: (a) Schematic of the hexagonal unit cell of wurtzite nitride semiconductors. The
shaded and patterned areas present the c-plane and a-plane. The area without
any pattern indicates the m-plane. (b) a-plane AlGaN/GaN heterostructure.

Superior properties of a-plane structures in comparison to conventional c-plane

structures have already been reported and include a reduced shift of the emission

wavelength with the injection current [136], a smaller turn-on voltage [137], and a

strong polarization of the emitted light [138]. However, their application to electrical

devices has barely been addressed.

This chapter describes the growth of a-plane GaN grown on r-plane [101̄2]
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sapphire wafers for the realization of non-polar heterostructure electrical devices. In

order to obtain good material, systematic studies of NLs were carried out first and

then a-plane AlGaN/GaN heterostructures were grown.

Figure 5.2: Energy band diagram of an AlGaN/GaN single quantum well with polarization
field (left) and without polarization field (right) [135].

5.2 Growth and characterization

Compared with the featureless and smooth surface of c-plane GaN layers, the

surface of a-plane GaN layers is quite rough and stripe features typically are observed.

XRD rocking curve measurement results indicate that the in-plane crystalline quality

of a-GaN layers is anisotropic. FWHM values are considerably different depending on

the in-plane angle Ψ. This is due to the anisotropy of the in-plane thermal expansion

and lattice mismatches [139].

Great efforts had been made in order to obtain smooth surface morphology

and isotropic surfaces by optimizing the anisotropic strain, incorporation probability

and adatom diffusion length. For this purpose, various techniques, including the

conventional two step growth using NLs, have been proposed: 1) direct growth of

GaN without NLs [140], 2) introducing N2 as a carrier gas [139, 141], 3) SiNx inter-
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layer [142], 4) flow rate modulation growth [143] etc. In this work, prime importance

was given to the optimization of NLs for the growth of a-GaN. SiNx interlayers and

modulation of the flow growth were not considered as the associated growth rate can

be very low.

In chapter III, the significance of the NL in accommodating thermal mismatches

and lattice mismatches between the main layer and the substrate was discussed. NLs

were shown to promote the growth transition from 3D to 2D in the growth of c-plane

GaN. Besides, the optical and electrical quality of the following layers is strongly

dependent on the NL. Therefore, extensive experiments were performed in order to

optimize low temperature grown GaN NLs. For the same reason, extensive studies

were therefore also performed for the growth of NLs intended for a-plane GaN. Since

the growth of GaN evolves in a completely different way depending on the orientation

of the sapphire substrate, various types of NLs were explored as follows:

• Low temperature GaN nucleation layers

• Direct growth (without any NLs)

• AlN nucleation layers

The low temperature GaN nucleation layers used for the initial studies were

of the same type of those for the growth process of c-plane GaN. The thickness and

ammonia flow were varied in order to optimize the NL. The resulting low temperature

GaN nucleation layers turned out to be less effective for the improvement of the

surface morphology and anisotropy of a-plane GaN than for c-plane GaN. Therefore,

direct growth of GaN was considered. The results obtained from these studies were

comparable to those of a-plane GaN grown utilizing GaN NLs. As an alternative

approach, AlN NLs were investigated and the results obtained from them indicated
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improvement of the a-plane GaN quality.

5.2.1 Low temperature GaN nucleation layer

The standard reference growth conditions established for c-plane GaN were

adapted for the growth of a-plane GaN. Trimethylgallium (TMGa) was used as an

alkyl source and ammonia (NH3) was used as hydride source. After cleaning and

short nitridation of the substrate, the GaN nucleation layer was grown at 530 ◦C and

subsequently annealed at 1040 ◦C. Finally, 2 μm thick GaN was grown. The growth

conditions are given in Table 5.1.

Pg Tg (◦C) V/III Ramp-up time (s) Annealing time (s)
Substrate cleaning 100 1060 - - 300
NL 200 530 3600 300 70
GaN 100 1040 920 - -

Table 5.1: The standard c-plane GaN growth conditions.

Although the same growth process was employed for both c-plane GaN and a-

plane GaN, a few differences were observed from the interferograms as presented in

Fig. 5.3. In particular, the surface reflectance right after NL annealing is considerably

different from that of c-plane GaN. In general, NL annealing causes a thin and

continuous NL layer (20∼30 nm) to turn into NL islands and the reflectance from

c-plane GaN is therefore quite low after annealing (see section 3.1.2). As the growth

of GaN proceeds, the reflectance recovers within 1000 s. In contrast, the reflectance

from the a-plane GaN remained high even after NL annealing.

Another discrepancy is that longer time (>1000 s) is needed for the reflectance

recovery in case of a-plane GaN. Ni et al. investigated the surface evolution of a-GaN

layers with GaN NLs utilizing SEM [144]. Complete coalescence was observed at a

thickness of 1.5μm. In general, the complete coalescence of c-GaN takes place at a

thickness of 0.3∼0.7μm. This result explains the longer recovery time of the surface
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Figure 5.3: Interferograms of c-plane GaN and a-plane GaN. The standard reference recipe
for c-plane GaN was used for both growths.

reflectance in a-plane GaN.

Lastly, the reflectance of a-plane GaN is much lower than that of c-plane GaN

which implies that the surface of a-GaN is rough. This is consistent with the results

of optical microscope and AFM measurements (see Fig. 5.4). Stripes along the c-axis

can been seen and the surface undulates along the m-axis. This surface undulation

is also observed from the r-plane sapphire substrate. However, its RMS roughness

is 0.3 nm which is much less in comparison with 6.7 nm of a-GaN (20 x 20μm). The

typical RMS roughness of c-plane GaN (2μm) is about 0.15∼0.3 nm.

XRD ω-2Θ measurements confirmed that there is no peak related to the (002)

reflection plane. The FWHM of the ω-rocking curve is ∼ 1000 ” when the incident

X-ray beam is parallel to the c-axis while it is > 2000 ” when the incidence beam is

perpendicular to the c-axis (i.e. m-axis). This differs from c-plane GaN, where the

typical FWHM value of in-plane ω rocking curves is about ≥ 300 ”. Apart from the
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Figure 5.4: AFM images of r-plane sapphire substrate (left) and GaN grown with 25 nm
NL (right). The RMS roughnesses are 0.3 nm and 6.7 nm respectively.

high value of the FWHM in comparison to c-plane GaN, the in-plane anisotropy was

also found to present significantly different characteristics. The different migration

length of adatoms along the two directions was speculated to be a possible reason

[139].

It is worth mentioning that a-plane GaN is highly sensitive to the thickness

of the low temperature GaN nucleation layer while relatively smooth surface mor-

phology can still be achieved in c-plane GaN growth for a wide range of GaN NL

thicknesses. Figure 5.5 and 5.6 present interferograms and microscope images of

two a-plane GaN layers having different GaN NL thickness. The reflectance signal

of the a-GaN layer with thick NL recovered very slowly after the high temperature

annealing whereas the a-GaN layer grown on 25 nm showed quick recovery of the

surface reflectance. As can be seen from the microscope image, the surface of a-GaN

with thick NL was very rough and milky while a-GaN with relatively thin NLs had

reasonable surface quality. It manifests that the growth window of a-GaN is very

narrow.
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Figure 5.5: Interferograms of two a-plane GaN layers with two different GaN NL thick-
nesses. The top interferogram and the bottom one are associated with 40 nm
and 25 nm NLs.

Figure 5.6: Optical microscope images of the two a-plane GaN layers grown on 25 nm NL
(left) and 40 nm NL (right).

5.2.2 Direct growth

Our a-plane GaN grown on a GaN NL showed comparable quality character-

istics with those reported in Refs. [139] and [144] but further improvements are

necessary in order to achieve device quality layers. Higher temperature and lower
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growth pressure than the current used growth condition are preferable for this pur-

pose [144, 145]. However, growth temperatures used in this work are already quite

close to the limit of the system. Therefore, a direct growth method was investigated

as an alternative method. In this technique, a-plane GaN was grown without any

nucleation layer.

Araki et al compared the direct growth of GaN on c-plane sapphire substrate

and on a-plane sapphire after nitridation. The authors observed a very low-density

nucleation of GaN islands and the Volmer Weber or three-dimensional (3D) growth

mode on c-plane sapphire. In contrast, a high- density nucleation of GaN islands was

observed on r-plane sapphire substrates. This implies that the initial layer grown

after the nitridation step can function as a nucleation layer in case of a-plane GaN

growth while c-plane GaN growth requires the deposition of a thin NL and subsequent

annealing of it in order to form NL islands.

Nitridation was performed at 1040 ◦C after high temperature annealing of the

r-plane sapphire substrate. The ammonia flow and the pressure were 1.8 slm and

100 torr, respectively. The temperature and the reactor pressure were reduced to

1020 ◦C and 50 torr for the first GaN growth. At this condition, the corresponding

V/III ratio was 1280. The second step of the GaN growth was carried out at 1040 ◦C

and 100 torr with a V/III ratio of 1520. The associated interferogram of a-GaN

grown with the direct growth technique is illustrated in Fig. 5.7.

The surface reflectance recovered considerably faster than that of a-GaN layers

with GaN NLs. Directly grown a-GaN layers fully coalescenced at about 0.5μm

which is quicker by a factor of three compared to a-GaN with GaN NL. The surface

became rough rapidly above this thickness. The surface morphology was investigated

at two thicknesses, ∼1.2μm and > 2.5μm as marked on the interferogram. Figure
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Figure 5.7: Interferograms of directly grown a-plane GaN layers with two different V/III
ratios. V/III ratio was changed from 1280 to 1520 (at the top) and from 2100
to 1070 (at the bottom). The points where the surface morphology was checked
are marked. Point 1 and 2 correspond to 1.2 μm and 2.5 μm, respectively.

Figure 5.8: Optical microscope images of a a-plane GaN surface. (a) 1.2 μm, (b) 2.5 μm,
(c) 2.5 μm thick a- GaN grown with high V/III ratio at the first growth step
followed by a second step growth with low V/III ratio (from 2100 to 1070).

5.8 shows that the surface of the ∼1.2μm thick a-GaN is full of defects and pin holes.

In contrast no such defects were found on the surface of the thick a-GaN (∼2.5μm)

as the layer became fully coalescened. The FWHM of the rocking curve is 2250 ”

and 1100 ” in m- and c- direction, respectively. The RMS roughness is about 6.2 nm
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(10 x 10μm) as shown in Fig. 5.9. This is comparable with the value of the a-GaN

grown with GaN NL. However, more texture can be seen along c-axis.

Figure 5.9: AFM image of a 2.5 μm a-plane GaN surface.

Direct growth was studied further by controlling the V/III ratio. Since high

V/III ratio enhances the vertical growth mode and low V/III ratio promotes lateral

growth, the ammonia flow was controlled to obtain a V/III ratio of 2100 and 1070

for the first and the second growth step, respectively.

The interferogram of this sample shows a completely different evolution of the

surface morphology as presented in Fig. 5.7. The surface was very rough from the

beginning and it slowly recovered. The GaN pit size was reduced, however, defects

could be still seen on the surface. This might be due to the non-optimized V/III

ratios.

The effect of the two step V/III ratio control in the direct growth method were

investigated in Refs. [140, 146]. A high V/III ratio (∼ 1350) was chosen for the

growth of GaN following nitridation. In the subsequent growth, the V/III ratio was

reduced below 150 for the growth of the main GaN layer. Voids found in the initial

GaN can be reduced by a high V/III ratio. A low V/III ratio is believed to be

beneficial in reducing the size of the pits due to the increase in lateral growth rate.

Consequently flat and smooth surface could be obtained with a RMS roughness value
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of 3.84 nm at 1.2μm [146] which is smaller than that of the directly grown samples

presented in this section.

The values set for the low V/III ratio in this work were by far greater than the

literature values (1067 > 150) leading in less lateral growth. In order to obtain such

a low V/III ratio, the TMGa molecular flow has to be set very high with respect

to ammonia by means of increasing the flow or bubbler temperature or reducing

ammonia flow to very low values. Changes of this type were however not possible

due to the currently available hardware configuration of the TS system. Therefore,

another method was considered as will be presented in the next section.

5.2.3 AlN nucleation layer

AlN nucleation layers were first proposed by Akasaki for the growth of c-plane

GaN [3]. Although the growth window of AlN NLs is relatively narrow compared to

GaN nucleation, it is widely used for the growth of GaN on SiC and Si whereas the

use of GaN NLs is mainly limited to the growth on sapphire substrates.

Direct growth of GaN on AlN nucleation layers is known to lead to a higher

triangular pit density which is sensitive to the GaN V/III ratio [147]. An intermediate

layer was used between the GaN and the AlN NL layers to avoid this problems.

Multiple buffer layers [148] and strained layer superlattice (SL) [149] approaches

which have been proven an effective method in reducing dislocation densities in c-

plane GaN epilayers were used.

In this section, the growth of a-GaN was carried out utilizing two step AlN

layer growth and AlN/GaN superlattice layers. The growth sequence is summarized

below.

• Substrate cleaning
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• Nitridation

• Intermedium temperature AlN layer at 850∼1000 ◦C

• High temperature AlN layer at 1040 ◦C

• AlN/GaN superlattice layer (SL)

• GaN layer

During the growth, the reactor pressure was maintained at 60 torr. V/III ratio

for AlN and GaN were 1800 and 1200, respectively. The thickness of the GaN was

estimated to be around 2.0μm. The associated interferogram showed that the surface

reflectance recovered slowly after the AlN/GaN SL. The optical microscope image

and AFM images are presented in Fig. 5.10. Although the RMS roughness is reduced

by 20 % in comparison with other GaN layers grown by using GaN NLs and the direct

growth method, many pits were found on the surface.

Figure 5.10: Microscope image (left) and the AFM image (right) of an a-GaN layer (2 μm).
The RMS roughness is 5.7 nm.

The nitridation process can lead to a very rough sapphire substrate surface.

Subsequently grown AlN NLs can for this reason be affected by this rough surface

morphology. Therefore, growth experiments were carried out without nitridation.
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The associated interferogram is depicted in Fig. 5.11 which also indicates the dif-

ferent growth phases. The growth of GaN was stopped when its thickness reached

1.2μm in order to check the surface morphology and in-plane anisotropy by XRD

measurements. After the characterizations, the wafer was cleaned and placed back

in the reactor for a subsequent growth. During the 2nd growth step, 7 periods of

AlN/GaN SL layers were used again for further improvement of the surface morphol-

ogy of the following GaN layer.

Figure 5.11: Interferogram of a-GaN monitored at two stages.

The surface images obtained for 1.2μm and 2.4μm thickness are compared in

Fig. 5.12. Both images show relatively flat and smooth surfaces which is superior to

previous layers grown with different methods. However, a stripe pattern along the

c-axis is more obvious in the thin layer. This might be due to the less efficient lateral
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growth in this axis than in the m-axis in the thin layer.

Figure 5.12: Surface images of a-GaN monitored at two stages. 1.2 μm (left) and 2.4 μm
(right).

This argument is supported by XRD ω-rocking curve measurements. Figure

5.13 shows the plots of the FWHM values vs. the in-plane angle Ψ which were

measured at two thicknesses, 1.2μm and 2.4μm. At the GaN thickness of 1.2μm,

the FWHM value deviates from 1600 ” to 1100 ”. In contrast, the 2.4μm GaN layer

after the overgrowth shows less deviation (about 100 ”) with an average of 1450 ”.

The measurements clearly demonstrate a decrease in surface anisotropy. However,

the increase of the FWHM needs to be investigated further.

AFM measurement results are also very promising. Figure 5.14 shows a smooth

surface of the 2.4μm thick a-GaN. The RMS roughness of this layer is 2.2 nm which

is by a factor of three less than the other values presented in section 5.2.1 and 5.2.2.

The impact of the AlN NL thickness on the surface anisotropy is shown in Fig.

5.15. The growth time of the high temperature AlN layer was kept constant and the

growth time of the low temperature AlN layer was changed from 0 to 3000 s. The

a-GaN grown with the direct growth method is presented as the reference sample.

The thickness of the GaN in all samples is around 1.2μm. A significant improvement

of the surface isotropy is observed in the samples grown with AlN NL layers. The
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Figure 5.13: The FWHM values measured at different in-plane angles before and after
overgrowth. In-plane angle 45 ◦ and -45 ◦ corresponds to the c-plane and m-
plane respectively.

Figure 5.14: AFM images of 2.4 μm thick a-GaN grown with AlN NL and AlN/GaN SL
layers. The RMS roughness is 2.2 nm

low temperature AlN enhances the surface isotropic characteristics and crystalline

quality. Utilizing >300 nm thick (growth time 3000s) low temperature AlN grown

at 950 ◦C reduces the average FWHM by 300∼ 600 ” compared to the other layers.

The deviation between maximum and minimum FWHM value is also decreased to

350 ” from 600 ” (without low temperature AlN) and 1250 ” (direct growth).
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Figure 5.15: The FWHM values vs. the in-plane angle Ψ for a-GaN layers grown with
direct growth technique and with a different thickness of AlN NLs. The
growth time of AlN NL was varied from 0 s to 3000 s.

A similar improvement by using AlN buffer layers and SLs was recently reported

by Armitage et al. The author introduced an AlGaN layer and AlGaN/GaN SL in

a-plane GaN growth with high temperature AlN NL. As a result, the pits were much

less of a problem and pit-free layers could be obtained over a wider range of V/III

ratios (1000∼2000) [150] along with an improvement of surface morphology. The

authors observed that the use of AlGaN interlayers results in a drastic reduction of

screw dislocations by a factor of two. The results in this work are comparable to the

reported values. Further increasing the thickness of the HT AlN NL can improve the

quality of our layers.

5.3 Heterostructure growth

AlGaN/GaN heterostructure transistors are good candidates for high power

switching applications due to their high breakdown voltage. Currently reported
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c-plane AlGaN/GaN heterostructure field effect transistors operate commonly in

normally-on mode, since the 2DEG originating from the polarization fields hin-

ders normally-off operation. However, in practical power switching applications,

normally-off operation is preferable because it provides safe operation even with a

sudden release of the gate bias. It is also beneficial for power saving.

In order to address this issue, reduction of sheet carriers and employing a

recessed-gate structure has been investigated. Reducing the Al composition or the

thickness of the AlGaN layer leads to the decrement of sheet charge density [151].

This leads in an increase in sheet resistance and causes the increase of the parasitic

resistance between the source and the drain [152].

A recessed gate by dry etching may be used to control the threshold voltage

[153, 154]. This process may however cause surface damage [155]. Therefore, a polar-

ization free heterostructure transistor is considered utilizing the growth on non-polar

substrates [156]. The author demonstrated a non-polar AlGaN/GaN transistor with

Vth = -0.5 V. The typical Vth of polar AlGaN/GaN transistor was demonstrated in

this work to be about -4 V. However, the device performance still needs to be im-

proved including the electron mobility which was reported to be 5.14 cm2/Vs with a

2DEG density of 1.64·1013 cm−2. Considering that the typical mobility of c-plane Al-

GaN/GaN heterostructures is above 1000 cm2/Vs, the quality of a-plane heterostruc-

tures needs to be significantly improved.

The work reported in this chapter aims to improve the properties of non-polar

AlGaN/GaN HFET structures. The experience obtained from this work can be used

to grow various non-polar heterostructure devices such as resonant tunneling diodes.

AlGaN layers were grown on an a-plane GaN buffer layer using an AlN NL

and AlN/GaN SLs optimized in the previous sections. In order to investigate the
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impact of the buffer GaN thickness, two GaN layers were grown, 1.2μm and 2.4μm.

The thickness of the AlGaN layer and the Al composition are about 25 nm and 25 %,

respectively. The AlGaN layer was doped with Si. Silane flow was 30 sccm which

corresponds to a Si doping concentration of 6·1019 cm−3. A schematic of this structure

and the corresponding XRD measurement results are presented in Fig. 5.16.

UID GaN 1.2 µm

Sapphire substrate

AlGaN barrier 25 nm

AlN nucleation layers

UID GaN 1.2 µm

AlN/GaN SL

AlN/GaN SL

Figure 5.16: Schematic of the a-AlGaN/GaN heterostructure (left) and XRD ω-2Θ mea-
surement results of 2.4 μm thick GaN.

The XRD ω-2Θ measurement shows three distinguished peaks for the a-GaN, a-

AlGaN and a-AlN buffer layer. TLM results demonstrated that the two heterostruc-

tures grown on GaN layers having different thicknesses exhibited good ohmic contact

quality. Rc and ρc are 0.7 ∼ 0.9 Ω·mm and 0.5 ∼ 1.5 · 10−5 Ω·cm2, respectively. All

these values are comparable to the results from c-plane AlGaN/GaN heterostruc-

tures.

Hall measurement results of these two samples are summarized in Table 5.2.

The sheet resistance measured was about 550∼ 750 Ω/�. Hall measurements indi-
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cate that the sheet carrier concentration is about 1 ∼ 2 · 1014 cm−2 with a mobility

of 40∼ 50 cm2/Vs. In comparison with c-plane heterostructures, this value is con-

siderably low. Possible reasons for such low mobility is the remote ion scattering

due to the heavily doped AlGaN layer and rough interface between a-AlGaN and a-

GaN. However, this mobility is higher by a factor of 10 than that reported by other

groups [156]. Since the samples investigated here were much more heavily doped

than the samples in Ref. [156], the obtained higher mobility implies that the inter-

face quality is better optimized. Hall and TML measurement results do not show

clear dependence on the GaN buffer layer thickness.

AlGaN/1.2 μm GaN AlGaN/2.4 μm GaN
n2DEG (cm−2) 1.2 · 1014 1.7 · 1014

μ (cm−2/Vs) 50 40
Rs (Ω/�) 600±50 700±50

Table 5.2: Hall and TLM measurement results of the a-plane AlGaN/GaN heterostructures
grown on 1.2 μm GaN and 2.4 μm GaN.

5.4 Conclusion

This chapter reports the growth and characterization of non-polar bulk GaN

and AlGaN/GaN heterostructures on r-plane sapphire substrates.

Various growth techniques were used in order to obtain flat and smooth non-

polar GaN surfaces. Both low temperature GaN NLs and direct growth without

NL resulted in rough surfaces with a stripe pattern along the c-axis and in-plane

anisotropy. In comparison with these two methods, thick AlN NL followed by an

AlN/GaN superlattice improved the quality of non-polar GaN effectively. Using this

method, the RMS surface roughness was reduced by a factor of three. Moreover,

the deviation of in-plane on-axis FWHM values were reduced from > 1000 ” to <

500 ”. As the AlN layer thickness increased and larger number of superlattice layers
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were used, further improvement of surface morphology and in-plane anisotropy was

observed.

Non-polar Al0.25Ga0.75N/GaN heterostructures were grown and test structures

were fabricated for evaluation their electrical characteristics. The sheet charge carrier

concentration was 1∼ 2·1014 cm−2 with a mobility of 40∼ 50 cm2/Vs. The mobility

of the sheet charge carriers is higher by a factor of 10 than the reported values in

literature.



CHAPTER VI

GAS SENSOR APPLICATIONS

6.1 Introduction

Sensors are another application of GaN based heterostructures beside their two

major applications in optical and electrical devices. III-Nitrides are believed to be

a promising material for a wide range of chemical, biological, polar liquid, strain

and pressure sensing applications because of their high sensitivity to surface state

changes resulting from the polar nature [157]. The possibility of high power and

high temperature operation as well as resistance to high radiation conditions make

III-Nitrides sensors very attractive.

Considering the possibility of integrating sensors in circuits, solid state sensors

have become more important over the last years. In this context, Si is the most

popular material used for sensors. However, its intrinsic carriers become dominant

as temperature is elevated above 300 ◦C imposing therefore the use of a cooling

system. Since cooling of GaN-based devices is not necessary to maintain proper

function at high temperatures, these devices can be a cost effective choice. SiC is an

alternative to GaN but the material itself is quite expensive. Recent papers reporting

GaN based gas sensors are summarized in Table 6.1.

In this work, the use of III-Nitrides for gas sensing was explored. Gas sensors

159
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Material Device Type Operating Temp.(◦C) Target Gas
G. Zhao [158] AlGaN/GaN HFET 250, 300 CO
E. Cho [159] GaN Schottky diode 250, 300 CO
F. Yun [160] GaN Resistive sensor 50 H2

GE [161] Si doped GaN Schottky diode 700 NO
J. Song [162] AlGaN/GaN HFET 25∼800 H2

Table 6.1: Research status of chemical gas sensors based on III-Nitride materials.

based on nitride Schottky diodes are investigated in section 6.2. Bulk GaN and

AlGaN/GaN heterostructures were utilized for the sensing of hydrogen and carbon

monoxide. The correlation of gas sensitivity and design parameters, temperature

effects and material dependence was investigated.

Section 6.3 is dedicated to research on Fabry-Pérot filters (FPFs) for use in gas

sensing. They consist of GaN/air gap distributed Bragg reflectors. The goal of this

study is to realize GaN membranes which can be actuated for example by means of

a voltage. By doing so, a filter with high resolution in the UV/VIS region can be

obtained. This filter can be implemented in an optical gas sensing system as a part of

a detector. Its resonant wavelength will be changed by membrane actuation, which

will then lead to a change of air cavity length. This concept has already been demon-

strated using Si and GaAs based resonators for gas sensing at infrared wavelengths.

However, these materials are not transparent to Ultraviolet(UV)/Visible(VIS) wave-

lengths. Therefore, the successful use of Fabry-Pérot filters based on III-Nitrides can

extend the current limit of wavelengths for probing gases or chemicals.

A theoretical research on the mechanical and optical characteristics of these

structures was carried out in order to permit proper design of sensor structures and

examine the feasibility of such devices. Experiments on growth and etching of the

required structures were also performed.
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6.2 Schottky diode gas sensors

The sensor sensitivity is measured by current, voltage or capacitance changes

caused by the presence of testing gases. The associated mechanism is either a conduc-

tivity change or a Schottky barrier change. Resistor-type sensors detect gas species

based on the first principle. On the other hand, the sensing mechanism of Schottky

diodes or field effect transistors is based on the latter principle. Details about various

gas sensing types and sensing mechanisms can be found in Refs. [163, 164]

The advantage of resistive gas sensors is a simple fabrication. However, they

manifest relatively slow response and low sensitivity [160] in comparison with the

Capacitance-type. Therefore, this work focuses on Schottky diode sensors. In this

section, the principle of standard Schottky diodes will be reviewed briefly and ex-

perimental results and a discussion will be presented. The first part of experiments

concentrates on comparing the gas sensitivity of bulk GaN and AlGaN/GaN het-

erostructures. Hydrogen and carbon monoxide (CO) were chosen as testing gases

due to the fact that the detection of hydrogen is important because its explosive

nature. Moreover, CO is a toxic gas and the control of CO is indispensable in com-

bustion systems (e.g. automobile engines) in order to reduce CO2 emission. The

second part of the experiments is intended to investigate the effects of the catalytic

layer thickness, diode size and operating temperature followed by a discussion of gas

sensing mechanisms in Schottky diodes; a catalytic layer of Pt was used because it

is known to be the efficient catalytic material and easy accessibility among Schottky

metals.

The energy band diagrams for metal and n-type GaN before and after Schottky

contact formation are shown in Fig. 6.1. For an ideal Schottky contact, the Schottky
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barrier height qφb is given by:

qφb = Φm − χ (6.1)

where Φm is the work function of the metal and χ is the electron affinity of the

semiconductor. In order to simplify the model, an ideal Schottky model is adopted

without consideration of the image potential. The I-V characteristic of a Schottky

diode is described by:

I = IS

[
exp

(
qV

nkBT

)
− 1

]
(6.2)

IS = AeA
∗T 2 exp

(
− qφb

kBT

)
(6.3)

where A∗ is the Richardson constant, n the ideality factor, kB the Boltzmann con-

stant, T the temperature and Ae the area of the Schottky contact. The Richardson

constant is calculated from

A∗ =
4πqm∗k2

B

h3
(6.4)

where h is Plank’s constant and m∗ the effective mass of an electron (0.22mo

for electrons in the conduction band in GaN). From this, A∗ is calculated to be

26.4 Acm−2K−2. From the I-V or C-V characterization of a Schottky diode, the

ideality factor and the Schottky barrier height can be obtained experimentally.

6.2.1 Bulk GaN Schottky diode sensors

Bulk GaN layers were grown on a c-plane sapphire substrate by metal organic

vapor phase epitaxy (MOVPE). Standard precursors of trimethylgallium (TMGa)

and ammonia (NH3) were used as alkyl and hydride sources. After a high temper-

ature (1100 ◦C) cleaning in H2, a 25 nm thick GaN nucleation layer was grown at

530 ◦C. The temperature was then ramped up to 1040 ◦C for the growth of 3μm

GaN which is slightly doped with Si (∼ 1017 cm−3).
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(a) before contact (b) after contact

Figure 6.1: Energy band diagram of a metal semiconductor Schottky contact.

The gas sensor devices were fabricated based on a standard Schottky diode

process. A cross section and a top view of the devices are shown in Fig. 6.2.

Multiple devices of different sizes were fabricated on the same wafer. A Ti/Al/Au

(400 Å/1200 Å/3500 Å) multi layer ohmic contact was deposited by e-beam evapora-

tion and subsequently annealed at 850 ◦C for 30 s by rapid thermal annealing (RTA)

in nitrogen environment. After a second photolithography step, a Pt Schottky con-

tact with a thickness of 30 nm was formed.

(a) (b)

Figure 6.2: GaN Schottky diode sensors. (a) cross section and (b) top view.

Figure 6.3 depicts the schematic of the gas sensor measurement set-up. Testing

gases are 0.9 % CO mixed with N2 and 5.0 % H2 mixed with N2. N2 is also used as
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a carrier gas. All gases used in this work have a purity of more than 99.999 %.

The gas flows into the gas cell where the sensors are placed and then flows out to an

exhaust system. The Schottky diode sensor was mounted on an alumina holder. The

Schottky and ohmic contacts of the sensors were connected to the gold pads of the

alumina holder with a 25μm thick Au bond wire. The device current was measured

with the help of a constant voltage supply (Keithley source measurement unit 236).

Figure 6.3: Schematic of the gas sensor measurement setup.

The I-V characteristics of the Schottky diodes were measured before and after

gas exposure. Figure 6.4 presents the I-V curve changes with and without H2 and

CO. The dramatic current increase observed in the reverse bias region with the

presence of gases implies Schottky barrier lowering. This is specially clear in Fig.

6.4(a), where the Schottky characteristics quickly transformed into ohmic in the

presence of 25 ppm hydrogen at 240 ◦C. In contrast, a complete change to ohmic

behavior was not observed in CO environment. Even at very high CO concentrations

(400 ppm) at 300 ◦C, the device still worked as a Schottky diode as shown in Fig.

6.4(b). The change of I-V characteristics measured at 240 ◦C with CO exposure was

negligible in comparison to the results measured at 300 ◦C which are presented here.

The associated change of φb with the current increase at -2 V was about 0.2 eV in



165

25 ppm H2 at 250 ◦C and 0.02 eV in 400 ppm CO at 300 ◦C.

Figure 6.5 summarizes the sensitivity of the bulk GaN Schottky diode sensors.

During the tests, a reverse bias voltage of -2 V was applied. The bulk GaN Schottky

diode gas sensors showed a strong response to H2 rather than to CO. They are ca-

pable of sensing H2 at much lower temperatures and lower concentrations. Since the

sensitivity for H2 is a couple of thousand %, the absolute value of the current change

ΔI is plotted in Fig. 6.5(a). However, the sensitivity (%) is used for displaying the

CO data in Fig. 6.5(b). The CO sensitivity shows a linear relationship to CO con-

centration at all measured temperatures and concentrations while the H2 sensitivity

becomes saturated depending on temperature and H2 concentration.

(a) (b)

Figure 6.4: I-V characteristics of Schottky diode gas sensors. (a) measured at 240 ◦C in
25 ppm H2 environment (b) measured at 300 ◦C in different CO concentrations.
The curve labeled Ref corresponds to the I-V characteristics in the absence of
gases.

The hydrogen detection mechanism in Si and Silicon carbide (SiC) based metal

oxide semiconductor (MOS) gas sensors relies on the presence of an H-induced dipole

layer at a Pd gate-SiO2 interface [165, 166]. Such a dipole layer is formed at the

insulator side due to hydrogen atoms absorbed by the Pd gate after dissociation of

hydrogen molecules on the Pd surface. Hydrogen atoms can cross the 100 nm Pd
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(a) (b) scale=0.9

Figure 6.5: Sensitivity vs. (a) H2 concentration and (b) CO concentration.

layer within a time in the order of 10−5 s or smaller for temperatures around 150 ◦C.

The gas diffusion time does not, therefore, influence the response time [165].

It was believed that the same mechanism applies to Pt GaN Schottky diode

sensors as, for example, confirmed by Schalwig et al [167]. In their report, the

authors observed an H concentration of about 1015 cm−2 at the interface between Pt

and GaN by elastic recoil detection (ERD) measurements.

Figure 6.6 shows the energy band diagrams of a bulk GaN Schottky diode with

a Pt contact in air and in hydrogen environment. Without hydrogen exposure, the

Schottky barrier (φb) of the Pt Schottky diode is determined by the Pt work function

(Φm), by the electron affinity (χ) and by the Fermi energy level of GaN (EF ) as long

as the GaN surface is not pinned by surface states. The typical φb value of Pt on

GaN is 1.15 eV. The high Schottky barrier blocks the current flow at reverse bias.

When the device is exposed to hydrogen, Pt, playing the role of a catalytic metal,

dissociates hydrogen into hydrogen atoms. After the diffusion of hydrogen atoms

into Pt, hydrogen dipoles form at the interface between Pt and bulk GaN and cause

Schottky barrier lowering leading in an increase of reverse current.
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Oxygen species introduced during device processing were found at the Pt/GaN

interface. According to the work of Weidemann [168], this intermediate native thin

oxide layer plays a very important role in gas sensing. In their experiments, ex-

situ deposited Pd Schottky diodes exhibited 50 times higher sensitivity than in-situ

deposited devices which did not have a thin oxide layer.
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÷

Pt
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÷
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GaN
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Figure 6.6: Schottky barrier change of a bulk GaN Schottky diode in H2 environment.

Unlike hydrogen, in case of CO sensing, its adsorption on the reactive surface

of a transition metal occurs in molecular form . The bonding strength between CO

and the Pt surface is weak. When the temperature is elevated to dissociate CO

molecules, desorption from the Pt surface occurs first [169]. Therefore, it is known

that CO detection is very hard with sensors having a thick and continuous Pt layer.

Increased CO sensitivity was observed in this work as the Pt layer became thinner

and more discontinuous. This is a similar problem observed in ammonia detection.

Beside the effect of the dipole layer, the sensing mechanism for ammonia is

known to be related to the polarization effect of the adsorbate or to reaction inter-

mediates on the metal surface or to the exposed insulator [170, 171]. Other non-
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hydrogen species, for example CO and NO, are also believed to follow this principle.

Although H2 sensitivity is mainly determined by the dipole layer regardless of the

gate metal thickness, it should be noted that the effect of the catalytic metal thick-

ness can not be ignored completely. A detailed discussion on the effect of catalytic

layer thickness issues will be presented in section 6.2.3.

6.2.2 AlGaN/GaN heterostructure sensors

Schottky diode sensors made of AlGaN/GaN heterostructures were also inves-

tigated. An AlGaN layer with 25 % of Al and a thickness of 25 nm was grown on

2μm thick UID bulk GaN using the TS MOVPE system. The diode design and the

fabrication process are the same as in the aforementioned case of bulk GaN diodes.

C-V characteristics of the AlGaN/GaN heterostructure Schottky diodes were

obtained using an HP 4175 LCR meter at a frequency of 100 kHz. The carrier

concentration depth profile is extracted from Eq. 2.15. The large spike around

22 nm corresponds to the presence of a 2DEG at the interface between AlGaN and

GaN as shown in Fig.6.7.

Figure 6.7: The depth profile of the carrier concentration in the AlGaN/GaN heterostruc-
ture.
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The carrier gas N2 flow was set to 4 slm and the on-time of the testing gas

was 30 s except for the room temperature measurement. A forward bias of 1.0 V

was applied to the AlGaN/GaN Schottky diodes as its leakage current was higher at

reverse bias than that of bulk GaN devices.

Figure 6.8 illustrates the response of an AlGaN/GaN Schottky diode sensor to

100 ppm H2 at different temperatures. The current transition curves are plotted from

the moment when the hydrogen valve was opened. The current change is delayed

due to the long path from the valve to the gas cell. The delay at room temperature is

considerably longer than at higher temperatures. However, the response delay time

between 150 ◦C and 250 ◦C are comparable.

A current change of about one order of magnitude (10−4 A to 10−3 A) was

observed. Although the response time is relatively slow, the diodes also showed re-

sponse at room temperature. The observed larger current change compared to the

higher temperature is due to the longer gas exposure time (50 s vs. 30 s at high tem-

peratures). Overall, it appears that high operating temperatures are advantageous

for improving the response time and recovery time of the sensors.

The response of bulk GaN and AlGaN/GaN Schottky diode sensors are com-

pared in Fig. 6.9. The current change of GaN is rescaled by a factor of 100. The

thickness and size of the Pt contact for the two sensors were 30 nm and 200μm.

Regardless of temperature, the AlGaN/GaN hesterostructure gas sensor shows con-

siderably higher sensitivity than the bulk GaN sensor.

The strong sensitivity of the AlGaN/GaN heterostructures can be attributed

to the presence of a two dimensional electron gas (2DEG) formed at the AlGaN/GaN

interface. Since the 2DEG is very sensitive to surface state changes as discussed in

4.1.1, it is expected that its conductivity will strongly depend on the presence of
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Figure 6.8: Sensor current time response in the presence of H2 as a function of temperature
measured with 100 ppm H2 and 1V bias.

(a) (b)

Figure 6.9: Transition curve for bulk GaN and AlGaN/GaN Schottky diode gas sensors
measured (a) at room temperature with 8 sccm H2 (b) at 250 ◦C with 1 sccm
H2.

gas species. Any polarity change on the surface caused by gases affects the surface

potential and modulates the 2DEG density.
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6.2.3 Impact of a catalytic layer on gas sensing

In this section, parameters impacting the gas sensing are investigated by utiliz-

ing bulk GaN Schottky diodes. Diodes with different Pt contact sizes and thicknesses

were tested at different temperatures with various CO concentrations. The size and

thickness of the Pt contacts are summarized in Table 6.2.

Before the actual gas sensing test, I-V measurements for each Schottky diode

were performed using an HP 4145B semiconductor parameter analyzer. Figure

6.10 shows that a larger leakage current was observed for large diode sizes (sample A).

Pt thickness (Å) Pt contact diameter (μm)
sample A 300 400
sample B 300 150
sample C 500 400

Table 6.2: A sample list indicating the Pt thickness and diode diameter used.

Figure 6.10: I-V curve for sample A (D=400 μm) and sample B (D=150 μm).

A more dramatic current change was observed at reverse rather than at forward

bias [158]. The devices were therefore biased at -5 V when exposed to 0.9 % CO in
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N2. The carrier gas flow was 200 sccm N2. The gas response was measured at 250 ◦C

and 300 ◦C while the current was continuously monitored by a Keithley 236 source

measurement unit controlled by a computer. The gas sensitivity is defined as the

current change before and after gas exposure (ΔI) divided by the initial current (I0).

The dependence of the gas sensitivity on the diode size is shown in Fig. 6.11.

The thickness of the Schottky contact of sample A and B was 300 Å whereas the

diameter was 400μm and 150μm, respectively. The sensitivity of sample B was as

small as a few tenths of that of sample A at all measured operating temperatures

(250 and 300 ◦C). A possible explanation for the higher sensitivity of sample A is the

gas sensing mechanism associated with thin and discontinuous catalytic metals.

(a) (b)

Figure 6.11: CO sensitivity of sample A (D=400 μm) and sample B (D=150 μm) measured
at (a) 250 ◦C and (b) 300 ◦C.

In sensors with thin and discontinuous catalytic films, the change of the elec-

trical characteristic is given by the sum of the polarization effects at the interface

between metal and insulator (ΔVi), the adsorbate or reaction intermediates on the

metal surface (ΔVs) and the exposed insulator (ΔVa) as shown below [170].

ΔV = giΔVi + gsΔVs + gaΔVa (6.5)
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where the g’s are the electrostatic coupling coefficients. ΔVn and gn are believed to

be dependent on the structure of the metal film, but no detailed information about

them is available so far [170]. Figure 6.12 illustrates different paths of gas reactions

according to Eq. 6.5.

Figure 6.12: Reactions between gas species and surface and intersurface of the Schottky
metal and bulk GaN.

The reduction of the catalytic metal thickness results in film discontinuity and

in the shrinkage of the Pt grain size [172]. Hence, the porosity of the catalytic

metal film enables the exposure of more metal surface to the gas. The number

of grain boundaries increases as the grain size becomes smaller. Grain boundaries

are believed to offer an additional route for gas diffusion [172] and the insulator

layers are possibly exposed to gas through them. The number of grain boundaries is

proportional to the surface area as long as the grain size is small enough compared to

the Schottky contact size. Therefore, the gsΔVs and gaΔVa terms become important

in Eq. 6.5. Accordingly, the sensitivity is dependent on the catalytic metal size.

On the contrary, the impact of the diode size will be negligible in case of thick and

continuous metal. Investigations on diode size vs. sensitivity for thick Pt Schottky

diode sensors (>300 Å) could verify this point.

Sample A with a larger Schottky contact area also showed that the sensitivity

increases linearly without saturation. Therefore, it was preferred to employ a larger
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diode size to achieve high sensitivity without saturation over a broad detection range.

However, the associated leakage current and the catalytic film thickness used must

be considered in determining of the size of the Schottky contact.

Measurement of the transient gas response was performed with sample A and

C at 250 ◦C. Figure 6.13 illustrates the results. In this test, the diode size was

fixed at 400μm and the Pt thickness was varied. Sample A (300 Å) responded 20 %

faster than sample C (500 Å). Response time is defined as the time necessary to

reach 90 % of the total current change. For the measurement setup used in this

work, the response time is in the order of minutes. The sensitivity of sample A at

500 ppm was also two times higher (40 % vs. 20 %). These results confirm that the

CO sensing mechanism discussed earlier agrees well with Spetz’s results regarding

the ammonia sensitivity of Pt gates [171]. However, since only two different Pt

thicknesses were examined, it is not possible to predict precisely the CO sensitivity

dependence on the Pt thickness at this stage. This could exhibit a broad range of

maximum sensitivity for thin films and a rapid drop at thicknesses above 90 nm as

observed in ammonia sensing or a steady increase by reducing the film thickness in

H2 sensing [171]. If further improvement of CO sensitivity turns out to be feasible by

controlling the Pt thickness, this will open the possibility for CO selectivity over H2.

By employing a very thin Pt gate of about 3 nm in a Si MOSFET, good selectivity

of ammonia towards H2 was achieved [173]. Cross sensitivity between H2 and CO

can be improved further by employing other factors such as the type of the catalytic

metal and operating temperature.

Although the dominant mechanism of H2 sensing is based on the formation

of a dipole layer at the interface, the sensitivity was also found to depend on the

catalytic metal thickness. Tilak et al attributed this dependence to a higher density
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(a) (b)

Figure 6.13: Transient response of (a) sample A (300 Å) and (b) sample C (500 Å) measured
at 250 ◦C at different CO concentrations.

of grain boundaries measured by SEM in thinner Pt films [172]. Grain boundaries

were believed to offer an additional route for hydrogen atom diffusion to the metal

semiconductor interface so that sensitivity could be improved. It is not sure at this

stage whether CO can penetrate through grain boundaries or not.

Beside the grain size change, Pt surface modification by thermal annealing was

observed. XRD and AFM characterization in Fig. 6.14 showed restructuring and

morphology changes of the 250 Å thick Pt film. After annealing at 600 ◦C for 30 min

in a N2 rich environment, the Pt (111) peak increased. Moreover, the smooth surface

became rough and the RMS roughness value was increased from a couple of tenths of

a nanometer to 3.75 nm. As a larger number of grain boundaries was found in thinner

Pt films, one also expects severe surface restructuring and morphology changes for

thinner films. In extreme cases, it was found that Pt islands with a very rough

surface existed in 40 Å thick Pt films after annealing under the same conditions.

These surface modifications will play an important role in gas sensing. Hudeish

et al. supports this argument [174]. In his work, the surface morphology evolution

for different Pt thicknesses and annealing conditions was characterized by XRD and



176

AFM and discussed together with H2 sensitivity data. Interestingly, thicker Pt re-

sponded to hydrogen better. These results are different from Ref. [172]. Since

they investigated different ranges of Pt thicknesses, the dominant sensing mecha-

nism might be different.

(a) (b)

Figure 6.14: (a) XRD measurement of a 250 Å Pt film for the as deposited film (bottom)
and after annealing at 600 ◦C for 30 min in N2 rich environment (top). (b)
AFM image of a 40 Å thick Pt film.

6.3 GaN/air gap based Fabry-Pérot filters

Figure 6.15 shows the schematic of a typical set-up for optical gas sensor mea-

surement. Gases are filled in a gas cell and an optical source and a detector are

placed at either end of the cell. Light passing through the cell will be absorbed by

the gas. The transmitted light will be detected by a detector. The measured spectra

are differentiated according to gas species and their concentrations since each gas

absorbs different wavelengths. In order to ensure high resolution measurements, the

use of a spectrometer is preferable. However, this makes a sensing system bulky and

expensive if a conventional spectrometer is used.

Micro-opto-electro-mechanical (MOEM) tunable Fabry-Pérot Filters (FPFs)

have been developed for the replacement of bulky spectrometer systems. FPFs based
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on conventional III-V materials or Si are already reported [175, 176]. These devices

target the application of optical communication and IR gas spectroscopy systems as

well. Similar spectroscopy applications are expected for GaN based FPFs because

organic materials and chemicals are sensitive to UV and/or to the visible wavelengths.

This spectroscopy system can be achieved with nitrides.

GaN photodiodes were reported for the detection of NO and CO in exhaust

systems at wavelengths between 360 nm and 380 nm [177]. Since FPFs exhibit high

resolution in the range of Å, they enable to distinguish different gases with higher

precision than photo detectors usually offer. Besides, the integration with photo

diodes and light sources (LED or LDs) will make a gas sensing system compact and

cost effective as already demonstrated with Si FPFs [178].

UV source Detector
Spectrometer/FPFs

Absorption
cavity

Gas flow Gas flow

Figure 6.15: Schematic of an optical gas measurement set-up.

The GaN based FPFs proposed in this work consist of two GaN/air gap dis-

tributed Bragg reflector (DBRs) and an air cavity between them (see Fig. 6.23). The

necessary air gaps can, for example, be formed by wet etching of a sacrificial layer.

Dry etching can also be used as shown in several papers. Steckl presented horizon-

tally stacked GaN gratings fabricated by focused ion beam (FIB) micromilling [179].
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However, this approach is not appropriate for a vertical structure as the one used

in this work. In most cases, wet etching of nitride materials is assisted by UV light

since nitride semiconductors are very robust to conventional chemical treatment. The

corresponding method is referred to as photo electrochemical etching (PEC) [180].

Although selective etching of nitrides is extremely difficult and rough surfaces

resulting from etching are a problem, air gap based DBRs are attractive because

only 3.5 periods are needed for 98 % reflectance due to the large refractive index

contrast as shown in Fig. 6.16. In addition, FPFs consisting of two GaN/air gap

based DBRs can tune the resonant wavelength by controlling the air cavity length

electrostatically or thermally.1

Si or SiC is generally used for GaN MEMS devices. Nevertheless, AlN was

chosen as a sacrificial layer in this work due to its suitability for building the multiple

FPF membranes. Since selective etching between AlxGa1−xN and AlN is possible for

small amounts of Al content, it is feasible to replace GaN with AlxGa1−xN layers so

that sensors can be built for operation above the GaN absorption edge.

In the following sections, the theory of DBRs and FPFs and the optical and me-

chanical models used in this work are presented. Optical and mechanical simulation

results for GaN/air gap DBRs and FPFs are reported. Residual stress and various

designs are considered to investigate the effects of residual stress and the structure

geometry. Finally experimental results of GaN/AlN heterostructure growth and

etching will be discussed.

1A three-period GaN based air gap DBR was reported using band-gap-selective PEC etching with an
InGaN sacrificial layer [181]. This structure was, however, not tunable.
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Figure 6.16: In-plane lattice mismatch and refractive indices of nitride materials.

6.3.1 Theoretical review

Distributed Bragg Reflectors (DBRs)

DBRs consist of multiple pairs of two layers having a different refractive index.

A layer with a higher refractive index (nH) and another layer having a lower refractive

index (nL) are stacked alternately as shown in Fig. 6.17.
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Figure 6.17: Phase delay in distributed Bragg reflectors with high (nH) and low (nL) re-
fractive index materials.

When λ0 is given as a center wavelength where maximum reflectivity is to be
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achieved, the thickness of each layer has to be λ0/(4n). n is the respective material

refractive index. The quarter wavelength layer thickness allows the reflected waves

from each interface to build constructive interference. Considering a DBR with p

pairs sandwiched between a substrate and an outside medium having the refractive

indices ns and no, respectively, its reflectivity R0 at λ0 with normal incidence can be

calculated by the standard transmission matrix method (TMM) as given in Eq. 6.6.

R0(p) =

⎡
⎢⎣1 − ns

no

(
nL

nH

)2p

1 + ns

no

(
nL

nH

)2p

⎤
⎥⎦

2

(6.6)

When the angle of incidence is θ, the refractive index becomes n cos θ. The bandwidth

with high reflectivity is called stop-band (Δλ) and is determined by:

Δλ =
4

π
λ0

(
nH − nL

nH + nL

)
(6.7)

Therefore, a large refractive index contrast (Δn) and a large number of periods (p)

are desirable to achieve DBRs with broad stop-band and high reflectivity. Since the

maximum refractive index contrast between nitride materials is 15 % (GaN/AlN) as

shown in Fig. 6.16, air is choosen to be the low refractive index material and GaN

is the higher refractive index material. By doing so, the reractive index contrast is

increased to 60 %. The number of periods required for 98 % reflectivity is only 3.5

while GaN/AlN needs more than 30 periods for DBRs with the same performance.

More information about DBRs in general can be found in Ref. [182].

Fabry-Pérot Filters (FPFs)

Fabry-Pérot Filters (FPFs) are designed to reflect all wavelengths except the

resonance wavelength (λ0). The FPF design originates from the work of Fabry and

Pérot in 1899. This type of filter is comprised of two DBR mirrors and a resonant



181

cavity with a refractive index n between a top and a bottom mirror as shown in Fig.

6.18. The distance between the two mirrors is called resonant cavity length (L) and

is determined by λ0. As L is tuned, a resonance wavelength can be shifted away

from λ0. The theory of FPFs will be described briefly based on an one dimensional

electromagnetic field model.

E0
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r t1 1,
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Figure 6.18: Schematic of a Fabry-Pérot cavity.

When the initial electric field E0 is incident on the top mirror at an angle θ

from the normal, the transmitted electric field is

Et = E0t1t2

[ ∞∑
d=0

(
r1r2e

i2φ
)2d

]
= E0

t1t2
1 − r1r2ei2φ

(6.8)

where Et is the transmitted electric field and ti and ri are the field transmission and

reflection coefficients of the mirrors. The phase shift after a cavity round trip is given

by

2φ = 2kL cos θ (6.9)

where k is the amplitude of the wave vector in the cavity (2πn/λ0). The maxi-

mum transmittance occurs when constructive interference is fulfilled. The power

transmission coefficient for a Fabry-Pérot cavity is

TFP =

∣∣∣∣Et

E0

∣∣∣∣
2

=
T1T2

1 + R1R2 − 2
√

R1R2 cos 2φ
(6.10)
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where Ti and Ri are the power transmission and reflection coefficients with Ti = |ti|2,

Ri = |ri|2 and R + T = 1 for lossless mirrors.

Generally, the medium of the cavity can be air or a dielectric film and the cavity

length can be controlled by changing the refractive index or the physical position of

one or two mirrors. A refractive index change can be obtained by electron injection

but the tuning range is then limited to less than 10 nm wavelength. Spatial control

of the mirror position can be achieved by electrostatic force or thermal actuation.

In case of thermal actuation, tuning speed is in the millisecond range. Electrostatic

actuation of mirrors offers advantages in speed compared to the thermal actuation

but the design parameters have to be chosen carefully to achieve reasonably low

actuation voltages.

The cavity between two DBR mirrors is designed to be air in this work. The

DBR mirrors are moved by external force resulting in a ΔL. Since higher control

speed is desirable in the actuation of the DBR mirrors, only electrostatic actuation

is considered here. The mechanical model for the actuation of a membrane will be

introduced in the following section.

Mechanical models for electrostatic actuation

In order to estimate the actuation voltage of a single GaN membrane, a simple

model comprising a pair of parallel capacitor plates is employed. The two plates

represent the GaN membranes and they are separated by an air gap as shown in Fig.

6.19. One or both of the plates are capable of moving. Although the FPFs considered

in this work are of the type as depicted in Fig. 6.19(a) with two simultaneously

moving mirrors, the results for a single movable membrane system as shown in Fig.

6.19(b) can easily be applied for this works purpose.
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Figure 6.19: One dimensional spring model for the electrostatic actuation of a GaN mem-
brane.

Figure 6.20: Schematic of the DBR membrane and support beams.

The membrane to be actuated with an area A separated by a short air cavity

length of L from a second fixed membrane is considered. The membranes are sup-

ported by four beams with the length of l, width of b and thickness of db (see Fig.

6.20).

When a constant voltage V is applied to the top membrane in Fig. 6.19(b), the

membrane is pulled down by x due to electrostatic force. This resulting electrostatic
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force on the top membrane is given by:

FE = ε0A
V 2

2(L − x)
+ ε0bl

2V 2

L(L − x)
(6.11)

ε0 is the free space permittivity. The first term indicates the force distributed across

the central plate while the second term describes the force generated along the length

of the beams. In this expression, the central plate is assumed to experience negligible

deformation upon actuation as compared to the suspensions. In addition, deforma-

tion of the beams is linear from post to the center.

A mechanical counter force corresponding to Hook’s law exists to restore the

plate to the original position. With the consideration of one degree of freedom, the

elastic force is given as below when the suspension beams have intrinsic stress σ.

Fstress = π2bσ
db

l
x

Fbend = π4bE(
db

l
)3x

Fstretch = π4bEdb(
x

l
)3 (6.12)

Fstress will be dominant if a very thin structure is fabricated from materials with high

intrinsic stress. The second term is the linear bending force. The last term of Fstretch

becomes important at large displacements. In our system, the Young’s modulus E

(345 GPa) and the stress are in the same order and the length of the beam (couple

of tens μm) is much larger than the thickness of the beam (couple of tenth μm).

Therefore, the first term related to stress is more dominant and considered to be

balanced with the electrostatic force for a stable operation as below. Since only

small displacement is accounted for, the last term is ignored. Details about the

mechanical model can be found in Ref. [183].

At the equilibrium state, the electrostatic force and the mechanical elastic force
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can be summarized as below.

ε0A
V 2

2(L − x)
+ ε0bl

2V 2

L(L − x)
= π2bσ

db

l
x (6.13)

From this equation, the displacement x corresponding to the applied voltage can be

calculated. However, as the air gap is reduced by increasing the applied voltage, the

electrostatic force becomes stronger. Due to this positive feedback, the top membrane

will snap down into the bottom membrane. Normally such collapse occurs when the

displacement x is larger than one third of L. This specific voltage is called pull-in

voltage (VPI). The commercial finite element analysis tool ANSYS is used for the

simulation of the above given problem. The simulation results will be presented in

section 6.3.2.

6.3.2 Simulation results

Optical simulation results

In this section, optical simulation results of GaN/air gap DBRs and FPFs de-

signed with these DBRs are discussed. The number of DBR periods required in

order to achieve 98 % reflectance is calculated in terms of GaN membrane thickness

by employing the standard tansmission matrix method (TMM) [184]. The calcu-

lated reflectance spectra of GaN/air gap DBRs are presented and compared to those

obtained with AlN/GaN DBRs. Subsequently, the reflectance spectra of FPFs are

calculated corresponding to the change of the air cavity length.

The DBR designs presented in this work employ thick AlN sacrificial layer

(about 0.7μm) as a first layer on the sapphire substrate so that cracks in the following

layers can be prevented [185]. The thickness of this first AlN grown layer should

be optimized in consideration of the deformation of the GaN epilayer after etching

(see section 6.3.2). The thickness of the GaN layer and of the sacrificial AlN layer
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correspond to

dGaN = i∗ · λ0

4nGaN
, dAlN = j∗ · λ0

4nair
(6.14)

where nGaN and nair are the refractive indices of GaN and air, respectively. i∗ and

j∗ are odd integers. The center wavelength λ0 was chosen to be 450 nm for NO2

detection. The GaN absorption edge is below 400 nm and absorption was therefore

excluded in this simulation. The refractive index data for GaN were taken from

Ref. [186] and the value of 1.78 was used for sapphire [187]. The incident light was

assumed to be normal to the surface and the incident medium was considered to be

air.

Resulting from the TMM simulation, the number of periods vs. reflectance is

presented together with experimental results from literature of nitride DBRs in Fig.

6.21. With DBRs having only 3.5 periods, 98 % reflectance is feasible. On the other

hand, pure nitride semiconductor DBRs need more than 20 periods.

Figure 6.21: Reflectance vs. number of DBRs (triangle Ref. [188] and circle Ref. [189]).

The reflectance spectra of two GaN/air gap DBRs with different thickness and

those of a 32-period GaN/AlN DBR (the thicknesses of each layer are given by a
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quarter wavelength) are shown in Fig. 6.22. In all cases, the air gap was fixed to a

quarter of λ0 (∼ 113 nm) and 3.5 periods were used. Regardless of the GaN thickness,

the maximum reflectance remained above 98 % but the stopband was reduced to

63 nm as the thickness of GaN was increased from 230 nm to 322 nm. However, this

design still shows a broader stop-band than that of a 32-period GaN/AlN DBR which

is necessary to achieve high performance FPFs. If the GaN thickness is increased

further to 507 nm the stop-band is decreased to 46 nm (not shown in Fig. 6.22).

Figure 6.22: Reflectance spectra for a 32 period AlN/GaN DBR and two GaN/air gap
DBRs having different GaN membrane thicknesses.

The Fabry-Pérot filter is designed with a simple square geometry of the DBRs

supported by four beams as already shown in Fig. 6.20. The number of DBR periods

is 3.5, for reasons given above. The cross section is shown in Fig. 6.23.

In order to assess the optical performance of FPFs, two different GaN mem-

brane thicknesses were considered (Design I and II). The GaN thickness is 322 nm

and 507 nm, respectively, for each design. The air resonant cavity of the FPFs is

fixed at 230 nm. A larger cavity length is advantageous for achieving sharp FWHM

but this is restricted by the AlN sacrificial layer whose growth is more difficult as
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Figure 6.23: Cross sectional view of the bottom DBR including air cavity.

it becomes thicker. The thickness of each layer in the two designs is summarized in

Table 6.3. Considering the deflection of the GaN membrane due to intrinsic stress,

the thickness of layer A (see Fig. 6.23) is determined in order to avoid sticking of the

first GaN membrane to the substrate. In the optical simulation, SiO2 was included

as an anti-reflection (AR) coating on the backside of the sapphire substrate.

Layer Design I Design II
A (AlN) Post 720nm 720nm
B (GaN) Membrane 322nm 507nm
C (AlN) Air gap 113nm 113nm
D (AlN) Air cavity 230nm 230nm

Table 6.3: Design parameters of GaN/air gap DBRs.

The reflectance spectra of the FPF (design I) corresponding to 322 nm thick

GaN membranes is shown in Fig. 6.24(a). By controlling the resonant cavity length

(ΔL) by up to 70 nm, the peak wavelength shifts from 451.35 nm to 432.89 nm and the

FWHM is 0.08 nm and 0.21 nm, respectively. The optical tuning efficiency Δλ/ΔL

is about 0.26. In design II shown in Fig. 6.24(b), the optical tuning efficiency is

reduced to 0.18 due to the large thickness difference between GaN and air.

In terms of optical performance, these two designs are comparable. Therefore,
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the thickness of the GaN is determined by considering the mechanical behaviors as

discussed in the next section.

(a) Design I

(b) Design II

Figure 6.24: Reflectance spectra of two GaN/air gap FPFs. By tuning the air cavity length,
the reflectance dip position moves.
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Finite element analysis

The electrostatic and mechanical analysis of GaN/air gap FPFs was performed

in order to investigate the feasibility of membrane tuning and the effect of residual

stress in the GaN membrane.

The in-plane residual stress σa was estimated roughly according to the rela-

tionship given in Eq. 6.15 [35],

σa = (c11 + c12 − 2
c13

c33

) ∗ εa (6.15)

where σa is the biaxial stress and εa = Δa/a0 the in-plain strain. The following

values were used for the elastic constants of GaN: C11 = 390 GPa, C12 = 145 GPa,

C13 = 106 GPa, C33 = 398 GPa (taken from Ref. [190]).

Since residual stress data of GaN and AlN grown by MOVPE is not available at

this time, two sets of plastic strain relaxation data of GaN on AlN epilayers grown

by MBE were taken from Bellet-Amalric [191] for this purpose. Although stress

relaxation in layers grown by MOVPE and MBE are very different, this estimation

predicts the trends and parameter dependences applicable to the new scheme of

GaN/air gap based MOEM FPFs.

In order to include the impact of growth conditions on the residual stress,

two different MBE growth conditions were considered. In MBE growth, the residual

stress in the GaN layer is dependent on the Ga flux conditions. Ga monolayer growth

condition and bilayer growth condition were considered together with two different

thicknesses of GaN (230 nm and 320 nm). The air gap was again fixed at about

113 nm. The cross section of this structure is the same as previously shown in Fig.

6.23. Strain data corresponding to the two design thicknesses were used as εa in

Eq. 6.15 and bi-axial stress of each layer was calculated accordingly. Results are
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presented in Table 6.4.

Ga mono layer
dGaN = 230nm

Ga mono layer
dGaN = 320nm

Ga bi layer
dGaN = 320nm

1st GaN bottom -1.65 -1.65 -2.45
1st GaN top -0.60 -0.50 -0.69
2nd GaN bottom -1.36 -1.36 -2.05
2nd GaN top -0.43 -0.34 -0.51
3rd GaN bottom -1.35 -1.35 -2.0
3rd GaN top -0.42 -0.34 -0.51
4th GaN bottom -1.346 -1.345 -2.04
4th GaN top -0.42 -0.338 -0.51

Table 6.4: Calculated residual stresses of each membrane (unit: GPa).

The GaN membrane near the substrate is labeled 1st layer. An epilayer grown

under Ga bi-axial growth conditions shows a higher gradient relaxation above 20 nm

thickness than under Ga (sub) monolayer growth condition [191] and consequently

causes higher stress as can be seen from Eq. 6.15. With the same growth condition,

relaxation occurs more gradually in thicker GaN membranes (320 nm) than in thinner

ones (230 nm). Therefore, both growth conditions and thicknesses of the membranes

lead to significant differences concerning the membrane deflection after etching of

the AlN sacrificial layer.

The in-plane residual stress estimated above is taken into consideration for the

calculation of the GaN membrane deformation using the FEA method. The pur-

pose of this simulation is to investigate the effects of residual stress and geometrical

parameters. For a single GaN membrane including the support beams, hexahedral

meshing was adopted to apply the initial stress to each mesh node along the growth

direction (z-axis).

When the membrane size and the length of the beam are a couple of hundred

microns, more than 10μm deflection caused by stress is expected. Hence, optimiza-

tion of the beam width and the beam length and the reduction of membrane size
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were considered. Table 6.5 shows the mechanical design parameters of the four FPF

designs.

Membrane size, A Beam width, b Beam length, l Thickness, db Growth cond.

Case 1 20 x 20 10 30 0.230 Ga mono

Case 2 20 x 20 10 30 0.322 Ga mono

Case 3 30 x 30 15 45 0.322 Ga mono

Case 4 20 x 20 10 30 0.322 Ga bilayer

Table 6.5: Various designs of FPF membranes (unit: μm).

The maximum deflection of each layer is compared in Fig. 6.25. The smallest

deformation of the 1st GaN membrane is found to be about 0.6μm for case 2 while

the maximum value is 1.3μm for case 4. Both cases have common geometrical design

but different growth conditions were assumed. Therefore, this considerable difference

of GaN membrane deformation found in these two cases indicates that the strain

relaxation must be considered according to the growth conditions. Since higher rate

of relaxation (Ga bilayer growth condition for case 4) results in rapid change of stress,

the strain relaxation must occur slowly. This implies that the growth condition for

GaN must be optimized to keep the change of the in-plane lattice of GaN slow so

that the strain in GaN can be minimized. In MOVPE growth, stress in GaN can be

controlled by the V/III ratio, TD density, growth pressure and growth temperature.

In order to accomplish the slow relaxation, higher growth pressure and higher V/III

ratio must be used.

Comparing the deflection values from case 1 to case 3, it is clear that a thick

and smaller size GaN membrane is more resisting to bending. This result suggests

that the beams should be designed short and wide enough to prevent buckling.

Consequently the center GaN membrane (4th) is deformed 25 % less than the 1st

GaN membrane based on a layer by layer analysis.

In addition to the deflection of the membrane, the control of the flatness of
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Figure 6.25: FEA results for residual stress vs. membrane deflection. (a) Maximum de-
flection of each layer depending on design. The number indicates the position
of the membrane. The most top membrane is labeled 4th. (b) Contour of top
membrane deflection (4th layer) for case 2 [192].

the membrane is also important to achieve high quality FPFs. It was observed that

a difference of 5 nm for the deflection of the top membrane (dGaN : 322 nm) causes

a resonant wavelength shift of about 2 nm. The difference between maximum and

minimum deflection across the membrane is about 0.4μm as shown in Fig. 6.25(b).

By increasing the thickness of GaN from 322 nm to 507 nm, this value is reduced

to 0.24μm. The stop-band of a DBR with 507 nm GaN is still comparable to a 32

period AlN/GaN DBR and the characteristics of the FPF is not so much different

from case 2 (see Table 6.5). Therefore, this could be a optimum design in terms of

good optical and mechanical performance.

When the membrane design and growth condition are based on case 2, the

simulation of the electrostatic actuation predicted a pull-in voltage (VPI) of about

3.1 V for a 322 nm thick membrane and of 6 V for a 507 nm thick membrane. Figure

6.26 shows the membrane deflection corresponding to the applied voltage. Both
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operating voltages are reasonable for real device applications.

Figure 6.26: Air cavity length change vs. applied voltage.

6.3.3 Experimental results

GaN/AlN heterostructure growth was attempted to realize GaN/air gap DBRs.

The growth sequence of the GaN/AlN heterostructure is LT AlN NL, LT AlN (the

actual sacrificial layer), interlayers and HT GaN. It is worthy to note that there are

several challenges in the growth of such a structure.

The AlN should not be of high quality to ensure easy removal upon etching

since it is used as sacrificial layer. The second issue is that the GaN layer grown on

top of the AlN has to relax slowly to prevent the membrane from snapping down to

the sapphire substrate after etching. Lastly, the surface of the GaN must be smooth

so that one can take full advantage of its optical properties. In order to overcome

these problems, growth and etching tests have to be performed iteratively.

In the following section, the issues related to AlN growth will be discussed.
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These include the growth rate of AlN, the growth of interlayers and the quality of

GaN subsequently grown on top of AlN. The results of AlN etching will follow in the

subsequent section.

GaN/AlN heterostructure growth for FPFs

As discussed in section 4.2, the pre-reaction between ammonia and TMAl in

the gas phase influences the growth rate of AlN significantly. In addition, due to the

long diffusion length of Al, the growth rate is sensitive to reactor pressure. Therefore,

an optimization of the LT AlN growth rate was conducted with respect to growth

pressure, TMAl flow and ammonia flow. Figure 6.27 shows the growth rate of AlN

grown under various conditions. However, the growth temperature was fixed at

950 ◦C.

Figure 6.27: Normalized AlN growth rate in different growth pressure and ammonia flow.
The growth temperature for all samples was 950 ◦C.

In this graph, the growth rate corresponding to different growth conditions

is normalized with respect to a reference AlN sample. The growth condition for

the reference sample was 50 sccm TMAl, 700 sccm ammonia and growth pressure
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was 50 torr. For the normalization, the growth times, which are taken to make

one interferogram cycle under different growth conditions, are compared to that of

the reference sample. The absolute growth rate of the reference sample was about

0.6μm/h as verified by SEM measurements.

The growth rate increased linearly with the TMAl flow since TMAl is com-

pletely decomposed2 and the growth rate is limited by the mass transport of TMAl

(see section 2.1). However, the growth rate was reduced by a factor of two as the

growth pressure was increased from 50 torr to 100 torr. This is because the Al pre-

cursor diffusion length is reduced as growth pressure is getting higher. An equivalent

change was also observed when the ammonia flow increased. The effect of pre-

reaction between ammonia and TMAl is the reason for the low growth rate with

700 sccm ammonia flow as also addressed in section 4.2.

In order to obtain slow relaxation and good GaN quality layer on top of AlN,

interlayers were considered before the growth transition from AlN to GaN occurs.

Different types of interlayers were applied. Interlayers consist of a couple of periods

of AlN/GaN or AlGaN/GaN superlattices (SLs). They contribute to compensate

the strain between two layers having large lattice mismatch like AlN and GaN. The

interferograms of two representative cases (sample D1 and sample D2) are presented

in Fig. 6.28. The growth conditions for each layer of the two samples are tabulated

in Table 6.6.

D1 D2
Growth Temp. for LT AlN 800 ◦C 950 ◦C

Interlayer Al0.17Ga0.83N/GaN AlN/GaN

Table 6.6: Growth conditions for two GaN/AlN heterostructures

In sample D1, the about 600 nm thick low temperature AlN growth is followed
2Metal organic sources are decomposed completely above 350 ◦C.
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Figure 6.28: Interferogram of sample D1 and D2. The reflectance signal drop indicates
that the surface of GaN in sample D1 becomes rough.

by the growth of a thin HT AlN and Al0.17Ga0.83N/GaN interlayer. The peak of

the reflectance signal drops slowly because the surface of the LT AlN becomes rough

during the growth. The top GaN was also observed to be very milky and rough

which could also be predicted by the interferogram in Fig. 6.28.

On the other hand, sample D2 showed that the reflectance signal of the top

GaN layer recovered fully and oscillated as typical HT GaN does. This indicates

that the GaN layer grown on top of the AlN is of good quality. The results can be

attributed to the presence of the GaN/AlN interlayer which compensates the strain

between AlN and GaN successfully. The pronounced contrast of the growth rate of

AlN and GaN is clearly demonstrated in this growth trace.

The failure of strain compensation in sample D1 has several reasons. An

Al0.17Ga0.83N/GaN interlayer having a thickness of 2 nm/5 nm may be inefficient for

compensating the strain. Since the Al composition is quite low, its lattice mismatch

with AlN is as high as 2 % which is close to the lattice mismatch of GaN with AlN
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(2.5 %). Much lower growth temperatures for AlN and the resulting very poor LT

AlN quality in sample D1 have also to be considered.

Etching

In order to achieve good AlN etchability, different growth temperatures were

investigated since the AlN quality strongly depends on them. The growth tempera-

ture was varied from 800 ◦C to 1040 ◦C. The etching for these layers was performed

with 1 mol/l KOH solution diluted with DI water. The temperature of the etching

solution was kept at 60 ◦C. During the etching a magnet stick was stirring the solu-

tion. The etching depth was measured by a surface profiler after DI water rinse of

the samples. The etching rate of AlN versus the growth temperature is summarized

in Fig. 6.29.

AlN layers grown between 950 and 1040 ◦C were barely etchable. Their etching

rate was only about 1 nm/min due to the high bond strength between Al and N.

Therefore it is difficult to use such a high quality AlN as a sacrificial layer. On the

contrary, the AlN grown at 800 ◦C was etched by more than 10 times faster than the

layer grown at 950 ◦C. By increasing the KOH concentration and the temperature

of the KOH solution, the etching was further stimulated and a 200 nm/min etching

rate was obtained with the sample grown at 800 ◦C. These etching results state the

importance of AlN growth temperature in terms of etchability.

The correlation between etching rate and the concentration of the etching solu-

tion and etching temperature was also investigated. The sample used for this purpose

was grown by a different MOVPE system. As can be seen from the cross section

of this test structure in Fig. 6.30(a), 100 nm GaN was grown on 700 nm AlN. Its

HR-XRD ω-2Θ measurement shows that the (002) FWHM of the AlN and GaN are

126” and 232”, respectively (see Fig. 6.30(b)). The very broad GaN peak implies



199

Figure 6.29: Etching rate vs. AlN growth temperature. AlN was etched with 1 mol/l KOH
solution at 60 ◦C.

that the GaN quality is very poor. The (002) FWHM of 2μm thick GaN is typically

less than 50”.

Al O2 3 (330 m)µ

AlN ( 700 nm)~

GaN ( 00 nm)~1

(a) (b)

Figure 6.30: (a) Structure of the GaN/AlN heterostructure for the selective etching test.
(b) ω-2Θ measurement.

A photoresist layer was first patterned using photolithography. Etching of the

top 100 nm GaN layer was achieved by reactive ion etching (RIE) using an Oxford
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Plasmalab 80. The etching conditions were Ar 20 sccm at 50 mTorr for 5 min and

the plasma RF power was set to 300 W. The resulting etching rate was 20 nm/min.

The sample was then cleaned with acetone and isopropanole alcohol (IPA). Once all

photoresist was removed, KOH etching tests were performed with various solution

concentrations.

The best result is about 220 nm/min with 2 mol/l KOH at 80 ◦C as can be seen

from Fig. 6.31(a). Figure 6.31(b) shows the Arrhenius plots of the etch rate. The

reaction limited etch rate is given by:

R(T ) = R0 exp(− Ea

kBT
) (6.16)

where R is the etching rate at temperature T , Ea the activation energy of the etch-

ing reaction, kB is the Boltzmann constant and R0 is a constant dependent on the

material quality. Therefore, an activation energy of 0.654 eV is obtained from the

graph which is very close to the literature value of 0.67 eV [193].

(a) (b)

Figure 6.31: (a) Etching rate vs. KHO concentrations. (b) Arrehenius plots of the etch
rate.

The desired lateral etching (about 2 μm) was observed as shown in Fig. 6.32(a).

However, the SEM image illustrates that the GaN on top of the LT AlN was also
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(a)

GaN

Sapphire

(b)

Figure 6.32: SEM images of GaN/AlN sample after etching with 2 mol/l KOH at 80 ◦C. (a)
Cross section. AlN lateral etching can be observed. (b) Top view of 100 nm
thick GaN on AlN. Its surface is very rough.

affected by KOH (see Fig. 6.32(b)). Its surface was found to be very rough and

some part of GaN seems to be etched. It indicates that growth transition from SL

to the 100 nm thick GaN needs to be optimized in the future in order to achieve a

reasonable GaN quality.

6.4 Conclusion

In this chapter, the use of III-Nitride materials in gas sensing applications was

discussed. Devices investigated in this work were Schottky diodes and GaN/air gap

based Fabry-Pérot filters (FPFs).

Bulk GaN and AlGaN/GaN heterostructures grown by the TS MOVPE system

were used to fabricate standard Pt Schottky diodes. Optimizing size and thickness

of the Pt Schottky contact lead to an improvement of the gas sensitivity. Bulk GaN

Schottky diodes with larger sensing area and thinner Schottky metal showed six

times higher sensitivity than a reference sample for CO detection. This supports

that CO sensing occurs through the grain boundaries in porous metal films.

Schottky diodes based on AlGaN/GaN heterostructures demonstrated the ca-
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pability of gas detection even at room temperature while bulk GaN sensors did not

show any response. Their operation at forward bias showed an one order of magni-

tude current change with 100 ppm H2 even at room temperature. Under reverse bias,

the current change of the Schottky diode gas sensors was more than three orders.

This excellent performance in comparison with bulk GaN Schottky diodes is due to

the 2DEG formed by spontaneous and piezoelectric fields in nitride materials.

GaN/air gap based Fabry-Pérot filters (FPFs) were explored as a potential

detector in an optical gas sensing system. Compared to nitride semiconductor DBRs

(for example GaN/AlN), GaN/air gap based DBRs need only 3.5 periods to achieve

98 % reflectance due to the large refractive index contrast between GaN and air.

This number is much smaller than that of GaN/AlN DBRs which need more than

20. TMM simulation results showed that a 63 nm stop-band can be achieved with

DBRs consisting of 3.5 periods of 322 nm GaN and 113 nm air gap. This value is

broader than that of a 32-period GaN/AlN DBR.

FPFs were designed with two DBRs separated by a 230 nm air cavity. Finite

element analysis of this FPF showed that the residual stress can cause a deflection

of the membrane as large as 0.6μm when literature values from MBE growth are

used for the calculation of the residual stress. The deflection difference across half

of the membrane is expected to be about 0.4μm. In terms of membrane actuation,

the calculated pull-in voltage is about 3.0 V.

Increasing the thickness of GaN membranes is proposed to enhance the mem-

brane flatness. FEA simulation results of a 507 nm thick GaN membrane showed

50 % less deflection and an improvement of the mirror flattness compared to the

322 nm thick GaN membrane. Although its stop-band is reduced from 63 nm to

46 nm and VPI increases to 6.0 V due to higher stiffness, its optical performance is
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still comparable to the 322 nm design.

In order to realize the AlN sacrificial layer, the correlation between etchability

and AlN growth temperatures was investigated. An etching rate of about 200 nm/min

was obtained for AlN grown at 800 ◦C. The etching rate of AlN grown above 950 ◦C

is less than 3 nm/min with the same condition which makes this quality of AlN not

applicable for sacrificial layers.

More etching experiments were conducted with various etching conditions as

varying etching temperatures and concentrations of KOH. Lateral etching of about

2μm was observed by SEM measurement. However, the crystallinity of the GaN was

affected by KOH because the GaN layer was as thin as 100 nm and its quality was

not optimized. This confirms that the GaN thickness is important not only in terms

of the structural deformation of a GaN membrane due to residual stress but also in

terms of etching resistivity.



CHAPTER VII

THESIS CONCLUSION

This thesis focused on the growth understanding and optimization of III-Nitride

materials and their use in different types of devices. More specifically, the objective

was to optimize layer growth for high power and high frequency devices based on

AlxGa1−xN/GaN heterostructures and to explore the use of Nitrides in gas sensing

applications. The following conclusions are drawn.

7.1 Polar Nitrides

Comprehensive growth optimization work was carried out to reduce the intrin-

sic high conductivity of undoped bulk GaN. The nucleation layer (NL) annealing

time was found to be an effective parameter to control the resistivity of GaN layers

grown at 1040 ◦C. Different annealing times result in different threading dislocation

densities which play the role of acceptor-like defects along with impurities. 11K

band edge photoluminescence measurements manifest that an acceptor-bound exci-

ton peak (A0X) is present with a donor-bound exciton peak (D0X) in undoped bulk

GaN. Hall measurements confirmed the proportional relationship between the ratio

of the two peaks and the layer resistivity. Moreover, off-axis X-ray diffraction mea-

surements showed that edge threading dislocations contribute to a certain extent to

improve resistivity.

204
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A similar conclusion was made for GaN grown at 1033 ◦C and carbon impurities

segregated around TDs were speculated as the origin of resistivity increase [60].

However, in this work, PL measurements over the wavelength range of 350∼700 nm

suggested that TDs as well as VGaHN are responsible for the resistivity of bulk

GaN. The role of carbon seems to be insignificant in this work since blue emission

and yellow emission caused by carbon were found to be relatively negligible. This

is consistent with the growth conditions used since less carbon is expected in the

reactor as the growth temperature and V/III ratio increase.

The use of resistive bulk GaN in AlGaN/GaN heterostructure field effect tran-

sistors resulted in the improvement of device pinch-off. Pinch-off current was reduced

by a factor of twenty in comparison with devices fabricated with non-optimized bulk

GaN. The associated fT and fmax was about 11 GHz and 26 GHz, respectively. These

DC and high frequency characteristics imply that both the resistive bulk GaN and

the AlGaN layers are of good quality.

For a further improvement of the high power and high frequency device char-

acteristics, AlN MISFET structures were investigated. MOVPE grown in-situ SiNx

was implemented in this structure to reduce the high risk of AlN oxidation and

2DEG depletion due to surface contamination. The effect of in-situ SiNx was proved

by good ohmic contact quality obtained even without AlN etching. Moreover, the

leakage current of these devices showed a decrease of one order of magnitude in com-

parison to AlN MISFET reference samples having no passivation layer. DC and RF

characteristics of the devices were also improved by a factor of 2 to 3
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7.2 Non-polar Nitrides

The growth of non-polar III-Nitrides was carried out using r-plane sapphire

substrates in order to remove polarization fields in AlGaN/GaN heterostructures

and realize normally off mode transistors. In-plane anisotropic characteristics were

observed in terms of crystalline quality. The FWHM along the m-axis was two to

three times larger than the values along the c-axis. Surface undulation was also

observed along the m-axis. A comprehensive study of how the NL affects the overall

growth rate manifested that AlN nucleation layer can improve the surface roughness

and anisotropy in comparison to low temperature bulk GaN NLs or direct growth

without NL.

7.3 Nitrides for gas sensing applications

Bulk GaN and AlGaN/GaN heterostructures grown by the TS MOVPE system

were used to fabricate standard Pt Schottky diodes. A comprehensive study of gas

sensor design showed that the size and thickness of the Pt Schottky contact impact

the gas sensitivity. Bulk GaN Schottky diodes with larger sensing area and thinner

Schottky contact showed six times higher sensitivity than a reference sample for CO

detection. This supports that CO sensing occurs through the grain boundaries in

porous metal films.

Schottky diodes based on AlGaN/GaN heterostructures demonstrated the

capability of gas detection even at room temperature while bulk GaN sensors barely

detected anything. This excellent performance is due to the 2DEG formed by

spontaneous and piezoelectric fields in nitride heterostructures as this is sensitive to

the surface state. This is proved by AlGaN/GaN heterostructures Schottky didoes
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with SiNx surface passivation which did not show any response to gases.

GaN/air gap based Fabry-Pérot filters (FPFs) were explored as a potential de-

tector in optical gas sensing systems and in particular for usage in the UV/VIS wave-

length region. The deflection of the membrane, which is caused by strain relaxation

after sacrificial layer etching, was found to be critical. Optimizing the membrane

size and the thickness is proposed in order to enhance the membrane flatness while

keeping its optical performance comparable to the thinner membranes.

In order to realize the AlN sacrificial layer, the correlation between etchability

and AlN growth temperature was investigated. An etching rate of about 200 nm/min

was obtained for AlN grown at 800 ◦C. The etching rate of AlN grown above 950 ◦C

is less than 3 nm/min under the same conditions which makes this quality of AlN

not applicable as sacrificial layers.

7.4 Impact of this work

This work presents a systematic analysis of the way how device characteristics

are impacted by the material. More specifically, the correlation between defects in

bulk GaN and its resistivity were studied in chapter III by carrying out a compre-

hensive growth and characterization study. Evidence was brought that the acceptors

are formed by VGaHN and dislocations. As a consequence of changing the bulk GaN

quality (resistivity), DC and RF characteristics of HFETs were improved as discussed

in chapter IV. Effects of in-situ SiNx deposited by MOVPE were also investigated

from the material point of view. Wet and dry etching tests of SiNx proved its good

quality and important role in improving device characteristics. The study of non-
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polar Nitrides presented in chapter V is important due to the fact that in contrast

to studies for optical devices, their impact has not been studied extensively for elec-

tronic devices. While the surface morphology issues pertaining to non-polar GaN

seem to be resolved in this work, the improvement of crystalline quality remains

to be performed in order to obtain reasonable device characteristics. Finally, the

realization of GaN/air gap based Fabry-Pérot filters (FPFs) was explored by using

epitaxially grown AlN as a sacrificial layer. To our knowledge, AlN as sacrificial layer

has so far only been studied using sputtering techniques. While theoretical studies

showed the feasibility of this device type, experimental results of growth and etching

tests showed that more extensive studies are necessary to define growth conditions

which make AlN etchable while allowing at the same time subsequent growth of good

quality GaN layers.



CHAPTER VIII

FUTURE WORK

8.1 Growth in non-polar directions

Recent reports found in literature on optoelectronic devices based on non-

polar GaN demonstrate enhanced LED efficiency by eliminating polarization fields

[136, 137]. In analogy with the successful growth of non-polar III-Nitrides for op-

toelectronic devices, it should be possible to grow and use non-polar Nitrides for

electronic devices as explored in this work. Very little research has been done for

this purpose and device results are also premature. Although this thesis presents

some progress in non-polar heterostructure growth on r-plane sapphire substrates,

further studies are important to obtain layers having device quality.

Issues pertaining to enhancing mobility must be tackled for high frequency

devices due to the interest existing in using non-polar Nitrides for the realization of

normally off transistors. In comparison to c-plane Nitrides, non-polar GaN layers

have higher defect density. This poses a challenge concerning the realization of

devices such as resonant tunneling diodes which will also benefit from the absence

of the polarization field since defects drastically impede device performance in the

form of trapping electrons. Therefore, a reduction of dislocation density must be

considered as addressed in section 8.3. An alternative way to improve layer quality
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would be growth on m-plane sapphire substrates. The range of MOVPE growth

parameters to obtain good quality a-plane layers on r-plane sapphire substrates is

narrow and highly sensitive to changes in growth pressure, temperature and precursor

flow rates [194]. Compared to the growth on r-plane sapphire substrates, growth on

m-plane sapphire substrates is believed to offer more flexible growth conditions and

reproducible results [195].

8.2 Hybrid structures with Nitrides and ZnO

The lattice mismatch between ZnO and GaN is only ∼ 1.8 % and the crystal

structure of the two materials is similar to each other [196]. This potentially leads

to good layer quality of GaN grown on ZnO or vice versa. Recently, the interest in

combining these two materials has increased because this hybrid structure can offer

many promising applications.

GaN/ZnO structures are of potential interest for MEMS devices since wet chem-

ical etching of ZnO is much easier in comparison to Nitride etching. Currently, most

Nitride MEMS structures are studied with Si or SiC substrates because of high wet

etching selectivity between GaN and the substrate. However, the improvement of

Nitrides quality on Si is still underway and the usage of SiC is not cost effective.

Specially, when devices need multiple sacrificial layers, using these substrates are

not appropriate.

pn diodes using GaN and ZnO are very attractive for application to both opto-

electronic devices and high frequency devices. Although lower threshold currents

and better performance at high temperature are expected with ZnO based LEDs

due to the larger exciton binding energy of ZnO (60 meV vs. 28 meV for GaN), the

realization of stable and reproducible p-type ZnO hinders the progress. In spite of
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its mature technology, GaN also has a problem. The higher growth temperature of

GaN than that of InGaN impedes the high In incorporation since In is highly volatile.

Therefore, LED structures consisting of n-ZnO/InGaN MQW/p-GaN is promising

for green LEDs because good quality of ZnO layer can still be grown below 800 ◦C

[98].

In Nitride heterojunction bipolar transistors (HBTs), the degradation of p-

contact due to dry etching needs to be solved ; p-GaN surfaces are found to be sensi-

tive to etch damage which causes point defects creating donor states and degrading

contacts in etched p-GaN [197]. If the growth of reasonable quality of p-ZnO is pos-

sible, p-ZnO/n-GaN/p-ZnO devices will not have the issue pertaining to p-contact

as p-ZnO will be removed by wet etching chemicals. However, for this purpose, the

damage of ZnO layer during the growth of GaN has to be overcome along with ZnO

p-doping issue. It is reported that ammonia and hydrogen which are standard gases

for GaN growth process damage ZnO layer.

8.3 Growth on porous substrates

It is known that the density of threading dislocations of GaN is typically 109

∼ 1010 cm−3. In order to reduce the defects, Epitaxial Lateral Overgrowth (ELO)

using dielectric masks (SiNx or SiO2) of periodic geometries on a substrate has been

studied. Since most dislocations tend to propagate upward along the vertical growth

direction from the substrate, the mask opening area (window region) contains highly

defective material. In contrast, the layers grown above the mask region (wing region)

have fewer dislocations [198]. As a result, the defect density is reduced to 105 ∼

106 cm−3 in the wing region.

Growth on porous substrates such as porous SiC or porous GaN is also proposed
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to improve the quality of Nitrides [199]. Nano pipes or nano pores were found to stop

and/or bend dislocations. Recently, the growth using porous Si is also reported [200].

In addition to the reduction of dislocations, the reduction of strain in GaN was also

reported. Incorporation of this growth technique in a-plane GaN growth is believed

to improve the quality of a-GaN growth more effectively than the ELO technique.

Due to the limited growth window of a-GaN, coalescence of the overgrowing ELO

islands is known to be very difficult and the results are not reproducible [195]. Since

the size of the pores is much smaller than the size of the dielectric mask, the defects

can be reduced more effectively than by ELO technique. Moreover, the use of porous

Si substrates enables the realization of vertical pn junction devices.



APPENDICES

213



214

APPENDIX A

Piezoelectric polarization calculation

The strain tensor describes the distortion of the unit cell with respect to the equilib-

rium structure. The tensors consist of normal strain components εxx, εyy, εzz as well

as shear strain components εxy, εxz, εyz.

The stress tensor describes the pressure which has to be applied to the crystal

in order to distort it. Similar to the strain tensor, the stress tensor has normal parts

(σxx, σyy, σzz) and shear parts (σxy, σxz, σyz). The stress tensor is related to the

strain tensor via the elastic constant according to Hook’s law. In case of the C6v

symmetry of the wurtzite structure, the stress tensor is given by:

⎛
⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎝

σxx

σyy

σzz

σyz

σxz

σxy

⎞
⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎠

=

⎛
⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎝

C11 C12 C13 0 0 0

C12 C11 C13 0 0 0

C13 C13 C33 0 0 0

0 0 0 C44 0 0

0 0 0 0 C44 0

0 0 0 0 0 C66

⎞
⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎠

⎛
⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎝

εxx

εyy

εzz

εyz

εxz

εxy

⎞
⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎠

(A.1)

In the growth along the c-axis, the growth plane corresponds to the xy-plane

and deposition takes place along the z-direction. Shear components of both stresses
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and strains are absent. Thus the strain tensor has only three non-vanishing terms

εxx, εyy, εzz. Considering the symmetry, strain can be simplified as in-plane strain ε‖

= εxx = εyy and out-of-plane ε⊥ = εzz. Eq.A.1 becomes,⎛
⎜⎝ σ‖

σ⊥

⎞
⎟⎠ =

⎛
⎜⎝ C11 + C12 C13

2C13 C33

⎞
⎟⎠

⎛
⎜⎝ ε‖

ε⊥

⎞
⎟⎠ (A.2)

Since the film is free to expand or shrink along the growth direction, the out-

of-plane stress σ⊥ is equal to zero and we obtain

ε‖
ε⊥

= −2
C13

C33

(A.3)

The piezoelectric polarization can be obtained by relating the piezoelectric

tensor (eij) of the space group P63mc to the strain.

PPE =

⎛
⎜⎜⎜⎜⎜⎝

0 0 0 0 e15 0

0 0 0 e15 0 0

e31 e31 e33 0 0 0

⎞
⎟⎟⎟⎟⎟⎠

⎛
⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎝

εxx

εyy

εzz

εyz

εxz

εxy

⎞
⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎠

=

⎛
⎜⎜⎜⎜⎜⎝

e15εxz

e15εyz

e31(εxx + εyy) + e33εzz

⎞
⎟⎟⎟⎟⎟⎠

(A.4)

Since no shear strain is present in c-plane GaN, εxz and εyz are zero. The total

polarization for the growth direction (0001) is given by:

PPE = e33ε⊥ + 2e31ε‖ (A.5)

By replacing ε⊥ with ε‖ from the Eq. A.3, PPZ is now described as follows.

PPE = 2ε‖

(
e31 − e33

C13

C33

)
(A.6)
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APPENDIX B

Electron mobility

Bulk 2DEG

Polar Opical Phonon (μopt) [201] eE0/kT

(
1 − 5kT

Eg

)2

Acoustic Phonon (μpiezo) [201] T−1/2 T−1/2·n−1/2
s

Ionized impurity (μii) [112]
T 3/2

Ni

n
3/2
s

Ni

Alloy Disorder (μalloy)
1

x(1 − x)T 1/2

1

x(1 − x)n1/2
s

Dislocation (μdis) [202] -
ns

3/2

Ndis
Interface (μin)[203] - ↓ as ns ↑

Table B.1: Electron mobilities limited by different scattering mechanisms. After Ref. [109].

E0 : The energy of polar optical phonon
Ni : The density of ionized impurities
Ndis : The density of dislocations
ns : sheet charge carrier density
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APPENDIX C

Figure of Merits for various semiconductor materials

Material JM KM BM BHFM QF1 QF2 QF3
Si 1.0 1.0 1.0 1.0 1.0 1.0 1.0
GaAs 11 0.45 28 16 9.4 16 28
GaN 790 1.8 910 100 910 10300 910
AlN(μ = 14) 5120 2.6 390 14 660 25520 390
InN(μ = 3000) 58 6 46 19 150 460 46
6HSiC 260 5.1 90 13 300 2440 90
4HSiC 410 5.1 290 34 950 9630 290

Table C.1: Normalized figure of merits for various semiconductors with respect to Si. After
Ref. [111].

JM = (Ecvsat/π)2, here, Ec is critical breakdown field.
KM = kth(vsat/ε)1/2, here, kth is thermal conductivity.
BM= με(Ec)

3, μ is carrier mobility.
BHFM= μ(Ec)

2

QF1= σA, here, σA is εμE3
c

QF2= σAEc

QF3=BM
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