ABSTRACT

Yoganand N Saripalli. Growth, Characterization and Device Processing of GaN
Metal Oxide Semiconductor Field Effect Transistor (MOSFET) Structures.
(Under the supervision of Dr M.A.L. Johnson)

The physical properties of GaN, high saturation velocity, high breakdown
fields, high electron mobility, wide bandgap energy and high thermal conductivity,
make it a promising material for field effect transistor (FETS) devices for high speed,
high power, and small channel length applications. Despite the success of GaN
electronic devices such as heterojunction field effect transistors (HFETS), fabrication
of GaN Metal Oxide Semiconductor (MOS) transistors remains a technical challenge.
The primary reason for this is the non-availability of a gate dielectric with a low
dendity of interface states and the simultaneous requirement of ohmic source/drain
contacts which are compatible with enhancement mode structures. Unlike existing I11-
N HFET devices, which have a high free carrier density two dimensional electron gas
(2DEG) in the semiconductor substrate, a MOSFET in either accumulation or
inversion mode requires low free carrier concentration in the semiconductor channel,
and a high density of free carriers in adjacent source and drain areas. This research
explores the devel opment, and demonstration of an enhancement mode (normally off)
GaN MOSFET with highly doped source/drain ohmic contacts and compatible gate
dielectric.

Highly doped source/drain ohmic contacts were formed by selected area
epitaxial regrowth of Si doped GaN by metadorganic chemical vapor deposition
(MOCVD). The MOS gate dielectrics which have been investigated are Ga,03/Gd,03
and SiNx. To achieve uniform and highly doped GaN on reactive ion etched (RIE) and

patterned GaN surfaces for source drain contacts, a low temperature regrowth (750-



850°C) was developed. A model for growth morphology consistent with the low
temperature regrowth of GaN on RIE patterned GaN surfaces is given. The detailed
structural, optical, and chemical characterization of the low temperature regrown
highly doped GaN for source and drain contacts has been provided. The structural
characterization of GaN/Ga,03/Gd»O3 interface used in MOS device fabrication is
presented. Devices were fabricated based on IlI-N structures and epitaxial MOS
dielectrics. The GaN MOSFET structures fabricated in this work exhibited
enhancement mode (normally off) operation. This proof of concept demonstration of
normally off GaN MOSFETs with epitaxially regrown source and drain contacts is a
significant step in the development of enhancement mode 111-N MOSFET devices for

logic, high speed, high power and high temperature applications.
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Chapter 1
Historical Background on GaN Metal Oxide Semiconductor

Field Effect Transistor (MOSFET)

Prologueto Thesis

The invention of the transistor in 1947 has revolutionized daily life. This
demonstration was the culmination of fundamental solid-state research over the preceding
decades. The first rectification action in a solid state material using a point contact based
on lead sulfide was achieved in 1874"2 However, it was not until 1947 the transistor
became a realityl’z. The motivation to have a working device at for highly integrated
audio communications triggered the research in point contact rectifying devices after the
World War II'*. The unreliability, power inefficiency, and the size of the vacuum tube
hitherto was another reason motivating researchers to explore solid state materials and
point contact devices'*. In addition, the detection of aeroplanes during and post World
War II necessitated the use of high frequency and short wavelength radar, mostly in the
MHz region'”.

The need for high frequency, smaller, lower cost per function devices has been
the driving force behind semiconductor research for much of the past 60 years'?. A
related thrust in semiconductor research is the change in conductivity achieved by doping
and carrier transport by applying electric field'. Initially germanium (Ge) was the
semiconductor material of choice in making the transistors but later, with the synthesis of
pure bulk silicon (Si), Si became the foundation for all the semiconductor industry'. This

was because of the higher bandgap and lower intrinsic carrier concentration of Si than



Ge, and Si could be used at higher junction temperatures compared to Ge, as well as
allowing for a wider range of doping'. The greatest motivator for the transition from Ge
to Si was the purity and quality of the Si/SiO, interface which was essential for
MOSFETs fabrication'.

In the current dissertation work, GaN is an extension of this evolution due to its
advantageous physical properties, which enable the development of solid-state devices
for use in high power and high frequency devices. This research addresses the
development of GaN enhancement mode MOSFETs, a critical materials research step in
the realization of GaN integrated electronics.

1.1 Introduction

The development of electronic devices which operate at higher frequencies, higher
powers and higher temperatures has been a relentless pursuit through the history of
semiconductor technology. Rapid advances in device technology are most often based on
breakthroughs in semiconductor materials technology. This thesis explores such a
potential advance as a study of materials and structures enabling a new potential device:
The GaN MOSFET.

In the late 1950s, Si technology matured enough to fabricate planar and integrated
structures based on MOS field effect transistors (MOSFET) structures, and continuous
progress had been made in the production of transistors'*. The devices have been scaled
to an extent where we have nearly two billion transistors on the latest micro-processor”.
The immediate implications we can think of with this astounding integration number is®:

1. The power density per chip has increased enormously,

2. The total amount of heat to be dissipated increased considerably, and



3. The thickness of the gate oxide also becomes a few monolayers consistent with

the device lateral scaling.

Si may be an unideal choice at device local operating temperatures above 500K’. At
temperatures greater than 500K, the low bandgap of Si nullifies the effect of any external
dopant’. In addition to the bandgap, the other properties that are crucial to the state of the
art nanometer gate length structures, are the carrier drift velocity v4, and mobility ueg'lz.

The saturation velocity in a semiconductor is the maximum drift velocity of the
electron in the presence of an electric field, the limit being the thermal velocity’. At
electric fields above the value for saturation velocity, the energy imparted by the field is
transferred to the lattice rather than increasing the carrier velocity’. Therefore high
frequency current gain operation is limited for semiconductor devices with low saturation
velocity as the maximum speed of carrier transport is limited when they are transported
across a conducting channel’. The problem of electron carrier transport becomes
significant as the device scaling reaches a few nanometers where the applied voltage
between source and drain on the electron extends over a few nanometers and there is a
resulting high electric fields’'®'*'. Another serious issue related to the low bandgap of
Si is the limit to high breakdown voltages relative to devices made of material with a

8161921 " Therefore, it can be inferred that the solution to the

higher bandgap energy
potential device scaling roadblocks is the choice of new material systems for MOSFET
channel structures that overcome the drawbacks of low saturation velocity, low

breakdown electric fields, low mobility and low bandgap”'®'"**'. As the previous era

moved from Ge to Si due to its higher bandgap and the requirement of higher power,



higher frequency and smaller device size'~, the current trends also entail the use of wider
bandgap materials®' "',

The main properties of wideband gap materials that enable their use in high
power, high frequency, high temperature and high temperature applications are higher
mobility, higher saturation velocity, higher breakdown fields (Vy), lower dielectric
constant and higher thermal conductivity®'*'**!. A commonly accepted road map of
frequency of application versus the device power for different semiconductor material
systems is shown in Figure 1°. This illustrates that the devices made of wide bandgap
materials like GaN and AIN encompass a wider range power and frequencies than
encumbent semiconductor materials. The wide bandgap materials are expected to be used
in making high power devices, high frequency operation, high temperature operation®®,
and nano-scale devices''®. The different values for each of these in comparison to Si is
listed in the table 1 and a combined figure of merit (CFOM) evaluated encompassing the
physical properties for Si, 6H-SiC, GaN and AIN is shown in figure 2'''3192",

It is quite evident from the figure that the CFOM of the wide bandgap materials is
an order of magnitude higher compared to Si''"*'*?'. The higher CFOM points to the
emergence of III-N based compound semiconductors for making of transistors for high
power and high frequency applications. Additionally for communication applications,
devices with high efficiency and good linearity are considered an essential requirement
for the next generation wireless technology thus supporting the realization of the dream

8-15,19-21

ubiquitous information technology (IT) society. . Hence the need for wide bandgap

materials and devices which could make this possible need not be emphasized more.



This materials research supports the development of advanced wireless and
information technology through the development of technologies for GaN enhancement
mode MOSFET structures. The growth of the material, the structural, optical and
electrical characterization, the device processing and the fabricated device results

obtained will be discussed in detail in this work.
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Figure 1: The Power-Frequency M ap: Illustrates the wide Power-Frequency range
of GaN and AIN compared to other Semiconductor<°.

Material Band- | Intrinsic Relative Mobility Break Down | Vg Thermal
gap Carrier permittivity field (107cm/s) | conductivity
(eV) Concentration (cm*/Vs) (10°V/cm) (W/cmK)
(em™)
Si 1.1 1.5x10" 11.6 1350 0.3 1 1.5
GaAs 1.4 1.8x10° 12.8 8500 0.4 2 0.5
GaN 3.4 1.9x10™° 9 1200 33 25 2.1
4-HSiC | 3.25 8.2x10° 10 720% 2 2 45
650"
6-HSiC |3 2.3x10° 9.7 370" 24 2 4.5
50
AIN 6.2 9.4x103 9.1 300 1.2 1.9 1.7
InSb 0.17 2x10' 16.8 77000 10° 9.8 0.18

9[11-20] direction
100017 direction

fields compared to other semiconductors.

Table 1.1: Electronic Properties of various semiconductors
AIN and GaN have superior saturation velocities and break down

812,13
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Figure 2: Combined Figure of merit™™*3

GaN and AIN have a CFOM more than order of magnitude higher
than Si.
Graphic Courtesy: Dr Ramon Collazo.



Chapter 2
Background on Material and Device Technology

The theory of metal semiconductor contacts and the operation of metal oxide
semiconductor field effect transistors (MOSFET) will be discussed in this chapter. The
electronic properties of MOSFET structures are explored in detail, the applications
examined and the influence of the physical properties related to the choice of
alternative semiconductors is discussed. The properties of wide bandgap
semiconductor materials for the next generation electronics will thus be related to the
current research investigations. Material Science involved in the development of the
electronics technology will be described and the motivation for this research will be
explained. The main thrust of the research in this thesis is the development of highly
doped GaN ohmic contacts. Therefore, this chapter begins with a detailed description
of metal semiconductor contacts. The discussion considers both rectifying Schottky
contacts and ohmic contacts. The overview continues with a review of metal oxide
semiconductor (MOS) structures and the aspects of MOS structures which are relevant
to MOSFET devices.

2.1 Metal semiconductor contacts:

The contact theory described below is taken from the standard
metal-semiconductor contact model listed in books either by Streetman or Sze'?.
There are specifically two types of contact for metals directly on a semiconductor:
Schottky (or rectifying) and Ohmic contacts'?. Ohmic contacts ideally allow

symmetric and linear current transport perpendicular to the interface where the current
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transport across a rectifying contact is asymmetric or non-linear. When a metal with
work function thy, is brought in contact with a semiconductor with work function tl,
charge transfer occurs until the Fermi levels in both the semiconductors align to
establish thermodynamic equilibriurnl’z. While the work function of the metal is a
fixed physical parameter, the work function of the semiconductor may be adjusted by
doping from degenerate n type (ths~y;) to degenerate p-type (th~x+E,), where y; is the
electron affinity measured as the energy difference between the vacuum level and the
semiconductor conduction band edge E., and E, is the bandgap energy of the
semiconductor'”. The alignment of Fermi levels is in accordance with the work
function differences between the semiconductor and the metal, and this defines the
characteristics of the contact as shown in figures 2.1 and 2.2.

2.1.1 Schottky Contacts:

When the t,>th the semiconductor Fermi level is initially higher than that of the
metal before contact is made'”. To align the Fermi levels, the electrostatic potential of
the semiconductor must be raised (i.e., the electron energies must be lowered) relative
to that of the metal'~. In an n-type semiconductor of Fig. 2.2(a), a depletion region is
formed near the junction'?. The positive charge due to ionized donor ions within the
depletion region matches the negative charge in the metal'?. The equilibrium contact
potential (V,) which prevents further net electron diffusion from the semiconductor
conduction band into the metal is the difference in work function potentials, i, -th 2,
The potential barrier height tl%, for electron injection from the metal into the

semiconductor conduction band is 4'y,- ¥s. The equilibrium potential difference V, can
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be decreased or increased by the application of either forward or reverse bias voltage.
When a forward bias voltage V,,, is applied to the Schottky barrier, the contact
potential is reduced from V, to V-Vg,p. As a result, electrons in the semiconductor
conduction band can move across the depletion region to the metal. This gives rise to a
forward current (metal to semiconductor) through the junction. Conversely, a reverse
bias increases the barrier to V, + V; and electron flow from the semiconductor to the
metal becomes negligible. In either case, flow of electrons from the metal to the
semiconductor is retarded by the barrier ;- 3. The resulting diode equation is:

[=To(e™® Ty 2.1)
Where 11 is the ideality factor of the Schottky diode that varies from ~1-2'.

Here the reverse saturation current I, is dependent upon the size of the barrier t,
for electron injection from the metal into the semiconductor. This barrier is effectively
increased by the bias voltage. Thus a Schottky barrier diode is rectifying, with easy
current flow in the forward direction and little current in the reverse direction below
break down Voltagel’z. In forward bias, the barrier is reduced and the electrons have
sufficient thermal energy to cross the reduced energy barrier'”. In addition, if the
doping is high the band bending enables the electrons to tunnel through the barrier
similar to the thermionic electronic transport’. In GaN electronic devices Schottky
contacts are currently used as the gate structure for depletion mode heterojunction filed

effect transistor (HFET) devices.

2.1.2 Ohmic Contacts:
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An ohmic contact is the structure by which charge carriers may move from a
metallic material into a semiconductor material with the current density symmetric and
linear with applied electric field. From a device operation perspective, such contacts
should have minimal series resistance, have a linear relationship between current and
applied bias (obey Ohm’s law), and have no tendency to rectify signals'~.

There are several mechanisms for electrons to move from the metal to the
semiconductor which are described in this section'?. If i, <tl, as seen in Fig. 2.2(b),
the Fermi levels are aligned at equilibrium by transferring electrons from the metal to
the semiconductor. This raises the semiconductor electron energies (lowers the
electrostatic potential) relative to the metal at equilibrium'?. In the absence of any
fixed states which would fix the Fermi level energy at the interface, the barrier to
electron flow between the metal and semiconductor is small and easily overcome by a
small voltage'”. This is termed the Bardeen model of ohmic transport behavior’.
Similarly, the case where tl1,,<tli; in a p type semiconductor would result in easy hole
flow across the junction'”. No depletion region occurs in the semiconductor in these
cases since the electrostatic potential difference required aligning the Fermi levels at
equilibrium calls for accumulation of majority carriers in the semiconductor'~,

An alternative model for ohmic contacts which often occurs in compound
semiconductors involves doping the semiconductor heavily in the region immediately
adjacent to the metal contact’. Thus if a barrier exists at the interface, the depletion
width is small enough to allow carriers to tunnel through the barrier*. A heavily doped

semiconductor will often exhibit ohmic transport behavior even with a potential barrier
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at the metal-semiconductor contact as the resulting narrow depletion width promotes
efficient carrier transport.

There are four mechanisms for the transport of electrons between semiconductor
and a metal that are briefly described here from the models listed by Sze and
Morkoc™*,

2.1.3 Electron Transport Mechanisms between a Semiconductor and Metal:

1. Thermionic Emission: For moderately doped semiconductors (Ng <= 10'"cm™), the
depletion region is relatively wide. Therefore, only electrons with sufficient thermal
energy surmount the barrier and transport across the interface as shown in figure
2.3(a)2’4. This results in a net current flow from the semiconductor to the metal®*. The
mechanism is identical to the forward biased transport over Schottky barrier described
earlier.

2. Thermionic field Emission: For intermediately doped semiconductors (10'"cm™>
Ny < 10"%em™), the carriers can gain a little energy by a combination of thermionic
emission and quantum mechanically tunnel through the barrier at higher thermal
energies due to the reduced depletion width as shown in figure 2.3(b)*".

3. Direct Tunneling (Field Emission): For heavily doped semiconductors (Ng
>10"%cm™), the depletion width is very narrow, and direct tunneling from the metal to
the semiconductor can occur at a high probability for electrons with no additional
thermal energy as shown in figure 2.3 (c)**. In the absence of a good metal to provide
an ohmic contact to the semiconductor through band alignment, which is the

commonly observed case for wide bandgap semiconductors where a high density of
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interface states causes a fixed minimum potential barrier between the metal and
semiconductor, this is the approach adopted®. However, it is difficult to dope wide
bandgap semiconductors heavily and ohmic contacts to III-N semiconductors have
been fabricated by empirically developed multilayer structures coupled with rapid
thermal annealing to form a metallurgical junction with the minimum contact
resistance”.

4. Recombination in the Space Charge Region: Recombination of electrons and
holes in the space charge region (identical to the recombination processes in a p-n
junction)'?, is another current transport mechanism that contributes to current flow
across a metal-semiconductor contact as illustrated in figure 2.3(d)>.

However, semiconductor surfaces often contain surface states due to incomplete
covalent bonds and other defects which can lead to charges at the metal-semiconductor
interface®. This could also be from a fixed charge from the native oxide which often
exists on semiconductors'>°. These interface states pin the Fermi level at a fixed
energy level regardless of the metal used to establish a contact as seen in figure
2 41267

The problem of Fermi level pinning due to the interface charge is one of the
historical drawbacks in wide bandgap compound semiconductor MOSFETs including
GaN MOSFETs* "' It is largely the development of new materials synthesis processes
and techniques which overcome Fermi-level pinning which are the subject of research

in this work.
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2.2 Metal Oxide Semiconductor Field Effect Transistor (MOSFET) and Device
Scaling:

The field effect transistor is a three terminal device with contacts referred to as a
gate, source, and a drain as shown in figure 2.5"*'*">. In a MOSFET, charge is
transferred between source and drain contacts, with the ability to conduct between
source and drain modulated by the applied voltage to the gate. Thus the electric field
between the metal gate and the semiconducting A source-drain channel is the essential
functionality of the FET device. The metal-oxide-semiconductor gate stack above the
channel is the controlling structure for which a MOSFET is named. An important
property of these devices, in addition to signal amplification, is the possibility of
controlled switching from a conducting on-state to a non-conducting off-state
representing binary information, and, therefore a fundamental building block in digital
circuits'*'*"*. An important advantage is the possibility of planar integration of many
MOSFET devices on a single chip'*'*". Traditionally, MOSFETs have been
fabricated in Si because of the high quality and the thermodynamic stability of the
Si/Si0, with a low density of interface states!>!121314 The development of MOSFETSs
in other material systems such as GaAs although first unsuccessfully attempted in
1965", was explored only more recently due to the availability of epitaxially deposited
a gate dielectric with minimum interface density of states'®'". MOSFETs in GaN*"**,
and SiC/Si0,%, have also been recently demonstrated. A detailed literature survey of
GaN MOSFET technology is listed in the next chapter. As a starting point, we will

assume the equations governing the function of a MOSFET are independent of

16



materials system and gate scaling. As a result, the examination of Si MOSFET and its
limitations will help understand the emergence and the requirement of new materials in
MOSFET development.

In Si MOSFETs, source, drain, and channel structures are fabricated on single

1,2,13,14
crystal substrates "~ ™

. The gate is traditionally made of polysilicon with a length (L,)
as small as 50-100nm and a height of 50nm over an insulating dielectric above the
conductance channel structure. This poly-Si gate (M), insulating dielectric (O), and
semiconducting channel (S) is the MOS structure which forms the basis for Si
MOSFET operation. The central region of the transistor consisting of a lightly doped
or intrinsic silicon, the thin silicon dioxide layer and the silicided polysilicon contact,
form an MOS capacitor, which control the charge accumulation, depletion, or
inversion for the transistor. The figure 2.6 (a) shows a cross sectional view of a typical
Si MOSFET and its equivalent circuit in 2.6 (b) for electrical functionality®®.

Equating physical properties of the MOSFET structure with equivalent circuit
forms the frame work of understanding the critical structure-property-performance
functional relationships in MOSFET materials research®. It can be noticed that there
are individual contact issues associated with the source, drain and gate which would
influence MOSFET operation. Ideally, source and drain contacts would be ohmic,
where the gate contact is insulating with respect to the semiconductor. Furthermore,
the electric field induced in the gate semiconductor beneath the gate should be variable

and controllable. Contact issues for the source and drain are the resistances to current

flow at the contacts®®. Hence, we need more conductive materials and alternative
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contact material systems for the next generation MOSFETSs. Various silicides such as
TiSi, have been introduced as contacts to source, drain, and gate contacts to lower the
device resistances. TiSi, has excellent electrical conductivity at wire widths even
below 100nm".

As satisfactory ohmic contacts have evolved for scaled MOSFETs, the continuous
downscaling of the device dimensions has resulted in the thickness of silicon dioxide
gate dielectric approaching the limit where tunneling causes excessive gate leakage

currents'>27>!

. Gate leakage current leads to energy inefficiency in transferring
information as the difference between on-state and off-state MOSFET functioning for
low power digital logic applications. Hence, the recent trend has been to explore
alternative gate dielectrics with high permittivity yet compatible with Si technology.

The Capacitance of a typical MOS structure is given by

C=gAl1 e 22
In the MOSFET analogy, &, is the dielectric constant of the gate dielectric, A, the area
of the gate, and 1, the thickness of the oxide".

The device scaling requires that the total capacitance per unit area with the channel
to be high. Traditionally for scaled MOSFETs this was obtained by decreasing the
Si0, thickness. However, very thin SiO, is plagued by gate leakage due to tunneling"’.
Therefore, an equivalent thickness of an alternative dielectric with a high dielectric
constant (K=g,) will provide a higher physical oxide thickness than the SiO,, per unit

area while continuing to scale the equivalent oxide thickness'. This is the motivation

for the development of high K dielectrics. High K dielectrics like Gd,03, Y203, HfO,,
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SiNy, HfSiOx, AlbO3, LayOs, TayOs, are under consideration and being explored for
silicon’’?!. The International Technology Roadmap for Semiconductors (ITRS) in
2005 estimates that the dielectric constant of the gate dielectric needed for the 65nm
technology to be 60°2 TiO, and Ta,Os are predicted to be used for the 45nm
technology, while further scaling requires new ultra high K materials, potentially
strontium based dielectrics and perovskites™~.

As seen in the figure 2.6, the source and drain regions are usually n+ or p+ doped
by a self aligned ion-implantation of dopants in a corresponding n-channel or
p-channel MOS structure respectively. The current from the source to drain is not
possible until a conductive channel is produced between them'**®*. This is because
the band diagram of a MOSFET in equilibrium along the channel shows the Fermi
level flat and we notice that there is a potential barrier for an electron to go from the
source to the drain, corresponding to the built in potential of the lightly doped or

- 12,26,33
undoped channel source and drain =

. This is illustrated clearly in the figure 2.7(a)
where the band diagrams of an n-p-n structure is shown with aligned Fermi
levels'*****. When a positive voltage is applied to the gate relative to the substrate,
positive charges are effectively accumulated on the gate metal through the removal of
free electrons in the metal in response to applied bias. In response, free negative
charges (electrons) are accumulated in the underlying Si, by the formation of an
inversion region as a thin layer beneath the MOS interfaces containing mobile

electrons®. These accumulated electrons form the inversion channel of the FET, and

allow the current to flow from drain to source>>.

19



From the perspective of electric field potential, since electrons are electrostatically
induced in the p-type channel region, the channel becomes less p-type, and therefore
the valence band moves down, farther away from the Fermi level®. This effectively
inverts the channel from lightly doped p-type to n-type in the channel. This inversion
reduces the barrier for electrons between the source and drain through the channel. If
the barrier is reduced sufficiently by applying gate voltage in excess of the built in
barrier potential between source and drain, the threshold voltage (V,) is achieved and
there is a significant current flow from the source to the drain as shown in figure
2.7(b)*. The threshold voltage of the MOSFET is the point where the conduction band
energy aligns with the Fermi level in terms of electrically applied bias at the gate®”.

The MOS capacitor’s flat band diagram is shown in the figure 2.7(c). Flat band
condition occurs when the metal gate and the semiconductor Fermi levels are aligned
without any applied voltage™.

A range of inversion, depletion, or accumulation in the semiconductor beneath an
MOS structure is best understood by consideration of the band structures at various
gate biases. Due to the large difference in electron affinity between Si and SiO,, the
potential barrier between the conduction band of the silicon and the silicon dioxide is
large and is a conduction band offset (AE,) at the semiconductor-oxide interface™. The
energy band diagram of the MOS capacitors with both p-type and n-type
semiconductors are shown in figure 2.8%°. When a negative gate potential V, <0 is
applied on the metal contact, the Fermi level of the metal increases and an electric field

is created in the SiO,, indicated by the slope of the conduction band of the SiO; and in
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the Si*>. Because of the applied bias and the low carrier concentration, the Si bands
bend upwards at the SiO; interface, leading to an accumulation of holes®. In order to
conserve charge, an equivalent number of electrons are accumulated at the metal side
of the MOS capacitor’. When a positive potential is applied at the metal contact, the
Fermi level moves down leading to the band bending in the silicon in the downward
direction. As a consequence, the hole concentration near the interface decreases and
this is called depletion. Charge neutrality requires the induction of an equivalent
amount of positive charge at the metal-oxide interface Qn in the semiconductor, as the
negative charge in the semiconductor Qs, explicitly, Q&=-Q, with Q~Qq4 where Qq
originates from the ionized donor states®. A further increase of the positive gate
potential, enhances the band bending such that at a certain gate potential the intrinsic
Fermi level crosses the Fermi level as shown in Figure 2.8 for case 2 where V0.
Energetically it becomes now favorable for electrons to populate the newly created
surface accumulative channel®.

The surface behaves like an n-type semiconductor where the doping was created
by inverting the original p-type silicon with an applied field. This condition is called
weak inversion and the corresponding onset gate bias at the threshold voltage V. The
negative charge at the semiconductor interface Qg consists of inversion charge Q;

(electrons) and ionized acceptors Qs

Q=Qi+Q« e (2.3)

As indicated in figure 2.8, three regions develop within the semiconductor: a
shallow inversion region, a depletion region with a maximum depth Wy, and deeper in

the substrate neutral region®>. A further increase of the potential yields to a stron
g p y g
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inversion when the concentration of the electrons exceeds the hole concentration in the
substrate (Q>Qq). The region near the semiconductor surface in this case has
conduction properties typical of n-type materials™. This electron conducting layer is
not formed by doping but by inversion of the originally p-type semiconductor due to
the applied voltage. This inverted layer, separated from the underlying p-type material
by a depletion region, is a key to traditional Si-MOS transistor operation™.

In the case of potential GaN MOSFETs, where there is wide bandgap energy
which would require inversion, enhancement mode operation is achieved by
accumulation of carriers in the channel. In the current work, the accumulation mode
devices having a conducting n-channel n'-i-n" and n-i-n GaN structures were
investigated where i- represents the unintentionally doped GaN channel.

2.2.1 Modern trends in MOSFETSs and scaling rules:

Scaling of MOSFETs to smaller dimensions is required to increase device density
and speed"’. To maintain acceptable power dissipation per unit area, it is necessary to
simultaneously reduce total power consumption per device. One major change under
consideration when the gate length of the MOSFET is reduced to nano-scale
dimensions, corresponds to a reduction in channel structure dimensionality, such that
the corresponding electric field distribution in the channel region is increased from one
to two or three dimensions'. In traditional long channel MOSFET device structures,
the potential contours are nearly parallel to the oxide/silicon interface. The carriers in
the channel experience a largely one-dimensional field. For short channel devices in a

planar structure, the drain voltage causes a two dimensional potential distribution as
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shown in Figure 2.9%°. Therefore, to maintain the transistor function for very small
dimensions numerous alternatives should be explored. Lack of saturation, gate oxide
degradation due to hot electrons, threshold voltage shifts, gate-induced drain leakage
and drain-induced barrier lowering (DIBL) are other problems with smaller MOSFET
dimensions'**?.

A common scaling approach for MOSFET devices is to reduce the device
dimensions in horizontal and vertical directions, as well as the voltage by the same
factor to maintain constant electric field conditions and hence electron transport
behavior at different device sizes'’. Proportional increase in semiconductor doping
concentration is also needed to keep the electric field distribution in the semiconductor
unchanged". The gate oxide thickness has to be decreased by the same factor to
maintain the oxide field, while decreasing the gate voltage". This is necessary to
maintain the gate control of the channel and ensure good short channel behavior'®. As a
result, the thinner the gate oxide, the greater are the two dimensional effects'.

Scaling rules are used to predict for future device dimensions and performance
parameters and link these projections back to material and structure requirements.
Ultimately, the use of thinner and thinner SiO, gate oxide is limited by the gate leakage
as electron transport behavior through the gate dielectric changes from semi-classical
to quantum mechanical tunneling at small MOS thicknesses'”.

Ultimately, we “run out of atoms” as physical layer thicknesses for gate oxides

approach atomic dimensions. For current MOSFETs, gate oxide thicknesses as small

as 1.5~2 nm are used which corresponds to ~ 5 monolayers of Si atoms'. Thinning
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down the oxide has problems such as dielectric thickness variation, diffusion of
impurities like Boron from the gate that is highly doped, reliability and lifetime
problems, and as mentioned before the exponential increase in the gate leakage current
with decreasing thickness due to tunneling"’. For example, the leakage current at a gate
bias of 1V changes from 1E-12 A/cm’ at 3.5nm to 10A/cm” at 1.5nm"’. The practical
Si0, thickness limit in a MOSFET device is reached when the gate leakage becomes
equal to the off-state source to drain sub-threshold leakage current as well as
contributing to Joule heating per unit area in the off state'.

One attempt to improve oxide quality of the gate is the introduction of nitrogen
into SiO,. This leads to the formation of oxynitrides-SiOsNy. Nitrogen slows down the
thermal growth rate and improves the interface uniformity. Furthermore it reduces
boron penetration from the highly doped poly silicon gate stack and makes the oxide
less sensitive to hot electrons that may create defects in the dielectric and cause gate
leakage. Nitrogen is incorporated by growing the film in nitrous oxide or by having

post growth anneal in a nitrous oxide environment"’.

2.2.2 MOSFET Substrate Advances:

The need for reducing parasitic capacitance to increase the speed of the circuits
and to obtain a fully depleted channel can be addressed by silicon on insulator
technology (SOD™. In this technology devices are built in a thin silicon film on an

insulator and as a result parasitic capacitance may be reduced". SOI substrates are
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commercially produced by wafer bonding, etch back or ion-implantation'®. Another
innovation being investigated is silicon on nothing (SON) where a region under the
gate is removed and possibly refilled with a dielectric material. A buried Si-Ge alloy
layer selectively under-etched in a mesa structure to realize the SON structure.
Although this is similar to SOI technology, this approach is potentially cost effective
compared to SOI technology'’. A potential issue being addressed is the need to
dissipate heat through the substrate while simultaneously limiting substrate parasite
resistance and capacitance'’. As such the identification and development of new
substrate materials is an active area of Si MOSFET research. Substrate integration
merits consideration as an issue in this semiconductor channel material research
project.

2.2.3. Reduced MOSFET Dimensions:

Transistors with double gates are investigated where two symmetric gates are
arranged in a planar or vertical configuration. A thin silicon ridge serves as the heart of
transistor with symmetric gates on both sides'>?*?’. Current flow is confined to a
planar region of small effective thickness. An example of the FinFET is shown in
figure 2.10"°**" In such double gate systems, two symmetric gates produce two
inversion layers on both sides of the silicon layers. Transistor control is obtained

13,34-37

without channel dopants . Double gate MOSFETs also reduce source drain

tunneling upto channel length limit of 3nm>*>’,

2.2.4 Summary of Existing Research:
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The scaling of the size and dimensions, the implementation of new materials and
the investigation of new transistor concepts are the present areas of focus in the
research and development of MOSFETs. However, scaling further and further
introduces quantum effects as active MOSFET structures are smaller than the
deBroglie wavelength for electrons in the material. As Si-MOSFET scaling technology
saturates, newer material systems that are consistent with the device scaling need to be
developed and explored.

2.3 Choice of New Materials for MOSFET Channel:

From the above fundamental explanations of the metal semiconductor contacts
and MOSFETs as well as the current device scaling trends, the possible outcomes are
that high field effects dominate the device performance as physical dimensions
approach the nanoscale. As channel lengths become less than 20nm, high electric
fields in the channel and source-drain tunneling of electrons through nano-scale
structures dominate MOSFET functionality’®. To meet the high power density
requirements and minimize heating during the device operation, high thermal
conductivity, high saturation velocities and high breakdown voltages are necessary as
discussed in the previous chapter.

The two dominant breakdown mechanisms in high purity semiconductor materials
are Zener breakdown and avalanche breakdown®. In simple terms, Zener breakdown
is a bipolar breakdown which occurs when a junction is highly doped and the applied
reverse bias voltage is very high and an electron can tunnel directly from the

conduction to valence band at a constant energy level®®. The high field bends the bands
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on either side of the p-n junction so much that the valence band on the p side lies
parallel to the conduction band on the n side as illustrated in figure 2.11°°. Therefore,
there are empty states available for the electron from the valence band of the p side to
tunnel through to the conduction band on the n side and there will be an increase in the
current with increased reverse bias voltage. This free flow of carriers by tunneling
results in high currents and thus reverse bias break down’”.

Avalanche breakdown is a unipolar breakdown which occurs instead in low doped
junctions where due to high applied electric field an electron in a transition region
collides with the lattice and generates an electron hole pair (EHP) in the transition
region®. This causes an increase in the drift current as the carriers created in the
transition region drift towards the n and p sides and during this drift they will trigger
further lattice collisions creating more and more EHPs that result in an increased drift
current”. This chain multiplication of carriers and the resulting high values of drift
currents result in high-currents across the material under high field conditions typical
for extreme high voltage, high power applications”.

From the above understanding of breakdown voltages, it is evident that increasing
the energy barrier to the generation of EHPs increases the breakdown voltage. For
defect free material, the energy required to create an EHP is the bandgap energy.

Off state reverse saturation current occurs due to the drift component of current
flow resulting from the thermal generation of the carriers®. At high temperatures the
thermal generation of carriers increases and increases the reverse saturation current™ .

This again implies that a higher bandgap material is advantageous for high temperature
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applications”. Moreover, the electric field that is applied increases the velocity of the
electron to a point beyond which the kinetic energy of the electron is given to the
lattice. This collision creates more EHPs. Therefore, it is evident that the saturation
velocity of the electron should be high as well as the field at which this velocity
saturates” .

2.4. Summary:

The considerations of carrier transport in devices and breakdown physics, strongly
motivates the investigation of the wide bandgap materials as an alternative channel
nano-material for MOSFET device structures. The properties of III-N materials offer a
potential solution to the next generation MOSFET electronics.

Once the decision to investigate alternative channel materials is made, new
research is necessary to investigate complimentary material and device issues required
for an alternative MOS channel material such as GaN. Specifically, for an efficient
device performance, there should be an off-state depleted channel which later becomes
conducting with an applied voltage, ohmic contacts to source and drain regions, as well
as minimum interface states between the semiconductor and the MOS gate stack. The
gate dielectric should also provide sufficient band offset (AE.) to allow the MOSFET
operation as either p-MOS or n-MOS. It is in this purview of exploratory research into
which this GaN MOSFET development research falls. This opens new possibilities
and research directions for both semiconductor MOSFETs and the III-N scientific
communities. The goals of this thesis are directed towards demonstrating the potential

for using GaN in nanoscale MOSFETs especially as GaN has high electric field
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saturation and high saturation velocity for electrons and holes at high fields generated
by nanoscale dimensions.
2.5 Research Challenges:

The research challenges broadly fall into three categories, (1) GaN material
growth and characterization, (2) doping of GaN to obtain ohmic contacts and highly
doped source drain regions to supply the necessary free carriers to the channel in the
MOSFET and deplete the channel, (3) a suitable gate dielectric with minimum fixed
density of states (Dj) at the GaN/dielectric interface. These are the fundamental issues
that need to be addressed in consideration of GaN as an alternative MOSFET channel
material. The current status of the research for III-N materials, the possibilities, and
various techniques used to achieve the aforementioned objectives are explained in
detail in the chapter that follows with experiments focused on demonstrating the

viability of GaN MOSFETs in the subsequent chapters.
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Chapter 3
Development and Current Status of GaN and related 111-N

Semiconductor M aterials Research

The literature dealing with the progress of developing gallium nitride thin films
and devices, as well as the different experimental and characterization techniques
used in thisresearch, will be discussed in this chapter.

3.1 Introduction:

Gallium Nitride (GaN) is grown as a thin film by metalorganic vapor phase
epitaxy-MOVPE (also referred to as metalorganic  chemica  vapor
deposition-MOCVD)?, halide vapor epitaxy (HVPE)**® molecular beam epitaxy
(MBE)! and pulsed laser deposition’. MOCVD and MBE are the more common
methods used to grow GaN device structures for research and commercia use. In any
of the growth methods, a gallium (Ga) source and chemically reactive nitrogen (N)
are needed. In pulsed laser deposition however, a solid GaN target is used as the film
source’.

The earliest experiments of forming GaN were done in 1930 by Johnson et al*.
This was called gallic nitride and obtained after passing ammonia gas over liquid Ga
metal at a high temperature. Their conclusion was that the reaction proceeds slowly at
low temperature of 700°C but sufficient nitride was obtained after heating for several
hours at 900-1000°C. However, the disadvantages at such a high temperature
crystallization are the volatilization of metallic Ga and the sublimation of the GaN

itself. Appreciable amounts of GaN could not be obtained unless a that high
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temperature of 900-1000°C.
The reaction proceeds as follows":
2Ggg +2NH3=2GaNg+3H, e (1)

Conclusions from these initial experiments would contribute to GaN research
decades later. The condusions from this study were that molecular nitrogen does not
react with Ga and gallium nitride is thermally stable up to 800°C beyond which it
begins sublimating more significantly®. Gallium nitride is not chemically attacked by
HCI, HF, HNOs and dissolves slowly in hot concentrated H,SO,4 or hot concentrated

NaOH. The compound also forms Ga,O; by reacting slowly with O, at 900°C*.

4GaN + 30, = 2Ga03 + 2N, 2
Stoichiometrically, one Ga is bonded to one N in GaN. As such aomic nitrogen
species are necessary to react with Gaand form GaN.

These conclusions from the initial work in 1930 were significant to provide the
basis for subsequent development of GaN in the 1970, and the rapid expansion of
GaN thin film research in the 1990s.

3.1.1 Metalorganic Chemical Vapor Deposition:

Metalorganics are compounds of the form MR, where M represents elemental
metals from the groups 1, 11, 111, 1V, V, and VI and R the organic radicals"®. The first
use of metalorganics for the growth of compound semiconductors started in mid
1950s and early 1960s and mostly applied to GaAs®. Manasevit and his colleagues in
1972, were the pioneers in using metalorganics for growing GaAs thin films by

chemical vapor deposition®. Typica Ga sources are trimethyl-gallium (TMG) or



triethyl-gallium (TEG), while the dopants are dimethyl-zinc, dimethyl-cadmium®**°.

In the case of GaN, the dopants are bis-cyclo-pentadienyl-magnesium (Cp.Mg) for
p-type doping. Many metalorganics are liquids, with notable exceptions being
trimethyl indium (TMIn) or Cp,Mg which are solid, at typical temperatures of use
using water based constant temperature bath systems. (5°C  50°C). Hydrogen is used
as a carrier gas which flows through the liquid and transports the metalorganic in a
gas phase into the growth chamber.  The epitaxial growth takes place as the
metalorganics are introduced into the reactor and mix with the corresponding hydrides
(AsHs or NHj3), the product is the film deposited on a substrate and hydrocarbon gas
reaction by-products flow through the exhaust®®. A typical high speed rotation
reaction configuration is shown in figure 3.1.

3.1.2 MOCVD Growth Process of GaN-Chemistry and Thermodynamics:

The fundamental processes occurring during MOCVD crystal growth are
subdivided into thermodynamic and kinetic components’. Thermodynamics
determines the driving force for the overall growth process, and kinetics controls the
rates at which the various steps occur. Hydrodynamics and mass transport control the
rate of transport of materia to the growing solid/vapor interface®. The rates of the
chemical reactions occurring during growth, either homogenoudly in the gas phase or
heterogeneoudly at the growing interface, also play a dominant role in establishing the
structure of the formed epitaxial material. The rates of the heterogeneous processes
depend on details of the surface structure such as the bond reconstruction, surface

termination or step structures contributing to over all MOCV D growth kinetics’.



The conventional source materials used for the synthesis of GaN thin films are
TMG and NHs with Hz or N, as carrier gases”***°, The gas phase chemistry is
fairly complex with a variety of possble reactions that involve the cracking of
metalorganic, adduct formation, decomposition of adduct, reaction between ammonia
and the adduct resulting in the formation of GaN deposition on the surface”°. The
reaction process could be simplified into three main reactions that contribute to the
GaN thin film formation’°. The first reaction is the adduct formation”*°

(CH3)3Ga+ NH3 & (CH3)3Ga:NH; 3

This adduct is unstable at the growth temperature (~1040°C), decomposing to form
the Gag species. The second reaction is the decomposition of ammonia”?:

NHs & (1-%) NHz + (@2)No + (30 /2)Hz  —ooememememmmemeemeceee 4)
The ammonia decomposition factor i: is assumed to be zero for typical MOCVD
growth conditions™'°. Therefore, the growth reaction that is usually considered for

thermodynamic analysis is the reaction between gaseous Ga and ammonia’°.

Gag + NHsg == GaN + 3/2 Hy (g - (5)
AG = -42 kcal/mol at 1040°C
Equation 5 is a reversible reaction and the variation of equilibrium rate constant, K
7,10.

with temperature is given by

logio K =-12.2 + 1.78x10%/ T + 1.7910g10(T) (6)

where temperature is in Kelvin and K is the ratio of forward reaction rate constant to
the backward reaction rate:

K = rfwd/Mbckwd
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From the value of K the change in free energy in the standard state can be determined

from the equation”°

AG® = -RT InK. ()

The change in standard state free energy of formation of GaN and the equilibrium
rate constant are plotted in figure 3.2. The absolute value of AG® of GaN formation at
lower temperatures is higher and the equilibrium rate constant is also higher at lower
temperatures indicating that the driving force for the reaction is higher a low
temperatures while the reaction tends towards a equal forward and reverse reaction
rates at higher temperatures (AG° = 0). However, it can be understood from the
variation of AG with temperature that the relatively high magnitude of the change in
free energy at typical GaN growth temperatures, as well as the non-equilibrium
steady-state introduction of reactants, makes the MOCVD of GaN a non-equilibrium
process. The large value of K at lower temperatures indicates that the forward reaction
is favored which means tha the equilibrium state is driven towards the products side.

Thin film growth processes in general are non-equilibrium processes which
proceed in three stages™ (1) nucleation (2) adatom diffusion and (3)
reaction/incorporation that leads to thin film growth. Of these three, growth reactionis
thermodynamically driven by the change in free energy of the compound formation
reaction while the first two stages are kinetically driven, with separate dependences
on temperature.
3.1.3 Thermodynamics and Kinetics of Nucleation and Surface Diffusion

The theory of nucleation and growth across solid-vapor interfaces is well
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developed within the field of Materials Science, for instance for genera materias
reactions in a book by Porter and Easterling or for thin-film structures in a book by
Ohring."**2 A simple model of the homogenous nucleation of a spherical nucleus of
radius (r) from a prior supersaturated vapor can be considered as a starting point. The
creation of a stable nucleus results in a volume dependent free energy reduction of the
system given by 4/37r* AG,, where AG, corresponds to the change in free energy per
unit volume™:

AGy = -KgT/ny In(P/Py) = -KT/n, In(1+S) 8)

where n, is atomic volume, T istemperature, Ky, is the Boltzman constant, and S is the
vapor supersaturation defined by (P,-Ps)/Ps. Without supersaturation, S=0 and AG, =0,
no nucleation can occur™. In our work, as described above in the thermodynamics of
GaN formation, both AG, is negative and the forward reaction being favored at the
growth temperatures considered, there is supersaturation of reactants that will result in
nucleation. When 4G, < 0, nucleation is favored and formation of a new surface will
result in an increase in the surface free energy of the system given by 4nr?y, where v is
the solid-vapor interfacial energy per unit area™. Therefore the total change in free
energy of the system from both volume and area dependent contributions is given
by*:

AG = 4/3ar® AG, + 4ar’y (9)

Minimization of AG with respect to r, d(AG)/dr = 0 yields the equilibrium size of r
equa to r = -2¢/AG, and the activation energy for homogenous nucleation AG =

16:+%/3(AGy)>. Similar approach for heterogeneous nucleation, which is normally the
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case in heteroepitaxial thin film growth, results in taking into account of different
interfacial energies between the substrate and vapor, vapor and substrate, and

substrate and growing film'*2

. Heterogeneous nucleation is modeled on the
capillarity theory and a geometric factor S(f) is included in the thermodynamic
analysis considering the different surface energies™'2. The activation energy of
homogenous nucleation is multiplied by this factor to obtain the activation energy for
heterogeneous nucleation, However the critical radius, or radius of curvature, is
unaffected by nucleation on a heterogeneous interface™*2,

Thus, in this thermodynamic framework, additiond non-pV work term energies,
like gtrain energies resulting from the difference in the thin film and substrate, result
in adding to the change in free energy of the system in equation 9 and change the
nucleation and growth dynamics.

The nucleation density of stable nuclei (N*) is dependent on the activation energy

of nucleation and is given by™

N" = nexp(-AG /kyT) (10)

Where ns is the density of available nucleation sites. A change in the activation
energy of nucleation strongly influences the nucleation density of stable nuclei at a
given temperature™.

The thin film growth process is illustrated in figure 3.3(a) based on the
capillarity model of heterogeneous nucleation. Figure 3.3(b) shows the three primary
growth modes which have been identified of thin films™. The island growth mode

occurs when the surface energy of the substrate is lower than the growing



vapor-substrate surface energy™. The low surface energy enables a stable surface and
does not allow uniform wetting, promoting the island growth of the thin film. The
layer by layer growth occurs when the growing vapor to film interface and the
film-substrate interface have the same surface energy as the substrate-vapor interface
making a contact angle zero thereby resulting in uniform wetting of the surface. This
is usudly the case observed for homoepitaxy, such as GaN on GaN. The third
growth mode is the Stransky-Kranstanov (S-K) growth mode where it is a
combination of both the idand and the layer by layer growth™. This is strain mediated
by the induction of strain energy due to the lattice mismatch in pseudomorphic epitaxy.
Aninitial layer by layer growth is followed by island formation after strain relaxation
reducing the overall energy as a trade-off between mismatch strain energy and
film-vapor surface energy.

The next stage of thin film growth after nucleation is the adatom diffusion
towards the nuclel and increase in the size of the nuclei as growth. Adatoms remain on
the surface for a certain length of time before desorption into the gaseous phase given
by

7= 1/v exp (EqedKpT) - (11)

where v is the vibrational frequency of an adatom while Eqes is the activation energy
of desorption. Adatoms that do not desorb execute diffusive random jumps on the
surface and attach to other adatoms, nuclei, larger atomic clusters, step heights, ledges,

and similar heterogeneous features. The frequency of diffusive jumps s given by**

¥ = v, exp(Es/KpT) - -(12)
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where Es isthe activation energy for surface diffusion.
During their mean residence life time <5, the adatoms diffuse a mean distance Lp

given by™

Lo = (2Dt Y2 --- (13)

Where the surface diffusion coefficient Dsis given by™:

Ds = 1/2a0™v exp(-Eg/KpT) (14)
The surface density of adatoms is the adatom impingement rate derived from
kinetic theory of gases and is given by™:

Na = TPNA/(2aMRT)Y? (15)

The circumferential area to which the adatoms attach is given by™:

A =271 asiné - (16)

Where 11 is the contact angle, and &, is the vertical distance atomic layers as shown in
the figure 4(a). The overal impingement flux is the product of the jump frequency
and n, given by

£ = 7PN A/ (2rMRT) Y% exp(-Eg/KpT) -(17)

The total nucleation rate is now given by N"Ans( which yields the following equation
for nucleation rate™
N = 27" a,Sin#PN A/ (2iM RT) YneeXp[ (Eges Es- 4G )/KpT]  ------ (18)
Thus, nucleation rate is a very strong function of activation energy of nucleation,
AG™ and temperature, T. The activation energy for nucleation of GaN on sapphire at
low temperatures is less than at high temperatures by an order of magnitude?. The

activation energy for nucleation has been estimated to be 4.2 kcal/mol at low
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temperatures and 52kca/mol at high temperatures®. The energy of GaN desorption is
73kcal/mol at high temperatures and 10kca/mol at low temperatures. The diffusion
length of Ga adatoms aso decreases at low temperatures due to the exponential
dependence of surface diffusivity of adatoms on temperature as seen from the
equations 13 and 143, This localization of Ga atoms on the surface leads to better
coalescence on the surface as observed by Le et.al. for a regrowth of GaN on wet
etched GaN surface by molecular beam epitaxy™.

From this simple growth mode it can be understood that in heteroepitaxy, where
the growing film and the substrate are not the same, the film growth thermodynamics
necessitates an additional nucleation step for uniform wetting of the surface to
promote a smooth layer by layer growth. The MOCVD growth of GaN on non-native
substrates like sapphire fall into this category where a nucleation buffer layer is
required to promote uniform growth of GaN*>*°,

In our work, selected area regrowth of GaN on reactive ion etched surfaces
required low temperatures was performed in a temperature range of 750-850°C as
discussed in the subsequent chapters. This is consistent with similar results on the
regrowth of wet etched but unpatterned GaN by MBE performed by Le et a**. As a
result, if island growth is observed for homoepitaxial growth of GaN on GaN, the
influence of a change in surface energy will need to beinvestigated. Surface damage
related to dry etching of GaN could result in the creation of non-stoichiometric
surfaces, near-surface lattice defects, and implantation of etching species or hydrogen

into the material®®. Thus an atered surface after reactive ion etching (RIE) could
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possibly change the surface energy and thereby the need for nucleation, necessitating
a nucleation step for uniform regrowth of GaN on RIE surfaces as a component of
selected area epitaxial regrowth.

3.2 Growth of Gallium Nitride Thin Films:

Growth of GaN has always been difficult due to the lack of a structuraly
compatible substrate. As a result GaN is grown heteroepitaxially on Al>O3, SIC or Si
substrates'. In each of these heteroepitaxial systems, the three-fold (or six-fold)
symmetry about a specific crystal direction in the underlying substrate is used as the
basis for promoting the 6-fold symmetry direction in the overlying epitaxial GaN
layers'.  While symmetry directions are established across the heterostructure
interface, the lattice mismatch between GaN film and a heteroepitaxial substrate
introduces misfit dislocations and small-angle misorientation grain boundary defects
and a smooth layer by layer single crystal growth is never obtained if GaN is grown
directly on the these substrates"****°. The choice of a suitable substrate is a very
important aspect in GaN growth. In addition to lattice match, another important factor
to be considered is the coefficient of thermal expansion. The thermal expansion
coefficient of GaN and the substrate should be closdly matched to avoid thermal
stresses during growth#1192324,

Sapphire is an extensively used substrate for the growth of I11I-N
nitrides">"191324 Taple 3.1 lists physical properties of different substrates for GaN. It
is evident from the properties listed that there is no ideal heteroepitaxial substrate

material for GaN growth. Although SiC, MgO, and ZnO, have better lattice and
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thermal matches, sapphire has often been preferred due to the availability, low cost,
hexagonal symmetry, optical transparency, ease of handling, simple pre-growth
cleaning requirements, and high temperature stability which is another requirement in
MOCVD". The lattice mismatch between sapphire is ~13.8% and the thermal
expansion mismatch is ~1.6%". However, with suitable low temperature nucleation
buffer layers, sgpphire substrates can be used very effectively in the growth of high
quality GaN films"*"9132 |n this work, dl the GaN films have been grown on
c-plane (0001) sapphire.
3.2.1 The Low Temperature Buffer Layer:

GaN nucleates as islands on Al,O3 if grown directly, due to the difference in
surface energies and the nucleation kinetics that influence heterogeneous nucleation,
as described in section 3.2.1.1. An additional problem isthat GaN grows preferably at

es-271013-24 (5800°C) where ammonia cracking efficiency is high and

high temperatur
the thermodynamic driving force for GaN formation is favored®. At 950°C the
cracking efficiency of ammonia is only 15%°. Decomposition of ammonia yields
hydrogen and nitrogen and the reaction is given by*:
NHag = ' No(g) + 3/2 Hag) AH%73 = 46 KJIMOl - memmeee (19)

The variation of change in free energy of decomposition of NH; (AG%)with
temperature is illustrated in figure 3.4°%. It is evident from the figure that anmonia
decomposition is favorable from temperatures > 500°C and the driving force for the

reaction increases with temperature. Therefore high temperatures are favorable for

GaN thin film deposition. However, the seady state cracking efficiency is dependent
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5,27

on the presence of a catalyst™’. The combination of a Ga and GaNs is found to be

effective as a catalyst although Ga or GaNg alone were not found to increase the
decomposition rate®?’.

The growth of GaN is kinetically limited at low temperatures and depends on
substrate orientation (surface energy) and temperature™*?. Thus, in a low
temperature regime, a differential increase in temperature results in increase in the
growth rate®™.

Following the model of Hiramatsu and Akasaki et al*’, the progress of GaN
growth is illustrated in figures 3.5 (a) and (b). The structure observed for direct
nucleation of GaN on sapphire is the formation of many GaN islands followed by
growth and coalescence.’’. The resulting structure is a polycrystalline material as
different grains coalesce. In addition, the material will be very defective with a high
density of defects between the coalescing grains. This can be avoided if there is an
initial uniform two dimensional nucleation across the substrate and no excessive
growth of GaN*’. From the nucleation layer, a compatible orientation and structural
transfer from the sgpphire to the GaN film is obtained. After the uniform
2-dimensional wetting of sapphire substrate, GaN growthis initiated on the nucleation
layer. Once a uniform nucleation layer is formed, the temperature is increased to
1040°C for the growth of two dimensional GaN.

The initial nucleation layer has been characterized to be a mixture of amorphous

and crystalline regions"'**®. The exact structure is still a matter of debate. It appears

the actual structure is dependent on the growth specific technique and process



conditions**®*®. The temperature transition to the growth temperature can convert the
nucleation layer to a highly oriented structure as revealed by transmission electron
microscopy* 8. After the recrystallization, the Group V and Il precursors are
introduced into the reactor and the GaN film is deposited on the low temperature
nucleation layer. The film follows the layer by layer + island growth pattern referred
to as SK growth mode®™. This will result in a macroscopically smooth single
crystalline films dathough there remains a high density of dislocations at the
microscale*®" %1324 This low-temperature buffer layer growth technique was first
used by Yoshida in MBE™, and later applied to MOCVD by Akasaki®*®. In both
cases the low temperature nucleation buffer layer was AIN. AIN was thought to be a
chemica transition between Al,Oz and GaN. Later, Nakamura used GaN as the low
temperature nucleation buffer layer'®.

Both the AIN and GaN buffer layers have continued to find use, and the specific
structure can depend on the final application. For example, light emitting diodes
(LEDs) and detectors in the UV range may require UV light to be transmitted through
the bottom of the substrate. An AIN buffer is used in such cases as the bandgap energy
of AIN is transparent to UV light when compared with GaN (+<370nm). However,
films grown using GaN buffer have been shown to exhibit better electrical properties
when compared with AIN buffer®.

The first nucleation buffer layer growth was actually attempted to minimize the
lattice mismatch of the GaN on the surface relative to Al,Oz on the substrate™.

Therefore, the firgt buffer layer of AIN was grown epitaxially on a sapphire substrate
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at 1100°C by MBE™. Then the temperature was subsequently reduced to grow GaN
layer at 700°C. The growth of GaN on AIN instead of directly on sapphire improved
the dectrica properties such Hall mobility and the Photo-luminescence intensity. The
reason is primarily attributed to the minimized lattice mismatch due to the growth of
AIN buffer layer™. A similar approach was followed by Akasaki et al who grew crack
free GaN single crystal films with optically flat surfaces for the first time'®. The
crystalline quality observed through X-ray diffraction (XRD) was superior to that of
GaN/Sapphire with afull width half maximum of 2.7 arc-minutes reported for the first
time. However, in this case, the AIN buffer was grown at a range of temperatures
between 900-1000°C. Temperature <900°C resulted in the growth of pits at the GaN
surface™®. Temperatures above 1100°C resulted in hexagonal grains. AIN layers grown
for more than a minute, resulted in GaN being polycrystalline™®. These results further
paved way for understanding of optimal buffer thickness as well as the right buffer
temperature. The same group later reduced the buffer layer nucleation to a
temperature of 600°C and provided an explanation for the mechanism of the buffer
layer growth'”*8, This procedure became standardized for GaN growth. As a result,
the development of low temperature nucleation processes became a key for GaN
technology developmert.

The crystallographic orientation relationships between GaN, AIN, and =-Al,O3 is
as follows"*"*:

[0001]can || [0001]ain || [0001]sapphire,  the direction normal to the growth

surface
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[1100]can || [1100]an |l [1220]spphire, the in-plane orientation.

Following Hiramatsu and Akasaki's model, GaN films deposited on the low
temperature buffer can be classified into three different zones based on the defect
microstructure’. The zone nearest to the AIN buffer layer is called faulted zone and is
usually about 50nm thick. The zone above this faulted zone has a number of
trapezoidal crystals closely oriented to each other. This trapezoid gructure is
confirmed to be a truncated hexagonal pyramidal mesa, by SEM observation of the
GaN islands. This is called a semi-sound zone and is usually about 150 nm thick®’.
The region above this zone is called the sound zone and contains fewer defects. The
defect density decreases abruptly for a layer of thickness greater than 300nm and
uniform GaN is obtained with a defect density of 10'%/cm? The deposited AIN layer
can be amorphous to begin with and then crystallizes when heated to the GaN growth
temperature"***®. This crystallization gives rise to a columnar structure. GaN
nucleated on these columns initially grows columnar. This process is thought to give
rise to the fault zone. Each GaN column grows from a GaN nucleus that is generated
on top of each columnar fine AIN crystal. Therefore, it is inferred that a high dendity
of GaN nucleation occurs because of a high density of AIN columns. A high
nucleation density therefore reduces the concentration of defects and grows high
quality GaN*"".

The columnar GaN structures grow in length along the c-axis. However, the
columns do not grow uniformly. At the growth temperature (~1040°C), initidly the

columns that grow along the fastest growth directions (c-axis) survive"'®. After this
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step the trapezoidal islands with extended c-face are formed gradually with more
material reacting and growing in the c-direction. These islands prefer to grow to
become larger trapezoid crystals and cover the slower growing islands nearby. This
competitive growth is thought to be the dominant process during the formation of the
semi-sound zone. Subsequently lateral growth and coalescence of the islands occur
and the crygtals grow faster in the transverse direction because the growth velocity of
the c- face is lower due to difference in surface energies™'®. After the lateral growth
the idands repeat coalescence forming the sound zone. Uniform coalescence occurs
and a smooth crack free GaN layer morphology will result. GaN growth mechanism
from the buffer layer isillustrated in figure 3.5(a) and the experimental results of the
morphologies as the growth proceeds in figure 3.5(b) and (c)*®*.

To summarize, the growth of GaN on low temperaure AIN buffer layer proceeds
in three phases: (1) high nucleation density of GaN, (2) geometric selection arranging
of the crystallographic direction of GaN columnar crystals and (3) highly lateral
growth velocity of the trapezoid islands with c-face on top. The defect dendty
obtained using a low temperature buffer is around 10°-10'%/cm® However using a
multi-step buffer layer has been reported to decrease the defect density further to
about 10"/cm? %,

Using a low temperature GaN buffer instead of AIN has been shown to improve
the physical properties further'®. The thickness of the buffer layer also influences the
Hall mobility. The optimum after growth thickness of the buffer layer is around

~200A. The optimization of GaN growth using low temperature GaN buffer layer is
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illustrated in figure 3.5(c). The carrier concentration measured for the GaN/LT-GaN is
an order of magnitude less compared to GaN/LT-AIN which implies that the
impurities which contribute as donor states are lower in the case of GaN/LT-GaN than
tha of the GaN/LT-AIN. Moreover, the crystalline quaity also improves as
determined by x-ray diffraction'®. The physical reason for the effect of a low
temperature buffer layer on the quality of the film grown is reported to be due to the
reduction in tensile stress in the growing films®. Hence, multilayer buffer layers as
mentioned above also help in reduction of dislocation density because of the stress
reduction.

As shown above the type and thickness of the buffer layer is very crucial to GaN
growth. In the work described in this thesis, an AIN buffer optimized for deposition at
500°C was used.

3.2.2 Midfit stressand dislocations:

The main challenge in the growth of pseudo-morphic layers is the lattice
mismatch that results in the induction of defects at the interface. The reason behind
this defect formation at the interface is the energetic favorability for the thin-film and
substrate system to relax the misfit stress that originates due to the lattice mismatch
induced elagtic strain energy***"%. The first such calculation and estimates of
stresses between different crystals was calculated by Van Der Merwe®™ . The models
expressed the gtress in terms of film thickness, interfacial misfit, interfacial bonding
and relative hardness of the film and substrate. A layer thickness was proposed

according to which at a critical value of misfit exists, below which the film is strained
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to fit the substrate exactly and above which the required coherency strain is above that
for which it becomes energetically favorable to induce dislocations or similar lattice
relaxation defects. A schematic of the critical layer thickness is shown in figure 3.6(a)
and (b). This later was extended to GaAs/GaAsP system in estimating the critical
layer thickness for Frank-Read source of dislocations by Matthews and Blakedee®,
and as an energy balance in Si-Ge/Si systems by People and Bean®. The theories
proposed in determining the interfacial energy density and the critical layer thickness
can be applied to many thin film systems and are fairly accurate in agreement with
experimental data for the critical layer thickness® . The critical layer thickness in a
pseudomorphic system from the Matthews Blakeslee condition is given by
he = (b/2af) (1-ucosw)/[(1+v)cost] [In(ho/b) +1]  —---mmmmeeeemev (20)
Where % is the dip direction and that direction in the film plane which is
perpendicular to the line of intersection of the slip plane and the interface, w is the
angle between the dislocation line (&) and its Burgers vector (b), 1 is Poisson's ratio, f
is the lattice mismatch (as&)/as. This expression is obtained by equating the line
tension force in the dislocation to the force exerted by the misfit strain. People and
Bean model determined an expression for critical layer thickness by coinciding the
areal strain energy density in the film with the interfacial energy between the film and
the subgtrate.  The equation for the critical layer thickness from People and Bean is
given by:
he = (1-1)/(1+v) [1/(16x+2)] [ba0(X)] [ (1/f)? In (he/b)] ===-=--------—- (21)

where a(x) is the bulk lattice constant for the film (x denoting the composition in case
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of an alloy such as Si1.xGex), he is the critical film thickness, b is the Burger’s vector,
1 is the Poisson’s ratio, and f is the lattice mismatch as a function of compostion.
Using these models, critical layer thicknessin GaN thin film systems can be estimated.
GaN critical layer thickness on sapphire (0001) is ~ 294, Bykhovski et d estimated
the thickness to be 304, Jain, Narayan, et al also used the force balance method and
obtained the following expression for the critical layer thickness®’:
he = [D2(1-0coSP)|/[Brnfm(1+)by] IN(pche/q)  —mmmmrmmmemmee (22)

where b is the burger’s vector, [ is the angle between the didocation line and its
burgers vector and has a value of 60° for the dislocations. p. is the core energy
parameter, 1 is the poisson’sratio, g is the core cutoff parameter and is assumed to be
equa to b and fn is the lattice mismatch strain®’.

Experimentally calculated critical layer thicknesses for GaN/AIN pseudo-
morphic thin-film system is close to 304 which is substantially less than the thickness
of the grown GaN layers"®"%, Therefore, beyond 304 the dislocations are introduced
a the interface. Threading dislocations originate at the interface and terminate at the
top of the film surface. Experimentally the critical layer thickness can be
determined by in-situ observed RHEED oscillations which do not occur once island
growth begins**. This transition can be an indication of critical layer thickness being
attained.

Dislocations can act as non-radiative recombination centers®®. However, the
non-rediative recombination rate depends on the type and configuration of

didocations vyielding a different probability of radiative vs non-radiative
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recombination rate™*

. A systematic study of the intensity of PL emission in a set of
different GaN samples lead to the conclusion that the screw and mixed dislocations
cause a reduction in the PL intensity"’. This implies pure screw and mixed
didocations are non-radiative recombination centers while the pure edge didocations
have a lesser probability of acting as non-radiative recombination centers. Cherns et a
confirmed that edge dislocations also act as non-radiative centers®. In addition to
being potentially non-radiative recombination centers, dislocations are a potential
conduction path for reverse bias current leakage™.

Although non-radiative recombination centers can be detrimental to LEDs and
other opto-eectronic devices, the leakage currents are undesirable for electronic

devices®*

. The reverse bias leakage occurs due to conduction through screw and
mixed dislocations and is localized around them****. The leakages are adso 2-3 orders
higher for Ga rich samples than the Ga lean samples®**. The threading dislocations
with the screw component are found to be accompanied by very high current densities
and reduced effective Schottky barrier heights™. Didocations also cause charge
scattering and decrease the mobility of the carriers, especially for current transport
perpendicular to the didocation line which may have fixed charge associated with the
core configuration®.

In GaN, below a certain concentration of n doping, dislocation scattering
dominates while at higher charge densities, ionized impurity scattering dominates®’.
This may explain the anomalous result of the increase in mobility due to doping in

GaN*". Some groups report that the dislocations actually carry positive surface charge
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a the threading didocations and at GaN step edges that might be due to local
strain-related piezoelectric fields'™. The line charge also depends on the configuration
of the core dislocation structures which may include Ga and N vacancies™. As
didocation density depends on the growth conditions and dislocations have an impact
on electrical and optical properties, the formation and configuration of dislocationsis
one mechanism by which growth conditions can have a significant impact on
properties. The edge dislocations have also been shown to have negative charge™.
However, didocations can be passivated when grown by MOCVD in an excess
hydrogen environment™*2. This is another reason for the success of MOCVD relative
to MBE (which is generdly done in a hydrogen free environment) in the commercial
use of GaN based light emitting diodes and now in power electronics™.

An innovative technique, Epitaxial Lateral Overgrowth (ELO) was invented to
reduce the density of dislocations®®*. The immediate advantage of such growth is the
reduction of dislocation densities by orders of magnitude and improved properties.
The leakage currents were reduced by three orders of magnitude on ELO GaN films
compared to the normal as grown GaN films™. The ELO methods can be modified to
obtain selected area growth as a basis for research work of this thesis in selectively
growing highly doped ohmic contacts.

3.2.3 Epitaxial Lateral Overgrowth and Selected Area Growth:

The principle behind ELO is fairly simple in that the defects resulting from

laterally grown epitaxial materials are less than those for vertically grown epitaxial
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materials Typicdly in vertically grown epitaxy, the growing thin film relaxes

63



the strain by forming dislocations at the interface due to the lattice mismatch as
described in previous section™®. As a result, growing the film in a direction that is
independent of the substrate mismatch reduces the dislocation propagation®*®.
Epitaxial lateral overgrowth is a method of epitaxial growth on a partially masked
substrate which promotes lateral rather than vertical growth®* %,

ELO is achieved by a simple procedure®®®*. Prior to the ELO growth a suitable
relaxed buffer layer of GaN is grown on a substrate. The structure is then covered by
a thin masking film such as SiO, or SisN, and patterned by conventional
photolithography to form on its whole area a grating of mask free seeding windows
(Fig.3.4)%. Finally, an epitaxial layer is re-deposited on such substrate. The epilayer
nucleates selectively on the seeds and the growth proceeds in the direction normal to
the substrate by MOCVD between the masked stripes.  As soon as the crystallization
front exceeds the top surface of the mask, the growth proceeds in lateral direction
over the masking film. Figure 3.4 shows the typical growth sequence for GaN ELO
growth on sapphire®. The adjacent ELO stripes coalesce to form a continuous
epilayer if enough growth time is given. The main advantage of this approach is that
the buffer dislocations are blocked by the masking film and can propagate to the ELO
layer through a narrow window in the mask only. Therefore, the laterally grown parts
of ELO layers ("wings’) can be nearly defect free despite a high density of threading
disocations in the underlying structure®. Didocations introduced during relaxation of

the lattice mismatched film with the substrate are filtered during subsequent

homoepitaxial lateral overgrowth. In this way new semiconductor substrates with



lattice constant different from that of available substrates can be generated alowing
for epitaxy of a new class of high quality semiconductor structures from otherwise
highly misfit and incompatible structural systems as required by modern opto-and
microelectronics™> %,

3.2.3.1 Mechanism of ELO growth:

Growth rate anisotropy is a fundamenta requirement in ELO, i.e. the growth
conditions are necessary at which lateral growth of the layer is much faster than that
in the direction normal to the substrate. This growth anisotropy can be influenced by
temperature. Growth anisotropy results from the difference in surface energy and the
crystal takes the equilibrium shape that minimizes its free surface energy™®. This
implies that the surface with lower energy is more stable. Therefore, if the surface
energy of the lateral face is high, then lateral growth is preferred and if the surface
energy of the vertical face is high, vertical growth is preferred. By changing the
temperature, the lateral or vertical growth mode can be changed corresponding to a
temperature dependent differences in surface energies for dominant habit planes™® .

Experimentally, growth at high temperatures leads to lateral growth being

dominant, while at low temperature vertical growth is dominant for GaN**% |

n
addition to temperature, the anisotropy and the aspect ratio can be controlled by
proper orientation of the seed layer both perpendicularly and azimuthally**®% The
concept has been to determine such orientation of the seeding lines for which the

sidewalls of the ELO layer are covered by fast-growing planes, while the slowly

grown facet is formed on the upper surface. For GaN on sapphire ELOs the seeding
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windows are usualy aligned along the <1120 > or the <1100> directions of GaN>*®2,
The orientations are shown in figure 3.7%2, ELO on <1100> seeds results in
pyramidal morphology while ELO on <1120> results in a planar morphology.

A reduction of didocation density is a dructural feature in epitaxia lateral
overgrowth®®. TEM images of ELO grown GaN have shown that the dislocations
created at the buffer (or seed layer) can change their direction and propagate parallel
to the substrate as the growth proceeds laterally®®>. Hence, only a part of the
disocations reach the surface of the ELO layer®®. This phenomenon, together with
blocking of dislocations by the mask, results in much lower dislocation density in
ELO structures as compared to that in planar buffer layers. The wing regions usudly
have dislocation densities of the order of 10° cm™ while the dislocation densities
obtained for growth through the conventional buffer layer growth is around 10° cm
562 The change in the direction of dislocations can be clearly viewed in Fig.3.9%.
The measurement of dislocation density is difficult given that p = 10%cm?
corresponds to a 10um spacing between dislocations as can be seen from the
disocation images at the GaN/substrate interface** "%,

As noted above, the primary intent of ELO growth technique is to reduce the
threading dislocation densities. This helps in increasing the life time of the device,
reduce leakage currents, and since the threading disocations act as fast diffusion
paths for some materials like Mg, the problem of diffusion of such materials is
eliminated®*®. Nakamura et a demonstrated a 10000 hour projected continuous

operation blue nitride based lasers on ELO substrates®. The controlled FACELO
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technique can be used in growing field emission tips if the growth of the facets is
controlled such that a sharp pointed surface is produced as reported by Nemanich et
a®.

3.2.4 Selected Area Growth (SAG):

Epitaxial lateral overgrowth is an extension of selected area growth. However,
here selective growth of GaN is discussed separately as this growth technique is
intended to be employed in re-growing highly doped ohmic contacts described in the
subsequent chapters. In the ideal case of SAG, deposition can only take place within
the openings of a partially masked surface but not on the mask. Growth enhancement
is noticed due to lateral diffusion of source materials from the masked to the open
area effectively increasing the growth rate in selected area®®. Fill factor is the ratio
of area available for growth to the total area before SAG.. A smdler fill factor could
provide larger effective flow rate of Ga species due to lateral enhancement from the
masked region. Fill factor as defined is an overal area ratio and not a specific
diffusion length, athough through layout design, such structures could be employed.

Rough surface results in a smaller diffusion length due to the higher adatom
binding energy at topographical features™. The smaller diffusion length increases the
growth rate as Ga isincorporated before it can diffuse to the sidewalls®*°.,

In previous applications, SAG of GaAs was performed to fabricate vertical FET
structure using a tungsten wire mask through the fabrication of a permeable base
transistor structure™®. GaAs MESFET was aso fabricated using SAG and lower

resistivities of the n* doped regions which exhibited an order of magnitude reduction
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relative to that of conventional ion implanted regions™. SAG of GaN on (0001)
sapphire was performed to fabricate GaN quantum dots on nanopatterned substrates’.

Factors influencing SAG morphology are V/III ratio (precursor compostion),
temperature and the pressure. The diffusion length depends exponentially on the
temperature and the excess group 111 flow of GaN reduces the diffusion length'®"2,
Therefore increases in the temperature results in appearance of (0001) facets for a
given TMG flow while decrease in molar flow of TMG results in the formation of
(0001) facets at a given temperature™. The structure formed is a pointed hexagonal
pyramid without the (0001) facets. As the (0001) facets are formed, the structure
assumes the shape of a frustum of a pyramid with the (0001) facet formation at the
top™.

GaN/AlGaxN quantum wells have also been grown using SAG™™, SAG of
GaN occurs with more amount of GaN being deposited at the edge of a mask window
because of the excess diffusion of precursors towards to the window’*"®. The window
in addition to this will also act as a nudeation step because the free energy of a
nucleus is lower than that of a nucleus on the flat surface™. After this ridge growth at
the edge of the windows GaN islands are formed in between the two windows'™.
Coalescence later occurs among the idands, forming a structure with many pits on the
top™. Then the rough surface grows at a very high growth rate because, the pits also
act as nucleation centers’®. Similar enhanced growth at edges was seen when GaN

selectively was grown on Si substrates on a 0.5 x 0.5 mm patterned regions”™. The

dominant mechanism of material transport in selected area epitaxy is the diffusion of
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source materia in the gas phase laeral transport as confirmed by Mitchell et a in a
systematic study®®. Park et a have grown selective area GaN laterally epitaxial by
MOCVD and concluded that lateral to vertical growth rates depends on the orientation
of the stripes, the stripe width and the stripe spacing in addition to the growth

conditions of temperature and pressure’. Smooth vertical sidewalls and rectangular

cross section GaN mesas were obtained aong the <1100> direction and triangular
cross-sections obtained for stripes parallel to the <1120> direction. The lateral
growth rates achieved are higher dong the <1100> directions and for stripes oriented
along <1120>, the growth in the lateral direction is limited by the slow-growing

{1101} facets|eading to the narrow triangular cross-section features’.

3.2.4.1 Model for Selected Area Growth

Coltrin et d have modeled the kinetics of the SAG have been modeled using
boundary layer theory and first order gpproximation considering a high speed rotating
disc reactor similar to that used in this work’’. Deposition of the film at the solid
surface creates a concentration gradient between the incoming source species and the
disk surface causing diffusive transport of reactant species toward the surface.
Assuming the sticking coefficient of the growth speciesis v, and the growth as a first
order reaction of the limiting species that reacts at the surface, the boundary layer

condition on the reactant species concentration at the surfaceis’”:

kCs = DEC/Ez (23)
where k is the rate constant for the first order heterogeneous surface reaction, Cs isthe

gas-phase concentration of the reactant species at interface with the surface, D is the
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diffusion constant, C is the gas-phase concentration of the reactant species, and z is
the height above the surface. The rate constant k is smply related to the reaction

probability » by’

k =v(RT/2zW) (29)
where R is the gas constant, T is the temperature in Kelvin, and W is the reactant
species molecular weight. If the concentration is assumed to drop linearly within the
boundary layer then’,

kCs=DI[(C CId e (25)

where C; is the inlet concentration. The boundary layer thickness i is taken to be
0.721cm from simulation results and the equation is re-arranged to give’’

CJCi = 1/(1+Dy) (26)

Where D is the surface Damkohler number defined to be D, = kii/D. The Damkohler
number is a measure of the relative speeds of chemica reaction versus diffusive
transport. When D>>1, either because k is large (high reaction probability), D is
small (for example, at high pressure), or & is large (for example, due to low inlet
velocity), then the reaction rate is large relative to transport, the system is considered
to be “transport limited™. At the other extreme, Da is less than or comparable to 1,
small k (for example, at low pressure), or & is small (for example high rotation rate, or
inlet velocity), then the rate of mass trangport is large relative to the reaction rate and
the system is referred to as reaction rate limited. As will be discussed in the next
chapter, SAG of GaN re-grown ohmic may be reaction limited and, hence temperature

limited.

70



3.2.4.2 Selected Area Mass Transport Re-growth:

Selected area mass transport re-growth of GaN ohmic contacts is a dight
ateration of SAG"®. Mass transport in GaN occurs at normal growth temperatures
when GaN sample with trenches is annealed in a nitrogen and ammonia aimosphere.
Mass transport from the top surface into the trenches was observed. At high
temperatures GaN is thermally unstable”®'%#™®® |n the presences of surface
features such as etched trenches or steps, differences in surface energy cause material
to desorb in one area and deposit in another. The patterning is performed similar to
SAELO, and the sample is heated to ~1160°C to achieve sufficient mass transport
from the sidewalls into the etched features®’®. The doping of the GaN is achieved by
the auto-doping effect. When exposed to NHs and H. at elevated temperature, the
SO, etches slightly under the formation of volatile Si and O species. Both silicon and
oxygen act as shallow donors and lead to n-type doping when incorporated into the
GaN crysta lattice™ . This technique has been investigated by other research groups
for sdected formation of ohmic contacts in HFET structures’®".

3.3 Electronic Properties. Doping GaN

In order to fabricate a p-n junction, ohmic contacts for devices, laser diode, light
emitting diode, the substitutional doping of GaN is necessary to control eectrical
properties spatialy. Subgtitutional doping of GaN during MOCVD is usuadly
performed by adding a group IV element on the cation site for n-doping and group |1
element on the anion site for p-doping. Si is used for n type doping and Mg for p type

doping®. lon implantation in GaN was never a preferable method because of the
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extensive lattice damage done by the implantation which requires a high temperature
anneal step that is close to the decomposition temperature of GaN®. Usually heating
to 2/3 of the melting point removes extended defects in semiconductors®. For GaN
this corresponds to a temperature of 1650°C. At this temperature, GaN decomposes by
loss of nitrogen from the GaN surface®™. This surface decomposition of as-grown GaN
is pronounced for prolonged anneals a temperatures above 800°C"-*1%%
Implantation of GaN induces a tail of states near the band edge resulting in strong
absorbance of light in the visible region and reduced emission intensities"®.
Therefore, implantation of dopantsinto GaN was not a feasible cost effective method.
Instead, the dopants are introduced in the gas phase during growth®. However,
recent developments using a SiO, are enabling ion implantation in GaN and the
details will be discussed in the MOSFET device section.

3.3.1 p type Doping in GaN:

P type doping in GaN can be performed by using Zn, Cd or Mg. Zn and Cd
shallow acceptor binding energy is calculated to be at 190meV®. Pankove and his
colleagues tested implanting many elements in GaN and concluded that the most
efficient luminescent centersin GaN are Mg, Cd, C, Li, and S where they are present
a alevel of 5 x 10*¥/cm®. Mg, Zn, and Cd give efficient blue luminescence in GaN
which would initially indicate a deep acceptor ionization energy of <0.5eV®34. The
binding energy of Mg accepter is reported to be about 250meV while the Hall data
gives the value between 150 -180meV®. The as-grown Mg doped GaN is highly

resistive but the resistivity was observed to be remarkably reduced after a LEEBI
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(Low energy Electron Beam Irradiation). The first Mg:GaN was redlized by this
irradiation treatment®®®. Therma annealing of Mg:GaN in a nitrogen ambient was
aso performed to activate the Mg dopant for the first time®. The resistivity
remarkably reduces after annealing above 700°C in a hydrogen free atmosphere®.
Further studies comparing the anneal in the presence of NH3; and N, revealed that the
resistivity of as grown Mg:GaN is due to the compensation of the Mg acceptors by the
formation of Mg-H complexes®®®. Above 400°C the surface of GaN can be

9,90

completely passivated by hydrogen atoms®®®. The hydrogen atoms diffuse from the

surface into the bulk at this temperature. This incorporation of atomic hydrogen into

the GaN results in the passivation of shallow donors and acceptors™

L Similarly as
grown Mg:GaN has a high H concentration which may be diffused out of GaN to
activate p-type doping®*?. Residual hydrogen results in hole compensation and
resistivity of Mg-doped GaN will be high in the range of ~1x10° ohm-cm®%,

3.3.2 n-Type Doping of GaN:

GaN is often n-type as grown as the nitrogen vacancies in GaN form a shallow
donor level in InN and GaN®. This high n-type background concentration resulting is
partly responsible for the lack of p-type conductivity in GaN. The background
impurities such as Si and O could aso contribute to high free electron
concentrations™. Nitrogen vacancy concentrations and the background electron
concentration decreases with increasing ammonia precursor during growth indicating

that the nitrogen vacancies are correlated with autodoping™. Calculated by different

groups, the nitrogen vacancies are believed to have a donor energy level of 40meV or

73



126+/-20meV below the conduction band® %, N type doping of GaN is usually done
with S by introducing silane gas along with other precursors during the growth phase
allowing controlled doping across concentration ranging from 4x10'%/cm® to
2x10"%/cm®. Excess Si doping above 2x10"%cm® during growth affects the
morphology of the GaN film as reported by Koide et a for the growth of Si-doped
GaN in an RF heated horizontal flow reactor®. Excessive flow rate of SiH, can cause
roughness while a moderate flow rate results in smooth crack-free films”™. The basic
mechanism in Si doping is that the Si replaces a Ga on the cation lattice site and acts
as adonor. The Si activation energies were calculated to be 12-17 meV and GaN can
be doped by Si upto its solubility limits of ~10%%m™. The Si donor level has been
experimentally determined to be ~24meV below the conduction band and oxygen
donor level to be ~34meV below the conduction band both acting as a shallow donors
contributing to n-type doping®.

The doping of GaN aso influences the lattice dynamics. Measured by Raman
spectroscopy, in the Mg-doped GaN samples, the biaxial stress increases with dopant
concentration due to the increase in size of the Mg atom compared to gallium atom. In
the case of silicon however, the size effect is compensated by the increasing free

carrier  concentration®®’

. S induces layer by layer growth of GaN a high
concentrations by segregating to the surface. This segregation at high doping levels
causes roughness in the films for highly doped Si’®. With increase in thickness of the

film and the doping however, the tensile stress in the film increases and the strain is

relaxed by crack formation®’.
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3.3.3 Polarization in GaN

Morkoc et a have described the polarization in GaN in detail'®*%, The excerpts
from his review work will be presented here. The wurtzite crystal structure of Il
nitrides are tetrahedrally coordinated and lack the inversion symmetry in the unit cell.
Because of this non-centro symmetric structure and large ionicity associated with the
covaent metal nitrogen bond, a spontaneous polarization occurs along the hexagonal
c-axis occurs’®®, In addition to the spontaneous polarization, group Il nitride
materials have large piezoelectric (PE) coefficients. Strain related piezoelectric effect
in heterostructures results from two components: 1) misfit strain and 2) thermal strain
caused by thermal expansion coefficient difference between the substrate and the
epitaxial layers'®*%. The effect on the band structures of strain induced polarization
can have a significant impact when there are hetero-interfaces in a structure.
Heterojunction devices such HFETs, MODFETSs (Modulaion doped FET) are based
on control of free carriers and band structures a hetero-interfaces™®. In
GaN/AlGaN based FETs, polarization is due to PE effects and the difference in
spontaneous polarization between AIGaN and GaN. In InGaN based devices,
spontaneous polarization is negligible compared to the strain induced polarization as
the lattice mismatch between InNN/GaN is greater than between AIN/GaN. The effect
of strain induced polarization is lowered when the strain is reduced by misfit
didocations'®*%,

Polarization can play animportart rolein [11-N electronic devices as piezoelectric

field is superimposed to the band energies. In devices where the modulation of charge
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is the basis of operation, polarization charge and the strain management of the thin
film layers can result in increasing the sheet carrier density at the interface, forming a
2 dimension electron gas (2DEG) or atwo dimensional hole gas (2DHG). Figure 3.10
(&) and (b) illustrate the accumulation of electrons in a AlGaN/n-GaN heterostructure
by forming a 2-Dimensional electron gas (2DEG) and accumulation of holes in
AlGaN/p-GaN heterostructure by forming a 2-Dimensiona hole gas (2DHG) caused
to the spontaneous and piezoelectric polarization.

3.4 Metal Ohmic Contactsto GaN:

In an earlier chapter, the general theory of metal semiconductor contacts has been
discussed. To have a metal contact to a semiconductor, the idead way is to choose a
metal with the right work function that gives an ohmic contact. However, for
wideband gap materials like GaN, a metal with a large enough work function to form
an ohmic contact to p-type does not exist while for n-GaN, Al and Au are itable
abeit with relatively high resistivity (1010 ohm-cm?)'®%. As deposited Al contacts
are ohmic while as deposited Au contacts are rectifying. However, after annealing at
temperature above 575°C, the Au contacts become ohmic. Ti/Al contacts reduced the
resistivity further to 8x10™® ohm-cm?%. InN/GaN super lattices doped with Si were
aso used as ohmic contacts resulting a specific contact resistivity of 6x10° ohm-cm?
191 The superlattice structure being ohmic while only an InN cap being rectifying
could be due to the increased tunneling transmission coefficient of the superlattice™.

A reactive ion-etch of the GaN surface prior to the ohmic contact deposition and

a high temperature anneal after the metal deposition, decreases the resistivity of
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n-GaN further more'®. This could be due to two reasons: a) The removal of any oxide
insulating layer on the GaN prior to the meta contact deposition, b) The formation of
TiN at the Ti-GaN interface. The nitrogen out diffuses from the GaN surface to form
TiN. The nitrogen vacancies in the GaN further increase the number of available
electrons'®. In the same study a multilayer ohmic contact was used. Ti/Al/Ni/Au. The
AuNi layer formed over the Ti/Al layer is very robust and prevents the formation of
an Al,Os over the Al or Al-Au aloys. A TEM study of this multi-layer ohmic contact
confirmed the formation of a thin TiN layer, Au diffuses into the Ni and forms an
Au-Ni aloy and this also prevents the out diffusion of Ti into the Al layer'®%®,
Similar multilayer contact approaches were employed for metal contacts to Al,Gay.x<N
by Selvananthan and colleagues separately reported in a work to that reported
herein'®. The multilayer ohmic contact was Ti/Al/Mo/Au and the resistivities
achieved were of the order of 6x10° ohm-cm?, the lowest specific contact resistivity
to high mole fraction AlGaN reported to date®.

To obtain an ohmic contact for p-type GaN, a metal with very high work function
is essentid. Platinum (Pt) has the highest work function of 5.65eV of metals and is
chemically stable. However, Pt adhesion to GaN is poor. Therefore a Ti layer is
deposited prior to the deposition of Pt. The ohmic contacts to p-GaN are thus obtained
using the Ti adhesion layer between Pt and GaN'%’. The multilayer ohmic contact for
p-type GaN is Ti/Pt/Au that gives aresistivity of 4 x 10 ohm-cm?. Kim et al however
treated GaN surface using agua regia and deposited Pd/Au ohmic contact'®. The

surface treatment was done to remove any native oxide on the surface and the
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resistivities obtained were similar to that of Ti/Pt/Au contacts.
3.5 Status of GaN based Field Effect Transistors (FETS):

As described in the previous chapter, the two important material requirements for
a functional FET is the availability of ohmic contacts and a gate didectric. A simple
HFET may not require a gate dielectric and is usudly a normally on device which
utilizes a wide bandgap semiconductor in a MISFET structure'®™®. In contrat,
MOSFETs and MOSHFETs do require a compatible gate dielectric and are normally
off-state devices'®°. The main problem in the gate dielectrics of 111-V compounds is
that the interface states related to chemical and structura defects are present at the
didectric/I11-V compound semiconductor interface and pin the Fermi level'™.
Moreover, the interface states act as traps in the semiconductor bandgap™. The
development of dielectrics for GaN FETs are emerging which are closely following
the lines of the development of GaAs FETs#1/,

GaAs, because of its high mobility has long been a very attractive material for
high speed MOS transistors™®?, GaAs enhancement mode MOSFET was
investigated by Becke, Hall and White by using thermally grown SiO. as the

didectric'*?

. The n+ doping was achieved by diffusing tin into the patterned region to
form the source and drain regions™2. Low leakage devices were obtained with limited
transconductance attributed to the high density of interface states between the GaAs
and the SiO, interface™®. The interface charge density of states was of the order of

10%/cm® or higher (an order of magnitude higher than that of the Si/SiO; interface).

Therefore, the GaAs M OS technology was abandoned until the density of states at the
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interface could be decreased choosing the right dielectric formation and processing.
3.5.1 Didectricsfor I11-V Compound Semiconductors.

The basic requirement for a compatible dielectric to any semiconductor in the
fabrication of n-MOSFETSs are dielectric congtant, bandgap, conduction band offset,
high recrystalization temperature (for amorphous dielectrics only), low oxygen
diffusivity, thermodynamic stability in contact with the underlying semiconductor,
high qudlity of interface with low interfacial state density Di; and lower leakage
current™ ™. The structure of dielectrics is crucial to the leakage currents and
interface state density. Traditionally amorphous dielectrics were preferred due to the
lack of domain boundaries that are typically present in the polycrysalline film. These
domain boundaries are an easy conduction path for the electrons and are the reason
behind the leakage currents™*®. High K dielectrics have come into prominence in Si
technology due to device scaling to nanoscale dimensions (Lq = 65nm or less). High
K didectrics are being investigated in 111-V materia systems™>. Most high K binary
oxides undergo amorphous to recrystallization a high temperatures'’. Therefore
crystallinity is an important issue in high k dielectrics with a structure which is either
fully amorphous or fully crystalline preferred.

It has been observed that an epitaxial dielectric film remarkably reduces the gate
leakage current™3181912  Enjtaxial Gd,0s was successfully used for passivating
GaAs surface by Hong et a'*°. The Gd,O; grown by e-beam evaporation on the GaAs
was epitaxial and cubic. The electrical measurements aso revealed a dielectric

constant of 10. Both enhancement and depletion mode GaAs MOSFET devices were
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obtained using this didectric. Modulation at 10kHz was also possible with this
didectric™®. These films are also reported to be very thermodynamically stable'®.
Earlier the same group deposited Ga,03/Gd,03; as dielectric for passvation and
reported obtaining low density of states compared to MgO and SiO, on GaAs™?**?!, A
low interface density of states of 10" eV/cm? was measured and both p and n type
enhancement mode MOSFETs were developed by using this dielectric. Thermal oxide
of Gax0O3 on GaAs was obtained by flowing O at 400°C onto the GaAs'*%. A low
density of interface states (~2x10%eV-cm?) was measured for the Ga,Os/GaAs
interface which also resulted in a low interface recombination velocity as low as
10%cm/s 1. Pasdack et al calculaed the band off-sets in GdyGag 44006 ON GaAs'?,
They caculated the band offsets at the interface of GaAs with GdxGap.4xOo.6 were
1.5eV. In another study comparing MgO, SiO, and Ga0s;, Pasdack et a also
concluded that the GaOs/GaAs interface has the minimum interface density of states
of 10°cm?eV™! and the interfaces with SiO, and MgO were characterized by an
intrinsically pinned Fermi level at midgap'®. So far the success of Ga,0O3/Gd,03 in
GaAs passivation has motivated many researchers to explore the same dielectric
possibility in GaN based devices which will be discussed further.
3.5.2 GaN Fidd Effect Transistors (FETS):

The first demonstration of a two dimension electron gas in AlyGay..xN/GaN was
done in 1992 by K han et a*?®. This formed the basis for the development of GaN field
effect transistors. The first GaN/AlGaN high electron mobility transistor (HEMT, also

known as HFET) was demonstrated again by Khan at al**’. The structure was
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GaN/Alo.14GaossN. The room temperature transconductance for this device was about
28mS/mm for a device with 10um channel. The room temperature mobility was
564cm?V'st for this heterostructure while for GaN it is 75 cm?V's* and for
Alg14GangsN was 59cm?V?'s!. The sheet carrier density obtained for the
heterostructure was 7.6 x 10*cm™. The device is normally on depletion mode device
and the turn off voltage of -2V. This was the first demonstration of a GaN based
HFET structure. HFET performance improved later rgpidly with transconductance
values of 210mSmm and break down voltages of 90V achieved'?®. The breakdown
voltages were further increased to 340 and 230V for undoped and Si doped HFETSs
respectively with a room temperature mobility of 1500cm?V's* for the Si doped
HFET'®. The transconductance was further increased to 400mS/mm for a gate length
of 1.2um by using re-grown ohmic contacts™****, Using improved re-grown ohmic
contacts reduced parasitic resistances and improved the transconductance of the
channel. However, this resulted in the decrease in breakdown voltage of the devices
possibly because of the high doping in the ohmic contact region coupled with the
possble existence of interface states at the regrown interfaces™®¥%% The
breakdown voltages for these devices were only around 8-12V.

Similar approach of re-grown ohmic contacts and an insulated gate to modulae
the device was done by Kawai e a to fabricate the first insulated gate HFET
(IG-HFET)*. An insulated gate provides the barrier for the channel to be made
proximately to the meta without gate leakage. AIN was used the as the gate dielectric

in this case. The device operated in limited enhancement mode with a

81



transconductance of 235mS/mm. It should be noted here that we followed a similar
ohmic contact re-growth process in the current work for fabricating GaN
enhancement mode MOSFETs. This MOSHFET design was aso performed by Khan
et A" and Mistele et d™*® using SO, as a dielectric passivating layer on an
AlGaN/GaN MOSHFET structure grown over insulating SiC substrates. The devices
were stable upto 300°C and operate at high gate bias voltages of 10V which increases
the channel current compared to normal HFETSs without a gate dielectric. Having the
didectric aso reduced the gate leakage current by six orders of magnitude compared
to the normal FET**'**, Thef, obtained by K han et a was 8.2GHz while for anormal
HFET it was 5GHz giving a very high f.Ly product of 16.4 GHz for a 2um gate
length™*2. However, tunneling through the thin gate remains a significant problem and
some groups adopted delta doping where the doped layer is farther away from the gate
which reduces the gate leakage current. The gate-drain breakdown voltage could be
increased further with this delta doping combined with the use of an insulated gate*®.

The trapping effects in HFETs arising from the surface and in the underlying
buffer layers are the man reasons for reduced power performances like current
collapse during DC device characteristics in GaN based HFETS™**%’. Therefore,
deposition of dielectrics which can reduce the interface trap density at the oxide/GaN
interface played a significant role in the development of GaN based FETs. MgO and
Sc,0; provided very stable surface passivation on GaN based HFETSs by and reducing

138,139
S

the current collapse and increasing the breakdown voltag . There was no current

collgpse observed in Al,O3 passivated HFETs while SO, induced surface states and
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use of SiNx dthough had low interface density of states had problem of leakage
currents in the device due to the small conduction band offset between SiNy and
Alg3Gay /N, The results were further used to develop a double stack Al,O3/SiNy
didectric where SiNy provides the low density of surface states and the Al,Oz; which
has a high resistivity and high dielectric constant**. With this bilayer, the gate leakage
current was reduced by two to three orders of magnitude compared to normal HFETS.

Thermally oxidizing the AlGaN surface and then depositing SiO, results in an
enhancement mode HFET*®. HFETSs are limited by gate leakage currents and are
normaly on devices. Therefore, fabrication of normally off GaN MOSFET (or
MISFET) devices with very low gate leakage that have the potential for different
functionalities is the overall goal of this work. The materials research which is the
subject of this thesis is intended to contribute to the understanding of the MOSFET
structure leading to redization of enhancement mode GaN MOSFETSs.
3.5.2.1 GaN MOSFETSs:

A MOSFET (or a MISFET) requires a compatible gate dielectric material to the
semiconductor as mentioned in section 3.2.9.1. Table 3.2 lists common dielectrics and
the band offsets with respect to GaN'*. The research in normally on/enhancement
mode GaN MISFETs s in its nascent stages and a few research groups are working to
deve op this technology™****°. Matocha et a used SiO, mask and a polysilicon gate™*.
Self aligned source/drain ohmic contacts were formed by ion implantation of Si into
GaN. SiO; isaso used as a cap layer to prevent the disintegration of GaN during post

implant anneal™****. These MOSFETs have a high breakdown voltage of 700V and a

83



channel mobility of 45cm?V™s™. The leakage currents are also very low with about
50pA at 200°C. Ga,Os (Gd,03) didectric was used by Ren et al to make a depletion
mode GaN MOSFET. The break down voltage achieved was 35V and f; was
10.3GHZ'*. The same group used MgO as the dielectric and fabricated an
enhancement mode GaN M OSFET*. They achieved the ohmic source drain contacts
by ion implantation of Si into the GaN. A 500nm of SO, cap layer was deposited
prior to post implant anneal at 1200°C. The threshold voltage was <0.7V and areverse
breakdown voltage of 15V was obtained. The maximum breakdown field achieved
was 1.75MV/em*.

Another mgjor area of research in the development of a GaN MOSFET is the
choice of compatible gate dielectric. The earlier groups listed above used MgO and
Si0,. Hong et a, the pioneers in GaAs FETs used GaxO3 /Gd,03 dielectrics on GaN
and investigated the interface states*®. The interfacial density of states obtained was
less than 10™cm™?eV ™ *°, The oxide is also thermally stable up to 950°C**. Sc,04
was also used as a didectric for GaN MOS capacitors and the interfacial densities
obtained were |ess than the interfacial density of states at Gd»Os/GaN interface'®. The
interfacial density of Sc;Os/GaN was in the mid 10" cm?eV™? and the oxide was
atomically smooth and it is epitaxial on the surface of GaN'*®. Ga,O; was used on
n-type GaN for a depletion mode device where the interface density of states was 2.5
x 10" cm?eV?! as measured using a photo assised C-V method™”’. The reported
forward and reverse break down electric fields are of the order of 2.8MV/cm and

5.7MV/cm respectively**"*. The leakage currents were low at 200pA. Lay et a used



Ga03/Gd20;3 as the dielectric and evaluated the interface density of states to be 4.2 x
10" cm™eV™ and afixed oxide charge to be 3 x 10™ cm?ev™* 49,
3.5.2.2 GaN MOSFETs Summary:

The research in GaN enhancement mode is in its nascent stages with the research
and development of dielectric and the source/drain ohmic contacts as primary thrust
topics. From the above literature review of the latest developments, various dielectrics
and their combinations seem to show promise at providing a minimum interfacial
density of states needed for high performance of devices. Therefore the scope of this
work has been to use different dielectrics and re-grow the source drain ohmic contacts
by selected area epitaxy. As mentioned in the previous section, SIN,/GaN possesses
acceptable interface properties for assessing ohmic contacts. The technology of Ga,O3
/Gd,03 being used as a gate insulator is fairly matured with the density of dates
measured by different groups being fairly consistent and being in the mid 10"
cm?eV?, including the already published work from this thesis. MgO and SiO, have
been tested by other groups in fabricating enhancement mode GaN MOSFETs and
proven to be successful. AIN dielectric has been proven to be a good insulating layer
in the development of GaN/AlGaN HFET structures. The didlectrics tried and tested
in this research are Ga,03/(Gd,03), MgO, AIN and SiN,. It isto be noted that research
is still underway. The device results that are obtained are for GaN/ Ga,03/(Gd>03) and
GaN/SINy MOSFETs. The subsequent chapters will explain the development of
enhancement mode GaN MOSFETs in this lab at NCSU. The success of preliminary

proof of concept results will open new opportunities in material growth of GaN on
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patterned substrates and in the field of high power devices.
3.6 Characterization Techniques:

To evaluate the maerial properties various optical, structura, electrical and
chemical characterization techniques have been used in this research. A brief listing of
each characterization technique used is described below.

3.6.1 Optical Characterization:

Nomarski differential optical microscopy was used to evaluate the morphology
of the initial GaN epilayers. The Nomarski microscope is sometimes caled a
differential interference contragt (DIC) microscope or a polarization interference
contrast microscope. A polarizer after a white light source is used to set the angle of
the polarized light incident upon a Wollaston prism. The Wollaston splits the light
into two beams having orthogonal polarization, which are sheared with respect to one
another. After reflection off the test surface the Wollaston recombines the two beams.
A fixed analyzer placed after the Wollaston transmits like components of the two
polarizations and generates an interference pattern. The resulting image shows the
wavelength difference between two closely spaced points on the test surface with
differential path lengths. The point separation (shear at the test surface) is usudly
comparable to the optical resolution of the microscope objective and hence only one
image is seen. The image shows slope changes and it gppears as though the surface
has been illuminated from one side. The path difference between the two beams can
be adjusted by laterally trandating the Wollaston prism. When the axes of the

polarizer and analyzer are parallel and the prism is centered, the path lengths are equal
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and white light is seen for a perfect test surface with no tilt. When the polarizer and
analyzer are crossed and the prism centered, no light gets through. When the prism is
translated sideways, the two beams with unequal paths and different colors are seen.
The color for a specific feature on the test surface depends upon the path difference
between the two beams for that point. The color changes indicate the surface sopes.
When the polarizer before the prism is rotaed, the relative intensities of the two
orthogona polarized beams change, and the observed colors change. Nomarski
microscope was used for preliminary macroscopic examination of the surface
morphology after GaN base layer growth.

The thickness of this base layer was measured by reflectance spectrometry.
Reflectance spectroscopy works on the principle of constructive interference of
reflected light of different wave engths from the surface of the thin film and the
substrate at different wavelengths. The constructive interference that occurs if the
reflected waves are in phase depends on the refractive index of the film and the
thickness. By measuring the difference in the wavelength between intensity maxima
resulting from constructive interferences of the reflected light in the thin film, the
thickness can be estimated.

3.6.2 Atomic Force Microscopy (AFM):

AFM operates by measuring attractive or repulsive forces between a nano-scale
abrupt tip and the surface of the sample. In its repulsive "contact" mode, the
instrument tip is brought into atomically close proximity to the sasmple. a the end of a

leaf spring or "cantilever” to the sample. As a piezo driven raster-scan drags the tip
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over the sample, a sensitive detection apparatus measures the vertical deflection of the
cantilever, which indicates the local sample height. To achieve this, most AFMs today
use the optical lever, a device that achieves resolution comparable to an interferometer.
Thus, in contact mode the AFM measures hard-sphere repulsion forces between the
tip and sample as it scanned with nanoscale resolution across the surface. The optical

lever operates by reflecting a laser beam off the cantilever. Angular deflection of the
cantilever causes a two-fold angular deflection of the laser beam. The reflected laser

beam strikes a position-sensitive photodetector consisting of two side-by-side
photodiodes. The difference between the two photodiode signals indicates the position

of the laser spot on the detector and thus the angular deflection of the cantilever.

The morphology before and after the regrowth of GaN samples was measured by
atomic force microscopy. This is essential to determine the quality of the surface
obtained after regrowth. Continuity of the film growth (island versus layered growth)
can be assessed by AFM in tandem with SEM. A measure of surface pits could be
directly related to the termination of threading dislocations in GaN*". The increased
surface area due to the roughness that might in effect increase the ohmic metal contact
area could be directly related to the resistivity of the ohmic contact. Therefore an
AFM examination of the samples is helpful in optimizing the growth parameters to

improve the material quality.

3.6.3 Thickness M easurement by Dektak Profilometry:

The thickness of each step during the processing of the thin film was measured
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using Dektak profilometer. The Dektak profilometer works on the principle that a
sharp probe (stylus) scans through the surface of the sample and measures the
difference in the step height. The change in the position of the stylus as it scans across
the sample surface is calibrated to the step height thereby giving the thickness
measurement. The Dektak profilometry measurement is essentia for measuring the
step height in determining the etch stop during mesa etch of device processing, in
determining the deposition thickness of the dielectric thin films and the re-grown
source/drain regions. In essence, a Dektak functions on a similar vertical displacement
principle asan AFM but not the lateral resolution.

3.6.4 Scanning Electron Microscopy and Cathodoluminescence:

In scanning electron microscopy, a beam of electrons is generated, accelerated
and scanned across the surface of a sample. The beam sample interaction produces
x-rays, electron-hole pairs, Auger electrons, backscattered and secondary electrons,
and Bremsstrahlung radiation. Each of these signals can be used for a variety of
imaging and analysis technigues. Secondary electron microscopy uses the secondary
electrons that gect from the sample surface and collected at a positively biased
grid/detector assembly. The secondary electron intensity is a measure of the
topography of the sample. Secondary electrons are emitted from the first few
monolayers of the sample. The topographical differences in the sample give rise to
different levels of secondary emission and further signal amplification of this
secondary electron output contrast provides a measure of the morphology of the

sample.
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Cathodolumminescence detects the light emitted by the electron-hole pair
recombination in the sample as aresult of electron beam interaction. The emitted light
after the EHP recombination is reflected into an eliptical mirror that diverts this light
into a detector system. In monochromatic mode an additional mirror deflects the light
to afine grating which disperses the light spatially corresponding to each wavelength.
In panchromatic mode all wavelengths are directed to a detector. The output signal
detected therefore is a measure of the light emission from the sample surface. The
bandgap and luminous spectrum of the sample being examined can be determined
easily in amanner analogous to photoluminescence.

These techniques were used to observe the morphology of the as grown GaN
samples, the morphology after recess etching, mask deposition, mask etch,
source/drain re-growth, and every step prior to and after during device processing.
Cathodoluminescence was used to measure the bandgap and midgap luminescence
from the as grown GaN, and the highly doped source/drain regions.

3.6.5 Transmission Electron Microscopy and Electron Energy Loss
Spectroscopy:

Transmission electron microscopy is complimentay to secondary electron
microscopy except that in this technique the scattering from the transmitted electrons
through the sample are measured or analyzed to observe features in the sample. The
spatia phase contrast in the image is related to differences in path length and
transmitted wave diffraction conditions. This difference in elastic scattering of

electrons can be used to image didocations, grains in the sample, and other defects.
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Under correct defocusing conditions, direct imaging of lattice planesis possible in the
high resolution mode. Identification of different dements based on their atomic
number (Z-contrast) is possible through detection of ineleastically scattered electrons,
the scatter depending on the elements present in the sample (based on their atomic
number-Z-contrast). In this study, diffraction contrast imaging, high resolution and
Z-contrast imaging have been performed to observe the gructure of re-grown/as
grown GaN interface, as well asto examine the contrast between the mask region and
the re-grown region for typical transistor structures. Electron energy loss spectroscopy
(EELS) measures the amount of energy loss as the electron scatters through the
sample due to inelastic collisions. The energy loss depends on the composition of the
material inthe sample. EEL S was performed in our samples to determine the presence
of Si inthe doped layer.

3.6.6 Secondary lon Mass Spectroscopy (SIMS):

Secondary ion mass spectroscopy is an analytical spectroscopy technique used to
detect and quartify low-level impurities in the substrate. Sputtering of the sample
surface by a primary ion beam followed by mass filtering spectrometry using a
magnetic field or RF quadrupole system on the emitted secondary ions constitutes
secondary ion mass spectrometry (SIMS). As aresult of ion impact from the ion beam,
atomic and molecular species, electrons, and photons are emitted from the surface,
while in SIMS analysis, only the secondary ion emission is studied. The secondary
atomic and molecular particles originate primarily from an emission zone. The atomic

and molecular ions may aso come from deeper layers if they have sufficient kinetic
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energy. Secondary ions produced by sputtering are extracted from the sample. If large
mass spectrometer components are held at ground potential, the sasmple must be held
a high voltage to provide accelerating potential. The secondary ions accelerate
toward the ground plate of an electrostatic lens. This first lensis caled the immersion
or ion extraction lens. The second (transfer lens) focuses the ion beam onto the mass
spectrometer entrance slits or aperture. This two-lens system congtitutes an ion
microscope. The secondary ions could be projected onto an image detector for
viewing the sample surface. Different transfer lenses produce different magnifications.
The secondary ions are mass analyzed using quadrupole mass analyzers and detected
using single ion counters or faraday cup. Thus, the specific ions corresponding to the
specific elements can be detected efficiently with this method giving a quantitative
analysis of the impurities in the sample.

3.6.7 Micro-Raman Spectroscopy™?:

When light is scattered from a molecule most photons are elastically scattered.
The scattered photons have the same energy (frequency) and, therefore, wavelength,
as the incident photons. However, a small fraction of light is scattered inelastically
and the emitted photons have different optical frequencies different from and usudly
lower than the frequency of the incident photons. This process of inelastic scatter is
the termed the Raman effect. Raman scattering can occur with a change in vibrational,
rotational or electronic energy of a molecule. The difference in energy between the
incident photon and the Raman scattered photon is equal to the energy of avibration

of the scattering molecule, either added to or subtracted from the incident photon
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energy. Raman scattering is a three-body process (electron-hole, vibration) which
simultaneously conserves energy and momentum.

A plot of intensity of inelasticaly scattered light versus energy difference is a
Raman spectrum. The vibrationa modes are changed with the structure and the
bonding in a materid. For crystalline solids, the vibrational modes are also changed
due to dress in the sample. The free carrier interaction with longitudinal phonon
modes (LO) in the crystal leads to the observation of longitudinal plasmon phonon
modes (LPP). This plasmon frequency is related to the number of free carriersin the
sample. Therefore, Raman spectroscopy can determine the structure, measure the
stress in the thin films and determine the free carrier concentrations.

In thiswork Raman spectroscopy has been performed to determine the structure of the
doped re-grown source/drain contacts and determine the carrier concentration from
the Si doping.

Micro-Raman spectroscopy is Raman spectroscopy in small regions facilitating
optical characterization of different regions in the selected area regrown sample used

in this study.
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Substrate Material | Lattice Coefficients  of
Parameters (&) thermal expansion
(10°/K)
GaN a=3.189 5.59
c=5.185 3.17
AIN a=3.112 4.2
c=4.982 5.3
6H SIC a=3.08 4.2
c=15.12 4.68
Sapphire a=4.758 75
c=12.99 85
ZnO a=3.252 29
c=5.213 475
S a=5.43 3.59
GaAs a=5.6533 6
3C-SC a=4.36
MgO a=0.216 10.5

Table 3.1: Properties of GaN and related substrates used for GaN epitaxy

Materia Dielectric Eq(eV) AE. on GaN
Constant (eVv)

GaN 9.5 34

AIN 8.5 6.2 1.7

Ga0, 10 54 0.9

SO, 39 9 2.3

SisN, 7.4 45 Unknown

Table 3.2: Electrical Properties of potential dielectrics used in

GaN MOSFETs
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Abstract

A significant limitation in the fabrication of 111-N MOSFET relates to the
formation of ohmic contacts for enhancement-mode MOSFET dructures.  Unlike
existing 111-N HFET devices, which include a high free carrier density two dimensional
electron gas (2DEG) in the semiconductor substrate, a MOSFET in either accumulation
or inversion mode require low free carrier concentrations for the semiconductor channel
to have an off-state. The applied gate bias enhances the free-carrier density in the
channel, turning on the FET. Unfortunately, a low free-carrier density substrate is
problematic for the formation of ohmic contacts, a problem usually dealt with in silicon
MOS through self-aligned ion implantation. The high annealing temperatures associated
with activating implanted dopants to substitutional sites limits the use of ion implantation
for I11-N MOSFET fabrication. To overcome this difficulties, selected area epitaxia re-
growth of doped I11-N materials was developed to form source-drain contacts on
otherwise low-doped I11-N epitaxial substrates, yielding the needed N+/n-/N+ or N+/p-
IN+ structures. Contact re-growth was performed by MOVPE using a silicon nitride
dielectric mask defining plasma etched recesses in the source-drain region. A significant
acceleration in the growth rate and surface roughening was observed following re-growth
relative to a non-selective area epitaxial growth due to the reduced fill-factor, motivating
a general change in MOV PE operating conditions during re-growth. As the re-growth
was intentionally designed to limit the lateral extent of the source-drain regions, the
MOV PE re-growth process was performed under conditions limiting lateral overgrowth.
[11-N MOSFET dructures with epitaxial regrown contacts are projected to provide a

pathway for low threshold voltage devices suitable for amplifier or logic applications.
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1. Introduction

The unique properties of GaN, high saturation velocity, high electron mobility,
wide bandgap energy and high thermal conductivity make it a promising material for
future device fabrication as field effect transistor (FET) channel lengths become smaller.
Degpite the excellent success of GaN through the fabrication of heterojunction field effect
transistors, [1,2,3] fabrication of GaN Meta Oxide Semiconductor (MOS) transistors has
been difficult and elusive. The primary reasons for this are the non-availability of a gate
dielectric free of interface states and the simultaneous requirement of ohmic source/drain
contacts. The studies on the use of an epitaxial Ga,0Os/Gd,O5 dielectric layer deposited
over GaN have been published in an earlier work [4]. This paper discusses the growth of
source/drain n* regions by the selected area epitaxial re-growth technique at a low
temperature in order to form ohmic contacts. The selected area epitaxial re-growth is a
deviation from the pendeo and epitaxial lateral overgrowth [5,6] in that deposition is
intentionally limited to the patterned areas. The lateral re-growth process laterally over
the silicon nitride mask is absent and the growth is stopped before the lateral overgrowth
begins.
2. Experiments

Undoped GaN buffer layers were grown by metallorganic vapor phase epitaxy
(MOVPE) using an in-house designed vertical flow showerhead, high speed rotating
substrate reactor on 2 inch c-plane sapphire substrates. Prior to the growth of the high

temperature GaN buffer, the substrate was 10 minute nitridated at 1000°C and a low
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temperature AIN buffer layer was grown. The precursors were NHz and TMGa. Growth
was performed at 1040°C and 76 Torr chamber pressure. The V/III ratio was 2000 and
the thickness of the buffer layers achieved was about 0.5pm/hour. Fabrication was
performed in a class 1000 clean room. The intended MOSFET structure is shown in
Figure 1. The gate and the source/drain regions were identified by the photolithography
process followed by lift-off and reactive ion etching using Cr-Ni mask. The thickness to
determine the etch stop is measured by Dektak profilometer and the metal etch is
performed to remove the Cr-Ni mask. The substrate is later transferred to the MOCVD
reactor for the re-growth of highly doped n" GaN regions in the recess. The re-growth
was done at various temperatures and the morphology was optimized by precursor flow.
Morphology before and after re-growth was examined by JEOL JSM 6400 scanning
electron microscopy at 5kV.
3. Reaultsand discussion

Figure 2 shows the morphology of the re-grown region after 30 minutes of GaN
re-growth using the same parameters as were used for the initial buffer layer. The target
thickness was ~300nm in 30 minutes at the growth rate of the initial buffer layer,
0.6:m/hour. The GaN being selective and growing only in the mesa recesses that occupy
an average of 15% of the substrate, the diffusion of the precursors into the selective areas
accelerated the growth rate yielding a thickness of ~2200nm or 4.4«n/hour, an increase
of about seven times that of growth on unpatterned substrates. Considering afill factor of
only 15% the effective growth rate is 1.05 times the original growth rate. In addition to
the very high growth rates, the morphology was porous and rough and inappropriate for

contact fabrication. This growth rate increased in the unmasked regions because of the
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lateral transport from the masked regions [7]. The growth time was reduced and although
the thickness achieved was ~300nm after 12 minutes, the porosity remained. This
indicates an influx of precursor material to the selected areas as a controlling factor of
growth morphology. The precursor flow was then decreased by one third keeping the
V/II1 ratio the same for the subsequent re-growths. The decrease in time and precursor
flow resulted in non-uniform nucleation in the GaN mesa regions and no GaN in the field
region. Further increase in time of growth increased the thickness of the pre-existing
nuclei but did not increase the nucleation density or coalescence.

A decrease in temperature to 1030°C resulted in faceting of individual islands
while an increase in temperature to 1060°C enhanced the lateral growth of the existing
nuclei. The morphology of re-grown region at 1060°C for 20 minutes is shown in figure
3(a) and 3(b). Although the lateral growth of nuclei was enhanced at high temperature,
the initial nucleation density being very low, the coalescence happened only when the
nuclei grew very thick (~4um). The coalescence of the islands should happen within
300nm, the depth of the etched GaN recess. Hence, a low temperature approach was
considered. The increased nucleation density is evident from figure 4(a) and 4(b) for the
GaN re-growth at 1000°C. The nucleation density however did not increase after
reloading the sample in the chamber (figure not shown). The existing nuclei remained the
same but appeared thicker than what is seen in figure 4. This indicates the enhanced
nucleation density with decrease in temperature motivated by the low temperature buffer
innovation during the early stages of GaN research [8,9]. Re-growth of GaN at 500°C
only for 10 minutes did not yield any growth (figure not shown). An intermediate of GaN

re-growth at 800°C was performed for 10 minutes. The thickness measured by Dektak
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profilometer was ~300nm. The growth rate is 1800nm/hour and is ~3 times as that on
unpatterned substrates. Including the fill factor correction, it is 0.45 times the normal
growth rate indicating a different growth regime then the higher temperature re-growth.
Reduction in effective growth rate could be attributed to the decrease in the temperature
and the reduction in the precursor flow. The morphology was significantly smoother
with pits on the surface as seen in the SEM images in figures 5(a) and 5(b). The origin of
these pits is possibly due to artifacts arising during the recess etching prior to re-growth.
We surmise that the selected area re-growth mechanism on patterned substrates is surface
reaction limited.

The possible mechanism for the change in the surface morphology during
selective growth with the reduction in temperature is the decreased diffusion length of
GaN which enhances the nucleation. This would result in uniform nucleation across the
exposed area. This result is in agreement with the epitaxial lateral overgrowth of GaN
experiments performed on Si (111) [7]. However, the only drawback with the current low
temperature regime is the occasional formation of GaN islands in the field region as seen
in figure 3. This is eliminated after performing a mesa etch before removing the silicon
nitride mask from the gate regions. In addition to this, selected area re-growth at
temperatures of 750°C and 850°C has also been performed. Although the morphology
was similar in the SEM, the best specific contact resistivity was obtained for the 800°C
sample. The resigtivity of the re-growth region was 2x10* ohm-m for a Si doping of
~5x10%/cm?®. Further work includes cross-section TEM studies to determine the crystal
structure and orientation. XRD was not performed as this effect of morphology was

observed only for selected area growth. The morphologies of non-uniform nucleation in
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figures 3 and 4 resemble that of a smilar growth performed by Suda et al using MOMBE
at 800°C which resulted in cubic GaN [10]. Our study also agrees with a re-growth of
GaN on etched GaN templates by He et a using plasma MBE where a lowering of
temperature enhanced coalescence and uniform growth [11]. For re-growth to occur there
should be a GaN template material in the recess. Hence, the etch stop during the recess
etch isavery important step in device processing.
4.Conclusion

A low temperature epitaxial re-growth was demonstrated for the growth of GaN
in selected areas on patterned substrates. The low temperature growth regime offers the
advantage of uniform nucleation and reduced porosity. The successful fabrication of
highly doped re-grown ohmic contacts has been achieved as an important step in the

fabrication of enhancement mode GaN MOSFETSs.
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Figure Captions
Figl. The intended MOSFET Structure
Fig2. Tilted SEM image of regrown region for 30 minutes at 1040°C with precursor flow
same as the base layer flows.
Fig3(a). Top view SEM image of regrown region for 20 minutes a 1060°C with
precursor flow two-thirds of the base layer flows.
Fig3(b). Tilted view of the same region as 3(a). The sidewall thickness is ~4um. Non-
uniform coverage with faceted islands.
Fig4(a). Top view SEM image of regrown region for 5 minutes at 1000°C with precursor
flow two-thirds of the base layer flows.
Fig4(b): Tilted image of the same region as 4(a). Coverage of the regrown area is
increased compared to the growth a 1060°C. No sidewall is seen in these 5 minutes of
regrowth.
Fig5(a): Top view SEM image of regrown region for 10 minutes at 800°C with precursor
flow two-thirds of the base layer flows. Complete coverage is achieved.
Fig5(b): Tilted image of the same region as in 5(a). The GaN islands in the field region

and pits on the re-grown region are seen.
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Appendix 4A

Summary of the Regr owth Design of Experiments

GaN regrowth a typical growth temperature of 1040°C similar to growth on
unpatterned sapphire resulted in highly porous material. A reduction in the precursor
material and the total growth time did not have any impact on the coverage or the
morphology for typical GaN growth temperatures (~1040°C). The change in surface
morphology of regrown n*GaN with temperature is illustrated in Figure 4A1. The
morphology of the regrown region at temperatures of 800, 1000 and 1060°C is shown.
The island growth and the non- uniform coverage can be noticed at 1060 and 1000°C.
The coverage appears to increase with decrease in temperature as seen from the figures.
The coverage at 1040°C with reduced precursor flow (not shown) was similar to that of at
1060°C. At 800°C, uniform coverage is observed. Similar morphologies were observed
for selected area regrowth at 750 and 850°C. The variation of island density per unit area
is shown in figure 4A2(a) and the coverage normalized to unity is shown in 4A2(b). In
both the figures, a region of uniform coverage has been identified. It has been observed
that the thickness of the randomly created islands only increased and no additional
coalescence happened with increasing growth times indicating that the growth proceeds
preferentially on the initially formed islands without the generation of new growth
islands. In addition to this, the location of islands was correlated to the topographical
features which evolved during reactive ion etching asillustrated in figure 4A3.

From the variation in surface coverage with temperature, it is evident that uniform
and selective area regrowth coverage is obtained only at low temperatures. This is in

contradiction to the regrowth of GaN on an as grown GaN surface or on an unetched
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surface where it is a homo-epitaxial growth process, the substrate surface and the
growing film being the same. We surmise that the reactive ion etching alters the surface
and the resulting possible change in surface energy necessitates a low temperature re-
nucleation approach for uniform coverage. The surface damage that occurs after reactive
ion etching could result in the creation of non-stoichiometric surfaces, creation of near-
surface lattice defects, implantation of etching species or hydrogen into the material, and
the deposition of polymer onto the surface as reported by Adesida et al*.

The thin film growth thermodynamics and nucleation kinetics that form the basic
scientific framework for this growth behavior has been listed in detail in chapter three in
section 3.1.2. A low temperature ensures that a uniform nucleation density is increased
due to the increased undercooling and reduced diffusion length?. The diffusion length of
Ga adatoms also decreases at low temperatures with the exponential dependence of
surface diffusivity of adatoms on temperature’. This localization of Ga atoms on the
surface leads to better coalescence on the surface as observed by Le et a for a regrowth
of GaN on wet etched GaN surface by molecular beam epitaxy”. Therefore, it can be
inferred that the regrowth of GaN on etched GaN surfaces is limited by the nucleation
and diffusion kinetics at reduced temperatures relative to temperatures’.

Conclusions

Low temperature is necessary for a uniform regrowth of GaN on reactive ion
etched and patterned GaN surfaces and confines growth to selected areas. The possible
change in surface energy due to the reactive ion etching necessitates a re-nucleation

followed by uniform growth a low temperature. Future work includes a detailed
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structural and interfacial characterization and further optimization of the low temperature

regrown ohmic contacts.
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Figure 4A3: The Island growth occurring at topographical features
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Abstract

An effective gate insulator for compound semiconductors has been a challenging
goal for the materials research community for nearly 40 years. Recent developments on
the epitaxial deposition of complex gate oxides as gate insulators have shown promise
with the demonstration of enhancement mode high electron mobility transistors (e-mode
HEMTS). In thiswork, gate oxide epilayers deposited on I11-V semiconductors for field
effect transistors (I11-V MOSFETS) are examined using transmission electron microscopy
(TEM) to identify the structure of the oxide/semiconductor interface. The high resolution
images of the cross-sectional structures reveal a crystalline nature of the interface
between the oxide and the 111-V semiconductor. The surface morphology of the FET
structures is investigated by atomic force microscopy (AFM) both before and after gate
oxide deposition, and the structural results are related to device DC electrical
characteristics. With an underlying GaN/InGaN heterojunction grown by metal-organic
chemical vapor deposition (MOCVD) on sapphire, the MOSFET devices exhibit the
characteristics of a substantially unpinned interface, including the capacity for significant
charge accumulation and transconductance at positive gate voltages.
INTRODUCTION

The scaling of transistors to nanoscale gate lengths is driving an increasing
demand for developing high-k dielectrics thin films over semiconductors. The
requirements for the dielectric layer that is grown include high dielectric constant, band
gap, conduction band offset, low oxygen diffusivity, thermodynamic stability and most
importantly a very high quality interface with minimum interfacial states density (Di;) and

low gate leskage current Thermal stability is another important problem as the devices
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are scaled to low size-scales. As a potential aternative to Silicon, 111-V compound
semiconductors offer high thermal stability, high speed and high power switching'®. In
the case of fabricating transistors based on 111-V compound semiconductors, growth of a
high quality insulating layer under the gate has aways been a limitation. Many insulating
layers like GaOs, GapOs (Gd203), Y205, Sc,03, MgO, thermally oxidized GaN film,
have been tried both on GaAs and GaN based transistors™*. Recently, epitaxially
deposited Ga,0O; and Ga,03(Gd,03) have been studied for the fabrication of I11-V
compound transistors. Both the oxides provide very good quality dielectric with reduced
defect densities and interfacial states™. The structure of the dielectric film has been
observed by many research groups. Ren et. a. reported amorphous Ga,0s/Gd>Os grown
on GaN by electron beam evaporation™. Johnson et. al, reported epitaxial growth of
Gd,03; grown on GaN by gas source molecular beam epitaxy®. Hong et. al. reported a
structure with a short range order and presence of the GaOs/Gd,O3 nanocrystals in the as
grown film°. In this paper we present the morphology and structure results of
Gay04/Gd;05 grown on GaN/InGaN heterostructure by MBE. The characterization of the
films included determining surface morphology by atomic force microscopy (AFM) and
atomic structure by high resolution transmission electron microscopy (HRTEM).
EXPERIMENTAL DETAILS

The GaN/InGaN heterostructures were grown on c-plane double side polished
sapphire by metal-organic chemical vapor deposition (MOCVD) at the NCSU Photonics
Research Lab. The deposition of the heterostructure was performed in a vertical flow
shower head reactor equipped with high speed substrate rotation, which can reach up to

1100 rpm. The growth temperature was 1040°C and chamber pressure was maintained at
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76 Torr. The thickness measured was 1um. Later the GapOs/Gd,Os gate oxide films of
about 5-7nm were deposited on the underlying heterostructure by molecular beam
epitaxy (MBE) at OSEMI Inc. The samples were shipped between the two facilities in a
sealed container which was backfilled to protect against uncontrolled surface oxidation.
The MBE was a modified VG-80H system configured for pumping oxygen rich
environments. An RF plasma source was used to generate reactive oxygen species™®.
Unlike the work of other groups, thermal effusion sources were used for both elemental

15,17

gadolinium (Gd) and compound gallium-oxide (Gax0s) As a guiding principle for
our work, the use of a sub-oxide species provides a source flux for which Ga-O bonds are
pre-formed and avoided the impinging of a Ga metal species on the Ga-face of MOCVD
grown GaN. Such areaction is thought to provide a mechanism for Ga droplet formation
and interface incoherency and is a critical factor in producing a low interface state density
dielectric structure™*2,

After gate oxide deposition, the wafers were characterized by AFM using a
Digital Instruments Nanoscope Illa The cross-section samples for TEM were prepared
by standard polishing down to 50 pm followed by dimple polishing and ion milling in a

PIPS ion mill at an argon beam energy of 6keV. The TEM was performed in the JEOL

2010F at 200kV equipped with a hot field emission source. TEM samples were examined

along the [ 0110] zone axis of sapphire.

RESULTS AND DISCUSSION

Figure 1 shows the top view AFM image of the gate oxide film grown on the
heterogtructure. The size of the scan area chosen is 1um x 1pm. The measured root mean

square (RMS) roughness is 3.06 nm. The roughness seems to be high given the thickness
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of the film is only about 5-7nm. It can be noticed that there is a nano-segregation of the
film seen into cluster-like overgrowth structures at the film surface. This nano-
segregation of the oxide film is thought to be related to the substrate temperature during
oxide deposition, and needs to be reduced to ensure a better morphology of the gate oxide
and improved device performance. This can be achieved by optimizing the MBE growth
parameters during the gate oxide growth, taking into account the difference in thermal
absorption and actual temperature for an opaque (GaAs) and transparent (GaN) substrate.
Optimization of gate oxide growth parameters is being performed and will be reported
separately. The HRTEM images are shown in figures 2-3. Figure 2 shows the interface
between the Ga,0Os/Gd,Os dielectric and the GaN semiconductor. The oxide structure has
polycrystalline grains with amorphous pocket inclusions. The oval shaped amorphous
pockets are present throughout the interface and are 3-5 nm in spatial length. The
presence of these amorphous pockets could be due to the carbon contamination in the
TEM and may not be related to the oxide. Similar amorphous pockets were not observed
in another sample of the same structure. As one possible explanation, the amorphization
might be either due to the result of ion bombardment or electron beam-specimen
interaction. The evolution of amorphized structure due to beam-specimen interaction was
clearly noticed in our previous work where HRTEM was performed on cleaved
Gax04y/Gd,05)/GaAs samples™. In our TEM work on epitaxially deposited oxides on
GaAs, the interface transformed from a coherent crystalline structure to an amorphous
layer slowly after about 8 minutes of electron beam-specimen interaction. The size of the
amorphous layer increased with time of beam-specimen interaction. However, in the

present study of the oxide structure on GaN, no change in amorphization was observed
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durina HRTEM. Hence. we pelieve uiz as-deposited film may be epitaxial but
transforming into nano-crystalline with arnorphous cluster transformation during the ion
milling while sample preparation. As an alternate explanation, these amorphous
inclusions may be related to the clustering phenomena in the AFM image, as the
observed thickness of inclusions in HRTEM corresponds to the RM S surface roughness.
Further HRTEM analysis of samples with oxide layers grown using different substrate
temperatures will provide insight into the exact nature of amorphous cluster formation.

Figure 2 shows the lattice coherency between the underlying GaN and the
Gap0s/Gd,0s for selected polycrystalline grains. The orientations of two of the grains
identified as 1 and 2 in the oxide film can be seen. The coherency at the interface and the
polycrystalline nature of the oxide seems to agree with our observation above that the as-
grown oxide layer is epitaxially coherent for individual grains. The selected area
diffraction patterns (SAD) from the film could not be obtained because the film thickness
(~6nm) was not sufficient to get good SAD patterns or anaysis. However, the
polycrystalline nature of the oxide film is evident from the HRTEM images of figures 2
and 3. An accurate compositional analysis of the oxide needs to be performed by electron
energy loss spectroscopy at the interface and secondary calibration methods such as x-ray

photoelectron spectroscopy (XPS) for exact stoichiometry to be determined.

The DC |-V characteristics results using the same gate oxide on a different but
similar InGaN/AlGaN based FATFET structure reported in our previous work are shown
in figure 4. The device exhibits peak enhancement mode transconductance of gn=17.5

mS/mm for V4 = +5V. The enhancement mode is observed beyond 2.5V for the AlGaN
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MOSFET while the InGaN p-HEMT depletion mode device characteristics are observed
upto 2V.
CONCLUSIONS

Ga,03/Gd,03 has been deposited on GaN heterostructure by MBE. The dielectric
grows with lattice coherence with the underlying GaN layer. The AFM analysis indicates
some overgrowth and segregation of the oxide at the surface. From the TEM, it is
inferred that the interface is continuous and coherent with respect to the underlying GaN
layer. The nano crystalline grains and amorphous phases could have been formed by the
ion beam-specimen interaction during the sample preparation. Further studies to
determine the stoichiometry and compositional analysis will be performed. The DC |-V
characteristics indicate the prospects of achieving enhancement mode operation in GaN
based field effect transistors usng Ga,0s/Gd,O3 as the gate insulator.

The authors acknowledge the support of OSEMI Internal R &D funds. OSEMI
authors acknowledge the support of Navy Contract Number: N0O0178-03-C-3011 (Randy

Lasiter, Program Manager).
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Figure 1: AFM image of the Gate Oxide Surface.
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Figure 2: HRTEM image of the interface between Ga,03(Gd,Os) and GaN.
Circled regions denote individual nanocrystalline regions. The oval shaped
amorphous regions could be due to contamination.
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Figure 3. HRTEM image of the interface showing coherency between the oxide
and the underlying GaN. The different grains 1 and 2 of the oxide indicated by the
arrows can be noticed.
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Abstract

Selected area epitaxial re-growth of doped 111-N materials was developed to form
source-drain contacts on otherwise low-doped I11-N epitaxial substrates, yielding N*/n’
IN" or N*/p/N* structures for GaN enhancement mode metal oxide semiconductor field
effect transistor (MOSFET) fabrication. Contact selected area re-growth was performed
by metalorganic chemical vapor deposition (MOCVD) using a silicon nitride dielectric
hard mask to define plasma etched recesses and to define regions for selected area growth
in the source-drain region. As the re-growth was intentionally designed to limit the
lateral spreading of the regrown material from the source-drain regions, the MOCVD re-
growth process was performed under conditions limiting latera overgrowth. A low
temperature re-growth process at 750-850°C was adopted. Cross-section of regrown
ohmic contact structures were examined by transmission electron microscope (TEM).
High-resolution selected area electron microscopy images, diffraction and Z-contrast
images confirmed the re-growth selectivity and reveal that the low temperature re-grown
GaN is epitaxial and has wurtzite crystal structure. The electron energy-loss spectroscopy
measurements further revealed the presence of Si dopant and the presence of a Ti-Al-O
reaction layer at the metal-contact and the re-grown GaN interface. 111-N MOSFET
structures with epitaxial regrown contacts are projected to provide a pathway for low
threshold voltage devices suitable for amplifier or logic applications.
Keywords: GaN, Ohmic Contacts, Selected Area Re-growth, MOSFET, MOCVD

PACS Code: 81.05.Ea, 81.15Gh
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Introduction

The physical properties of GaN, high saturation velocity, high electron mobility,
wide bandgap energy and high thermal conductivity, make it a promising material for
future device fabrication as field effect transistor (FET) channel lengths become smaller.
Degpite the success of GaN through the fabrication of heterojunction field effect
transistors (HFETS), fabrication of GaN Metal Oxide Semiconductor (MOS) transistors
has been elusive, particularly for enhancement mode devices"**. The primary reasons
include the non-availability of a gate dielectric with alow density of interface states and
the simultaneous reguirement of ohmic source/drain contacts. The studies on the use of
an epitaxial GapO3/Gd,O3 dielectric layer deposited over a Il1I-N heterostructure
previously examined®. A significant limitation in the fabrication of 111-N MOSFET
relates to the formation of ohmic contacts for enhancement-mode MOSFET structures.
Unlike earlier I111-N HFET devices, which have a high free carrier density two
dimensional electron gas (2DEG) in the semiconductor substrate, a MOSFET in either
accumulation or inversion mode requires low free carrier concentration in the
semiconductor channel to have an off-state. This is typically overcome in MOSFET
fabrication by selective area ion-implantation of dopants into source-drain regions for
ohmic contact formation®®’. However, the high annealing temperatures associated with
activating implanted dopants to substitutional sites limits the potential use of ion
implantation for 111-N MOSFET fabrication’. To overcome these difficulties, low
temperature selected area epitaxial re-growth of highly doped GaN was adopted. The
selected area epitaxial re-growth is a deviation from other GaN regrowth techniques such

as pendeoepitaxy and epitaxial lateral overgrowth in that deposition is intentionally
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limited to the patterned areas and the growth occurs on an etched GaN surface®®. The
lateral re-growth over the silicon nitride mask is absent and the growth is stopped before
the lateral overgrowth begins. MOCVD process optimization of the highly doped
source/drain GaN ohmic contacts by selected area re-growth at low temperature has been
described in our recent work™. Additional structure and chemical analysis will provide
insight into material quality of re-grown GaN and predict materials related device
characteristics. In this paper we discuss the structural and chemical study of the
source/drain n* GaN regions by conventional, high resolution, and Z-contrast TEM
imaging. Electron energy-loss spectroscopy (EELS) has been performed to determine the
composition of the re-grown GaN film.
Experimental Details

After the GaN re-growth by MOCVD, electrical test structures were defined by
lithography™. The GaN channel is nominally undoped GaN material, allowing for the
formation of an accumulation channel between source and drain. Ti/Al/Mo/Au ohmic
contacts were deposited on the re-grown source/drain regions by electron beam
deposition. The sample used in this particular TEM study has the n* regrown regions
deposited a 850°C. These metal contacts were then rapid thermal annealed at 800°C for
30 seconds in a N, atmosphere. This temperature and time have been optimized through a
design of experiment for minimum specific contact resistivity. A 3mm x 3mm sample
was cleaved from a sample representative of the regrown structures. The cross-section
samples were prepared for TEM by standard polishing to 50 um thick followed by dimple

polishing and ion milling in a PIPSion mill at an argon beam energy of 6keV. The TEM
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and EELS were performed in the JEOL 2010F at 200kV equipped with a Schottky field
emission source. The EELS spectrometer resolutionis 1.2 eV.
Results and Discussion

Figurel(a) is a bright field image of the overall regrown structure. All the three
regions, the gated SiNy mask region, the low temperature re-grown GaN and the as grown
GaN nitride grown at 1040°C, are observed. The top bright layer above the regrown
contacts is a polycrystalline layer of Ti, Al and O, the presence of which was confirmed
by EELS. The corresponding selected area diffraction pattern (SADP) from the
polycrystalline top contact area is shown in the inset. The spots and ring patterns are
consistent with the different misoriented grains in the polycrystalline reaction layer. A Z-
contragt image of the sample from the contact structure is shown in figure 1(b). From the
Z-contrast images, it can be inferred that there is no distinguishable chemically related
contragt between the as grown and the re-grown GaN indicating a growth of GaN at low
temperature. In addition, an accelerated overgrowth localized to the SNy mask edge is
consistent with the sidewall patterns observed after re-growth by scanning electron
microscopy®. The Dektak profilometry also shows a sharp spike as the stylus moves
from the re-grown GaN to the mask. This enhanced growth rates at the mask step edge is
similar to the results reported by other groups on selected area regrowth of GaN on
Si**2. At high temperatures a ~4pm thick sidewall is noticed™®. From earlier work, we
concluded that nucleation which promotes 2D surface morphology of GaN is enhanced at
low temperature™. The thickness of the regrown n* GaN increasing gradually away from

the step edge is also observed in the figure.
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A bright field image of the re-grown GaN is shown in Figure 2. The dislocations
terminate at the surface forming “v* grooves on top of which a metal contact reaction

layer. The corresponding selected area diffraction pattern of the re-grown GaN in the

[OliO] zone shown in the inset confirms the crystal structure to be wurtzite and that the
film is crystalline. This is consistent with standard GaN grown heteroepitaxally which
yields a high density of closely aligned GaN crystal domains™®. The absence of a
significant additional defect concentration at the regrowth interface is an indication that
the low temperature regrown region is a template from initial underlying GaN layer.
Figure 3 shows the high resolution image of the re-grown GaN and metal contact
interface. The reaction layer also noticed in figures 1 and 2 as seen is polycrystalline with
different grain orientations observed in the image.

EELS has been performed to determine the elemental composition of the film.
Figure 4 shows the EELS edges of Si-L,3z and N-K in the re-grown GaN region. The
presence of Ga has been surmised from the diffraction and structure determination. EELS
was performed to check the presence of Si, O and any other elements in the re-grown
region and determine the composition of the reaction layer. Ga energy edges are out of
the range of the calibrated energy scale for Si and Al. Therefore the presence of only Si,
and N edges indicates the GaN film while the presence of any other elements indicates
other films, i.e. the AIN buffer layer, the sapphire substrate and the Ti-Al-O reaction
layer. Separately evaluated EELS spectra of the buffer layer indicate the presence of Al
and N consistent with the film composition and the underlying spectra contain Al and O
edges consistent with the substrate composition. Figure 5 shows the EEL S spectra of the

reaction layer where we see the Al-L, 3, Ti-L,3 and O-K edges. This is a reaction layer
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which is probably formed during rapid thermal annealing. The O-K edge was not visible
in the regrown region (detection limit about 2 atom%). However, the presence of O in the
re-grown region was separately confirmed by SIMS. Significant oxygen contamination
has not been typically observed in other samples grown in the same MOCVD system.
This oxygen contamination could come from the SiNy deposition system or the CHF; +
O, etch chemistry of the reactive ion etching of the SiN. The lack of a TiN layer in our
study which has been observed by other groups possibly indicates a Ga rich re-grown
GaN at low temperatures'. This is consistent with the fact that NH3 cracking efficiency
at 800-850°C is lower than a normal growth temperatures (>1000°C)™. The nitrogen
from GaN diffuses and reacts with the Ti and forms a low resistive TiN layer®.

Figure 6 shows the l4sVgs Characteristics of a MISFET structure, 80um gate
width by 40pm gate length, with the low temperature selected area regrown n* GaN
ohmic source drain contacts and a 30nm SiNy gate dielectric. The drain voltage Vgs
sweeps from OV to 15V, gate voltage V4 sweeping from 5V to 15V with 1V step size. For
analysis, gate leakage currents are removed to analyze drain to source charge transfer
characteristics only. Equal gate leakage to the drain and source is assumed. The drain-
source current is calculated by using lgs=(I¢-1s)/2. The final normalized curves show
enhancement mode operation with a threshold voltage of ~5V. The next revision of
devices will show nearly ideal fully depleted quas SOI behavior by thinning the channel
region to minimize excess source drain leakage currents.

Summary and Conclusions
In summary, a low temperature epitaxial re-growth was demonstrated for the

growth of GaN in selected areas on patterned substrates. The change in the growth
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temperature has not affected the growth structure of GaN. Re-grown GaN at low
temperatures is epitaxial with no contrast observed compared to the as-grown GaN at
high temperature. The structure of the low temperature regrown GaN is wurtzite. The
absence of a consistent TiN layer at the contact/regrown interface is possibility due to a
nitrogen deficient GaN. It is highly doped with Si*®'". A MISFET structure fabricated
with low temperature regrown n" doped ohmic contacts demonstrates enhancement mode
operation. The successful fabrication of highly doped re-grown ohmic contacts has been

achieved as an important step in the fabrication of enhancement mode GaN MOSFETSs.
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Figure Captions
Figl(a): The bright field image of the transistor structure at the interface. The dotted lines
separate the low temperature re-grown and high temperature as-grown GaN under the
SisNg mask. Inset is the SADP of the re-grown GaN and the Metal Contact interface.
Polycrystalline rings and different grain orientations are observed
Figl(b): The Z-contrast image of the transistor structure at the interface.
Fig2: The bright field image of the re-grown GaN region. Inset shows the SADP of the
re-grown GaN region tilted to the standard [01-10] zone axis
Fig3: The high resolution image of the re-grown GaN and the Metal contact interface.
Fig4: EELS Spectrum of the Re-grown Region
Fig5: EELS Spectrum of the reaction layer at metal contact/n"GaN interface. The Ti and
O edges are shown in the inset.
Fig6: 1¢-V4 Characteristics that show the enhancement mode operation of the GaN

MOSFET with low temperature regrown ohmic contacts. Threshold Voltage ~5V.
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7.1 Introduction
This chapter is a summary of secondary ion mass spectroscopy (SIMS), and
micro-Raman spectroscopy performed in collaboration in with Dr Minseo Park’s
group a Auburn University, Alabama. The chapter describes the details of the
experiment, results obtained and conclusions drawn from the experiments. In this
work, stress, crystal quality, carrier concentration and mobility of overgrown layers
were determined, and the values were compared with those of the undoped layer.
Micro-Raman was chosen because of its convenience in analyzing micro-regions in
the specimen, which are the selected area regrown regions in our work. Micro-Raman
spectroscopy alows for contact-less and non-destructive analysis for small volumes
with high spatial resolution.
7.2 Experiment
SIMS was performed on the highly doped source/drain region to determine the
amount of Si doping. A large representative area in the sample was chosen that
underwent similar processing and the depth profiling was performed in CAMECA
IMS 6F SIMS instrument a the Analytical Instrument Facility (AIF) at NCSU. The
primary beam energy was 10kV Cs" ion beam and the sample high voltage was
maintained at -4.5V. The beam rastered around an area of 120 x 120um while the
detected area was 30 x 30um. The primary beam current was 15nA. The standard for
analysis used was GaN implanted with C, O, and Si, with 1x10*%/cm®, 3 x10%/cm®
and 1 x10™/cm?® respectively. A number of sample areas were analyzed and the

concentrations of Si, O, and C that were measured, were consistent throughout the
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area examined.

Micro-Raman Spectroscopy was performed in Dr Minseo Park’s laboratory
in the Physics Dept of Auburn university?. Micro-Raman spectroscopy was carried out
at room temperature using an optical microscope (Zeiss Axiotech) coupled with a
spectrometer (Jobin-Yvon). As an excitation, the 441.6 nm line from a He-Cd laser
(Kimmon Electric) was utilized. Backscattering geometry was used for the Raman
measurement.  The polarization states of the incident and the scattered light were not
analyzed. The laser beam (nominal power of 80 mW) was focused onto a spot with
~5 um in diameter on the sample surface. Stokes™ and anti-Stokes” Raman spectra
were collected using the spectrometer with a thermoelectrically-cooled charge
coupled device (CCD) detector. Spectral andysis was carried out using Origin-Pro
software.

7.2 Resultsand Discussion:

The Si concentrations measured at different areas in the sample by SIMS are
~5x10%%/cm®. The oxygen concentrations measured are very high in the order of
10%/cm®. This oxygen contamination possibly occurred during the SisN4 deposition.
The SizNg4 thin films on Si substrates as a part of another project were later analyzed
by Auger electron spectroscopy and significant amount of oxygen contamination was
detected in the films. The other possible source of oxygen could have been from the
oxygen incorporation into the re-grown GaN surface during the reactive ion etching of
SisN4. The oxygen amounts however could not be detected in the electron energy loss

spectroscopy for the re-grown region in another material grown in similar conditions.
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The SIMS profiles of dl the elements O, C, and Si are shown in figure 7.1. Peak
oxygen concentration of 1.7x10°%/cm® is observed while peak Si concentration has
been consistently ranging from mid to high 10"%/cm?® which is close to the solubility of
Si*. This implies that the re-grown region is sufficiently doped with Si and ensures
amost the same amount of carriers if complete ionization is assumed a room
temperature because of the shallow donor level Si in GaN.

In polar semiconductors, the longitudinal-optica (LO) phonons couple
strongly with plasmons through the macroscopic electric field®. The coupling
between the plasmon and the LO phonon produces two coupled LO phonon-plasmon
(LPP) modes, the . (LPP") and the w. (LPP)*. The coupling is through the
macroscopic electric fields of these excitations. The high frequency LPP" mode
behaves like an LO phonon at low carrier densities. The frequency of the LPP" mode
increases with carrier concentration, and eventually corresponds to the frequency of
the plasmon.  Such a mode was proposed by Varga®, and first observed in GaAs by
Mooradian and Wright*.

Waurtzite GaN belongs to the Ce,* space group, and group theory predicts A1(2)
+ 2B + Ei(x,y) + 2E;optica modes at the L' point of the Brillouin zone of GaN®.
Among these optical modes, the two E, modes are Raman active, the A; and E; modes
are both IR and Raman active, and the two B; modes are silent.  Because of the polar
nature of I11-V compounds, the A; and E; modes split into TO and LO components.
The Raman frequencies for Wurtzite GaN are shown in Table 7.1.

Figure 7.2 shows the Raman spectra of GaN at the re-grown region and the
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region covered during regrowth by the silicon nitride mask (gate region) showing the
E2¥ mode of GalN. The Raman spectra of the undoped GaN layer before processing
and abulk GaN crystal (Kyma Technologies, Inc.) were dso collected for comparison.
The sapphire E; mode (at 576 cm™) was observed since GaN is transparent to the
441.6 nm line of the excitation laser. The peak position and full width at half
maximum (FWHM) of the Raman E>® mode were determined by fitting the Raman
peaks in Figure 7.2 with Lorentzian functions, and the results are listed in Table 7.1. It
can be seen that the E,®) modes of the intrinsic GaN and the GaN at the gate region
are mostly the same. The FWHM s are close to that of the bulk crystal, indicating well
crystallized wurtzite lattice structures. An up-shift of 1.7 cm™ is observed in both the
intrinsic and gate GaN, compared to that of the bulk crystal. Assuming that the bulk
crystal is stress free and neglecting the hydrostatic stress contribution from point
defects, this downshift implies a compressive biaxial stress in the GaN layers. This
residua sress in GaN thin film grown on sgpphire substrate is usually observed due
to the lattice mismatch and the different therma expansion of the two materials.
Kisielowski et al. found that a biaxial stress of 1 GPa shifts the Ex® Raman peak of
GaN by 4.2+0.3 cm™ 2. This gives a 0.4 GPa biaxial compressive stress in the
intrinsic and gate GaN. The E,® Raman peak of the re-grown GaN is broadened and
shows a slight down-shift (0.6 cm™), which corresponds to a0.19 GPa biaxial tensile
stress. The free-electron concentration (4.7 10") in the re-grown GaN is much
smaller than the Si doping concentration which is on the order of 10**/cm® determined

by SIMS measurement.
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The L O phonon-plasmon coupled mode has been extensively sudied in the doped

polar semiconductors such as GaN®*°

. When the plasmon frequency i, approaches
the frequency of LO phononz, ,, the collective oscillation of free-electron gas starts
to couple with the LO phonon via their associated longitudinal electric field*®*° The
coupled mode splits into two branches: the high-frequency plasmon like LLP" mode
and the low-frequency TO phonon like LLP" mode. In our case the plasmon is
overdamped: i, < ¥ (¥ is the plasmon damping constant), therefore only the LLP*
mode can be observed. The increasing free-electron concentration will cause the
coupled mode to shift to higher frequency and broaden asymmetrically as shown in
Figure 7.3. This fact was exploited to extract the carrier concentration and mobility
from Raman experiment™. The free-carrier concentration of the re-grown GaN layer
and the intrinsic layer were determined to be 4.7 10 cm® and <3” 10 cm®
respectively although the doping concentration measured by the SIMS is high. The
mobility of the re-grown GaN layer was 171cm?/Vs™! and that of the channel GaN
layer was 263cm?/Vs®. The intrinsic GaN layer a the channel region under SiNy
mask region was found to have an effective free-carrier concentration of
3.8” 10" cm™ athough no substantial doping could be found in the intrinsic GaN.

The biaxial compressive stress in the intrinsic layer was found to be 0.4 GPa,
the residual stress was found to be fully relaxed in the re-grown layer. The Si doping
concentration in the re-grown layer was found to be 2° 10" cm™ consistent with the

SIMS result and the structure of the re-grown layer is found to be wurtzite. The

re-grown GaN however is tensile strained as determined from Raman spectroscopy
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while the as grown intrinsic GaN is compressively strained.
7.3 Conclusions
The structura properties of the re-grown GaN have not changed due to the

low temperature growth in agreement with the TEM analysis discussed in chapter 6
and the low temperature re-grown GaN is proven to be epitaxially growing on the
underlying GaN template. The regrown region is highly doped and the doping
concentrations measured by micro-Raman and SIMS are in agreement with each other.
Growth of highly doped ohmic source-drain contacts is a significant step in the GaN
MOSFET device fabrication. The electrical characterization of the device structures
will be discussed in the next chapter.
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Phonon Intrinsic Re-grown Gate Bulk Sapphire
Mode
E> 568.9 566.7 569.1 567.3
FWHM 25 4.8 3.0 18
A.LO 7332 7454 743.6 732.8
FWHM 55 30.1 284 4.7
EY 576.5
E,® 748.8
Table7.1 Measured Raman mode frequencies and their FWHM s
a 2
o oy ey w, C e n, (107 i (cmVs)
cm’®)
Re-grown | 5323 | 7328 | 5.35 204 42 286 47 171
Gate 5323 | 7328 |535 183 37 208 3.8 263
Intrinsic <03

Table7.3 Parametersused in the curve fitting and derived electrical properties
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Room temperature Raman spectrum of E; mode (a) and A1(LO) mode (b) of the
intrinsic, gate and re-grown GaN, the Eg‘l) mode of sapphire substrate is also observed.

The E2 mode of the bulk GaN is also plotted for comparison. The size of the excitation

laser beamisabout5 pm in diameter.
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Figure 7.3 Curve fitting of LLP" mode of the intrinsic and re-grown GaN. The broken
line is the measured spectra line after removing the Eg‘z) peak of sapphire, the solid

lineisthe fitted curve.
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Chapter 8

Device Results

Summary of results from published papers of AlGaN/GaN MOSHFET, and
Preliminary demonstration of enhancement mode operation in GaN MOSFETSs.
Ligt of Papers
1. Enhancement Mode I1I-N Heterojunction MOSFET with a Gallium
Sesquioxide Gate Oxide
W.D. Braddock 111, OSEM I Inc, 300 First St. NE, Rochester, MN 55906
W. Sutton and D. Pavlitis, University of Michigan, AnnArbor, Michigan, USA.
D. Barlage, K. Dandu, Y. Saripali, X-Q. Liu and M.A.L. Johnson, Box 7907 N.C.
Sate University, Raleigh, NC  27695-7907
(Presented at EM C Conference Proceedings, May 2004).
2. Small Signal Characterigicsof AlIGaN/GaN MOS-HFETs
K. Dandu, Y. Saripali, D. Braddock, MAL. Johnson, D.W. Barlage, in
|EEE Microwave and Wireless Components L etters, 1(11), 2002.
3. Characterization and Modeling of AlGaN/GaN MOS Capacitor with leakage
for Large Signal Transistor Processing
K. Dandu, Y. Saripali, D.W. Barlage, D. Braddock, and MAL. Johnson, in

|EEE Microwave and Wireless Components L etters, 1(11), 2005.
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8.1 Introduction

The experimental details of the IlI-N MOSHFET fabrication and the GaN
MOSFET fabrication are discussed. The fabrication process is based on standard GaN
Heterostructure Field Effect Transistor (HFET) process flow’. The standard process
flow has been modified to incorporate the two novel concepts investigated through
this thesis: dielectrics for GaN-MOS structure formation and the low temperature
epitaxially deposited GaN source-drain contacts. Critical materials synthesis steps
include the 111-N epitaxial base layer structures formed by MOCVD, low-temperature
epitaxial regrowth of doped GaN contact structures in patterned selected areas, and
the deposition of MOS gate didectrics. Following device fabrication, electrical
characterization included DC (IV and CV) measurements of device transfer and
charge transport characteristics as well as small-signa RF measurements. Detailed
experimental procedures and processes are described below.
8.2 Experiment

The Il1-nitride heterostructures were synthesized in a vertical-flow, high-speed
rotating substrate MOCVD system using high purity ammonia as well as tri-ethyl
gdlium (TEG), tri-methyl aluminum (TMA) and tri-methyl indium (TMI) injected
sources usng H, and N, carrier gasesz. The sructures used in this work were
deposited on c-axis sapphire at 1040"C following a low temperature AIN nucdleation
buffer layer following a previously described standard methods for 111-N materials**.

Both depletion mode and enhancement mode structures have been fabricated and

tested. The I1I-N structures of the depletion mode devices were based on
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substitutionally and polarization doped AlGaN/InGaN/GaN HFET sructures.
Enhancement mode devices were based on not-intentionally doped GaN channel
structures. 111-N depletion mode HFET device structures consisted of a c-plane
sapphire substrate on which a 500nm buffer layer of undoped GaN, followed by a
20nm InGaN channel doped lightly with silicon to a concentration of 3x10*/cm®. The
source materia flow rates were targeted to achieve indium concentration of x=20%;
however at the higher substrate temperature, actual uniform indium concentration of
x<5% ismorelikely. Thetop layer isa20 nm thick Si doped AlyGa;yN with y=15%
and doping concentration of 1x10*/cm®. A Ga,04/Gd,0; gate dielectric was then
deposited on the semiconductor heterostructure layers usng molecular beam epitaxy
in conjunction with our industrid collaborator, OSEMI inc, the experimental details
of which have been described in chapter 5. A cross-sectional layer diagram for the
HFET device design is shown in figure 8.1.

Following gate dielectric deposition, test structures were independently fabricated
by both NCSU and OSEMI. Ohmic contects followed standard Ti/Al based
processes and gate metals followed standard Ni gate processes. For both depletion
and enhancement device structures, nickel gate metas were used on the top of the
didectrics. A final process step included a gold interconnect layer to provide separate
test pad connectivity for the source, drain and gate contacts. The optical lithography
process yielded a 1.5um gate length minimum feature size, as well as larger area test
structures. Devices were tested a& DC and RF frequencies, including pulsed 1V

measurement using a Pulsed Dynamic IV (DIVA) system.
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The complete process flow in detail for the fabrication of GaN MOSFET in this
lab is described in Appendix 8A. The GaN MOSFET structures were enhancement
mode devices grown on c-plane sapphire substrates. The regrowth optimization
experimental details have been discussed in chapter 4. The device fabrication details
are described in this section. After regrowth of GaN, Ti/Al/Mo/Au ohmic metal of
200nm total thickness was deposited. The ohmic meta layers were patterned by
lift-off to fabricate ohmic contacts. Rapid thermal annealing in N, for 30 seconds at
800°C was performed to activate the ohmic contact formation prior to gate metal
deposition. The anneal time and temperature were chosen following a systematic
design of experiment study which was targeted to minimize the contact resistivity.
Rapid thermal annealing was followed by ~30nm of SiNx dielectric deposition by
plasma enhanced chemical vapor deposition usng NH3z and SiH,4 as source materials
at 200°C. The SIN, was patterned by photolithography and reactive ion etched in a
CHF; + O, plasma. A 200nm Ni gate metal was later deposited on this structure by
electron beam evaporation. The minimum gate length achieved was Ly = 1.5 um. The
gate metal was patterned and later lifted off by acetone dip to obtain the patterned
metal gate on the gate dielectric. The devices were tested following gate metd
deposition without annealing. The final step in the process is the metal-interconnect
deposition of 200nm Au by electron beam evaporation with photoresist followed by
lift off in acetone.

8.3 Resultsand discussion:

In depletion mode, Heterojunction M OSFETSs exhibited peak transconductance of
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Om= 170 mS/mm at V4= -3.5V and peak output current of 14s=1.05A/mm, as shown in
figure 8.2, as well as displayed a corresponding fi=8GHz and fux=54GHz. Based on
an observation of an increase in differentia transconductance at increasing positive
voltages (Vy~+1V), L=25mm long channel FATFET structures were further tested to
determine if channel accumulation was occurring. Above a threshold voltage of
Vin=2.5V, the same heterojunction MOSFETSs exhibit substantial enhancement mode
transconductance, with a separate peak in transconductance near Vg=+5V of
Om=17.5mS/mm and remaining positive until Vg>+7V as shown in figure 8.3. This
is the highest enhancement mode peak transconductance gate voltage reported to date
for 111-Nitride devices in particular, and compound semiconductor devices in general.
Greater insight into gate biasing behavior was yielded from capacitance-voltage
(CV) measurements between the gate and co-grounded source-drain contacts of large
area FATFET structures, with typical charge depletion occurring at increasingly
negative gate biases in the semiconductor beneath the gate dielectric. While the
depletion of charge is the typical expected electrical behavior, an additional
unexpected observation was a significant charged accumulation at a positive gate bias
with an initial transition minimum at V4~4V and a peak capacitance around V=7V as
shown in figure 8.4. Such an accumulation capacitance is strongly indicative of
channel charge accumulation in an enhancement mode MOSFET, with a peak
capacitance limited by leakage across the gate either by defect related leakage paths
or tunneling. To minimize the effect of gate leakage, the CV results were for

measurements a 50MHz probe signal. The decrease in capacitance in the
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enhancement mode between V4 = 2V and V¢ = 4V occurs as the mobile carrier layer
exchanges between a populated depletion channel at the InGaN/AlGaN interface and
the formation of a separate accumulation channel at the semiconductor/oxide interface.
The observation of an accumulation channel at the semiconductor/oxide interface is
conclusive a proof-of-principle demonstration for true MOSFET operation for these
[11-N based M OS structures.

The lgsVgs characteristics of the MISFET structure with SiNy dielectric, 80um
gate width by 40um gate length, with the low temperature selected area regrown n*
GaN ohmic source drain contacts and a 30nm SiNy gate diglectric are shown in figure
8.5. These structures exhibit enhancement mode operation. The drain voltage Vs
sweeps from OV to 15V, gate voltage V4 sweeps from 5V to 15V in 1V step. In order
to compensate for gate leakage influence, the gate current is removed from the
measurement to isolate the source-drain transfer characteristics. In this analysis equal
gate leakage to the drain and source is assumed, thus drain-source current is
calculated from measured terminal characteristics as lq= (I¢-1)/2. These normalized
curves show enhancement mode operation with a threshold voltage of ~5V. The
next iteration of devices will be targeted to demonstrate near fully depleted quasi SOI
behavior by thinning the channel region to minimize excess source drain leakage
currents.

8.4 Conclusions:
AlGaN/InGaN/GaN heterostructures and GaN MOSFET structures with low

temperature selected area regrown ohmic contacts were grown by MOCVD.
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MOSHFET and MOSFET devices have been fabricated using Ga,O3/Gd»>Os and SiNy
as gate dielectrics. Enhancement mode operation in AlGaN/InGaN/GaN HFETs and
GaN MOSFETSs, with regrown ohmic contacts, has been demonstrated. Future work
includes investigation of MOS dielectric gate stacks structures for enhancement mode
MOSFETs with minimized source-gate leakage and threshold voltage. In all cases, the
development and demonstration of a selectively doped source and drain structure
through epitaxial regrowth is a criticaly enabling step in the invegtigation and

development of GaN based MOSFET devices.
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Appendix 8A

GaN MOSFET Device Fabrication Process Flow

. Begin with base layer of i-GaN, n-GaN, p-GaN on double side polished c-
plane sapphire wafer in MOCVD. Thickness: ~500nm. MOSFET Fabrication
is performed on this base layer. Detailed MOCVD growth procedure of the
base GaN layer islisted in the experimental details in chapters 4, 6, and 8.

a. Nomarski examination of the surface morphology.

b. Measure the thin film thickness by reflectance spectrometry.

c. AFM measurement of the thin film roughness.

d. X-ray diffraction for crystalline quality.

. Pre-photolithography process:

a. Rinsein acetone, methanol, blow dry with N..

b. Acid bathin 50% HCI + 50% Water for 2 minutes.
c. 1 minute DI water rinse

d. Dehydration bake for 5 min at 115°C.

. Photolithography Level 1: Mesaformation.

Photoresist: AZ5214E, 50secs, 4700 rpm

Soft bake for 2 mins at 90°C.

Power FET Mesa Mask, expose 0.5 secs

Bake at 115°C for 90 secs

Flood expose 90 secs

Develop 30 secs

Ingpect for sharp and clean features in Nomarksi microscope.

M esa regions are patterned.

Note: This is procedure is for dark field masks. In the case of a bright field
mask, hard bake (115°C bake) and flood expose (steps d and €) are not
performed. The initial exposure time (step c) is ~20secs and optimized based
on optical inspection.

S@rooo0oTw

. Deposit 200nm Ni.

a. Measure Metal thickness measured by Dektak profilometry

b. Lift off in acetone (usually Ni lifts off in about 510 minutes. *Wafer
should always be in acetone. If acetone dries up, the Ni particles will
stay permanently*

c. Optical ingpection in Nomarski to check complete removal of Ni.

. RIE etch GaN ~ 400nm in Plasmatherm

a. Etchant Gas: BCl;

b. Time: 25 minutes (Etch rates calibrated on standard samples).
c. Thickness measurement by Dektak profilometry.

d. Optical inspectionin Nomarski for morphology.

Ni etch.

a. Etchant: Ni etch, HNO;
b. Time Until removed (by optical inspection).
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¢. RinseinAcetone and methanol after etch.
d. Measure thickness of mesa by Dektak to confirm thickness

Deposit SixNy (~300nm). Use Si monitor piece for nanometrics measuremern.
a. Rinsein acetone and methanol
b. Acid bath in 50% HCI + 50% water for 2 minutes
c. Deposit SiyNy for 25 minutes at 200°C (parameters depend on prior
calibration runs).
d. Measure thickness by Dektak to confirm target thicknesss (~ 300nm).

Photolithography Leve 2: Pattern Channel Region.
a. Follow the same pre-photo cleaning step listed above in step 2.
b. Follow the same exposure procedure listed in step 3.
c. Gae Mask- Use Power FET mask set (0.7um) (critical feature length).
d. Exposetime: 0.6 secs, develop time: 35 secs.
(Note: The choice of time varies depending on feature size, mask and
wafer. Prior calibration runs are usudly needed to establish appropriate
final exposure time)

Deposit Cr-Ni and lift off.
Same procedure listed in step 4 but begin with 5nm of Cr deposition.

10. RIE etch SixNy in Oxford

11

12

13.

a.  Etchant Gases; CHF3, O,

b. Pressure: 35mTorr.

c. Time: 28+7=35 minutes (choice depends on prior calibration and the
targeted thickness).

d. Measure thickness by Dektak to confirm target thickness.

. RIE GaN etch for regrowth regions
a. Etchant Gas: BCl;
b. Time: 17 minutes (choice depends on prior cdibration and the
thickness).

. Ni-Cr etch.
a. Etchant: Ni etch followed by Cr etch
b. Time: Until removed (usually 10 minutes in each case)
c. Rinsein acetone and methanol after etch.
(Note: Ni etch contains HNOs and Cr etch contains perchloric acid and
ceric ammonium nitrate).

Dice the wafer into 4 quarters and used each quarter for regrowths.
a. Dicethewafers
b. Clean up the wax by dipping the pieces in boiling TCE, acetone,
methanol twice.
(Note: A whole wafer can alternatively be used).

14. Regrow n* or p* regions depending on the base layer in MOCVD on each

guarter by the procedure described in chapter 4.
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15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

Optical Microscopy and SEM examination of the regrowth regions to inspect
morphology and thickness verification by Dektak.

M esa clean up etch of regrowth regions (if needed).
a. Etchant Gas: BCl;
b. Time: 17 minutes

SixNy lift-off etch by HF(10%) dip until removed.
a. Measure thickness by Dektak thickness confirmation.

There are two approaches here that need to be tested. One is to
deposit ohmic metal followed by RTA anneal and later gate dielectric and
gate metal followed by interconnnects. Thisisreferred to as an *Ohmics

first process™. Alternatively, deposit gate dielectric, then pattern ohmic

regions, deposit ohmic metal, deposit gate metal and then interconnectsin
a“didectricfirst™ process. They arelisted as Route 1 and Route 2.

Route 1 (Ohmics First Process)
Photolithography Level 3: Pattern ohmic region
a. Ohmic Mask: Power FET Ohmic.
b. Define Ohmic Regions. Procedure same aslisted in steps 2 and 3.

Deposit Ohmic metal Ti-Al-Mo-Au (~200nm) in e- beam following step 4
and related metals.

Lift off ohmic metal in acetone following step 4.
Blow Dryin Na.

RTA anneal at 800°C for 30 seconds in N, atmosphere (choice of time
depends on minimum resistivity).

Check Ohmic TLM patterns for ohmic contact resistivity.

Gate dielectric deposition. This depends on the choice of gate dielectric. SINy
can be deposited following step 7.

Dice the wafersinto four quartersor 1cm x 1cm sizes. Clean the wax by
dipping the piecesin boiling TCE, acetone, methanol twice and follow it with
blow dry with Na.

Etch Gate didectric
For Ga,0s/Gd,03, etchant is 400 ml water + 8 drops of HCI. Etch for 7
minutes.
*USE PLASTIC TWEEZERSAND DO NOT BLOW DRY **
For SiNy, use RIE and follow the same procedure listed in step 2.

Photolithography Level 4: Pattern Gate.
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28.

29.

30.

31.

32.

33.

17.

18.

19.

20.

21.

22.

23.

24.

25.

a. Power FET Gate Mask (1.4um).
b. Procedure same aslisted steps 2 and 3.

Deposit Gate Metal, Ti or Ni in e-beam following step 4 for atarget thickness
of 200nm.

Lift-off Gate M etd in acetone following step 4.
Blow Dryin N,.
Photolithography Level 5: Interconnects
a. Interconnect Mask : Power FET Interconnect
b. Procedure same aslisted in steps 2 and 3.
Deposit Metal Au. Follow stepsin 4 for atarget thickness of 200nm.
Lift off Metal following step 4.

Blow Dryin Na.

Route 2 (Didlectric First Process)

Gate dielectric deposition.
Dice the wafersinto four quartersor 1cm x 1cm sizes.
Clean the wax by dipping the piecesin boiling TCE, acetone, methanol twice
and follow it with blow dry with Na.
Photolithography Level 3: Pattern ohmic
a. Ohmic Mask: Power FET Ohmic.
b. Procedure same aslisted in steps 2 and 3.
Etch Gate didlectric
For Ga,0s/Gd,05 etchant is 400 ml water + 8 drops of HCI. Etch for 7
minutes.
** USE PLASTIC TWEEZERSAND DO NOT BLOW DRY **
For SiNx, use RIE aslisted in step 10.
Deposit Ohmic metal Ti-Al-Mo-Au (~200nm) in e- beam following step 4 .
Lift off ohmic metal in acetone following step 4.
Blow Dryin Na.

RTA anneal: 800°C for 30 seconds in N, (Choice depends on minimum
resistivity measurement).

Check ohmic TLM patterns for ohmic contact resistivity.
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26.

27.

28.

29.

30.

31.

32.

33.

Photolithography Level 4: Pattern Gate.
a. Power FET Gate Mask (1.4um).
b. Procedure same as listed in 2 and 3.
Deposit Gate Metal, Ti or Ni in e-beam following step 4.
Lift off Gate Metal in acetone following step 4.
Blow Dryin Na.
Photolithography Level 5: Interconnect
a. Interconnect Mask: Power FET Interconnect
b. Procedure same aslisted in steps 2 and 3.
Deposit Meta Au.
Lift off Metal.

Blow Dryin Na.
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Chapter 9
Conclusions and Future Work
9.1 Summary and Conclusions:

This work has focused on growth and characterization of novel semiconductor
materials necessary for the fabrication of enhancement mode MOSFET structures
based on IlI-N semiconductors. Two specific materials related issues were
investigated: the structure and properties of gate diglectrics on GaN and related
compound semiconductor gructures for the formation of MOSFET devices, and the
structure and properties of selected area grown doped GaN structures for ohmic
contact formation. In particular the selected area structures provide a critical element,
doped semiconductor materials in source-drain contect regions, for the fabrication of
enhancement mode MOSFET structures.

The selected area re-growth of highly doped ohmic contacts by MOCVD has
been performed and the resulting structures analyzed. The growth of GaN on reactive
ion etched and patterned substrates does not yield the same structure and morphol ogy
as grown under smilar conditions on unpatterned substrates a typical growth
temperatures of 1040°C. This work has investigated the use of lower MOCVD growth
temperatures in the range of 750-850°C. Possible surface damage and resulting
change in surface energy due to the reactive ion etching (RIE) (a difference in the
selected area surface), requires a re-nucleation step prior to the growth of GaN in
selected areas for contacts'. The growth confinement due to low fill factor for

patterned substrates leads to enhanced growth rates, but non-uniform and porous
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growth resulted across the patterned surface similar to that observed by other groups?.
Growth proceeded only on the initially formed islands with no additional coalescence
through additional nucleation between islands occurring with increased growth time.
The coverage is observed to increase with decrease in temperature, and at temperature
ranges of 750-850°C, a dramatic change in the uniformity of coverage was obtained.
Change in the gate length or a difference in feature size did not affect the thin film
coverage indicating that the temperature is the predominant factor influencing
structural morphology for the selected area regrowth on RIE etched GaN surfaces.

A framework for the observed results based on the fundamental growth
thermodynamics, nucleation, and diffusion kinetics, supported the observed structures
following the low temperature selected area epitaxial growth. From the coverage
measurements on the selectively grown gructures at various temperatures, it was
inferred that the RIE process significantly changes the GaN surface on which GaN is
to be grown. The surface energy possibly is reduced making the growth proceed by
the island formation in selected areas from which growth accumulates. As the
preferred structure is atwo dimensional (2D) morphology in the selected areas, initial
nucleation is a crucial step in GaN regrowth. Low temperature growth promotes 2D
nucleation in selected areas yielding the desired morphology.

The Micro-Raman spectroscopy and SIMS results of selected area regrown GaN
are consistent with the regrown GaN being highly doped with Si with a peak
concentration of 8x10™%/cm®. The wurtzite crystal structure of the low temperature

selected area regrown regions are same as as-grown GaN, as confirmed both by
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Raman spectroscopy and the transmission electron microscopy. Having an epitaxial
wurtzite crystal structure coherent with the underlying GaN template with minimal
defect concentration a the interface indicates that the potential for degradation of
carrier mobility and off-state leakage currents are minimized due to the sdected area
regrowth process. The re-grown ohmic contacts also show a resistivity of 10“ohm-m
with an AFM roughness of ~1.4nm on a 2x2 um® scan, consistent with the roughness
measured on as grown GaN surface in our work. The uniformity in the morphology
and structure of the low temperature selected area regrown GaN with the underlying
GaN template seems to indicate that the regrown GaN properties are appropriate for
MOSFET device fabrication despite the deviation from typical growth parameters
used for MOCVD growth of GaN.

The gate dielectrics which were used, Ga,O3/Gd,O3; and SiNy, both resulted in
enhancement mode operation for the fabricated GaN MOSFET structures. However,
the gate leakage currents are significant for the SiNy gate and will be addressed in the
future research work with a goal to minimize unwanted dielectric current leakage. The
threshold voltage for the devices with SiNy gate didlectric is ~5V. The Ga,03/Gd,0s
didectric layer deposited by MBE is crystallographically coherent with respect to the
underlying GaN but exhibits a degree of polycrystalinity. Further research in the
development of compatible gate dielectrics epitaxialy grown on the underlying GaN
channel region with the goal of minimization of interface states and minimum leakage
currents will be performed.

A dgnificant drawback to the regrowth of doped source-drain structures is the
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additional step of reloading the patterned substrate for the selected area regrowth, and
another additional step of deposition of gate dielectric after removing the selected area
mask. Innovative ideas need to be explored and experimented further to minimize the
process flow steps and provide for a scalable self-aligned process. One possible
approach could be to use the selected area masking layer as a dielectric, provided it
ensures growth selectivity and thermal stability. SiNx is thermally stable at contact
regrowth temperatures. SiNx seems to be an immediate choice for future device
development as it will eliminate the additional step of growth mask stripping,
re-depositing and patterning a gate dielectric. This will eliminate the additional step of
growth mask stripping, re-depositing and patterning a gate dielectric. Mass transport
regrowth of ohmic contacts for GaN in HFET fabrication by Heikmann et al suggests
the reloading step could be eliminated by obtaining mass transport of dopant during
rapid therma anneal®*. However, further advances have not been reported after the
initial experiments®*. lon-implantation further minimizes the device fabrication steps
by following a self-aligned implant procedure®’. Although ion implantation offers this
advantage, the high temperature anneal is a significant challenge in GaN materials or
related |11-Nitride research®.
9.2 Futurework:
9.2.1 Surface and Regrowth Studies

The RIE GaN surface being the primary reason in influencing the selected GaN
regrowth dynamics, further research should be performed to determine the surface

crystallinity, chemical composition and the stoichiometry following etching. The
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difference in surface termination (Gavs N) on the RIE surface may also influence the
regrowth dynamics’. Convergent beam transmission electron microscopy study would
determine the bulk polarity™. X-ray photo-electron spectroscopy (XPS) of the etched
surfaces would provide greater information regarding the surface chemistry. In
addition to this, variation of regrowth morphology and nucleation should be studied
with respect to the variation on the base layer thickness of the RIE etched GaN
surface.

9.2.2 Epitaxial Lateral Overgrowth of Doped Ohmic Regions:

The background material and literature review for epitaxial lateral overgrowth
(ELO) has been discussed in chapter section 3.2.4 of chapter 3. The current work
explored the selected area epitaxy of the doped source/drain regions at low
temperature. Here latera growth was restricted. However, vertical growth will have
defects which replicate the normdly grown high temperature GaN. Therefore, the
highly doped source/drain regions can be grown laterally from the channel template
with the Si\Ny mask. Thus, laterally grown highly doped regions may have fewer
defects by analogy with the EL O process. Therefore high mabilities could be obtained,
leakage currents minimized and the breakdown voltages could be increased in
selectively grown contact which are formed laterally rather than vertically. Alternative
to the low temperature process followed in this work, a high temperature growth
process would enhance lateral overgrowth from the GaN in the adjacent channel

region. This proposed technique can be visualized in the diagram shown in figure 9.1.
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9.2.3 Growth on R-plane

GaN grown on c-plane is polar with the polarization vector norma to the
semiconductor surface™**. Polarization charge causes enhanced electron density in
the channel region when appropriately designed™. Although this is advantageous in
HFET operation, where a steady conducting channel is obtained under zero gate bias,
this excess charge a the surface of the channel region is not desirable for a
normally-off device. Growth of a-plane GaN on r-plane sapphire is non-polar and
does not have polarization charge at the interface***. The polarization vector lies in
the plane of the semiconductor and does not result in the accumulation or depletion of
excess charges at interfaces. Therefore, development of enhancement mode devices
on r-plane sapphire should be explored as a future work. However, due to the
anisotropy in-plane thermal expansion mismatch and lattice mismatch, growth of
aplane GaN on r-plane sapphire is difficult™™*%. Further research performed to
improve the morphology of GaN will be significant in developing non-polar thin
films.

9.2.4 Smultaneous Growth of N and Ga Polar Regions to fabricate MOSFETs
and CMOS structures:

Recent work by Collazo et a enabling the growth of adjacent N polar and Ga
polar GaN at the same time by MOCV D could be utilized to grow CMOS structures’.
N polar GaN can be highly doped n type intrinsically while Ga polar material can be
doped p type’. Obtaining a p and n layer simultaneously enables the growth of

p-channel and n-channel MOSFETs and combining them to CMOS structures as
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showninfigure 2.
9.2.5 Growth on Native GaN Substrates

The GaN field effect transistors should be developed on native GaN substrates
that are currently under development'>®’. Native GaN substrates ensure minimum
defect density and improved device performances™®. Therefore high breakdown
voltages and minimum leakage devices could be obtained in the resulting MOSFET
devices.
9.2.6 Didlectric Studies

In addition to the existing dielectric scheme of Ga,0s/Gd,O; and SiNy, MgO,
Ca0, SiO,, HfO,, Sc,03 should aso be explored for interface studies, integration into
re-growth processing and devices should be tested with a god of obtaining the
minimum interface density of charges, minimum gate leakage currents and low
threshold voltage.
9.2.7 Device Engineering

New device designs which minimize gate leakage, improved ohmic contacts to
both p and n type, and device scaling to reduced gate lengths should be developed as
an extension to the preliminary demonstration of enhancement mode FET operation in
GaN done in thiswork.
9.3 Conclusion on GaN MOSFET Opportunity

Device scaling and further improvement of growth and device processing will be
a dggnificant challenge with many roadblocks that may be encountered, similar to the

materials challenges which have been met through Si revolution. However, as in all
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scientific research, the roadblocks that seem daunting are aways overcome by the
sheer optimism and perseverance of the scientific community.

The demonstration of GaN enhancement mode MOSFET is a significant
development in III-N research and a starting point in achieving a ubiquitous
information technology society in this century. This development could herald a new

semiconductor device revolution.
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Figure 9.1 Laterally grown highly doped GaN from the channel
GaN template
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Figure 9.2 N and Ga polar material grown simultaneously by
MOCVD
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