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ABSTRACT

Integration of high k and polar oxides with GaN

by
Peter Hansen

GaN-based transistors offer great promise in high power high frequency
applications. Recent understanding of the role of surface effects in Al1GaN/GaN
based high electron mobility transistor (HEMT) structures and the resulting ability
to control these effects has led to the demonstration of very high power densities
and near ideal power added efficiencies. Even with these advances, gate leakage is

a critical issue that requires further attention.

Many different dielectrics have been investigated on GaN, with the most
extensive research in SiO, and SisN4. While these dielectrics have been shown to
effectively reduce gate leakage, the added series capacitance due to the dielectric
under the gate and low k of the dielectrics leads to decrease in transconductance as
well as an increased threshold voltage. To reduce gate leakage while minimizing
the adverse affects of the gate dielectric on these other device properties, high k
gate dielectrics were investigated in this work. Barium strontium titanate (BST)
was shown to be an effective gate dielectric; however, the rf magnetron sputtering
used to deposit the dielectric was shown to damage the underlying HEMT
structures. A non-energetic method of oxide deposition was therefore required. To
this end, it was also demonstrated that molecular beam epitaxy (MBE) grown rutile

TiO; effectively reduces gate leakage in HEMT devices as well without impacting



the underlying AlGaN/GaN structure. Studies of the oxidation of thin e-beam
evaporated titanium layers in an UV-generated ozone environment to form TiO,
were also initiated. The high k of these dielectrics resulted in a minimal impact on
both transconductance and threshold voltages of the devices.

The understanding of polarization in the GaN materials system has recently
led to the development of polarization engineered devices. Polar oxides can offer a
spontaneous polarization up to almost an order of magnitude higher than that in the
AlGaN/GaN system. The integration of rf magnetron sputtered lithium niobate

(LiNbO3) with GaN and AlGaN/GaN was investigated in this work.
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Chapter 1 Introduction
1.1 Background

The 1990’s saw rapid advancement in GaN-based technologies, both for
solid-state lighting applications and high-power electronic devices. Progress came
rapidly following the solution of problems in the late 1980’s that had plagued
researchers for nearly two decades. Namely, a two-step growth process was
introduced that resulted in vastly improved structural and electrical quality and a
reduced background n-type carrier concentration that was previously unattained’.
The second advancement was the achieving of p-type material with the post growth
LEEBI treatment of Mg-doped films, and later the replacement of the LEEBI
process with a post growth thermal treatment®>. Following these advancements,
renewed interest in the III-nitride materials system has lead to an astounding
development of both optoelectronic and electronic devices as the result of
improvement in materials growth as well as the understanding of device physics
specific to the materials systems.

With wireless technology becoming more and more ubiquitous in today’s
society, high power microwave devices play an important role in both military and
commercial applications, including radar and satellite communications links,
cellular base stations, and wireless local area networks*>. More efficient transistors

with higher power density result in smaller devices that are easier to fabricate, have



higher impedance making matching easier (reducing circuit complexity and cost),
increased reliability, and reduced cooling complexity and cost.

The GaN materials system has many properties that make it attractive for
use in future generation power electronics, including a large bandgap that results in
a high breakdown field, good thermal stability, allowing high temperature
operation, and high peak and saturation electron velocities. The ability of AlGaN
and GaN to form a heterojunction and the high band offset at this junction results in
a two-dimensional electron gas (2DEG) that has a high mobility and a high sheet
charge density. The polar nature of the GaN and AlGaN layers in he wurtzite
crystal structure results in the formation of this 2DEG without doping. The
combination of these properties results in higher efficiency and higher power
density than the currently employed Si, GaAs, and SiC based devices, making GaN
based devices very promising candidates for the aforementioned applications.

Following the demonstration of a 2DEG by Khan in 1992° and the
demonstration of the first AIGaN/GaN transistors two years later’, the output power
density at microwave frequencies has steadily increased from the first reports of 1.1
W/mm in 1996° to 12 W/mm for an unpassivated GaN/AlGaN/GaN structure’ and
>30 W/mm for a structure with a field plate'® in 2003. This rapid advancement is
due to several factors, including improvements in GaN and AlGaN growth and
material quality as well as the development of semi-insulating GaN,'"'? thermal

management through the use of SiC substrates,' improvements in device



processing, and the control of surface states through the use of Si3N4 as a surface
passivant”.

The understanding of the role of surface states in A1GaN/GaN devices has
proven to be of paramount importance. Until recently, only devices with SizN4 over
the device access regions gave good power performance, since DC to rf dispersion
dominated all reported devices that did not have a surface passivation layer, and
particularly silicon nitride. This dispersion was manifested as a drop in maximum
current and an increase in the knee voltage for Ipg(Vps) characteristics taken under
ac operating conditions as compared to characteristics taken under DC conditions.
Engineering the effects of surface states out of devices has proven successful in
demonstrating high power in GaN/AIGaN/GaN devices’. The implementation of
devices using a Si3Ny4 passivation and a field plate technology has lead to near-ideal

device characteristics and very high output power"”.

1.2 Motivation For This Work

With all of these advances, there are still some issues at the device level that
need to be addressed. Gate leakage is typically high for standard HFET devices.
This results in increased noise and decreased reliability as the Schottky contacts to
the devices degrade over time, particularly at elevated temperatures or when the
devices are stressed. Incorporation of an insulator into GaN-based transistors to

make metal oxide semiconductor field effect transistors (MOSFETs) or metal



insulator field effect transistors (MISFETs) results in reduced gate leakage and
increased device reliability compared to metal semiconductor field effect transistors
(MESFETSs) with a Schottky gate. To achieve these metal insulator or metal oxide
semiconductor structures, there have recently been studies of various insulators on
GaN, including Si0,'6'M1819202122 i\ 1823 AIN#2526  Ga 0.(Gd,05)2 "5,
Ta,05, thermally grown Ga2033 1 Si04/SisN4/Si0,* and 8020329. These works
have investigated the insulator/GaN interface through fabrication of MIS structures
and have shown improved device performance by incorporating the insulators into
MISFETs. A SiO; layer under the gate has been shown to reduce gate leakage
current in A1GaN/GaN heterostructure field effect transistors (HFETS) by six orders

of magnitude compared to that of a conventional HFET'*%,

Although some of these works show promise, adding a gate dielectric also
adds a series capacitance to the structure. This in turn reduces the device
transconductance (g, = dl/dV,), which is undesirable since high transconductance
is advantageous for device linearity™ . Ideally the gate leakage current should be
suppressed without affecting the transconductance gy, or pinchoff voltage V,, of the
device. Adding an insulator under the gate adds a series capacitance to the device,

Pt 1 (1.1)
C CAlGaN C

85

Insulator

which in turn affects the transconductance (g,) of the device:

8m =27C f, (1.2)



where Cy is the gate-source capacitance, Cajgan 1S the AlGaN capacitance, Crsylator
is the insulator capacitance, and f; is the current gain cutoff frequency. High
transconductance can therefore be maintained by providing a high gate capacitance,
which can be provided by incorporating a high-k dielectric as the gate insulator
material or by decreasing the dielectric thickness. In other words, using a high k
gate dielectric allows the majority of the electric field from the gate to be dropped
across the AlGaN rather than across the gate dielectric and thus maintaining a high
transconductance. In the case of very thin dielectrics tunneling may occur, resulting
in increased leakage.

As mentioned above, SisNy and SiO, have been used in HFET devices as
gate dielectrics. Each of these dielectrics has advantages and disadvantages. The
wide band gap of SiO; and favorable band alignment allows a high forward bias of
devices, possibly allowing a slightly higher maximum current density to be
obtained compared to standard HFET devices'>?’. However, the main drawback to
using SiO; is its low dielectric constant of 3.9. The capacitance of the insulator is

given by

c _E&4 (13)

Insulator
t

where & is the relative dielectric constant of the insulator, €, is the permittivity
of free space, A is the device area, and t the insulator thickness. Since the dielectric
constant of SiO; is so low, even for a thin layer (t=100A) layer the insulator

capacitance is very low. From equation 1.1, it can be seen that a low insulator





























































































































































































































































































