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Abstract

AlGaN / GaN Current Aperture Vertical Electron Transistors

by

llan Ben-Yaacov

During the past few years, enormous progress has been made in the devel-
opment of Ill-nitride semiconductor materials for electronics applications. The
AlGaN/GaN current aperture vertical electron transistor was proposed for its
potential advantages in high-voltage switching applications as well as in high
power electronics. The motivation behind development of CAVETS is twofold.
First, because there is no exposed AlGaN surface on the drain side of the gate,
the DC-RF dispersion commonly observed in GaN HEMTs should be mitigated.
Second, because the drain is located underneath the gate, the peak electric field
in a CAVET should be greatly reduced as compared to that of a HEMT. This
dissertation focuses on efforts to develop growth and fabrication technology for

GaN-based CAVETSs.
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A CAVET consists of a source region separated from a drain region by an
insulating layer containing a narrow aperture that is filled with conducting ma-
terial. The source is comprised of a two-dimensional electron gas formed in
the GaN near the AlIGaN/GaN heterointerface, while the drain consists$yqfe
GaN. Source contacts are deposited on either side of the aperture, while the drain
metal contacts the-doped region below the aperture. Electrons flow from the
source contacts along the 2DEG, then through the aperture into the underlying
GaN and are collected at the drain. A Schottky gate, located above the aperture,
modulates the charge in the 2DEG, thereby controlling how much current passes
through the aperture and into the drain.

Major progress has been made in identifying major issues in the DC and RF
performance of AIGaN/GaN CAVETs. Devices with regrown source regions
were fabricated with both Fe-doped and Mg-doped insulating layers as well
as with ion implanted layers. Device-V' characteristics were obtained, and
source-drain currents as high as 0.8 A/mm were demonstrated. DC-RF disper-
sion was indeed mitigated, and by varying the position of the gate metal relative
to the aperture, the effects of the AlGaN surface on dispersion were clearly ob-

served. An analysis of leakage currents was carried out, and source leakage was

viii



successfully eliminated. Finally, small signal RF measurements were conducted,

and anf, of over 12 GHz was demonstrated.
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Introduction

URING the past few years, enormous progress has been made in the de-
D velopment of Gallium Nitride (GaN) and its family of material alloys
for both optoelectronics and electronics applications. With the commercializa-
tion of GaN-based LEDs [1] and laser diodes [2], as well as recent developments
in UV detectors [3], GaN will continue to play an important role in visible wave-
length and UV optoelectronics. For electronics applications, there exist a num-
ber of devices that take advantage of both the high critical breakdown fields
associated with the large bandgap of GaN as well as its high saturated elec-
tron velocities. These devices are intended to fulfill the growing demands for
high power, high frequency electronic components as well as for high voltage
power switches. Impressive demonstrations of AlIGaN/GaN high electron mo-

bility transistors (HEMTS) [4] and heterojunction bipolar transistors (HBTS) [5]
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continue to be reported, and microwave GaN HEMTSs are nearing commercial-
ization.

This dissertation will focus on the development of GaN-based current aper-
ture vertical electron transistors (CAVETSs). Although similar structures have
been used for electronic devices in other material systems [6], the CAVET struc-
ture had previously never been explored for IlI-nitride technology. As the initial
effort at UCSB to fabricate GaN CAVETS, the primary focus of the work was to
develop the material growth and processing techniques required for device fab-
rication, demonstrate working devices, and analyze the electrical characteristics
of these devices. Additionally, a basic theoretical device model was developed
to describe fundamental aspects of device operation, and a small-signal RF anal-
ysis was conducted. As a whole, the work has also contributed to the overall
understanding of GaN field effect transistors, and a number of the techniques
developed for the growth and fabrication of CAVETSs could potentially be bene-

ficial in other areas of GaN technology.
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n+poly |

Source Gate Source

Source Gate Drain
AlGaN

Insul. GaN
Semi-Insulating GaN

(©

Figure 1.1: Schematic diagram of (a) GaN-based Current Aperture Vertical Elec-
tron Transistor (CAVET), (b) DMOS structure, and (c) GaN HEMT.

1.1 Motivation for the development of AlGaN/GaN
CAVETs

The AlGaN/GaN CAVET was proposed for its potential advantages in high
voltage, high power, and high temperature electronics applications, especially
in high voltage power switching. The two most important requirements for
switching devices are a large breakdown voltdge and a low on-resistance
R,,. Silicon has long been the dominant semiconductor for high voltage power
switching devices, most commonly making use of the double-diffused metal-
oxide-semiconductor (DMOS) structure [7], which is illustrated in Figure 1.1(b).
However, silicon power devices are rapidly approaching theoretical limits for
performance. At the same time, wide bandgap materials, particularly GaN and

SiC, have been attracting much attention because they offer a number of potential
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advantages over silicon. These potential advantages arise from the fundamental
physical properties of the material. GaN has projected saturated electron veloci-
ties of 2.5<107 cm/s [8] and a 3.4 eV bandgap that leads to a critical breakdown
field of 3.3 MV/cm, as well as stability at high temperatures. Additionally, the
ability to form AlGaN/GaN heterojunctions, which result in a two-dimensional
electron gas (2DEG) in the GaN near the AlGaN/GaN heterointerface, allows
for very high electron mobilitieg,, while maintaining a large channel charge

n,. Largepu,-n, products in devices result in low on-resistanégs. The GaN
HEMT, which takes advantage of these attributes, is illustrated in Figure 1.1(c).
Table 1.1 compares some of the fundamental physical properties of GaN to those
of other major semiconductors.

The high breakdown field strength in GaN permits very high voltages to be
sustained during operation of GaN-based devices. In HEMTs, breakdown re-
sults from an avalanche process that usually occurs near the gate edge on the
drain side, where accumulation of charge at high gate-drain voltages results in
large localized electric fields. Achieving a high breakdown voltage in a HEMT
requires decreasing the electric field at the surface of the channel at the drain

edge of the gate. In GaN HEMTS, this has been accomplished by Zhahg
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Property S GaN AIN 4H-SC Diamond
E, [eV] 11 3.39 6.1 3.26 5.45
n; [cm—3] 1.5x10" 1.9x107'% ~10°% 8.2x107? 1.6x10~%
Er 11.8 9.0 8.4 10 55
L [CM2IV -S] 1350 1500 1100 700 1900
Vgat [107 cm/s] 1.0 2.5 1.8 2.0 2.7
Eerie [MV/icm] 0.3 3.3 11.7 3 5.6
Ok [Wicm-K] 1.5 1.3 25 45 20

Table 1.1: Physical properties of various semiconductors relevant to high-
voltage applications

with the employment of an insulated gate structure, and source-drain breakdown
voltages of over 1 kV have been achieved [9]. Another promising approach to
achieving bulk breakdown limits in nitride-based electronic devices is to employ
a CAVET structure.

A CAVET, which is illustrated in Figure 1.1(a), is the GaN analogue of the Si
DMOS structure. A CAVET consists of a source region separated from a drain
region by an insulating layer containing a narrow aperture that is filled with con-
ducting material. The source region is comprised of a two-dimensional electron
gas (2DEG) formed in the GaN near the AlGaN/GaN heterointerface, while the

drain region consists oi-type GaN. A device mesa is formed by reactive ion
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etching (RIE), and source contacts are deposited on either side of the aperture.
The drain metal contacts thedoped region below the aperture. Electrons flow
from the source contacts along the 2DEG, then through the aperture into the
n-type GaN and are collected at the drain. The conductivity of the material in-
side the aperture as well as in the drain region must be much larger than that
of the 2DEG so that the total current passing through the device is determined
by the conductivity of the 2DEG. Simultaneously, the conductivity of the 2DEG
must be much higher than that of the adjacent bulk GaN directly below the 2DEG
to ensure current flow through the 2DEG rather than through the bulk GaN. A
Schottky gate, located directly above the aperture, is used to modulate the charge
in the 2DEG, thereby controlling how much current passes through the aperture
and is collected at the drain.

The AIGaN/GaN CAVET combines the attributes of both the DMOS and the
GaN HEMT into a single device. The high conductivity in the 2DEG results in a
low on-resistance. Additionally, because the virtual drain (or the pinched off re-
gion) is located underneath the gate, charge does not accumulate at the gate edge,
so no large fields near the gate edge are present. Instead, our simulations show

that the electric field distribution in a CAVET is similar to that of a DMOS; the
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high field region is buried in the bulk below the gate metal. The CAVET there-
fore has the potential to support very large source-drain voltages, since surface
related breakdown is eliminated. An additional benefit from this sort of field
distribution is that surface related instabilities such as DC-RF dispersion, which

present serious problems in GaN HEMTS, are mitigated in a CAVET.

1.2 Research background of GaN-based transistors

As compared to many other material systems, research on electronic devices
in the IlI-Nitrides is relatively immature. The majority of research on GaN elec-
tronic devices has focused on high electron mobility transistors (HEMTS), al-
though more recently a number of groups have also reported AIGaN/GaN het-
erojunction bipolar transistors (HBTs) and current aperture vertical electron tran-
sistors (CAVETS).

The first significant achievement in GaN HEMT technology was the observa-
tion of a two dimensional electron gas formed by an AlGaN/GaN heterojunction,
which was reported by Khaet al. in 1992 [10]. The following year, Khast
al. reported the first DC performance of a GaN MESFET [11]. In 1994, the

first small signal measurements of a GaN MESFET [12] and an AlGaN/GaN
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HEMT [13] were reported. Then in 1996, Wiial. reported the first measured
microwave power of 1.1 W/mm at 2 GHz [14] in a GaN HEMT. Not too long
after, the first X-band power of 0.27 W/mm was reported [15]. Since 1996, the
power density reported for GaN HEMTSs has increased dramatically, and power
densities as large as 30 W/mm at 8 GHz were recently reported [16].

Work on GaN bipolar transistors began later, with the first AlGaN/GaN HBT
reported in 1998 [17]. Shortly after, Yoshigh al. demonstrated HBTs with
common emitter current gains greater than 10 [18]. In 1999, leénab reported
improved HBTSs in which the emitters were selectively regrown [19]. More re-
cently, HBTs with current gains as high as 35 at 300 K were reported byeXing
al. [20], and the temperature dependence of the current gain and common emitter
offset voltage was studied by Huaaial. [21].

To date, a very small number of reports of CAVETs have been published.
At the time of publication, only two groups, both at UCSB, had demonstrated
AlGaN/GaN CAVETs. The first CAVETSs, which contained regrown aperture
and source regions, were completed in 2001 [22] (s8€2). Soon after, re-
ports were published of CAVETSs in which the insulating region was formed by a

photoelectrical chemical (PEC) etch of an InGaN layer [23]. Other publications
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include the fabrication of CAVETs with higher drain currents and very little
dispersion [24] as well as an analysis of parasitic leakage currents and DC-RF

dispersion [25].

1.3 Synopsis of the dissertation

This dissertation focuses on the development of the AlGaN/GaN CAVET for
microwave power as well as high voltage switching applications. For a high volt-
age switch, the primary objective is the demonstration of a device with both a
very large breakdown voltage and a low on-resistance, while for a microwave
transistor, the end goal is demonstrating RF power performance. Because a
CAVET had never been previously reported, the majority of this work was fo-
cused on development of the device process as well as gaining an understanding
of device operation and the parameters that affect device performance.

Chapter 2 provides the foundation of this thesis by describing the device mod-
eling, material growth, and fabrication of the CAVET. A theoretical model is
developed which accurately predicts device performance, and material growth

and processing techniques are introduced. MOCVD regrowth was critical for
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the fabrication of devices and is described iR.5.2. Critical design parameters
are identified, and various device layouts used in this work are discussed.

In Chapter 3, device characteristics of the first CAVETSs are preseritéd.
curves for devices with both Fe- and Mg-doped insulating layers are shown. Also
included is an analysis of DC-RF dispersion. Dispersion was explicitly shown
to result from AlGaN surface states and was mitigated in devices where the gate
completely covered the aperture region.

In Chapter 4, a complete analysis of parasitic leakage currents in a CAVET
is conducted. Three active leakage paths are identified, and methods to inde-
pendently quantify the leakage through each path are presented. Techniques to
eliminate leakage are discussed, and devices are presented for which leakage
through the insulating layer has been eliminated.

Chapter 5 presents results for CAVETSs in which the insulating layer is defined
by an aluminum ion implantation. A significant reduction in leakage is achieved
while maintaining very large drain currents. Also discussed is ion implantation
in GaN, especially for the purpose of electrical isolation, as well as regrowth on
implanted layers.

Finally, in Chapter 6, device small signal RF measurements are presented.

10



CHAPTER 1. INTRODUCTION

The gate-overlap length,, was shown to be the primary factor in determin-

ing the current gain cutoff frequendy. However, an additional delay was also

measured, which was attributed to a combination of drain delay as well as the

channel extending beyond the edge of the aperture before pinching off. In ad-

dition, DC measurements of devices with varying values gfwere performed

to determine the minimum value @f,, that can be achieved before DC perfor-

mance degrades.
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Modeling, design, and fabrication of
AlGaN/GaN CAVETs

2.1 Introduction

RIOR to this work, CAVET structures had never been fabricated within
P the lll-nitride material system. It was therefore necessary to not only
grow the material and process devices but also to develop a theoretical device
model and to identify the critical design parameters that affect device perfor-
mance. Many of the growth and processing requirements for the CAVET were
similar to those of AlIGaN/GaN HEMTS, so for those steps, the standard HEMT
process developed at UCSB was used. However, unlike the GaN HEMT, the
CAVET structure cannot be grown completely in one step and then processed.

In order to achieve a conducting aperture region with insulating material on ei-
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CHAPTER 2. MODELING, DESIGN, AND FABRICATION

ther side, a regrowth must be performed after some of the initial processing steps.
A number of growth and processing techniques therefore had to be developed for
use in the fabrication of the CAVET. This chapter describes in detail the theoreti-
cal modeling, key design parameters, and growth and processing of AlIGaN/GaN
CAVETSs.

Theoretical modeling of the AlGaN/GaN CAVET was performed by Yee-
Kwang Seck using ATLAS, a commercially available device simulator. In this
chapter, a summary of the simulation results as well as a qualitative explanation
of the basic principles of operation of a CAVET are presented. Additional details
of the theoretical analysis can be found in Yee-Kwang Seck’s master’s thesis [1].

All material was grown by Metal-Organic Chemical Vapor Deposition
(MOCVD) using a comercially available Thomas Swan, Ltd. close-spaced verti-
cal reactor. Device processing was performed in the UCSB co-search cleanroom.
Facilities used included, among others, an RTS inc. modified GCA I-line wafer
stepper, a DC/RF sputtering system by Sputtered Films, Inc., a Temescal e-beam
evaporator, PlasmaTherm RIE and PECVD tools, and an AET rapid thermal an-
nealer.

This chapter is arranged into three parts. In the first part, theoretical modeling
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CHAPTER 2. MODELING, DESIGN, AND FABRICATION

and device design are discussed. The second part covers the material growth and
characterization. The final part describes all of the device processing involved in

the fabrication of AlIGaN/GaN CAVETS.

2.2 Principles of operation & theoretical modeling

In a CAVET the intrinsic current flow occurs in two dimensions; electrons
first flow horizontally through the 2DEG and then move vertically through the
aperture region. This is quite different from the HEMT or the bipolar transistor,
where current flow is confined to one dimension. Itis therefore critical to develop
an accurate model in order to identify which parameters primarily determine the
device characteristics. In this section, a qualitative description of the operation
of a CAVET is given, followed by a more rigorous theoretical analysis.

Figure 2.1 qualitatively illustrates the fundamental properties of current flow
in a CAVET. Current first travels horizontally through the 2DEG, until it reaches
the gate. The gate only modulates the current in the 2DEG, so pinch-off occurs
in the horizontal direction inside the 2DEG underneath the gate, just like in a

standard FET. Electrons which pass the pinch-off point in the channel continue
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Source Gate Source

— . — m —

velocity saturation region

Figure 2.1: Qualitative illustration of current flow in a CAVET. Current first
travels through the 2DEG and then pinches off horizontally beneath the gate.
Beyond the point of pinch-off, electrons continue to travel horizontally at their
saturated velocity,,;, then travel downward through the aperture and continue
on to the drain.

to travel horizontally at their saturated velocity,; until they arrive at the aper-

ture, travel downward through the aperture, and are collected at the drain. It is
critical that the conductivity of the material inside the aperture as well as in the
drain region be much larger than that of the 2DEG so that the entire voltage drop
between the source and drain occurs in the 2DEG. This condition ensures that
the total current passing through the device is entirely determined by the conduc-
tivity of the 2DEG. If this condition is not met, then a significant amount of the
applied source-drain voltage is supported across the aperture. In this case, until

Vps iIs very large, the 2DEG does not pinch off and the current does not reach
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its saturation value. This is analagous to quasi-saturation in a bipolar transistor,
which can occur at large injection currents when the ohmic dga- across

the collector drift region becomes comparable to the total base-collector voltage
Ve [2]. In addition, the conductivity of the 2DEG must be much higher than
that of the adjacent bulk GaN directly below the 2DEG to ensure current flow
through the 2DEG rather than through the bulk GaN.

The qualitative analysis given here was verified by theoretical modeling of
the device. Figure 2.2 compares the electric field distribution as well as the
I1-V characteristics of an ideal CAVET to one in which the aperture region was
more resistive than the 2DEG channel. In the ideal CAVET, illustrated in Fig-
ure 2.2(a), pinch-off occurs horizontally in the region above the aperture. In
the corresponding—V curves, the currents saturate nicely, and the magnitude
of the currents could be predictably controlled by varying the mobiljtyand
sheet charge, in the 2DEG, indicating that the-V' characteristics are entirely
determined by the properties of the 2DEG. For the device in which the aperture
region was not conductive enough, illustrated in Figure 2.2(b), a significant per-
centage of the voltage drop occurs across the aperture region. The corresponding

currents are much lower than in the ideal device and do not fully saturate at low
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Figure 2.2: Simulation cross section of AlIGaN/GaN CAVETSs, illustrating con-
stant voltage contour lines and indicating where pinch-off occurs. The two dia-
grams illustrated correspond to (a) an ideal device and (b) a device in which the
aperture region had a very low conductivity. Also pictured are the corresponding
simulated/—V" characteristics for each device.

values ofVpg, indicative of the quasi-saturation effects that are present in this
device. In addition, the current changes very little when the 2DEG properties
are varied, indicating that the-V' characteristics are dominated by the electri-
cal charateristics of the aperture region.

It should also be noted that in both cases, the high field region, corresponding
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High-Field Region Surface States

Semi-Insulating GaN

Figure 2.3: Schematic diagram of where the high field region occurs in a GaN-
based HEMT.

to the region where pinch-off occurs, is buried in the bulk below the gate. This
sort of field distribution is fundamentally different from that of a HEMT. In a
HEMT, the high field region is located at the AlGaN surface on the drain-side
edge of the gate, as illustrated schematically in Figure 2.3. The high surface
fields in AlIGaN/GaN HEMTs lead to the charging of AlGaN surface states, re-
sulting in the DC-RF dispersion which is commonly observed [3]. In a CAVET,
because the high field region is buried in the bulk, DC-RF dispersion should be

mitigated. A more detailed analysis of DC-RF dispersion is present&8.i6.
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Lap L
=590

GaN:Si

Figure 2.4: Schematic diagram of an AlIGaN/GaN CAVET indicating critical
design parameters.

2.3 Design parameters

In designing an optimal CAVET structure, a number of design parameters and
their effects on both DC and RF device characteristics need to be considered.
Some of the more critical parameters include the aperture ldngttthe doping
in the aperture region J, the gate-overlap length,,, and the thickness of the
UID GaN directly below the AlGaNy;p. These parameters are indicated in the
diagram in Figure 2.4. The resistance of the aperture region is determined both
by the resistivity of the material inside the aperture and.by The resistivity
of the material in the aperture region is inversely proportional tg 8b L,, and

N,, are therefore coupled with respect to the resistance of the aperture region,
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and so they must be optimized simultaneously. In order to ensure that the resis-
tance of the aperture region is extremely low, it is important to make sure that
the L,,-N,, product is not too small. However, increasing,Maises the peak
electric field in the device, resulting in a decrease in the breakdown vdliage
Additionally, makingL,, too large increases the gate-drain capacitarngepo-
tentially resulting in a decline in RF performance (see Chapter 6). In this study,
for devices with N, ~ 4x10'7, the optimal aperture length was found to be
~ 1-2pm.

The gate overlap length primarily determines the gate-source capaaitgnce
in a CAVET. Because the current-gain cutoff frequericys predominantly lim-
ited by C,,, it is important to keef,, as small as possible. This is analogous to
reducing the gate length of a normal HEMT. However, makiggtoo small can
result in source leakage underneath the 2DEG at higher valuéssofa com-
plete analysis of leakage currents is presented in Chapter 4). The thickness of
the UID GaN layertyp also affects leakage underneath the 2DEG. By making
tup too large, the UID GaN is not fully depleted, resulting in electron flow be-
neath the 2DEG. However, making;p, smaller also brings the 2DEG closer to

the insulating layer, which was found to reduce then, product in the 2DEG.
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2.4 Device layout

A number of different device layouts are possible for a CAVET. The ideal lay-
out would be to have the drain metal physically located below the aperture on
the back side of the wafer. This requires using a conducting substrate, such as
n-type SiC. However, performing RF testing on a device requires ground-signal-
ground (GSG) probe pads, which are much more difficult to implement when the
drain is on the back side. In this study, two different coplanar waveguide (CPW)
structures were employed. These two layouts are illustrated in Figure 2.5. Two-
sided CAVETS, illustrated in Figure 2.5(a), had gate widthg,. = 50 um,
corresponding to a total source width,,cc = 2-Wyee = 100 um. One-sided
CAVETS, shown in Figure 2.5(b), had gate widih§,.. = Wouree = 150 m.

The two-sided devices had sources on either side of the aperture, as would nor-
mally be desired. However, even though the gate widths of these devices were
somewhat smaller than those of the one-sided CAVETS, current crowding was
still a problem, since the drain metal was located at the far end of the aperture.
The current flowing through the portion of the aperture furthest from the gate was

less than that flowing through the rest of the aperture. As a result, the measured
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(b)

Figure 2.5: Schematic diagrams of the two device layouts used in this work,
along with optical photographs of fabricated devices.

current densities and transconductances were a bit lower than their expected val-
ues for these devices. The devices in Figure 2.5(b) were therefore much more

useful in analyzing intrinsic device properties.
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Layer Thickness Temp Press NH TMGa  Si, Fe, or
[nm] [°C] [Torr] [lpm] [sccm] Mg [sccm]

LT GaN ~ 100 624 760 6 60.0 N/A

GaN 600 1160 760 6 67.5 N/A

GaN:Si 1800 1160 760 6 67.5 0.6

GaN:(Fe/Mg) 400 1160/1130 760 6 67.5 26/205

Table 2.1: Sample growth conditions for CAVET base structure grown in a
Thomas Swan close-spaced vertical MOCVD reactor.

2.5 Material growth issues

All material in this work was grown by MOCVD on-plane sapphire sub-
strates, resulting in wurtzite GaN grown in tk@001> direction. The material
growth involved in the fabrication of a CAVET consists of two parts. First, an
initial base structure is grown. The base structure consists of artkige drain
layer followed by a layer of Fe- or Mg-doped GaN, which acts as an insulating
layer [see Figure 2.6(a)]. A sample of the growth conditions for the base layers is
given in Table 2.1. After the base structure is grown, the wafer must be removed
from the MOCVD reactor so that an aperture region can be etched through the
insulating layer. The second part of the growth involves a maskless MOCVD

regrowth. The wafer is reinserted into the MOCVD reactor, and the material
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inside the aperture region as well as the UID GaN layer and the AlGaN cap are

all grown.

2.5.1 Designing the insulating layer

One of the most important considerations in fabricating a CAVET is what
material to use for the insulating layer. One possible candidate is to deposit an
insulator, such as SiQand perform a lateral epitaxial overgrowth (LEO) [4].
However, regrowth in the presence of an insulator which contains either silicon
or oxygen often results in unintentional doping of the regrown material, thus
making it difficult to control the electronic properties of the regrown material. In
addition, even if an insulator is used which does not lead to unintentional doping,
such as AIN, the growth conditions required to achieve lateral overgrowth do
not typically lead to material best suited for electronics applications. Also, it
is very difficult to achieve lateral growth rates which are much higher than the
vertical growth rate without compromising material quality even further, and so
the resulting wing region would have to be very narrow. After accounting for the

necessary gate overlap length and source-gate spacing, there would be little or

26



CHAPTER 2. MODELING, DESIGN, AND FABRICATION

no material left at the end of the overgrown wings for the source ohmic contacts.
Another option, which has been successful in the fabrication of CAVETS, is
to use a photoelectrochemical (PEC) wet etch to undercut the source region,
resulting in an insulating region that consists of air [5]. The approach that was
initially pursued in this work was to incorporate a dopant into the GaN in the
insulating layer, resulting in insulating GaN. The two dopants tested were Fe and
Mg, and devices were successfully fabricated using each of these. In subsequent
devices, an aluminum ion implantation was used to render the GaN insulating.

The ion implantation technique will be discussed in detail in Chapter 5.

2.5.2 MOCVD regrowth

Figure 2.6 gives a step-by-step description of the entire regrowth. After the
aperture region is etched away, the initial structure is reinserted into the MOCVD
reactor for regrowth. The sample is first heated up in nitrogen angtNlthe
regrowth temperature of 116C. Interrupted growth studies verified that even
before TMGa is introduced into the reactor, the aperture partially fills with GaN

as a result of mass transport of material from the surface into the aperture [6, 7],
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(2)

(b)

(c)

(d)

Figure 2.6: Diagram depicting MOCVD regrowth. (a) Initial structure is etched
and reinserted into MOCVD reactor. (b) As sample is heated to regrowth tem-
perature, aperture partially fills with GaN. (c) UID GaN is grown. (d) AlGaN is
grown, surface not completely planar.

as indicated in Figure 2.6(b). For this to occur, gallium is provided by the des-
orption of GaN from the surface of material near the aperture, and nitrogen is
provided by the NH. Once the regrowth temperature has been reached, TMGa
is injected into the reactor, and the UID GaN layer is grown, followed by the

AlGaN cap, as illustrated in Figure 2.6(c-d). The entire regrowth is performed
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Figure 2.7: (a) 7 um AFM image and (b) cross section analysis of surface
directly above the aperture after regrowth.

with nitrogen as the carrier gas in order to prevent Mg in the insulating layer
from being passivated by hydrogen [8]. The surface directly above the apertures
does not entirely planarize during the regrowth; a small depression can still be
observed, as seen in the AFM image of the surface after regrowth in Figure 2.7.
Material inside and above the aperture region therefore is not grown on the
c-plane, but rather on an inclined or vertical facet.

If the surface above the aperture region has a very steep indentation and the
gate metal is placed directly on top, large peaks in the electric field near the
indentation could potentially occur when the device is under bias. It is there-

fore important that the regrown surface directly above the aperture be as planar

29



CHAPTER 2. MODELING, DESIGN, AND FABRICATION

as possible. The most important parameter in determining how well the sur-
face planarizes is the regrowth temperature, although the V/III ratio also plays a
smaller role. In general, higher growth temperatures and lower V/IlI ratios tend
to favor planarization. In addition, it was found that nonoptimal regrowth condi-

tions can result in large leakage currents. A discussion of regrowth optimization

for the elimination of leakage currents is given in Chapter 4.

2.5.3 Growth of AlIGaN/GaN heterostructures

The final step in the material growth involves growing a thin AIGaN layer on
top of UID GaN to form the 2DEG which supplies the current in the device.
The primary requirement for the 2DEG in both CAVETs and HEMTs is that it
have a large.,,-n, product. The AlGaN growth process for HEMTs had already
been fully developed at UCSB, so identical conditions were used for the AlIGaN
growth in the CAVET. The Al composition in all devices was between 30%
and 35%. Additionally, in all devices other than the first ones fabricated, a thin
AIN layer was placed between the AlGaN and the adjacent UID GaN, thereby

increasing the,-ns product in the 2DEG by increasing the effectitxd”~ and
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decreasing alloy scattering from the AlGaN [9]. This AIN layer is also part of

the standard UCSB HEMT structure.

2.6 Device processing

The following section gives a detailed description of the entire fabrication
process of a CAVET, describing all of the device processing and providing the
details of the material growth. In devices which contained an ion-implanted
insulating layer, the process had to be varied slightly. Those revisions will be
described in Chapter 5.

Fabrication began with the growth of the initial base structure, which consisted
of a 2 um n-type (Si doped) GaN drain layer followed by a Quh insulating
GaN layer [see Figure 2.8(a)]. Next, channel apertures were etched through the
insulating GaN by Clreactive ion etching (RIE), as illustrated in Figure 2.8(b).
Aperture widths (,,) ranged from 0.q:m to 3 xm, and gate overlap lengths
(Lgo) ranged from 0.3:m to 5um. Alignment marks on each die were then cov-
ered by sputtering AIN so that the marks would be visible following regrowth.

The wafer was then placed back into the MOCVD chamber and a maskless re-
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GaN:Mg or GaN:Fe 4000 A
GaN:Si Drain 2 um

Sapphire Substrate
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Figure 2.8: Initial growth and regrowth for AIGaN/GaN CAVETSs.

growth was performed. 1700-25@00f UID GaN was grown, followed by a
250 A AlGaN cap, resulting in the structure shown in Figure 2.8(c). A two-
dimensional electron gas (2DEG) is present in the GaN near the AlGaN/GaN
heterointerface, enabling the formation of ohmic source contacts and providing

the charge that is collected at the drain.
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LaP Lgo source

Source Gate
.

Figure 2.9: Process flow for AlGaN/GaN CAVETSs.

Next, a device mesa for the source and gate region was formed wiRIE)
and Ti/Al/Ni/Au (200/1500/375/50@\) were evaporated and annealed at 8Z0
for 30 seconds to form ohmic source and drain contacts [see Figure 2.9(a)]. The
source metal contacts the 2DEG near the AlIGaN/GaN heterointerface, while the

drain metal contacts the Si-doped GaN layer at the base of the structure. After
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this, the area on the device mesa where the source and gate probe pads sit was
isolated from the source region to reduce leakage currents as well as extrinsic
parasitics. A 6004 Cl, RIE etch was performed to remove the AlGaN and
some of the underlying GaN from this area, followed by a 2B@0ectron beam

SiO, depostion, as illustrated in Figure 2.9(b). Next, 300/3808f Ni/Au was
evaporated for a gate metallization. Finally, Ti/Au (300/3(50(Was evaporated

for source and gate probe pads, resulting in the device illustrated in Figure 2.9(c).
None of the devices with Mg- or Fe-doped insulating layers contained any kind

of surface passivation layer. In the devices with ion implanted insulating layers,
devices were passivated with SiN and retested after all DC and RF testing had

been performed.

2.7 Summary

Device design and modeling, as well as growth and fabrication procedures,
were all introduced. A theoretical model was developed which accurately de-
scribed operation of an ideal device as well one in which the aperture region was

not adequately conductive. Key design parameters, including the aperture length
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L,,, the gate overlap length,,, then-type doping level in the aperture region

N.,, and the UID layer thicknessp, were identified and discussed. Two differ-

ent device layouts were described, and the merits of each layout were presented.
Various growth issues, such as regrowth on a non-planar surface and formation

of AIGaN/GaN heterostructures, were addressed. The foundation for the device

processing used in this work was presented, and a step-by-step description of the

entire fabrication procedure was given.
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AlGaN/GaN CAVETs with regrown
aperture regions

3.1 Introduction

URRENT aperture vertical electron transistors present a number of pro-
C cessing and material challenges distinct from other electronic devices
in the IlI-Nitride material system, some of which were discussed in Chapter 2.
Maintaining a highu,,-ns product in the 2DEG is considerably more difficult
than in a HEMT, since the source region sits on top of a Mg-doped or Fe-doped
layer and must be regrown. Design and fabrication of the aperture region must be
optimized to ensure that it is highly conductive. Additionally, because the drain
region is located directly below the source and gate regions, leakage currents are

very difficult to suppress.
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This chapter introduces the initial results for devices with both Fe-doped and
Mg-doped insulating layers. In the first devices, currents were much lower than
expected, and for the devices with Mg-doped insulating layers, the currents never
saturated. Improvements in device design as well as processing led to devices
with much higher currents and negligible DC-RF dispersion. A complete analy-
sis of dispersion was conducted, and it was shown conclusively that the disper-
sion prevalent in AlIGaN/GaN HEMTSs is indeed surface related, and that since
there is no surface on the drain side of the gate in the CAVET geometry, DC-RF

dispersion is mitigated.

3.2 Initial Results

3.2.1 Firstdemonstration of an AlGaN/GaN CAVET

In October 2001, the first GaN-based CAVETs were demonstrated at UCSB.
Devices with both Fe-doped and Mg-doped insulating layers were fabricated
concurrently. After fabrication, electronic device characterization was performed

using a Tektronix 370A programmable curve tracer. Both DC and pulséd
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Figure 3.1: (a) Device schematic and (3)V characteristics for a two-sided
CAVET with an Fe-doped insulating layer. For this device, the Al composition
in the AlGaN x4, = 35%, the Si doping level in the drain region wasl x 108,

the Fe doping level in the insulating layer waslx10', L,, = 0.6 um, and

Lgo =2 pm.

characteristics were obtained.

3.2.2 Devices with Fe-doped insulating layers

A device schematic along with the DG,—V,, characteristics of a two-sided
CAVET with an Fe-doped insulating layer are illustrated in Figure 3.1. This
device had a maximum source-drain currént, of 430 mA/mm, a pinch-off

voltageV, of — 4 V, and an extrinsic transconductangg of ~ 100 mS/mm
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at I;, ~ 350 mA/mm andy, ~ 9 V. The current in this device was relatively
low compared to that of a HEMT; a HEMT with a similar AlIGaN layer would
typically have an/,,,, of around 1 A/mm. However, the current does saturate,
and qualitatively, thd—V" charateristics resemble the ideal predicted curves that
were illustrated in Figure 2.2(a). Additionally, device DC characteristics were
found to be independent of the aperture lenbth for aperture lengths ranging
from 0.6m to 2 um, indicating that the maximum currefy,... in these devices
is determined by the available charge in the 2DEG and not by the conductivity
of the aperture region. These observations led us to conclude that although the
aperture region had a sufficiently low resistance, the conductivity of the 2DEG
was somehow lower than expected. The low currents in these devices were even-
tually determined to result from Fe incorporating into the regrown material di-
rectly above the insulating layer. The details of how this occurred are presented
in §3.3.

Relatively large parasitic leakage currents, which are evident in Figure 3.1(b),
prevented a meaningful measure of the breakdown voltage. A complete analysis
of leakage currents is presented in Chapter 4. A comparison of the DC device

characteristics to those where the gate was pulsed from pinchoff to their final
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value reveals that these devices do exhibit some dispersion for as pQlse
width. This dispersion was thought to be related to traps in the Fe-doped layer
and not to any surface effects. It should be noted that all current dengjtigs (
and transconductanceg,() reported in this dissertation are per source pad, so
that a meaningful comparison to HEMTs can be made (recallithgt,.. =

2-Wate, SINCe there are two source pads).

3.2.3 Devices with Mg-doped insulating layers

Figure 3.2 shows a device schematic along with the REV,, characteris-
tics of a two-sided CAVET with a Mg-doped insulating layer. In this device,
the currents were extremely low, even as compared to CAVETs with Fe-doped
insulating layers, and the currents never saturated. Déwitecharacteristics
were qualitatively similar to the non-ideal predicted curves in Figure 2.2(b). Ad-
ditionally, currents measured in these devices were dependeit,ounlevices
with smaller apertures had smaller currents, indicating that the current was being
limited by the low conductivity of the aperture region. As will be discussed in

§3.3, the low conductivity of the aperture region was found to result from Mg
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Figure 3.2: (a) Device schematic and (b)/ characteristics for a CAVET with

a Mg-doped insulating layer. For this device, the Al composition in the AlGaN
X1 = 35%, the Si doping level in the drain region wad x 10'®, the Mg doping
level in the insulating layer was 1x 10", L,, = 2 um, andL,, = 2 um.

incorporating into all of the regrown material.

3.3 Regrowth on Fe-doped and Mg-doped GaN

Although currents were low in devices with both Fe-doped and Mg-doped
insulating layers, the mechanism for current reduction appeared to be funda-
mentally different for each of these devices. In devices with an Fe-doped layer,

although the 2DEG was not as conductive as expected, the aperture region was
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sufficiently conductive. In contrast, for devices with Mg-doped layers, the aper-
ture region was also overly resistive. The current reduction in both devices was
determined to result from Fe or Mg being unintentionally incorporated into the
regrown material during the regrowth. However, the mode by which each dopant
was incorporated into the regrown material was fundamentally different, which
is why the/-V" characteristics of the two sets of devices were so dissimilar.

When material is regrown directly on top of Mg-doped or Fe-doped GaN,
proper surface treatment must be performed to ensure that no Mg or Fe is in-
coroporated into the regrown material. When GaN is doped with Fe, studies
have shown that once the Fe is shut off during growth, an Fe-rich layer is still
present at the surface [1]. When additional material is grown on top, the Fe tends
to ride along the surface and is consequently incorporated into the regrown ma-
terial. In order to remove the Fe from the surface, it is necessary to remove the
wafer from the reactor and perform an acid etch. Dipping the sampleS©OH
HNO;, H3POy,, HCI, and HF for five minutes each [1] removes the excess Fe
from the surface, and any material which is subsequently grown on top contains
no unintentional Fe doping.

In the fabrication of a CAVET, the initial growth step ends after the insulating
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layer has been grown, so when the wafer is removed from the reactor, the first
step performed should be the forementioned acid treatment. Since this treatment
was not performed for the device in Figure 3.1, Fe which remained on the surface
continued to propagate upwards along the surface during regrowth, thus incor-
porating into all of the material directly above the insulating layer. As a result,
the conductivity of the 2DEG was reduced. However, the Fe did not appear to
re-enter the vapor phase, since the aperture region was sufficiently conductive.
Had the Fe re-enterred the vapor phase, the material in the aperture region would
have also been unintentionally Fe-doped, and so ddwitecurves would have
more closely resembled the non-ideal characteristics illustrated in Figure 2.2(b).
When growth of Mg-doped GaN is terminated, a Mg-rich layer is also present
at the surface, which causes Mg to incorporate into any material that is sub-
sequently regrown on top [2]. However, unlike Fe, Mg which remains on the
surface does re-enter the vapor phase during regrowth and thus incorporates into
all of the regrown material. In the case of the regrowth performed for the CAVET
in Figure 3.2, this meant that Mg was incorporated into all of the regrown mate-
rial, including the GaN in the aperture region, which resulted in a highly resistive

aperture region. As a result, tiiel” characteristics of this device were qualita-
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tively very similar to the non-ideal predicted curves illustrated in Figure 2.2(b).
Fortunately, this excess Mg can be removed by dipping the sample for two min-
utes in buffered HF and two minutes in HCI [2] prior to regrowth.

Previously, Xinget al. had reported Mg being incorporated intetype GaN
regrown on a Mg-doped GaN layer and had attributed the accumulation of Mg at
the surface to the commonly seen Mg memory effect in MOCVD [2]. However,
their experiments did not identify conclusively the mechanism by which the Mg
was incorporated into the regrown material. More specifically, from their results
it was unclear whether the Mg diffused into the regrown material or re-enterred
the vapor phase and was incorporated as such. The studies presented here con-

firm that the latter of these two possibilities is what actually occurred.

3.4 Insulating layer: Fe vs. Mg doping

In order to evaluate the resistivity of each of the insulating layers, diode struc-
tures which resemble a CAVET with no aperture were fabricated, as illustrated
in Figure 3.3. For each of the structures, the GaN:Si drain region and the in-

sulating layer were grown initially. The wafers were then removed from the
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GaN:Si

Figure 3.3: Diode structures fabricated to evaluate insulating properties of Fe-
doped and Mg-doped insulating layers. In each of the diodes, the insulating layer
was 4000A thick and contained- 10'° cm~3 Fe or Mg dopant atoms.

MOCVD reactor and dipped in various acids to remove excess Fe or Mg from
the surface, as described§B.3. The two wafers were then placed side by side

in the MOCVD reactor, and the UID GaN and AlGaN layers were grown simul-
taneously on both wafers. In each of the diodes, the insulating layer wast000
thick and contained- 10'° cm—2 Fe or Mg dopant atoms. Finally-V/ charac-
terization of each of the diodes was performed to measure the leakage currents.
For the device with an Fe-doped insulating layer, leakage currents as high as
2 A/mm? were measured at 14 V bias. In the device with a Mg-doped layer,
leakage currents remained below 10 mA/frior all biases below breakdown.
Leakage was clearly much less severe for the Mg-doped insulating layer than for

the Fe-doped layer.
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In GaN, although the exact energy level associated with Fe doping is uncer-
tain, in two separate studies the’f& acceptor level was predicted to be located
2.6 eV [3] and 3.17 eV [4] above the valence band maximum, respectively. The
Mg acceptor level in GaN has been experimentally determined to be located
0.17 eV above the valence band maximum [5]. If the Fermi level in the insulat-
ing layer is assumed to be located approximately at the Fe or Mg dopant level,
then the barrier to electron flow is clearly much larger with a Mg-doped GaN
layer than with an Fe-doped layer. It is likely that the large barrier formed with
the Mg-doped GaN is responsible for the superior current blocking properties of

the Mg-doped layer.

3.5 Improved CAVETs

After fabrication and testing of the initial devices, a number of changes in the
device processing were implemented for the second generation of CAVETSs. The
most important improvement was to implement the surface treatment described
in §3.3, which eliminated the unintentional doping in the regrown material. Sec-

ondly, athin ¢ 6 A) AIN layer was added underneath the AlGaN to increase the
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1in-ns Product in the 2DEG. The UID GaN underneath the AIGaN was also made
slightly thicker in hopes of increasing the conductivity of the 2DEG. Finally, an
n~ subcollector-like drift region was inserted directly below the aperture region
which was meant to support some of the applied source-drain voltage, thus in-
creasing the breakdown voltage of the device. The complete device layer struc-
ture is illustrated in Figure 3.4(a). Also, because Fe-doped insulating layers were
found to have relatively poor current blocking characteristics, and devices with
Fe-doped layers exhibited some DC-RF dispersion, only Mg-doped insulating

layers were employed in the second generation of devices.

3.5.1 Deuvice results

The device layer structure and OG-V, characteristics of a second genera-
tion CAVET with a Mg-doped insulating layer are illustrated in Figure 3.4. This
device had a maximum source-drain currént, of 750 mA/mm, a pinch-off
voltageV), of — 6 V, and an extrinsic transconductangeof ~ 120 mS/mm at
145 ~ 650 mA/mm and/;; ~ 7 V. The currents and transconductances in this de-

vice were all significantly higher than any that had been previously achieved in
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Figure 3.4: (a) Layer structure and (b}V" characteristics for a second gener-
ation CAVET. For this device, the Al composition in the AlGalN; x= 33%,
the Si doping level in the drain region was1x10*®, the Si doping level in the
n~ drift region was~ 1x10'7, the Mg doping level in the insulating layer was
~1x10", L,, =2 um, andL,, = 1 um.

AlGaN/GaN CAVETSs. Although leakage currents in this device still prevented a
meaningful measure of the 3-terminal breakdown voltage, the 2-terminal break-
down voltage was successfully measured and was found 0@V, although

this value may have also been larger in the absence of gate leakage. A compar-
ison of the DC device characteristics to those where the gate was pulsed from
pinchoff to their final value reveals that these devices exhibit almost no disper-

sion for an 80us pulse width. This further confirms the conclusion that the
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dispersion observed in devices with an Fe-doped insulating layer was somehow
related to traps in that layer. Device DC electronic characteristics were found to
be independent of the aperture lendth for aperture lengths ranging from 0.8

um to 2 um, indicating that the acid treatment successfully removed the excess
Mg from the surface and prevented unintentional Mg doping of the regrown ma-
terial. The current in some devices which had an aperture length smaller than
0.8 um was lower than those with larger apertures, indicating that the current in
these devices was being limited by the conductivity of the aperture region. For
devices with very small apertures, it is likely that the low conductivity of the
aperture region resulted from side-depletion of the aperture, since it is situated

between two layers which are highly doped with Mg.

3.5.2 Electrical characterization of the 2DEG

Because the sheet charge and mobility in the 2DEG play such a crucial role in
determining device performance, it is important that both be measured. Specif-
ically, it is critical to determine whether the insulating layer, which lies directly

underneath the source region, has any effect.por n, in the 2DEG. These
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parameters are typically characterized by performing Hall measurements using
the van der Pauw method [6]. For this study, measurements were performed us-
ing a custom built Hall setup consisting of a Kiethley 220 programmable current
source, a Hewlett Packard 34401A multimeter, and an electromagnet equipped
with a digital teslameter.

For GaN HEMTSs, the sample preparation for Hall measurements is quite sim-
ple and only takes a few minutes. A square piece of material can be cleaved from
the wafer, and ohmic contacts can be placed in each corner by lightly scratching
the surface and then placing a small dot of indium metal on top of the scratch
and pressing down on it. Because the 2DEG is the only conducting region in
the HEMT structure, no special precautions must be taken to prevent parallel
conduction.

When performing Hall measurements of the 2DEG in a CAVET structure, it
is important to ensure that the ohmic contacts are only contacting the 2DEG and
not then-type drain region below the insulating layer. Otherwise, the measured
sheet charge will be the sum of the charge in the 2DEG and that of the drain
region, and the measured mobility will be a weighted average of the mobilities

of both these regions. To contact the 2DEG, the Hall sample was coated with
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photoresist, stepper lithography was performed to expose the contact regions,
and Ti/Al/Ni/Au (200/1500/375/50@) were evaporated and annealed at 820
for 30 seconds to form ohmic contacts.

Hall measurements were performed on a structure similar to the one shown in
Figure 3.4(a). The sheet charge of the 2DEG was measured to be
~ 1.4x10'3 cm~3, and the mobilityu,, was~ 900 cnt/V-s. For a HEMT struc-
ture grown under similar conditions with an AlGaN/AIN cap identical to the one
in this experimenty, was also measured to be 1.4x10'* cm~3, but 11, was
found to be~ 1450 cnd/V-s. The reduction in the mobility for the CAVET struc-
ture was most likely a result of regrowing on a Mg-doped layer, combined with
the close proximity of the Mg-doped layer to the 2DEG. However, the values
measured for the CAVET structure were easily adequate for the fabrication of

working devices.

3.6 Analysis of DC-RF dispersion

In AIGaN/GaN HEMTs, DC-RF dispersion has been attributed to the charg-

ing of surface traps at the AlGaN surface in the gate-drain access region [7],
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which were shown schematically in Figure 2.3. When the device is under bias,
large electric fields are present at the drain-side edge of the gate, which causes
the surface states to fill with electrons until the surface is approximately at the
same potential as the gate. When an RF signal is then applied to the gate, the
surface states do not respond as quickly as the metallic gate, so the potential at
the surface is not able to vary as quickly as the applied RF signal, resulting in
the DC-RF dispersion that is commonly observed. A more detailed description
of dispersion in AlIGaN/GaN HEMTSs is given in Robert Coffie’s PhD thesis [7].

In a CAVET, the drain region is located beneath the gate. As a result, when the
device is under bias, the high field region is buried in the bulk rather than at the
surface, as was shown in our simulations in Figure 2.2. The electric field at the
surface, which results from the small potential difference between the gate and
the source, is relatively small, so the surface states should not fill up with elec-
trons and DC-RF dispersion should be mitigated. T+Hé characteristics shown
in Figure 3.4 support this hypothesis; the device shows negligible dispersion for
80 us pulses.

In order to further verify this surface-state model for dispersion, the three

structures illustrated in Figure 3.5 were fabricated on the same material and then
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Figure 3.5: Three CAVET structures fabricated in order to verify the surface-
state model for DC-RF dispersion, along with correspondinly characteris-

tics. (a) Gate completely covers the aperture, drain-side edge of gate is far from
the current path, dispersion is negligible. (b) Gate partially covers the aperture,
drain-side edge of gate is near the current path, small amount of dispersion is
present. (c) Gate is completely offset from the aperture, current passes directly
underneath drain-side edge of gate, device exibits a large amount of dispersion.

tested. The—V curves of each of these devices for DC and pulsed conditions

are also given in Figure 3.5. The device in Figure 3.5(a) is a standard one-sided
CAVET. The gate metal extends all the way across the aperture, so the current
does not flow underneath the surface on the drain-side of the gate. The only

portion of the AlGaN surface that could affect the charge in the channel is the
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region between the source and the gate. Because the electric field in this region
is small, the surface states there should not fill up with electrons, so we expect to
see no dispersion in this device. We can see fronithécurves in Figure 3.5(a)

that this is indeed what occurs.

In the device shown in Figure 3.5(b), the gate only extends part way across the
aperture. This brings the surface on the drain-side edge of the gate closer to the
path of current flow, depicted by the blue arrows in Figure 3.5, which we now
refer to as the channel. Occupied surface states in this region could potentially
modulate the channel, although because the channel does not run directly under
this region, we would expect the effect to be relatively small. Indeed, we see in
the /-V curves in Figure 3.5(b) that a small amount of dispersion is present in
this device.

The device illustrated in Figure 3.5(c) is similar to a HEMT. In this device, the
gate is completely offset from the aperture. Current passes directly underneath
the AlGaN surface on the drain-side of the gate, so any changes in the potential
at this surface will directly affect the amount of charge in the channel. We can
see in the/—V characteristics shown in Figure 3.5(c) that this indeed results in a

device with very high dispersion.
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3.7 Summary

AlGaN/GaN CAVETs were successfully fabricated both with Fe-doped and
Mg-doped insulating regions. Although current levels in initial devices were rel-
atively low, improved processing led to devices with maximum currents as high
as 750 mA/mm. Additionally, as predicted, optimized GaN CAVETSs exhibited
negligible DC-RF dispersion. The analysis of dispersion which was performed
here showed conclusively that the dispersion prevalent in AIGaN/GaN HEMTs
is indeed surface related, and that since there is no surface on the drain side of
the gate in the CAVET geometry, DC-RF dispersion is mitigated.

The most prominent issue that was not resolved up to this point was the large
amount of leakage that is evident in all of thel” curves. For high power op-
eration, and especially for high voltage applications, it is critical that leakage
currents be extremely small. A complete analysis of leakage currents is con-

ducted in Chapter 4.
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Analysis of parasitic leakage currents

4.1 Introduction

NFORTUNATELY , all AIGaN/GaN CAVETs with regrown aperture
U and source regions which have been fabricated to date have exhibited
relatively large parasitic leakage currents, often comprising as much as 15% of
the total current. These leakage currents resulted in devices that do not pinch
off, and they have prevented a meaningful measure of device 3-terminal break-
down voltages, making it impossible to determine whether the large predicted
breakdown voltages for a CAVET can be realized. The entire current observed
at pinch-off (/, = — 6 V) in Figure 3.4(b) consists of leakage currents. In a
CAVET, the total leakage current is comprised of three elements: (1) electrons

from the source passing directly through the insulating layer, (2) electrons from
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Source Gate Source
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Figure 4.1: Schematic diagram of leakage paths in a CAVET (red arrows repre-
sent leakage paths).

the source traveling through the aperture but underneath the 2DEG so that they
are not modulated by the gate, and (3) electrons traveling from the gate to the
drain. A schematic diagram of these leakage paths is illustrated in Figure 4.1.

In order to study leakage currents in CAVETS, it is important to determine
how much each of the three components illustrated in Figure 4.1 contribute
to the total leakage current. Gate leakage can be measured independently by
simply performing a 2-terminal gate-dralrV’ measurement. Source leakage

through the insulating layer can be approximately measured by performing a
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2-terminal source-draif-)/ measurement on a device that contains no aperture.
Any remaining leakage that is not accounted for by these two components must
therefore result from electrons traveling through the aperture but underneath the
2DEG.

By performing the above measurements, all three leakage paths were shown to
exist for the device withi—V characteristics illustrated in Figure 3.4. Subsequent
studies were performed to determine what was causing each of the leakage paths

to exist and how they could be eliminated.

4.2 Source leakage through the insulating layer

Interrupted growth studies confirmed that source leakage through the insulat-
ing layer resulted from pits formed on the surface at the onset of regrowth, as the
sample was heated to growth temperature. A minimum regrowth temperature
of 1160°C was required in order for the region above the aperture to planarize.
However, if the sample was heated to this temperature in 6 liters per minute
(slpm) of NH; and 6 slpm of H or N, at atmospheric pressure without injecting

any trimethylgallium (TMGa), as is our standard procedure, then pits formed at
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Aperture

/ 50 pm

Pits ——>

Figure 4.2: Optical photograph of surface after it is heated to regrowth temper-
ature and then immediately cooled back down. Pits and surface roughening can
be observed. The straight line indicated in the middle is;an™ong aperture.

the surface, as seen in Figure 4.2. All devices for which the regrowth was per-

formed under conditions leading to pits exhibited large leakage currents through

the insulating layer. Eliminating this leakage path required reducing the reactor

pressure, reducing the amount of hydrogen present in the reactor by growing
in N, and reducing the NHflow, and introducing a small flow of TMGa into

the reactor prior to reaching growth temperature. Reducing the temperature also

kept the pits from forming; however, for temperatures less than 206Q@he
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material above the aperture did not always planarize, in which case gate leakage
was much more severe. In order to ensure that pits did not form during regrowth,
subsequent devices were heated to regrowth temperature in 3 slpm; eildtd

slpm of N, at a pressure of 300 torr. Additionally, a small amount of TMGa was
injected into the reactor while the temperature was ramped from 1050 to 1160
°C. Figure 4.3 shows thé-V" characteristics of a device grown under condi-
tions that were optimized to eliminate pits in the insulating layer. All devices for
which the regrowth was performed under these optimized conditions exhibited

negligible leakage through the insulating layer.

4.3 Source leakage underneath the 2DEG

It was stated earlier that the conductivity of the 2DEG needs to be much higher
than that of the adjacent bulk GaN directly below the 2DEG to ensure current
flow through the 2DEG rather than through the bulk GaN. Source leakage un-
derneath the 2DEG occurred when these conditions were not met. In addition,
source leakage underneath the 2DEG can can also occur at large valggs of

if the gate-overlap lengtli,, is too small (see Figure 2.4). Leakage through
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Figure 4.3: Device in which regrowth conditions were optimized to eliminate
surface pitting while simultaneously allowing the surface above the aperture to
become nearly planar. (a) Device layer structure, (b) active leakage paths, and (c)
device/-V characteristics. The dashed curve in (c) was taken without contacting
the sources; thus it is a measure of the total gate leakage in this device.

this path was reduced by keeping the UID layer as thin as possible, insuring
that it was fully depleted all the way up to the 2DEG. The device illustrated in

Figure 4.3 had a relatively thick UID GaN layer. The resulting source leakage
current in this device is simply the difference between the curve in which the

device is pinched off [bottom black curve in Figure 4.3(c)] and the gate leak-
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age [dashed curve in Figure 4.3(c)]. For UID layers with thickness700A,

no leakage through this path was observed for drain voltages of tp50 V,

which was the breakdown voltage of those devices. It is possible that in devices
with larger breakdown voltages, leakage through this path may be observed at
higher drain voltages. The compromise is that if the UID layer is too thin, the
mobility of the 2DEG channel is reduced, and the region above the aperture does

not always planarize as well, resulting in more severe gate leakage.

4.4 Gate Leakage

As stated earlier, material inside as well as above the aperture region was not
grown on thec-plane, but rather on an inclined or vertical facet. Other studies
have found evidence that GaN which is grown on facets other than@81>
plane tends to incorporate larger concentrations-tfpe impurities [1, 2]. We
therefore believe that the material directly beneath the gate is higiyye,
resulting in a leaky gate Schottky barrier [see Figure 4.4(a)]. Because the peak
electric field in a CAVET is located directly beneath the gate,thigpe doping

also causes an increase in the peak field, which limits the breakdown voltage in
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*

(@ (b)

Figure 4.4: (a) Schematic of CAVET. Shaded region is unintentionally doped
highly n-type during regrowth. (b) Test structure with a gate that is offset from
the aperture.

these devices. It is therefore important to reducerttgpe doping level inside
and above the aperture region not only to eliminate gate leakage but also to
achieve high breakdown voltages.

Although it is possible that gate leakage could result from the enhanced elec-
tric fields that are caused by the indentation in the surface underneath the gate,
our hypothesis that it is the enhanced doping in the regrown regions close to
the aperture (shaded regions in Figure 4.4) is supported by the fact that in test
structures where the gate is offset from the aperture, gate leakage is eliminated
while breakdown voltage remains the same [see test structure in Figure 4.4(b)].

If gate leakage had resulted from the enhanced fields caused by the indentation
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in surface, an increase in the breakdown voltage would be expected when the
gate was offset from the aperture.

In order to eliminate gate leakage, we attempted to find growth conditions
that would cause the surface to completely planarize almost immediately during
regrowth. Conditions that favored planarization included reducing the V/III ra-
tio and increasing the temperature. However, the higher regrowth temperatures
required to planarize the surface also resulted in increased source leakage due
to the formation of pits while the sample was being heated. At temperatures in
which source leakage was eliminated, the surface never fully planarized, so gate

leakage was still present in all devices.

4.5 Summary

Leakage currents were found to be a major issue in AlGaN/GaN CAVETs,
preventing realization of the high breakdown voltages predicted for CAVETS.
The various leakage paths present in CAVETs were addressed in this chapter, and
conditions were identified which eliminated both of the paths associated with

source leakage. However, because of the uncontrollably/hityipe doping of
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the material inside and above the aperture, gate leakage could not be eliminated.
In order to eliminate gate leakage as well as to achieve the high predicted
breakdown voltages in a CAVET, it is necessary to be able to better control the
doping both within the aperture and underneath the gate. This was later achieved
by using an ion implantation to define the insulating layer, as discussed in Chap-
ter 5. In addition, an insulator underneath the gate could be used to further
reduce gate leakage and increase breakdown voltage. This technique has previ-
ously been successfully implemented in the fabrication of high breakdown GaN
HEMTSs [3]. Despite the problems with gate leakage, working devices were still

fabricated.
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AlGaN/GaN CAVETs with ion
Implanted insulating regions

5.1 Introduction

LTHOUGH promising results were achieved for CAVETSs with regrown

A apertures, ultimately problems with gate leakage and low breakdown
voltages proved to be insurmountable. In order to fabricate a leakage free device
and increase breakdown, it is necessary to utilize a process in which doping
levels in the aperture region and below the gate can be precisely controlled. One
way to achieve this goal is by using ion implantation to define the insulating
layer.

The primary advantage offered by a process which utilizes an ion implantation

is that the entire growth is planar, so doping levels in all active device layers can
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be accurately controlled. For the fabrication of CAVETs with ion implanted
insulating layers, two approaches are possible. The first option is to grow the
entire device layer structure, then implant through the 2DEG, and finally try to
heal the damage done to the source region with a thermal anneal. This process
is illustrated schematically in Figure 5.1. The second option is to first grow the
drain and aperture regions, then perform the implantation, and finally regrow the
source region. This process is shown in Figure 5.7 and described in greater detail
in §5.3. The first approach is very appealing because it allows for a much simpler
process as well as the possibility of a gate which is self-aligned to the aperture.
However, initial attempts at this process appeared to indicate that recovery of
the 2DEG after the implant would be extremely difficult if not impossible. The
second approach, for which the process only required minor modifications from

ones previously used in this work, was therefore used.

5.2 lon implantation

lon implantation has been used extensively in Ill-V semiconductors such as

GaAs and InP to achieve current confinement through the selective disordering
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Figure 5.1: Process flow for ion implanted CAVETSs with no regrowth. (a) Struc-
ture is grown, implant mask is deposited, and implant is performed. (b) Implant
mask removed, sample annealed to recover 2DEG. (c) Devices are processed.

of material [1]. Although implantation of GaN has been reported, research has
mostly focused on doping with magnesium [2] or silicon [3] ions. Implantation
of GaN for the purpose of disordering has been reported for nominally undoped
material using iron [4], for.-type material using hydrogen, helium, and nitrogen

species [5], and fop-type material using aluminum [6].
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5.2.1 Preliminary optimization

In designing an ion implantation process, it is necessary to first decide on an
implant species and then optimize the implant conditions to achieve the neces-
sary profile. The choice of implant species depends on subsequent processing.
Although lighter ions such as hydrogen and helium can cause disordering, their
implant profiles may change during any subsequent anneals, such as in a re-
growth. Heavier species, such as aluminum, have been shown to result in a very
thermally stable implant [6]; aluminum was therefore chosen for this work.

The depth and profile of the ion implant for a given set of implant condi-
tions can be modelled by using SRIM2003 (Stopping Range of lons in Matter).
This simulation program takes into account the density of the material being
implanted as well as the mass and energy of the implanted species. However,
it does not account for the crystal structure of the semiconductor. Although in
most semiconductors this is not an issue, significant channeling of the implanted
species can occur in wurtzite GaN as a result oftipdane orientation of the
material, resulting in a much deeper and more smeared-out implant profile than

would otherwise be predicted [6, 7]. In an effort to suppress this channeling,
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angled implantations were performed in this study.

The conductivity of the implanted region is ultimately determined by the
amount of damage to that layer, which depends on both the energy of the im-
planted ions and the ion dosage. In previous studies, the conductivity of layers
implanted with aluminum was measured for doses 6f 1®10° cm~2 and an
energy of 180 keV [6]. In these studies, it was determined that doses of at least
~ 10" cm~2 were required for the implanted layers to be adequately insulating.
The implant energy selected for this work was 90 keV, the dose Wasi0?,
and the implant angle was.7From SRIM simulations, for these conditions the
expected average ion range was #20ith a straggle of 37@, and the expected
lateral range was 328 with a straggle of 40@.

The simulated depth profile obtained for these conditions using SRIM along
with the experimentally measured results are illustrated in Figure 5.2. Exper-
imental results were obtained by performing secondary ion mass spectroscopy
(SIMS) measurements on device structures. The measured profile was extremely
close to the theoretical predictions, indicating that channeling of the implanted

species was effectively suppressed by themplantation angle.
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Figure 5.2: SRIM simulation (blue) along with SIMS profile (red) of an an-
gled Al implantation into GaN. The implant energy was 90 keV, the dose was
10% cm~2, and the implant angle was.7

5.2.2 Regrowth

After the ion implantation, an MOCVD regrowth was performed to deposit
the source region. Regrowth conditions were identical to those used for devices
with Mg-doped insulating layers to ensure that source leakage was suppressed.

The regrowth also served the purpose of providing high temperature anneal con-
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Figure 5.3: Optical photograph of implanted material before (left) and after
(right) regrowth. As-implanted material was yellowish in appearance. After
regrowth, the wafer was clear again.

ditions during which some of the implant damage was healed. As shown in Fig-
ure 5.3, prior to regrowth, implanted areas on the wafer were yellowish in color
due to a high density of defect levels that resulted from implant damage [6].
However, after regrowth, the wafer became clear again, implying that some of

the damage incurred by the crystal during implantation was healed.
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5.2.3 Ohmic contacts above the ion implanted layer

For CAVET structures with implanted insulating regions, contacting the 2DEG
without also contacting the-type drain region was not completely straightfor-
ward. The standard process at UCSB for contacting the 2DEG in an
AlGaN/GaN heterostructure, which was used previously in this work, is to de-
posit a Ti/Al/Ni/Au contact on top of the AlGaN and then anneal the structure,
so that the metal and the underlying material mix and form an alloy. When this
same ohmic process was attempted in the ion implanted CAVET structure, the
source metal was found to also contactithiype drain region, effectively short-
ing the source to the drain. This occurred for implant doses &f dfh—2 and
10 cm~2. We hypothesize that because of the high implant doses, Al clusters
may have formed in the implanted layer. Then during the ohmic anneal, the
aluminum in the implanted layer reacts with the ohmic metal, resulting in a con-
ductive alloy that extends from the source contact all the way down to the drain
region.

In order to prevent the source ohmics from contacting the drain region, it was

necessary to use a non-alloyed ohmic contact. To accomplish this, it was neces-
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Figure 5.4: Process flow for non-alloyed ohmic contacts. (a) &@sk is de-
posited. (b) RIE etch. (c) Regrowth of source region. (d),;S#&noved, ohmic
metal deposited.

sary to regrow:-type material below the metal so that an ohmic contact could be
formed without annealing. The entire process for the contact, which was mod-
elled after the technique developed by Heiknehml. for regrown contacts in
AlGaN/GaN HEMTSs [8], is outlined in Figure 5.4.

First, an SiQ etch mask was deposited to expose the source contact area, as
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shown in Figure 5.4(a). Large areas near the edge of the device mesas were also
left uncovered. Next, GIRIE was used to etch a trench through the AlGaN and
into the underlying GaN, as illustrated in Figure 5.4(b). The trenches wene 2

wide and~ 0.1 um deep. The wafers were then placed back in the MOCVD
reactor and annealed in Nldnd TMGa for 2 minutes at 116@. The trenches

filled with GaN extremely quickly as a result of mass transport of material from
the large uncovered areas near the device mesas into the narrow trenches. A di-
agram of the resulting profile is shown in Figure 5.4(c). The material inside the
trenches was highly-type, as silicon and possibly oxygen autopdoping resulted
from the SiQ mask material. Finally, the SiOmask was removed, and Al/Au
(300/3000,&) was deposited on top of the regrown material to form an ohmic
contact, as illustrated in Figure 5.4(d). Contact resistance, which was character-
ized by TLM, was measured to be XBmm. The contacts were slightly recti-
fying, as can be seen in devi¢eV curves illustrated in Figure 5.9(b), although
they were still adequate for both DC and RF device characterization. However,
for future work, improvements in non-alloyed ohmic contacts would be highly

desirable.
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Figure 5.5: Diode structure fabricated to evaluate insulating properties of a GaN
layer implanted with aluminum ions.

5.2.4 Characterization of the ion implanted layer

In order to evaluate the resistivity of the implanted layer, the diode structure
illustrated in Figure 5.5 was fabricated. The 2DEG was contacted with a regrown
non-alloyed contact, as described§i5.2.3, to ensure that it remained isolated
from the underlying:-type drain region below the implanted layer. Diodé/
measurements were performed to quantify leakage through the insulating layer.
Less than 5 mA/mrhof current was measured for all biases below breakdown,
indicating that the implanted layer was sufficiently insulating within the operat-
ing range of devices. A comparison of leakage currents for Fe-doped, Mg-doped,

and ion implanted insulating layers is shown in Figure 5.6.
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Figure 5.6: Comparison of leakage currents through insulating layer for devices
with Fe-doped, Mg-doped, and ion implanted insulating layers.

5.3 Device process for ion implanted CAVETSs

The following section describes the entire fabrication process for a CAVET
with an ion implanted insulating region. Because many steps in the processing
are identical to those of devices with Mg- and Fe-doped insulating layers or were
described previously in this chapter, detailed descriptions are only given for new
procedures.

Fabrication began with the growth of the initial base structure, which consisted

of a 2.5m n-type GaN drain layer§,; ~ 1x10'®), a 0.5um n~ GaN drift re-
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Figure 5.7: Process flow for AIGaN/GaN CAVETSs with ion implanted insulating
layers. (@) Initial growth, implant mask is deposited, and implant is performed.
(b) Implant mask is removed. (c) Regrowth is performed and mask for ohmic
contact regrowth is deposited. The Al composition in the AlGalN = 30%.
Although not pictured, a & AIN layer was included beneath the AlGaN. (d)
Ohmic regrowth is performed, mask is removed, and devices are processed.

gion (N, ~ 7x10%), and a 0.3um n-type GaN layer for the aperture region
(Ng ~ 4x10'7). The structure is illustrated in Figure 5.7(a). Next, a Ti/Au/Ni
(400/2400/200‘3\) implant mask was deposited, and an aluminum ion implanta-
tion was performed to define the insulating layer. The implant conditions were

given ing5.2.1, and the resulting profile is shown schematically in Figure 5.7(b).

80



CHAPTER 5. ION IMPLANTED CAVETS

The wafer was then covered in photoresist, the area containing the alignment
marks was exposed, and the Ti/Au/Ni which defined the alignment marks was
used as an etch mask so that aligment marks would still be visible after the im-
plant mask was removed. A 20B0RIE etch was performed to define the align-
ment marks, and the implant mask was then removed using a Au etchant and
buffered HF. Alignment marks were then covered by sputtering AIN, after which
the wafer was placed back into the MOCVD chamber and a maskless regrowth
was performed. 1408 of UID GaN was grown, followed by a 8 AIN layer

and a 250 AlGaN cap, resulting in the structure shown in Figure 5.7(c). Next,

a SiO, mask was evaporated, and trenches in the source region were etched and
regrown, as described #b.2.3. The Si@ mask was then removed in buffered

HF, and a device mesa for the source and gate region was formed wiRl1El

Al/Au (300/3000A) were then evaporated to form ohmic source and drain con-
tacts. Because the contacts were not alloyed, they were slightly rectifying, as
can be seen in the-V curves in Figure 5.9. Next, the area on the device mesa
where the source and gate probe pads sit was isolated from the source region. A
600A Cl, RIE etch was performed to remove the AIGaN and some of the under-

lying GaN, followed by a 250Q electron beam Si©depostion. After this,
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300/3500A of Ni/Au was evaporated for a gate metallization. Next, Ti/Au
(300/3000,&) was evaporated for source and gate probe pads. Finally, an
800A SiN passivation layer was deposited by plasma enhanced chemical vapor
deposition (PECVD). The final device structure is illustrated in Figure 5.7(d).
Devices were tested completely prior to the SiN deposition, and then retested

after passivation.

5.4 Design parameters for aperture region

For CAVETSs with implanted insulating layers, epitaxy of the material inside
the aperture region occurs during the initial growth, rather than during regrowth.
Because the properties of the material in the aperture region are highly con-
trollable with this process, the doping level of this material can be adjusted to
optimize device performance. The doping must be high enough so that the con-
ductivity of this region is much larger than that of the 2DEG, but levels which
are too high result in low breakdown voltages. The conductance of the aperture
region is also proportional to the aperture length, so devices with smaller

apertures may require higher doping levels in the aperture region. It should be
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noted that the actual device aperture lengtk i8.1 xm smaller than the length
of the implantation mask due to the expected lateral range and straggle of the
implanted ions. The doping level chosen for these experimentsawhs10'7,

and aperture lengths ranged from @1@ to 2 um.

5.5 Device characterization

5.5.1 SIMS analysis

In order to ensure proper device performance, it is important that-tlype
layer grown for the aperture region be at least as thick as the maximum penetra-
tion depth of the implanted ions. If the implanted ions penetrate all the way into
then™ layer, then the conductivity of the bottom section of the aperture region
could potentially be too low, resulting in non-ideal DC performance. Secondary
ion mass spectroscopy (SIMS) was carried out on the device structures to verify
that the implantation conditions were indeed compatible with the layer design.
The results are illustrated in Figure 5.8. Additionally, as expected, a large spike

in the Si concentration could be observed at the regrowth interface.
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Figure 5.8: SIMS analysis of device layer structure, verifying that the implan-
tation conditions were compatible with the layer design. A large spike in the Si
concentration occurred at the regrowth interface.

5.5.2 Device results

The device layer structure, as well as DC and pulsgdV,, characteristics
of an unpassivated CAVET with an ion implanted insulating layer are illustrated
in Figure 5.9. This device had a maximum source-drain curigpt of 780
mA/mm, a pinch-off voltagé/, of — 5V, and an extrinsic transconductange

of ~ 135 mS/mm af;, ~ 600 mA/mm and/;; ~ 7 V. Although the total current
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Figure 5.9: (a) Device layout and (B} characteristics of an unpassivated
CAVET with an implanted insulating layer. For this devidg,, = 1.4 yum and
Ly =1.2pm.

in these devices was only slighly higher than in previous ones, leakage currents
were much lower, so current flow through the 2DEG was significantly higher.
However, even though leakage was reduced in these devices, it was not com-
pletely eliminated. An analysis of the leakage currents revealed that all leakage
in these devices originated at the gate; source leakage was entirely suppressed.
Gate leakage still prevented measurements of the 3-terminal breakdown volt-
age, but 2-terminal breakdown was measured te-b@0 V. A comparison of

the DC device characteristics to those where the gate was pulsed from pinchoff

to their final value revealed that these devices exhibit very little dispersion for
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80 us as well as 200 ns pulse widths. The small amount of dispersion was shown
to be related to traps in the implanted layer rather than the AlGaN surface. A
more detailed analysis of dispersion in these devices is preseri{gdbinDevice

DC electronic characteristics were found to be independent,pfor aperture
lengths ranging from 0.8m to 2;m. In devices wheré,, was less than 0.8m,
current levels were slightly lower, implying that the conductance of the aperture

region was comparable to that of the 2DEG.

Rpg (€2-mm)

Figure 5.10: TLM measurements of 2DEG. The contact resistance
(Rs = (y—int)/2) was 1.02-mm, and they-pu,,-ns product, which is proportional
to the inverse of the slope, was X602 (©2/0).
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Figure 5.11: (a) Diode structure for—V measurement, ()'-V characteriza-
tion, and (c) charge distribution. The sheet chatgén the 2DEG, which was
determined by integrating under curve (c), was calculated to bel9!8 cm—2.

5.5.3 Characterization of the 2DEG

Because of the difficulties in contacting the 2DEG without also contacting the
drain region, Hall measurements were not performed on these devices. Instead,

the u,,-ns product was determined from TLM measurements, and afterwards the
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sheet charge was extracted frarsV analysis. The results from the TLM mea-
surements are illustrated in Figure 5.10, and those froni'tHé measurements
are shown in Figure 5.11. A sheet charge 0f818'2 cm2 and a mobility of
1027 cni/V-s was extracted for the 2DEG. Compared to HEMTs with similar
AlGaN layers, the charge and mobility of the 2DEG in the CAVET were both
relatively low, probably due to the close proximity of the 2DEG to the implanted

layer and the regrowth interface.

5.6 Analysis of DC-RF dispersion

When devices are under bias, self heating causes a reduction in the measured
output currents. Although self heating effects are minimal in devices grown
on SiC, which has a large thermal conductivitiy, the effects are quite evident
in devices grown on sapphire, which is a poor thermal conductor. Self heating
effects are reduced when the pulse width used in/tié measurements is re-
duced. Therefore, when device characteristics are dominated by self heating,
shorter pulse widths result in larger output currents, while in devices dominated

by dispersion, shorter pulse widths result in smaller currents. In other words, if
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a device exhibits no dispersion, shorter pulse widths lead to less self heating and
result in slightly larger output currents. If a device exhibits large dispersion, then
shorter pulse widths result in smaller output currents.

The device in Figure 5.9 represents the unusual case in which a very small
amount of dispersion is present, so neither dispersion nor self heating dominates.
As a result, the current for 80s pulsed curves is slightly less than that of the
DC curves due to the small amount of dispersion in this device. However, when
the pulse width is reduced from 8@ to 200 ns, the current actually increases,
since self heating effects are reduced.

In § 3.6, it was shown that in a CAVET, dispersion related to the AlGaN sur-
face is mitigated. The dispersion observed in this device was therefore attributed
to traps in the insulating layer that were induced by implantation damage. A
series of devices similar to those in Figure 3.5 were again fabricated to verify
this assumption. These devices are illustrated in Figure 5.12. Throughout the
remainder of this dissertation, these devices will be referred to as Device A,
Device B, and Device C. Additionally, after being tested, the devices were pas-
sivated and then retested to further confirm the results.

The -V characteristics of the three devices in Figure 5.12 are illustrated in
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Figure 5.12: Three CAVET structures fabricated in order to investigate DC-RF
dispersion in ion implanted CAVETSs. (a) Device A. Gate completely covers the
aperture. (b) Device B. Gate partially covers the aperture, drain-side edge of
gate is near the current path. (c) Device C. Gate is completely offset from the
aperture.

Figure 5.13. The upper curves were taken before passivation was performed,
and the lower curves were taken after passivation. For unpassivated devices,
results were similar to previous devices. As the AlGaN surface on the drain
side of the gate was brought closer to the channel, surface-related dispersion
increased. However, in Device A, for which the surface should not affect the
I-V characteristics, there was still a small amount of dispersion. This dispersion
was attributed to traps in the ion implanted layer, and could perhaps be reduced
by decreasing the ion dose.

To verify that the dispersion in Device A was not related to the surface, the

three devices were passivated and then retested. Passivation should eliminate all
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Figure 5.13:/-V characteristics of the devices in Figure 5.12. (a) Device A, (b)
Device B, and (c) Device C. The top curves were taken prior to passivation, and
the bottom curves were taken after passivation.

surface related dispersion, so any dispersion measured after passivation should
not be surface related. We can see that in Devicé-A; characteristics were
unaffected by passivation, and in Device B, passivation lefH6 character-

istics identical to those of Device A, indicating that the dispersion observed in
Device A was not cause by AlGaN surface states. In Device C, for which surface

related dispersion was severe, an improvement in/+ié characteristics after
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passivation was observed, but some dispersion was clearly still present. Because
passivation is a very sensitive process, it is possible that although surface re-
lated was reduced after passivation, it was not completely eliminated. However,
another possible explanation for the dispersion observed after passivation in De-
vice C is that the implanted region may have been subject to very high fields in
this device, since the current saturation region lies above the implanted region
rather than above the aperture. If this is the case, the observed dispersion results

from traps in the implanted region, and not from the surface.

5.7 Breakdown and leakage

The original motivation for fabricating CAVETs with implanted layers was to
be able to control the doping levels of the material directly below the gate so
that gate leakage could be eliminated and large breakdown voltages achieved.
Leakage and breakdown were measured and analyzed for the three devices in
Figure 5.12, both before and after passivation. The results are given in Table 5.1.
Despite extremely low leakage currents measured in Device C, Devices A and

B still had a considerable amount of leakage, although even in these devices
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Device A Device B DeviceC
Leakage al’p = 14V 20 mA/mm 15 mA/mm < .04 mA/mm
2-terminalV},,. before passivation 60V 60V 110V
2-terminalV},,. after passivation 60V 60V 80V
3-terminalV},. before passivation N/A N/A 85V
3-terminall},,. after passivation N/A N/A 35V

Table 5.1: Leakage and breakdown characteristics of devices with implanted
layers

leakage was much lower than in previous ones. The leakage analysis described
in Chapter 4 was performed on these devices to determine which leakage paths
were prominent. For all three devices, no detectable amount of source leakage
could be measured. In Devices A and B, the total observed leakage current was
determined to be gate leakage, and leakage was slightly larger in Device A than
in Device B (these trends were consistent across the entire wafer). This suggests
that the material above the aperture had still somehow been doped unintention-
ally, so that devices in which the gate metal lay directly above the aperture still
exhibited significant gate leakage. It is possible that unintentional doping in
this region could have resulted from contamination from the implant mask if
the mask had not been completely removed prior to regrowth, although further

investigation is necessary to fully characterize and resolve this problem.
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In GaN HEMTSs, the breakdown voltage typically decreases after passivation.
This occurs because in unpassivated HEMTS, surface states near the drain side
edge of the gate charge up as the device is biased, causing the high electric field
region to spread over a larger distance and thus reducing the peak electric field.
After passivation, surface states can no longer charge up, so the peak electric
field increases, resulting in a reductiongf. In a standard CAVET, such as
Device A, we expect the breakdown voltage to remain unchanged after passiva-
tion, since surface states should not charge up even before passivation. Unfor-
tunately, in both Device A and Device B, gate leakage was too high to measure
3-terminal breakdown voltages, and 2-terminal breakdown was limited to 60 V,
also because of leakage. This value did not change after passivation, indicat-
ing that breakdown was not being limited by surface effects. However, these
same measurements should be repeated on devices with no leakage to verify that
breakdown remains constant even when it is not limited by gate leakage. In De-
vice C, for which gate leakage was very low, breakdown characteristics were
similar to those of a GaN HEMT, which was to be expected. Before passivation,
the 2-terminal and 3-terminal breakdown voltages were measured to be 110 V

and 85V, respectively, while after passivation they reduced to 80 V and 35 V.
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To reduce gate leakage to acceptable levels for standard CAVETS, an insula-
tor underneath the gate metal is probably necessary. A very»thﬁO(&) layer
of SiQ,, which had been deposited by electron beam evaporation, had previ-
ously been used by Zhamtjal. to reduce gate leakage in high breakdown GaN
HEMTSs [9]. However, this same structure did not improve the leakage charac-
teristics of these CAVETS. It is probably necessary to first reduce leakage below
a certain threshold before the benefits of the S&yer can be realized. How-
ever, Chiniet al. [10] have shown that gate leakage in GaN MESFETS, which
was previously very large, could be greatly reduced by insertingfa [29er of
MOCVD grown SiN underneath the gate metal. This same process could also
be used in a CAVET to reduce gate leakage. Since the MOCVD SiN can be
deposited during the regrowth, it does not add any significant steps to the overall

process.

5.8 Summary

CAVETs with ion implanted insulating layers were successfully fabricated

and tested. Maximum drain currents as high as 780 mA/mm were measured, and

95



CHAPTER 5. ION IMPLANTED CAVETS

leakage was much less severe than in previous devices. However, gate leakage

was still not completely mitigated and led to relatively low breakdown voltages.

By placing a thin layer of MOCVD grown SiN atop the AlGaN surface under-

neath the gate metal, it should be possible to eliminate gate leakage and thus

achieve larger breakdown voltages.
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Small Signal RF performance of the
AlGaN/GaN CAVET

6.1 Introduction

NE of the primary objectives behind the research into the AlGaN/GaN
O CAVETs was to investigate their potential as high power, high fre-
guency transistors. Fundamental material properties of GaN, such as a high
saturated electron velocity, a large critical breakdown field, and good thermal
stability make GaN transistors an excellent candidate for these applications. Ad-
ditionally, the ability to form a 2DEG near the interface of an AlGaN/GaN het-
erojunction allows for very high electron mobilitigg while maintaining a large
channel charge,. AlIGaN/GaN HEMTs on SiC have already been demonstrated

with output powers as high as 30 W/mm at 8 GHz [1]. This power density is
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more than an order of magnitude higher than that of state-of-the-art GaAs power
transistors [2]. For GaN HEMTs with 0.1@n gates, devices with a current gain
cut-off frequencyf, of 121 GHz and power gain cut-off frequengy,., of 162

GHz have been reported [3]. A comparison of material properties relevant to
high power, high frequency RF performance was given in Table 1.1.

This chapter begins by presenting small signal RF measurements of several
devices. A small-signal device model is developed, and intrinsic and extrinsic
elements that affect CAVET RF performance are identified. Studies are carried
out to examine the effects of the gate-drain capacitance and the drain delay,
and a complete time delay analysis is performed. Finally, DC characteristics of
devices with varying gate overlap lengthg, are measured in order to determine

the minimum amount of gate overlap a device must possess in order to function

properly.

6.2 RF device characterization

For our RF characterization, we chose to analyze Device A and Device C from

Figure 5.12 in Chapter 5, which are shown again in Figure 6.1. We were inter-
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Figure 6.1: lon implanted CAVETs analyzed for RF performance. (a) Device
A. Gate completely covers the aperture. (b) Device B. Gate partially covers the
aperture, drain-side edge of gate is near the current path. (c) Device C. Gate is
completely offset from the aperture.

ested in these devices for the following reasons. Device A is a standard device,
so the total delay measured in this device reflects all intrinsic and extrinsic par-
asitics present in a CAVET. Device C is very similar to a GaN HEMT, so we
can determine whether this device performs as expected by comparing its RF
performance to that of a HEMT with similar gate length.

Small-signal S-parameter measurements were performed using an Agilent
Vector Network Analyzer. Plots df;; andU for Device A and Device C from
Figure 6.1 are illustrated in Figure 6.2. For both deviégs exhibited a roll off
with frequency of approximately — 20 dB/decade, corresponding to a response

from a single dominant pole. The current gain cut-off frequefioyas 5.6 GHz
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Figure 6.2: Small-signal short circuit current gafi,() and unilateral power
gain (U) of (a) Device A and (b) Device C in Figure 6.1. The current gain cut-
off frequencyf, was 5.6 GHz for Device A and 12.3 GHz for Device C.

for Device A and 12.3 GHz for Device C.

The unilateral power gaify in these devices was extremely low and did not
roll off at — 20 dB/decade. This suggests thatvas dominated by the large ex-
trinsic parasitics. It was therefore impossible to determine what effect the intrin-
sic parasitics may have had ¢gn,... To obtain power gain at high frequencies,

it is necessary to first eliminate these extrinsic parasitics.

101



CHAPTER 6. SMALL SIGNAL RF PERFORMANCE

*T'Cgs I ng ‘
T nggsG' Ras ﬂ lds

Source Gate Drain
AlGaN

2
Semi-Insulating GaN

(@) (b)

Figure 6.3: Small-signal model of (a) a HEMT and (b) a CAVET, indicating
important terms for calculating, .

6.3 Theoretical RF analysis

6.3.1 Small-signal device model

In order to analyze the RF performance of a transistor, it is necessary to first
develop a small-signal analytic model. The small-signal model of a CAVET,

along with the intrinsic model of a HEMT, are illustrated in Figure 6.3. For the
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HEMT, the current gain cut-off frequendy is given by:

frm gt =
T_ZW(CgS—l—ng) 27T,

(6.3.1)

whereg,, is the device transconductance ands the intrinsic or transit delay.
For a GaN HEMT, the gate-drain capacitarf¢g is small and typically negli-
gible compared to the gate-source capacitarige SinceC'y, is proportional to
L, f, is proportional to [,)™.

For a CAVET structure, predicting the RF characteristics is not nearly as
straightforward as in a HEMT. Because the drain is located directly underneath
the gate,C,; may be large enough to have a significant impact on the RF per-
formance. Also, in addition to the usual intrinsic parasitics which dominate the
RF performance of a HEMT, a number of extrinsic parasitics exist in a CAVET
which must be considerred in the RF analysis. These additional components are
shown in the CAVET small signal model in Figure 6.3. The CAVET has an ad-
ditional source-drain capacitancg, which is small and typically negligible in
a HEMT. Also, in the CAVETSs fabricated for this study, the source and drain
access resistanceR, and R, are relatively large and therefore cannot be ig-

nored. At first inspection, it appears that impedences in series with the input and
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output ports should only affect voltage, not current. However, Taatkal: [4]

have previously shown that the source-drain current is also effectively reduced.
SinceR,, andC,, are no longer shorted, the intrinsic source-drain curg,ebmfg/s

will divide betweenR,,, C,,, and the current path from source to drain, as in-
dicated in Figure 6.3. Additionally, the voltage drop acr6§s is now larger

than the drop across,, because of thé R voltage developed acro$g and R,

which results in an effective increasedry, by a factor of(1 + g,,-R), where

R = (Ry+Ry)/(1+(Rs+ Ry)/Zas) andZ,, is the impedence ak,, in parallel

with Cds-

6.3.2 Description of RF parameters

In order to optimize the CAVET for RF performance, it is important to identify
the device dimensions and parameters that affect the RF characteristics. A num-
ber of device dimensions relevant to RF performance are illustrated in Figure 6.4.
The parasitics which affect RF performance can be split into three categories:
(1) intrinsic parasitics, (2) drain delay, and (3) extrinsic parasitics. Although the

drain delay is considered an extrinsic parasitic, its effects will be treated sepa-

104



CHAPTER 6. SMALL SIGNAL RF PERFORMANCE

Lg

Lgs Lsat

| LSOUI’CG |
Source

Figure 6.4: Schematic diagram of an AlIGaN/GaN CAVET indicating various
dimensions that are relevant to the device RF performance.

rately from the other extrinsic parasitics. The total detayin a CAVET can

then be written as:

T =T + Tg + Tewt (6.3.2)

wherer, is the intrinsic or transit delay, is the drain delays.,; is the extrinsic

delay, andrr = 1/(27 f;).
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Intrinsic parasitics

The intrinsic delay in a CAVET is given by:

_ Cgs + ng
9m

(6.3.3)

Tt

For a CAVET structure, predicting the values @f, andC,, is not nearly as
straightforward as in a HEMT. In a standard CAVET, such as Device A in Fig-
ure 6.1, the path of current flow does not pass under the entire gate. While the
gate extends all the way to the end of the aperture, electrons begin moving down-
wards before reaching this point, as indicated in Figure 6.4. This means that only
a portion of the intrinsic gate will contribute tG,,. Also, because the aperture
region is partially depleted by the implanted layer on either side, it is not obvious
exactly how far electrons travel horizontally under the gate before reaching the
saturation region. We therefore have defidggas the distance electrons travel
underneath the gate before the channel pinches off, and we have asbpmed
to be slightly larger thard,, as indicated in Figure 6.4C,, will therefore be
proportional toL;.

Additionally, the gate-drain capacitanCg; in the CAVET may be large enough

to have a significant impact on the RF perfomance. This arises from the fact that
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the gate lies directly above the drain, rather than off to the side of the drain. As
a result,C'y; will be proportional to the total gate length,, which is shown

in Figure 6.4. This is quite different from a HEMT, for whicl,, is relatively

small and should not show a strong dependence on the gate length. It is there-
fore important to determine whethék,; has a significant effect on the device

RF performance.

Drain Delay

The drain delayr; must also be accounted for in the CAVET RF analysis.
The drain delay was identified by Madt al. [5] to be the delay associated with
drift across the drain depletion region. In principle, for a CAVET, this would
include drift in the horizontal depletion region under the gate as well as vertically
through the aperture. However, since the CAVET was designed to have very little
voltage drop vertically across the aperture, the overwhelming majority\oill
be associated with the horizontal velocity saturation region, which is labelled
L. in Figure 6.4. In a standard HEMT, the lateral extent of the saturation region
is small, resulting in a drain delay that is small compared to the total delay

for devices in which the gate length is not too small. For the CAVET geometry,
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the saturation region may be spread out over a larger distance, as was indicated
in § 2.2, which results in a lower peak electric field than in a HEMT, but could

also result in significant drift delays.

Extrinsic parasitics

Because of the vertical nature of the device, the source-drain capaditgnce
of a CAVET is proportional to the length of the intrinsic souicg,,,.., which
is illustrated in Figure 6.4C';, can therfore be minimized by keepiig,,,.. as
small as possible. However, if,,.... IS made smaller than the contact transfer
length, the source resistance may increase. In practice, source contacts can be
designed such that; is very close in value t@’,;. Cys, as well asRy;, will
only affectf, if their impedences are comparable(#®, + R;). Otherwise;..,
will be very small compared toy.

Because the CAVET device process was not yet optimized for RF perfor-
mance, extrinsic parasitics associated with the probing pads were also present
in these devices. Prior to depositing the source and gate pads, the AlIGaN under-
neath the pad area was etched away, and a layer gf\##S deposited prior to

deposition of the pads. This procedure effectively isolated the gate pad from the
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source, reducing it to a remote fringing capacitance. However, due to the vertical
nature of the device, this process did not isolate these pads from the drain region,
so the extrinsic source-drain and gate-drain capacitatiges; andCyq ... were
potentially large. While the effects g were expected to be small, both of these
capacitances affect the unilateral power gain

With the implementation of an appropriate device process, it should be pos-
sible to eliminate extrinsic parasitics. In HBT technology, parasitics similar to
those in the CAVET are inherently present. In AlGaAs/InGaAs HBT's, para-
sitics have been reduced by implementation of a transferred substrate Schottky
collector process, and g, of 820 GHz has been demonstrated [6]. A similar

process may be possible for GaN CAVETS.

6.4 RF performance: CAVET vs. HEMT

To determine whether our measured valueg.afere approximately what one
might expect, we compared the small-signal characteristics of Device C from
Figure 6.1 to those of as standard HEMT. Schematics of these two devices are

illustrated again in Figure 6.5. If extrinsic parasitics do not significantly affect
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Figure 6.5: Devices compared for RF performance. (a) Standard GaN HEMT.
(b) CAVET with an offset gate (Device C).

f- of Device C, then the current gain characteristics of this device should be
identical to those of a GaN HEMT with a Oufn gate. GaN HEMTSs with gate
dimensions and AlGaN layers that are identical to those of Device C typically
have anf, of around 20 GHz [7], which is about 65% higher than that of the
CAVET. However, they,, of the HEMT is typically around 200 mS/mm, which

is also about 65% higher than tlgg, of the CAVET. Sincef, is proportional

to g.,, this would explain the disparity between the two devices. g§hdor

the CAVET was probably low because of the lower charge and mobility in the
2DEG due to the regrowth process, as was detailédbirp.3. This result gives

an indication that extrinsic parasitics may not significantly affect
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6.5 Effects ofCyq

Ina HEMT, C, is typically much smaller tha@',,, so its effects on the device
RF performance are negligible. In a CAVET, because the drain is below the gate,
it is conceivable that’,; could be much closer in magnitudedg;. If this were
the case, we would expect to see a reductioffi,inlt is therefore important to
determine whethet',; has any impact on the device small signal performance.

In a CAVET, Cy, is primarily determined by the gate overlap lendtfy (see
Figure 6.4), so varying the aperture lengdth, while maintaining a constant
value ofL,, should not affecC,,. However,C,, is proportional to the total gate
lengthZ,. Increasing.,, while keepingL,, constant would cause an increase in
L,, soCy, would also increase. Therefore, by measurfpdor devices with the
same value of,, but different values of,,, it is possible to ascertain whether
or notCy, has a measurable effect on the current gain of these devices.

In Figure 6.6,f; is plotted versud.,, for five two-sided CAVETs which all
had the same gate overlap lendtl but different aperture lengths,,. In these
devices,L,, = 1 um, andL,, was varied from Jum to 2 m. L, was therefore

3 pum for the device with the smallest aperture angm for the device with
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Figure 6.6:f; plotted versud.,, for two-sided CAVETSs which all had the same
gate overlap lengtli,, but different aperture lengths,,. L,, = 1 pum for all
five devices.

the largest aperture, corresponding to a 33% increasg,inWe can see that;
remained essentially constant for all the devices, indicatingthait negligibly
small as compared t0,,. Additionally, a hand analysis @f,, andC,; predicts
thatC), is ~ 1 order of magnitude larger tha),,.

S-parameter measurements of Device A and Device B in Figure 6.1 also con-

firmed the above conclusions. For these two devicgs,is the same, buf’y,
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should belarger in Device A than in Device B. was measured to be 5.6 GHz
in Device A and 5.7 GHz in Device B, indicating th@f, was small and could

be neglected.

6.6 Extrinsic Parasitics

The extrinsic parasitics shown in the small-signal device model in Figure 6.3
will only affect f, if either Ry, or (27 fCy,)™? is comparable in magnitude to
(Rq + Rs). If (R;+ Rs) is much smaller than both of these impedences, than
essentially all of the current,,V,, will flow through iy, and so the effects of
these parasitics will be negligible. Based on the comparison of a HEMT to De-
vice C, which was detailed i§6.4, we would expect that these parasitics should
not significantly affectf,. A hand analysis of these parasitics was conducted to
determine whether they should affefct

From TLM measurement$R, + R,) was determined to be 2:61.0Q2-mm.
From devicel-V characteristics4, was found to be larger than 120mm
for all devices, saR,, was clearly much larger thafR?; + R,). To quantify

the effects ofCy,, we again used Device C in Figure 6.1 as our reference. The
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following analysis verified that in the frequency range of interesRfC.;)
was significantly larger thafR; + Ry).

We first assume that @7 fCy,) is significantly larger thatR; + R,) for
f < f, and verify this assumption at the end. Additionally, from a hand calcula-
tion, we found that’;, =~ 0.4-C,,, andg,, was taken to be 0.1 S/mm, which was
the approximate measured DC value obtainegi%rb.2. For Device C, since
is expected to be negligible, if 7 f,Cys) >> (Rs+ R) andCy, is negligible,

then f, is given by the expression:

9m
= 6.6.1
o= oo (6.6.1)

This equation can be rearranged to read:

1 1

Im - 27 Cys

=10 Q- -mm (6.6.2)

Using the result in Eqn.6.6.2, we can obtain a value f@@Af,.Cy;,):

1 1
21 f,Cys 21 f-(0.4 - C,y)

=25 Q-mm~ 10 (Ry+ R,) (6.6.3)

Because the impedence associated Wjthis purely imaginary, the ratiQ/g,,, Vs

is given by:

s _ 1
9nVes ' 1+7-(0.1)

| & 0.995 (6.6.4)
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We can therefore see th@t,, does not have a significant impact ¢n and that
our initial assumption that 1Z= fC,,) is significantly larger thatR,; + R,) was
correct. Our final conclusion is that the extrinsic parasitics in the CAVET do not

have a significant impact ofy, or in other words,; << 77r.

6.7 Time delay analysis

Now that we have determined that the extrinsic parasitics in a CAVET do not
significantly affect the total delay, we can divide the delay into two components:
(1) the delay that occurs underneath the gate overlap region in Figure 6.4 and (2)
the delay that occurs past, but prior to the point at which current begins to
flow downwards, which is labeled poiatin Figure 6.7. The second component
of the delay results from the channel extending beyond the edge of the aperture,
as illustrated in Figure 6.4, as well as from the drain delay. This second com-
ponent of the total delay is of interest because it will be present in all standard
devices where the gate metal extends above the aperture. The three devices in
Figure 6.1 were used to calculate this delay.

Figure 6.7 helps illustrate how the delay associated with the region beyond
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Figure 6.7: lllustration depicting how the delay above the aperture was deter-
mined. Pointaindicates where current switches from horizontal to vertical flow.
The two gates, labelefl andC, correspond to the gates of Devices A and C in
Figure 6.1.

L4, was extracted, and the results are shown in Figure 6.8. For a device in which
the gate is offset from the aperture, such as Device C, the total delay results from
Cys, soTr is proportional to the total gate length,. If the source-side edge of
the gate is held fixed and the total gate length is increased (i.e. the drain-side
edge of the gate is moved towards patthe total delay will increase linearly
with L, until L, = L,,. This is represented by the solid line passing throcigh
in Figure 6.8. The total delay for a device withy = L,, was extrapolated to be

22.4 psec, as indicated by the horizontal dashed line in Figure 6.8.
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0 0f5 1 lj5 2 2.;5 3
(Lg)tor (nm)

Figure 6.8: Plot ofr; versus gate length, for the three devices in Figure 6.1,
along with extrapolation of the delay associated with the region above the aper-
ture.

As L, is further increaseds, will continue to increase (although not neces-
sarily at the same rate) until the drain side edge of the gate is at @olhthe
total gate length is then further increased so that the gate extends beyona point
7r Will remain constant. The difference betwegnfor a device withL, = L,
and one in whichL, extends beyond poirtis the delay which occurs between
the edge of the aperture and pomiThis delay was measured to be 6.6 psec.

As stated earlier, this delay of 6.6 psec results partially from the drain delay
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and partly from the extension of the channel beyond the edge of the aperture
region. However, it would be beneficial to know exactly how much of this de-
lay is drain delay. In principle, it is possible to independently measuusing

a procedure described by Maddt al. [5]. However, attempts to perform these
measurements on CAVET structures were unsuccessful due to both the signifi-
cant amount of gate leakage in the devices as well as the rectifying nature of the

source and drain contacts.

6.8 Optimization of L,

In order to increas¢’, in a CAVET, it is necessary to decrease eitheor
T4, OF both. Decreasing, could possibly be achieved by reducing the aperture
length L,,. However, any reduction im, implies a possible reduction in the
length of the horizontal depletion regidn;.,, which would cause an increase
in the peak electric field in the device. This would be extremely undesirable for
large signal operation, since the breakdown voltage would be reduced. Reducing
7, can be accomplished by reducing the gate overlap lehgthlt is therefore

important to reducé,,, to as small a value as possible.
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Lgo Lgo"

Figure 6.9: Due to the error inherent in the gate lithography, the center of the
gate was offset from the center of the aperture by 02 As a result, the gate
overlap length was shorter on one side of the apertlyg) @nd longer on the

other side ().

Intrying to reducel,,, a number of considerations must be taken into account.
First of all, if stepper lithography is used to define the gate, then the position
of the gate will only be accurate to within about Q.&h, so this error must be
accounted for. Second, if,, is made extremely small, then current will enter the
aperture without being modulated by the gate, in which case normal DC device
operation cannot occur. Finally, ff,, is large enough for devices to operate
normally under small DC biases, but it is still very small, then source leakage
underneath the 2DEG could possibly become a problem at larger biases.

In order to determine how small,, could be made without affecting DC
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device performance, two-sided CAVETs with different valued gf were fab-
ricated, and DC/-V characteristics were obtained. The error in the position
of the gate relative to the aperture was measured to beif,2which meant
that for each devicel,,, differed by 0.4.m from one side of the device to the
other, as illustrated in Figure 6.9. Therefore, for each measurement that was per-
formed, only one source was contacted, and the valug,pthat was reported
corresponded to the side of the device that was measured.

The DC -V curves of four CAVETs with varying gate overlap lengths are
shown in Figure 6.10. The devices all had an aperture lehgth= 1.4 um,
and the gate overlap lengtlig, were — 0.2um (i.e. gate was smaller than the
aperture), 0.1um, 0.2 um, and 0.5um The leakage currents observed in de-
vices (b)—(d) were shown to result entirely from gate leakage. For the device
in which the gate does not completely cover the aperture region, it is clear that
most of the current is not modulated by the gate, so normal DC device operation
cannot be achieved. For the other three devices, even Whenas as small as
0.1um, ideal DC behavior was observed for relatively low source-drain voltages,
suggesting the possibility of CAVETs which could operate at very high frequen-

cies. However, because of the gate leakage in these devices, it was impossible
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Figure 6.10: DCI-V curves of CAVETSs with varying.,,. For these devices,
L,, =1.4mandLy, was (a) — 0.2um, (b) 0.1m, (c) 0.2um, and (d) 0.5m.
Leakage currents in devices (b)—(d) were completely due to gate leakage.

to determine whether the large-signal characteristics of devices with such small

gate overlap lengths would suffer from source leakage underneath the 2DEG.
The results in this section suggest that an appropriate gate overlap length for a

CAVET designed to operate at high frequencies is approximately 0.3+x0.4t

IS necessary to maintain an overlap of at least 0.1x6h2n order to obtain ideal
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DC operation, and an error ef 0.2 um in the lithography must be accounted
for, which leads us to this suggested value. For a device yjth= 0.3 um, the

predicted value of is given by:
Tr = 5.5ps + 6.3ps = 11.8ps (6.8.1)

corresponding to alfi. of ~ 13.5 GHz. We can see from Eqn.6.8.1 that the delay
occurring beyond the edge of the aperture region (6.3 psec) accounts for over

half of the total delay.

6.9 Summary

An RF analysis of AIGaN/GaN CAVETs with implanted insulating layers was
performed, and current gain cutoff frequencies as high as 12.3 GHz were demon-
strated. A small signal device model was developed, and a time delay analysis
was performed to determine which elements in the device model significantly
contributed to the total delay, in the device. Experimental results indicated
thatCy, did not significantly contribute te,. In addition to the intrinsic delay
associated with the gate-overlap, a detay of 6.3 psec was measured for de-

vices for which the gate extends a significant distance beyond the source-side
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edge of the aperture. This delay was attributed to two seperate effects: (1) the
channel extending beyond the edge of the aperture before pinching off, and (2)
the drain depletion region being smeared out over a significantly large distance,
resulting in a non-negligible drain delay. Finally, based on DC measurements of
devices with varying values df,,, a minimum gate overlap of 0.1-0.2n was

found to be a requirement for ideal DC performance. If stepper lithography is to
be used to define the gate, thep, should be set to at least 0.3—Qu#h, since an

error of~ 0.2 um in the lithography must be accounted for.
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Summary, conclusions, and future
work for the AlGaN/GaN CAVET

7.1 Summary and conclusions

HIS dissertation has focused on the development of the AlGaN/GaN
T current aperture vertical electron transistor. Since this device was the
first of its kind, much of the effort was spent on developing a model which
accurately predicted device performance, development of growth and process-
ing techniques, and device DC charaterization. In addition, leakage currents
and DC-RF dispersion were fully investigated, and a detailed RF analysis was
conducted. In all, three generations of devices were fabricated, each showing
significant improvements in performance over previous ones.

The first CAVETSs fabricated contained regrown aperture and source regions,
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and the insulating layers were doped with either iron or magnesium. These de-
vices had very low current densities, which was shown to result from iron or
magnesium being incorporated into the regrown material. Additionally, the in-
sulating properties of the Fe-doped layer were found to be insufficient to prevent
significant source-drain leakage.

For the second generation of CAVETS, devices with Mg-doped insulating lay-
ers were fabricated, and improved processing techniques insured that the mag-
nesium rich surface layer was removed prior to regrowth, thus preventing mag-
nesium from incorporating into the regrown material. The result was devices
with maximum source-drain currenfs,,, as high as 750 mA/mm, which is
slightly lower than that of state-of-the-art GaN HEMTs but still comparable.
Additionally, these devices exhibited almost no DC-RF dispersion. The analysis
of dispersion performed in Chapter 3 showed conclusively that the dispersion
prevalent in GaN HEMTs is indeed surface related, and since there is no surface
on the drain side of the gate in the CAVET geometry, DC-RF dispersion is miti-
gated. The most prominent issue with these devices was large leakage currents,
which were evident in all thé-V" curves.

Leakage currents were fully characterized in Chapter 4 and were found to
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be comprised of three elements: (1) electrons from the source passing directly
through the insulating layer, (2) electrons from the source traveling through the
aperture but underneath the 2DEG so that they are not modulated by the gate, and
(3) electrons traveling from the gate to the drain. Source leakage was success-
fully eliminated by optimizing regrowth conditions and device design. However,
gate leakage still remained a problem. Gate leakage was found to result from the
high unintentional:-type doping of material inside and above the aperture re-
gion, which was grown on a vertical or inclined plane, as opposed to in the
c-direction. It is necessary to be able to control the doping levels of the material
inside and above the aperture region in order to eliminate gate leakage as well as
to increase the breakdown voltage.

The third generation of CAVETSs took advantage of an aluminum ion implan-
tation to define the insulating layer. This process allowed for a completely planar
regrowth, thus allowing doping levels inside and above the aperture region to be
precisely controlled. Resulting devices exhibited record high current densities
(780 mA/mm) with greatly reduced leakage and very little DC-RF dispersion.
However, gate leakage was not completely eliminated and led to relatively low

breakdown voltages. Studies indicated that leakage was still related to the ma-
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terial directly above the aperture, which possibly was unintentionally doped by
contaminants from the implant mask that could not be fully removed prior to
regrowth. It is probably necessary to employ an insulator underneath the gate
metal to reduce gate leakage to acceptable levels and achieve higher breakdown
voltages.

Small signal RF characteristics were measured for third generation CAVETS,
and current gain cutoff frequencigs as high as 12.3 GHz were demonstrated.
The gate overlap length,, was found to be the dominant factor in determining
the intrinsic delay, while the additional delay that was measured was attributed
to a combination of drain delay as well as extension of the horizontal channel
region beyond the edge of the aperture before it pinched off. With respect to the
current gain, the effects @f,,, C,,, and the source and drain access resistances
R, and R, appeared to be minimal. However, the power daiwas dominated
by large extrinsic parasitics, which must first be eliminated before RF power

performance can be achieved.
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7.2 Future work

Initially, further work on the CAVET should focus on three areas: (1) reducing
gate leakage and increasing breakdown, (2) improving RF performance, and (3)
simplifying the device process. Even for devices with implanted insulating lay-
ers, gate leakage was still an issue. As was suggested in Chapter 5, this problem
could probably be corrected by deposition of 20SiN layer for a gate insulator
while the wafer is inside the MOCVD reactor for the regrowth step. This process
has been shown to work in GaN MESFETSs [1], and power densities as high as
6 W/mm have been achieved.

In order to achieve RF power performance, it is necessary to eliminate the
large extrinsic parasitics that were present in the devices fabricated for this work.
Unfortunately, this further complicates the process even more. Probably the
best approach to achieving this goal is to utilize a flip-chip bond and transferred
substrate process, as is used in HBT technology [2].

Finally, one of the major dissadvantages of CAVET technology in its current
status is that the device fabrication is excessively complicated. For the third

generation of CAVETS, the entire process involved ten lithography steps, three
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material growth steps (initial growth plus two regrowths), and an ion implan-
tation. Additionally, accurate alignment was critical in four of the lithography
steps. If a flip-chip process was to be implemented, this would add several ad-
ditional steps as well. For comparison, the standard UCSB HEMT process only
involves a single growth and four lithography steps, and careful alignment is
only critical in one of the lithography steps. In order to improve reliability and
reproducibility of CAVETS, it is critical to simplify this process.

Looking further ahead, if wafer fusion is developed as a viable option for
semiconductor electronic device technology, the CAVET would be a prime can-
didate for a device that takes advantage of multiple material systems. For ex-
ample, a CAVET consisting of an AlGaAs/GaAs heterostructure fused to GaN
could potentially benefit from the high 2DEG mobilities that are possible in the
GaAs system while still taking advantage of the high breakdown field and large

thermal conductivity in GaN.
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Specifics of MOCVD regrowth

LTHOUGH growth conditions for the CAVET base structure were given
A. in Chapter 2, details of the regrowth conditions were not presented ear-
lier, so they are covered in this section. Conditions for the regrowth of the aper-
ture and source region as well as that of the ohmic contact region are described
here.

For the aperture and source regrowth, the etched wafer was inserted into the

132



APPENDIX A. SPECIFICS OF MOCVD REGROWTH

MOCVD reactor, and the reactor temperature was ramped from room temper-
ature to 1050°C in 180 seconds at a pressure of 300 torr. During this ramp
step, 3 slpm of NK and 9 slpm of N were injected into the reactor. Once the
temperature reached 1050, a small amount of TMGa (10 sccm) was injected
into the reactor, and at the same time the temperature was ramped from 1050
°C to 1160°C in 60 seconds. By the time the temperature reached 1QA60-
terrupted growth studies showed that the aperture region had partially filled with
GaN. After the temperature reached 1260 approximately 206 of GaN were
grown at 300 torr in 3 slpm of NE 9 slpm of N;, and 10 sccm of TMGa. The
slow growth rate{ 0.2 um/hr) was maintained in order to give the surface time
to planarize. After this, the remaining 1500-2800f UID GaN was grown at
760 torr in 6 slpm of NH, 6 slpm of N;, and 60 sccm of TMGa, corresponding
to a growth rate ofv 2 um/hr. The AlGaN cap was grown in 3 slpm of Nidnd
9 slpm of N, at 1140°C and 100 torr, and the growth rate was0.25 um/hr.
Table A.1 lists the exact growth conditions for each step of the regrowth.

For the ohmic contact regrowth, which was describegl®.3, the patterned
wafer was reinserted into the MOCVD reactor, the temperature was ramped to

1160°C in 180 seconds in 7 slpm of NFnd 5 slpm of H, and a pressure of 760
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Layer  Thick Time Temp Press NH Ny, TM(Ga/Al)

[A] [s] [°C] [Torr] [slpm] [slpm] [sccm]
Templ N/A 180 26-1050 300 3 9 N/A
Temp2 N/A 60 1056-1160 300 3 9 10/0
GaN1 200 300 1160 300 3 9 10/0
GaN2 2800 470 1160 760 6 6 60/0
AlGaN 250 330 1140 100 3 9 7112

Table A.1: Regrowth conditions for CAVET aperture and source regions.

torr was maintained. Once the temperature reached 1Q66 sccm of TMGa
was injected into the reactor in addition to the N&hd H,. This step lasted 2
minutes, after which the sample was cooled in;Ntthd N, and removed from

the reactor.
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