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Abstract

Aluminum Gallium Nitride / Gallium Nitride Heterojunction Bipolar Transistors

by
Lee S. McCarthy

Inthelast fiveyears, the commercial outlook for GaN optoel ectronic and el ectronic devices has grown considerably. Thisdissertation
isfocused on efforts to devel op growth and fabrication technology for the GaN HBT. The development of the HBT is motivated by a
demand for high power, high frequency electronics. From the demonstration of thefirst AlGaN/GaN HBT in 1998, and thefirst HBT
on LEO substrates, to the first small signal rf measurements of a GaN HBT in 2000, progress has been made in identifying the major
issuesin the DC and RF performance of the AlGaN/GaN HBT. Devices have been fabricated on MOCV D and MBE active layers of
varying structure including compositionally graded bases, and base layers of varying thickness and doping concentration. The cause
of the parasitic offset voltage in the common emitter output characteristics has been investigated, and addressed in the extrinsic
regrown base HBT as well as in process improvements associated with the emitter mesa etch and the base metalization process.
The effects of dislocations were investigated by fabricating devices on LEO substrates and measuring the collector-emitter leakage
as a function of dislocation density and base doping profile. Finally, a process was developed for fabricating CPW compatible
devices, and devices were tested and shown to have an current gain cut-off frequency of 2GHz. The gain/frequency characteristic
was un-ideal, however, and finite element simulations confirm that this may be due to the low conductivity in the base.
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| ntroduction

N the last five years, the commercial outlook for Gallium Ni-

tride (GaN) and its family of material alloys has grown con-
siderably. In adecade which haswitnessed many of the ‘firsts' in
the development of GaN, the recent progress has been intensive.
With the commercialization of GaN for LEDs and the immanent
release of GaN based laser diodes for the next generation of op-
tical data storage electronics, GaN will continue to play an im-
portant role in visible wavel ength optoel ectronics. Arguably not
far behind are a host of electronic devices that take advantage
of the high critical breakdown fields associated with the large
bandgap of GaN, and benefit from its high saturated electron ve-
locities. These devices are intended to fill the strong demand for
high power, high frequency electronic components. Commercial
applicationsrange from high voltage power switching to commu-
nications and beyond. Although GaN electronics products were
not readily available at the time of this publication, several com-
panies are pursuing this goal both for commercial and military
applications.

The subject of this dissertation, GaN heterojunction bipolar
transistors
(HBTS), follows extensive work by other researchers in the de-
velopment of GaN material growth and understanding as well
as processing and device design efforts. By incorporating a p-
type layer, the HBT brings together the understanding of mag-
nesium doped GaN, typically connected with opto-electronic de-
viceswith the electronic device design and processing techniques
associated with GaN FETsand AlIGaAs/GaAsHBTSs. Asthefirst
effort at UCSB to fabricate a GaN HBT, the goal of this research
was to extend the current state-of-the-art in GaN electronic de-
vices by establishing a platform of processing, growth, and de-
sign understanding focused on the fabrication of GaN HBTs. The
metric for success was the measured electronic performance of
the transistors. A beneficial by-product has been the inevitable
cross-over of technologies and understanding devel oped initially
for the GaN HBTs into the more established areas of GaN opto-
electronic and field effect devices.

1.1 Motivation for the development of
AlGaN/GaN HBTs

The development of the AIGaN/GaN HBT is motivated by the
demand for high power, high frequency electronics. Its prospects
are founded in the fundamental physical properties of the mate-
rial and encouraged by the success of other GaN devices. GaN is
desirable for electronics applications due to projected saturated

Property GaN GalnP S
Vias [CMV/S] 20x10%° 10x10%° 6x10°
E.it [MV/cm] 2 0.6 0.3

Table 1.1: Comparison of material propertiesrelevant to RF per-
formance

electron velocities of 2x 107 cm/g1], and a 3.4 eV bandgap that
leads to a critical breakdown field of 2 MV/cm[2], as well as
stability at high temperatures. In other I11-V material systems,
HBTSs offer several important advantages over FETs. HBTs gen-
erally have better threshold uniformity and device linearity, as
well aslower phase noise than FETs. In addition, the HBT struc-
ture inherently offers a higher ratio of output current to parasitic
capacitance. The fundamental material properties described in
Table 1.1 can be used in comparison with a mature material sys-
tem to predict potential RF performance of these devices. Lee
et al. demonstrated AlINAS/GalnAs HBTSs using a transferred
substrate Schottky collector technology with a power gain cut-
off frequency, fmax, Of 820 GHz [3]. If this technology were
applied to a GaN bipolar structure with a 50 nm base, having a
base carrier concentration of 5x 10 cm~3, and a 100 nm thick
collector, the predicted f ., is 200 GHz with a current gain cut-
off frequency, f, of 200 GHz, and a15V breakdown voltage. For
power switching applications, material properties suggest that a
1 kV device with a collector thickness of 7m, and a base thick-
ness of 200 nm would have an f; of 6 GHz and an f,,, over
300 GHz. In 1991, Gao et a. used a figure of merit comparison
to predict the prospects of HBTs in various material systems[4].
Table 1.2 shows a sampling of their results, suggesting the rel-
ative advantages of an AlGaN/GaN HBT. At the time, Gao had
less information than is presently available regarding the char-
acteristics of the p-type (Mg doped) base layer, and so the same
base-layer figure of merit calculated for p-type Si was used for
the GaN device. The bottom line of Table 1.2 was calculated
using Gao's definitions:*

1/2 1/2
Knp lpBNB
By, = | 2—— 1.11
! < €€Q ) ( )
Crm = v " W3/'E,N, (1.1.2)

YinB, tpB, NB,vg, We, E. represent the carrier mobilities in the base, the
number of free majority carriers in the base, the electron drift velocity in the col-
lector, the collector width, and the emitter critical breakdown field respectively.



2
Material System Bim Ctm I
(Al)GaAs

poly-Si/Si/Si 8.5x10'6 3.8x10% .58
AlGaAsGaAgAIGaAs 134 6.5 1.0
InP/InGaAs/InP 17.8 5.4 171
6H-SiC/3C-SIC/6H-SIC 85 37.3 5.65
AlGaN/GaNt/GaN 85 123.2 18.67
AlGaN/GaN*#/GaN 0.79 123.2 1.73

Table 1.2: Comparison of HBT figure of merit for HBTs in vari-
ous material systems[4].

TAssumes base properties similar to Si.

tCalculated using base material propertiesasreported by [5] and
[6]. The third column represents the product of the figures of
merit normalized to an AlGaAsGaAgAlGaAs DHBT.

to reflect the figure of merit using current values for majority
carrier mobility and concentration, and a more reasonable esti-
mation for the minority carrier mobility. The disparity in the
two resultsillustrates that the realization of the potential for GaN
HBTsisnot trivial, and may face fundamental problems. Thefo-
cus of this dissertation is on the identification and understanding
of those issues.

1.2 Research background

In context, research into electronic devices in the I11-N ma-
terial systems is relatively immature.  Figure 1.1 shows the

Research publication time line for GaN FETs, HBTs, and
conventional HBTs

1000

HBT publications s

GaN Transistor:
publications

C-doped HBTS

(=3
S
T

IW/mm /
GaN HBT:
Publications

Publications

|......MBEHBTs.appear?._|

>
AlGaAs/GaAs:HBT! 3 T+ ’_\//
l\ / First GaN HBT®

1995

S

1975 1980 1990 2000

1970 1985
Year

1.Konagi, IEE Japan 1974 4. Khan, APL 1994
2.Asbeck , IEDM 1981 5. Wu, EDL 1996
3.Malik , APL 1988 6. McCarthy ISCS, 1998

Figure 1.1: The number of INSPEC citations per year are shown
in a semi-log plot for conventional HBTs, GaN transistors, and
GaN HBTs. A few selected points of interest for this time line
areindicated above.

CHAPTER 1. INTRODUCTION

number of INSPEC? citationsfor conventional HBTs, GaN based
FETs, and AlGaN/GaN HBTs. Much of the early work on Al-
GaAs/GaAsHBTswaslimited by the difficulty in achieving high
quality heterojunctionswith liquid phase epitaxy (L PE). In 1981,
devices grown by MBE began to appear, leading to improved
performance. In AlGaAsGaAs HBTS, beryllium dopant diffu-
sion and therefore junction placement remained a problem until
the introduction of carbon doping, which beginsto appear in the
literature around 1988. More recently, the focus has shifted to-
ward scaling of these devices. The amount of publications ad-
dressing these issues reflects the substantial effort required in
conventional 111-V HBTSs to approach the theoretical potential
of the material system. In comparison, to date little has been
published in the literature regarding AlGaN/ GaN HBTSs, and the
research background in the field is scarce. The majority of elec-
tronic device research in GaN focuses on field effect transistors
(FETS), specifically the heterojunction field effect transistor or
high electron mobility transistor (HEMT). In 1993, thefirst FET
was reported by Khan et a.[7]. Severa reportsfollowed with the
first microwave measurements of GaN FETSs reported by Binari
et a.[8] withan f; and f,,.. of 8 GHz and 18 GHz respectively.
Next, in 1996, the first power measurements were made on GaN
HEMTs by Wu et al.[9], with a report of 1.1 W/mm at 2 GHz.
Quickly, reported output powers increased with recent reports as
high as 9.8 W/mm at 8 GHz [10]. Keller et al. providesareview
of the development of the HEMT at UCSBJ[11].

The progress for HBTs began later, with the first reported Al-
GaN/GaN HBT in 1998 [12] (See § 3.2). Shortly following, two
other groups reported HBT results, Yoshida et al. showing com-
mon emitter current gains over ten[13], Fan et al. [14] and Shel-
ton et al. [15] also reported HBTS, but these devices could not
be tested in the common emitter mode due to high leakage (see
§ 5.2.1). In 1999, Limb et a. reported HBTs using a selectively
regrown emitter [16]. Other publications include the fabrication
of an HBT on LEO GaN[17](see Chapter 5), and increased cur-
rent gain HBTs grown by MOCVD using the regrown emitter
technique[18]. The current gain and common emitter offset volt-
age of devices has been studied as a function of temperature by
Huang et a.[19].

1.3 Synopsis of the dissertation

This dissertation covers several areas of research into the de-
velopment of the AIGaN/GaN HBT in the pursuit of the fab-
rication of a device which could be tested at high frequencies.
Although an RF device was the end goal, the mgjority of the ef-
fort was expended and understanding gained in the devel opment
process. Chapter 2 forms the foundation of the dissertation by
introducing the particulars of the fabrication of the HBT. This
includes the growth techniques and recipes as well as the result-
ing material properties and the fabrication techniques. Also dis-
cussed is the device structure as it was designed, and the moti-

2INSPEC® Institute of Electrical Engineers, UK.



1.3. SYNOPSIS OF THE DISSERTATION

vation for the design chosen. Polarization effects in the emitter
were a consideration in the design of the HBT, and these are
treated in § 2.4.1. Chapter 3 presents initial device results of
the AlGaN/GaN HBT, and discusses one of the two most obvi-
ous symptoms of the low conductivity of the base layer and base
contacts. The common emitter offset voltage is discussed as it
relates to the base conductivity, and an explanationis given for a
larger than expected offset voltage. Methods to reduce this off-
set voltage are also discussed, and some positive results given.
Chapter 4 discusses the second major limitation on the perfor-
mance of the HBT, the current gain. Several experiments were
aimed at increasing the current gain, including the narrowing
of the base layer, the change of auminum composition in the
emitter-base heterojunction, and aluminum compositional grad-
ing in the base. Emitter current crowding effects are discussed
and proposed as a contributor to the gain limitations observed.
Emitter-collector leakage was observed in several more lightly
doped samples, and this is addressed in Chapter 5. The effect
of this leakage on device characteristics is discussed, and meth-
ods for reducing this leakage are presented. Devices were fabri-
cated on substrates grown using the lateral epitaxial overgrowth
(LEO) technique, reducing dislocation densities in some areas.
Collector-emitter leakage was measured as a function of disloca-
tion density, and a proposed current path is discussed. Finally,
in Chapter 6, the fabrication of transistors that can be probed us-
ing coplanar wave guide (CPW) on-wafer probes is presented,
and the results of small signal S-parameter measurements are
discussed. Once again the low conductivity of the base layer is
found to be a dominant factor in the performance of the device,
whichisexplainedin § 6.3.3.

Due to the difficulties associated with the low conductivity of
the base layer, and the poor contacts, the improvement of these
aspects, both from a processing perspective as well as a growth
perspective, remains central to the ongoing research into the Al-
GaN/GaN HBT. Although the ultimate goal of the research rep-
resented by this dissertation was to demonstrate the RF perfor-
mance of AlGaN/GaN HBTs, much of the work, and much of
the understanding gained, was exploratory in nature. It is hoped
that what follows represents a sound beginning to the extensive
work that lies ahead.
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CHAPTER 1. INTRODUCTION



Design and fabrication of the AlGaN/GaN HBT

2.1 Introduction

HE fabrication of the AIGaN/GaN HBT can be subdivided

into two principal components. First, the AlIGaN/GaN de-
vice must be grown, and secondly, it must be processed to contact
the device layers, the emitter, base, and collector. Owing to the
relative immaturity of the [11-N material system, neither aspect
is straightforward. This chapter describesin some detail both the
growth and processing of the A|GaN/GaN HBT.

Although all aspects of device processing were performed by
myself, the growths for the transistors were performed by sev-
era individuals on various growth systems using two principal
growth techniques. Metal Organic Chemical Vapor Deposition
(MOCVD) and Molecular Beam Epitaxy (MBE). The two tech-
niques are substantially different, and both are discussed below.
Growths by MOCVD were performed by Peter Kozodoy, Paul
Fini, Huili Xing, and Brendan Moran, while growths by MBE
were performed by loulia Smorchkova.

After the devices were grown, they were processed in the
UCSB co-search cleanroom. Fecilities used included, among
others, an RTS inc. modified GCA I-line wafer stepper, Plas-
maTherm RIE and PECVD tools, and a Temescal e-beam evap-
orator. The development of the fabrication process of the Al-
GaN/GaN HBT was a central goal to this study, and as such it
changed considerably throughout the research. In general, only
thefinal generation of this processis presented, although severa
alternatives were explored with varying success.

This chapter is arranged in two parts to reflect the two-part
growth / process procedure, and arranged in the order of actual
use in the fabrication of the devices. In this chapter, only the
process and growth steps for the basic device are presented. Also
presented are the considerations that went into the design of the
device. Growth and fabrication which is particular to specific ex-
perimentsis presented in later chapters with those experiments.
Finally, some of the more significant process improvements are
presented.

2.2 Growth of AlGaN/GaN transistor
structures

Initial studies of the AlGaN/GaN bipolar transistors at UCSB
were performed on devices fabricated on materia grown entirely
by Metal Organic Chemical Vapor Deposition (MOCV D) on sap-
phire substrates. In much of the later work which is represented

by the bulk of this dissertation, the devices were fabricated using
a combination of MOCVD and MBE. The reason for the change
will be discussed later in this chapter.

Due to the large crystal lattice mismatch between GaN and
sapphire, much of the GaN crystal growth is dedicated to creat-
ing a high quality single crystal template on which active device
layers can be grown homoepitaxially. Theavailability of multiple
MOCVD reactors alowed for a variety of sources for these tem-
plates, and therefore a variety of growth conditions and proce-
duresfor varioustemplates. Generally, these templateswere con-
sidered as equivalent. It should also be noted that the HBT struc-
ture did not lend itself to direct measurements of film thickness,
dopant concentration and other material characterization tools.
For this reason, much of the data gathered was indirect — cali-
bration structures were typically grown to investigate particular
layers, or calibrate growth rates. These growth rate calibrations
and doping calibrations were then used to inform the growth of
the active layers. The material characteristics presented below:
Doping concentrations, material thicknessand mobility measure-
ments etc. are generaly taken from materials research on the
same machine under similar conditions and assumed to be valid
approximationsfor material characteristics of device structures.

2.2.1 MOCVD growth: Experimental setup

The following description of the typical growth conditionsfor
MOCVD growth on a particular machine is generally represen-
tative of the growth techniques used on the other machines as
well. MOCVD growth was used for active layers, templates for
MBE active layers, and special lateral epitaxial overgrowth tem-
plates for MBE active layers with reduced threading dislocation
densities. For a more complete description of these growth tech-
niques, in depth discussions can be found in the Ph.D. disserta-
tions of Peter Kozodoy [1] (specifically regarding Mg doped lay-
ers), and Paul Fini [2] (specifically regarding Lateral Epitaxial
Overgrowth, (LEO), layers) , aswell aspublicationsby S. Keller
et a. [3] and others[4, 5] regarding general template growth.

The following excerpt from Peter Kozodoy’s Ph.D. disserta-
tion [1] describesthe growth conditionshe used for these growths
and is representative of all other vertical (non LEO) MOCVD
growths performed for devices described here.

Growths were performed on a modified
Thomas Swan MOCVD growth machine at UCSB.
Thisis ahorizontal quartz reactor with separate group
V and group 111 input flows. Designed in order to



reduce pre-reactions, the wafer is held in a graphite
susceptor and the growth temperature is measured us-
ing a thermocouple placed within the susceptor. The
pressure during the growth may be controlled between
atmosphere and approximately 30 Torr. during typi-
cal GaN growth conditions, the gas ambient is com-
posed primarily of NH3, in addition to Hy and N-
(usually mainly Hs). All of these gasses are puri-
fied before entering the growth chamber. The met-
alorganic sources used are trimethylgallium (TMGa),
trimethylaluminum (TMALI), trimethylindium (TMIn),
and biscyclopenntadienyl-magnesium (Cp>Mg). Sili-
con doping is accomplished with a gas source of dilute
disilanein H,. Fromthe dissertation of Peter Kozodoy,
UCSB Pg 29[1]

2.2.2 MOCVD Template Growth

Growth was performed on c-plane sapphire substrates, which
were etched in a high temperature (1050°C) H, step prior to
nucleation layer deposition[1]. The low temperature nucleation
growth is followed by a higher temperature (1070°C) growth for
the remainder of the GaN templ ate; the two layer nucleation pro-
cess effecting the defect structure within the filmg[6]. The condi-
tionsfor this heteroepitaxial growth were devel oped primarily by
Bernd Keller, Dave Kapolnek, and Stacia Keller [4, 5, 7]. Table
2.1 shows asample of growth conditions for atemplate growth.

Layer Thickness Temp Press NH3 TMGa

[nm] [°q [Torr] [L/min] [scem]
LT GaN 20 525 770 6 311
GaN 1000 1065 770 6 26.1
GaN 500 1065 770 6 131

Table 2.1: Sample growth conditions for template growth in Lat-
eral modified Thomas Swan reactor.

2.2.3 Active layer growth by MOCVD

Silicon doping is added during MOCVD growth to produce
the n-type material for the emitter and subcollector layers of the
npn transistor. Disilane flows of approximately 0.4 sccm were
shown by Hall measurements to have an electron concentration
of 5x10*® cm~?* with a mobility of 300 cm?/V[6]. For these
structures, the emitter and subcollector layers both were doped
approximately 5x 108 cm=3.

M agnesium doping was used to create the p-type baselayer for
the npn bipolar transistor. Theinitial work in the devel opment of
the processing and MOCV D growth technologiesfor p-type lay-
ers at UCSB was performed principally by Peter Kozodoy [1],
who provided al of the MOCVD grown active device layers.
The p-type base layers for these devices were typically grown to
a thickness between 100 nm and 200 nm. It should be noted,
however, that due to large growth rate non-uniformity in this re-
actor, the precise thickness of the layerswas uncertain. Table 2.2
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shows typical growth conditionsfor the active layers of adevice.
This structureis further discussed in § 2.4

Layer d Temp Press NH3 TMGa TMAI DiSi CpaMg
[nm] [°q [Torr] [L/min] [scem] [scem] [scem] [scem]

GaN:Si 2000 1065 770 6 26.1 0.8

GaN 750 1070 770 6 26.1

GaN:Mg 100 1000 770 6 6.53 115

AlGaN:Si 15 1050 200 6 295 197 0.2

GaN:Si 15 1050 200 6 3.27 0.2

Table 2.2: Sample growth conditions for active layer growth by
MOCVD in Lateral modified Thomas Swan reactor.

2.2.4 Homoepitaxial MBE Growth

MBE grown active device layers for this study were grown by
loulia
Smorchkovaat UCSB. The processfor the growth of HBT active
layers was similar to the methods described in (Smorchkova et.
al. JAP 1999)[8]:

Structures have been grown by rf plasma-assisted
molecular-beam epitaxy. The growth was performed
in a Varian Gen Il MBE system. Active nitrogen
for growth was supplied by an EPI Unibulb nitrogen
plasma source utilizing ultra-high-purity nitrogen
(99.9995%), which was further purified by an inert gas
purifier (Aeronex, San Diego, CA) installed at the rf
plasma source gas inlet. Elemental Ga (6N) and Al
(6N) supplied from conventional effusion cells were
used for the group |11 sources. Unintentionally doped
GaN templates grown on (0001) sapphire by atmo-
spheric pressure MOCVD were used as substrates for
the MBE growth of the AIGaN/GaN structures. Prior
to introduction into the MBE system, the templates
were cut into ~10mm x 10mm pieces, cleaned us-
ing acetone, methanol, and isopropanol, and mounted
on EPI Uniblock molybdenum sample holders. These
holders were then loaded into the MBE buffer cham-
ber where they were baked at 450°C for 60 min before
the growth to remove residual moisture. The substrate
temperature during the growth was monitored using an
optical pyrometer focused on atitanium film deposited
on the back of the template. The purpose of this Ti
layer was to provide an efficient heat transfer from the
substrate heater to the sample. The growth was per-
formed at ~750°C with a high I11/V flux ratio. (From
Smorchkova et. al. JAP 1999. pp 4521 [8])

The MBE growth process described above is slower than
the MOCVD process — growth rates were approximately
0.2 pm/hour. The Mg doped GaN is grown at lower tempera-
tures, ~650°C to facilitate Mg incorporation, and results in a
high quality GaN:Mg film with carrier concentrations as high
as 1.4x10'® cm~3 with a mobility of 7.5 cm?Vg[9]. Due to
the more reproducible nature of the MBE growth (relative to the
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MOCV D reactor described above) the layer thickness and doping
concentrations could be known to a greater degree of accuracy. It
should be noted, however, that temperature was difficult to con-
trol by MBE and this may have affected the Mg incorporationin
thefilm. Table 2.3 representstypical HBT growth parametersfor
the active layers of an HBT structure. The table shows a sample
set of growth conditionsfor the active layers grown by MBE for
an HBT growth. Nitrogen pressure was held at 1.7x 10~ Torr,
with the RF source at 150 Watts. Not shown are the grading steps
for the Al barrier in the emitter. The growth is on an MOCVD
template which already incorporates the subcollector and a por-
tion of the not-intentionally-doped collector.

Source emission

Layer Time  Substrate No Ga Al Mg S
[min] [°q [ Torr] [ Torr] [ Torr] [ Torr] [°q

GaN 65 652 T 0218

GaN:Mg 35 652 1 0.218 0.0025

Alg.1Gag gN:Si 185 652 1 0.218 0.0157 1240

GaN:Si 20 652 1 0.218 1240

Table 2.3: MBE Growth of active layers. Source emission pres-
sures are the beam emission pressure as measured before growth
with anion gauge at the wafer plane.

2.3 Material properties
2.3.1 MOCVD grown templates

The undoped templ ate films have a background ionized donor
concentration “on the order of n=4x10'% cm~3, mobilities as
high as 820 cm?/Vs, typical x-ray diffraction peak widths of 270
on-axis (002) and 390 off-axis (102), and threading dislocation
density between 108 and 10° cm~2, as measured by transition
electron microscopy (TEM) " [1]. The background concentration
is thought to be due to oxygen contamination as well as donor-
like point defects such as nitrogen vacanciesin thefilms. Thread-
ing dislocations generally propagate vertically through the struc-
ture, and are annihilated only through thick growths, novel nu-
cleation techniques, or lateral epitaxial overgrowth (LEO). When
MBE layers are grown on these dislocated templates, the dislo-
cations are typically incorporated into the MBE layers such that
the dislocation density observedin the active MBE layersis gen-
erally similar to that of the template on which it is grown[10].

2.3.2 p-type (Mg doped) GaN

Properties which are common to both MOCVD and MBE p-
type films include the acceptor ionization energy, issues with
compensation of films, low hole mobilities, and difficulties with
contacting etched as well as the as-grown layers. Magnesium
is a deep acceptor, Ex —Eyv ~ 110—200 meV [11], resulting
in a carrier concentration of p=8x10'" cm~3 for an accep-
tor density of ~ 1x10'?cm=2. Although there are reports of
higher hole concentrations using co-doping of Mg with oxygen
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or silicon[12], electronic device results with this doping technol -
ogy have not been reported. Holes in GaN, with an effective
mass of 2.2 mp[13], had mobilities between 5 and 20 cm?/V s
in highly doped GaN:Mg layers. In addition, both MOCVD and
MBE films are degraded by compensation effects in the films.
Theresult is materia with aresistivity on the order of 1 Q-cm.
Another critical characteristic of p-GaN layers is the minor-
ity carrier diffusion length of the bulk material. Unfortunately
this research is in preliminary stages for p-type films and re-
ports vary. Much of the variation in reports is likely due to a
wide variation in material grown by different groups. Groups
have reported values of ~200 nm for films with hole concentra-
tionsaround p=2.5x10'7 cm—3[14, 15]. Smaller numberswere
reported for a production-like LED structure by Gonzalez et al.
[16] who reported diffusion lengthsin ap-layer of 80 nm (the ac-
ceptor concentration was not mentioned). Further complicating
the issue is the apparent spread in material characteristics grown
by different research groups. This may be due to different Mg
doping concentration, different levels of impurities, overall crys-
tal quality, etc. It islikely, however, that the diffusion length is
on the order of the base width, which would be expected to limit
the current gain. Also notable is the report of a lower diffusion
length (55 nm) for Mg doped Al 1GaN [16]. The implication
hereisthat the advantages gained by bandgap grading in the base
using aluminum mole fraction may be reduced (Chapter 4).

2.3.3 MOCVD vs. MBE grown material

Of particular interest is the difference between p-type layers
and p-n junctions grown by MOCVD and MBE. When grownin
a hydrogen ambient, as the MOCVD films typically are, the Mg
acceptor is passivated by the hydrogen and must be thermally
activated before devices are operable[17]. The anneal used for
these experiments is discussed with the rest of the process flow
in section § 2.5. Although the anneal is effectivein activating the
acceptorsin asample, the activation efficiency isless than 100%.
MBE grown films, conversely, are not grownin ahydrogen ambi-
ent, and therefore are not passivated during growth. Theresult is
afilm which does not need to be activated. Also, MBE filmswith
similar carrier concentrationsto their MOCV D counterparts had
higher mobilities, suggesting that the MBE films may have either
fewer unintentional impurities or higher activation efficiency, re-
ducing scattering rates for the holes. An important factor in HBT
growths is the emitter-base heterojunction placement. A sec-
ondary ion mass spectroscopy (SIMS) measurement was used
to determine the sharpness of the emitter-base junction grown by
MOCVD and MBE. Figure 2.1 shows the broadening of the Mg
profile grown by MOCVD. Both the MBE and MOCVD films
were intended to have abrupt junctions with layers of approxi-
mately the same width. The slower turn-off of Mg in the case
of the MOCVD grown structure may be due to memory effects
or higher impurity diffusion rates associated with higher growth
temperatures. Any memory effect would also be expected to
depend strongly on reactor design and growth conditions. At



SIMS: Mg profile in MOCVD and MBE films
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Figure 2.1: The SIMS profile indicates a significant widening
of the MOCVD grown layer, in contrast to a very abrupt met-
allurgica junction in the case of the MBE grown films. The Si
doping profile in the MOCVD layer indicates the inverse of the
intended Mg doping profile. (MOCVD SMSdata courtesy of P.
Kozodoy[ 1], MBE SIMSdata courtesy of |. Smorchkova)

the time of this dissertation, however, little had been published
regarding the material quality of the GaN:Mg layers grown by
MBE [9]. The mgority of the experiments grown for this disser-
tation were grown by MBE due to a higher degree of control of
junction placement, and better uniformity across the wafer. Mi-
nority carrier lifetimesin p-type layers were unknown for either
of the two growth techniques.

2.3.4 Polarization effects

The polarization charge (P) consisting of spontaneous (Psp)
as well as piezoelectric (Ppz) components, significantly effects
many devices on I11-N films, and must therefore be considered
in the design structures including alloys to GaN. The strong po-
larity of the wurtzite GaN crystal, combined with the large lat-
tice mismatch between GaN and its aluminum alloys results in
structures which are subject to polarization charge on the order
of typical doping concentrations. The total polarization charge
in pseudomorphic AlGaN layers as a function of the change in
aluminum mole fraction, dz, is the sum of the spontaneous and
piezoelectric polarization charges: [Psp () + Ppy ()] and
can be written:

P (6z) = Psp (0z) + 2 <egl + 21—3 633> E(6z) (231
33
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where E (0z) is the unit less in-plane strain of the pseudomor-
phic AlGaN layer and calculated by linearly interpolating from
the binaries, AIN and GaN[18].

E () = =907 Z(&”)

= 0.02416z (2.3.2)
where a and o' are the relaxed and strained lattice constants re-
spectively. The spontaneous and piezoel ectric polarization con-
stants, e3; and ez3 [19] as well as the elastic constants, ¢;3 and
¢33[20] can also be linearly interpolated from binary values. Ta-
ble 2.4 showsthe linear interpolation of these constants between
the binaries (GaN and AIN). As can be seen from this table, the
effect of aluminum composition on the piezoelectric and elastic
coefficients for small variations, (z < 10%) is relatively small,
alowing the use of an average values for graded layers. Even

Constant Value (z) Units
Psp(dz) —0.052(dx) [ CIm?]
es1(x) —0.49 - 0.11(z) [C/m?]
es3(x) 0.73(1 + ) [ C/m?]
c13(x) 103 + 5(x) [ GPa]
c33() 405 — 27(z) [ GPa]
a(z) 0.3189 — 0.0077(z) [nm]

Table 2.4: Table of values used for calculating polarization
chargein Al,Ga; _«N films.

for dilute alloy changes ( 10%), the polarization charge results
in sheet charge concentrations on the order of 10°6 C/cm?. The
concentration of this charge can be reduced by changing alloy
composition gradually. The effects of polarization charge on de-
vice structuresisdiscussed in § 2.4.1

2.4 Structure

A typical device structure used in these experiments along
with a simulated band diagram® under bias is shown in Fig-
ure 2.2. The emitter was Al 1 Gay oN:Si (Np=5x10'% cm~3)
with a GaN:Si emitter contact layer. The base layer was 100 nm
GaN:Mg, NA=5x10'? cm~3. The collector was 500 nm un-
intentionally doped (UID) GaN with a background donor con-
centration of 5x10'® cm~3. The subcollector was GaN:Si,
Np=x10® cm~3. Although the structure shown here had its ac-
tive layers grown by MBE, it is also substantially representative
of the devices where active layers were grown by MOCVD.

I This and subsequent band diagram simulations were performed using Band-
Prof written by William R. Frensley, (C) Copyright the University of Texas at
Dallas, Feb. 15, 1991. http://www.utdallas.edu/ frensley/hlts/bandprof.html. Ma-
terial constants were taken from published values for GaN and AIN, with alloy
material constants linearly interpolated from the binaries.
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Device Structure and band diagram
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Figure 2.2: Left: Typical structure for AIGaN/GaN HBT grown
by plasma assisted MBE on MOCVD GaN on sapphire.

Right: Simulated band diagram of typical device. The
Alg.1Gay 9N heterojunction provides a barrier to hole injection
into the emitter.

2.4.1 Emitter design

The emitter for the HBT was designed to provide sufficient
barrier to hole injection in forward bias without compromising
thevertical electron conductivity. Chapter 4 discussesthe emitter
injection efficiency (§ 4.2.1) in greater detail, but some of the
relationships are repeated here for convenience.

For graded heterojunctions the thermionic barrier in the con-
duction band at the heterojunctionis reduced, and current flow is
related to voltage in much the same way as in the homojunction
case. The key difference, afforded by the larger bandgap in the
emitter, is alower equilibrium minority carrier concentration in
the emitter. This allows for the design of emitter-base junctions
where the emitter doping may be decreased to reduce junction
capacitance, and the base doping increased to reduce output con-
ductance and bulk base resistance. In conventiona I11-V HBTs
(which typically use graded heterojunctions), the base current
due to the injection of holes into the emitter can be written as:

_ ¢AeDypnip

exp ( qVBE )
Xg Ng kT
Where A, isthe emitter area, D, ; the diffusion length of holes
in the emitter, X i the extent of the depletion region in the emit-
ter, n?;, theintrinsic carrier concentration in the emitter, N i the
active carrier concentrationin the emitter, and Vg i isthe applied
junction biag[21]. Equation 2.4.1 shows that the back-injected
current is proportional to n?,. The intrinsic carrier concentra-
tion is related to the band gap by:

Ip, (2.4.1)

Eq
2 . P
n; = NoNy exp ( kT) (24.2)
where N¢ and Ny are the conduction and valence band density
of states respectively. Thus, increasing the bandgap in the emit-
ter for a graded heterojunction reduces back injection into the
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emitter by a factor of ~ exp (AE,/kT'). The bandgap (E,) of
Alg.1Gay 9N isestimated using alinear interpolation of bandgap
from AIN (6.2 €V) to GaN(3.4 eV) to have abandgap of ~3.7 eV
or about 10 kKT (at room temperature) greater than the bandgap
of GaN (3.4 eV). Assuming approximately the same donor ion-
ization energy asfor GaN, thisleadsto areduction of ~ exp(10)
in hole injection.

Polarization effects and emitter design

As discussed in § 2.3.4, polarization effects must be consid-
ered in the design of structures with changing alloy composi-
tions, such asthe emitter in the HBT. Figure 2.3 shows simulated
band diagrams of the base-emitter diode of an abrupt Al 5.; GaN
/GaN heterojunction with and without consideration of polariza-
tioncharge. Ascanbeseenfromthisfigure, the polarization acts

Abrupt N-p junction band diagrams
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Figure 2.3: Simulated band diagrams of abrupt N -p Al ;GaN
: Si(5x10'® cm~3) /GaN : Mg (p=1x10'® cm—3) emitter-base
heterojunction forward biased to flatband without (Above:) and
with (Below:) polarization effects. The dip in the valence band
and corresponding notchesin the conduction band are coincident

to "pull down” the conduction band at the emitter-base hetero-
junction with a positive or donor-like sheet charge, but increases
the barrier at the GaN/Al ; GaN interface within the emitter with
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anegative or acceptor-like sheet charge. For achangein Al com-
position of 10%, the charge density can be calculated from Equa-
tion 2.3.1to be ~ 6x10~7 C/cm?. To reduce the barrier in the
conduction band and maximize the valence band barrier at the
base-emitter heterojunction, the alloy composition of the emitter
was graded both at the base-emitter heterojunction interface, and
at the hetero-interface within the emitter (Figure 2.4).

Graded N-p junction band diagrams
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Figure 2.4: Simulated band diagrams as in Figure 2.3 but with
the aluminum composition graded over 10 nm at the base-emitter
heterojunction and over 25 nm at the heterojunction within the
emitter.

Above:Band diagram simulation without polarization charge.
Below:With polarization charge.

The entire emitter was doped ~5x10'® cm= Si. From the
top of the emitter towards the collector, the emitter cap contact
layer was 15 nm of GaN, with a grade in of Al to 10% over
25 nm. The grade here is to avoid an abrupt barrier in the con-
duction band of the emitter. Comparing Figure 2.4 with Fig-
ure 2.3 shows the reduction of the conduction band barrier ac-
complished with the grade in. The grading spreads out the polar-
ization charge resulting in an acceptor-like charge concentration
of —q-2x10'® C-cm~3. Figure 2.5 shows a detailed view of
the conduction band in the band diagram simulation from Fig-

CHAPTER 2. FABRICATION

ure2.4.

Even with the grading, the polarization effects associated with
the changes in Al composition limited the design to relatively
dilute alloys and strong emitter doping. Fortunately, as dis-
cussed above, these aloys provided for a significant change in
the bandgap (~10k1") which was assumed to be sufficient to sub-
stantially prevent the back-injection of holes.

Simulated band diagram showing the conduction band of
the HBT with polarization effects in a graded structure
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Figure 2.5: The simulated band diagram shows the conduc-
tion band barrier caused by the reduction in auminum con-
centration. 10% Al is graded down over 25 nm leading to a
polarization charge equivalent to an acceptor concentration of
~2x10'8cm=3. The Si emitter doping was 5x10'¥cm=3. The
polarization charge leads to a barrier in the conduction band of
about kT

2.4.2 Base design

The baselayer of thetransistor structure was doped as strongly
aspossible (Ny ~ 5x10' cm=2) to minimize the lateral resis-
tancein the base. Originally the base was designed to be 200 nm
when grown by MOCVD with a design change for MBE struc-
turesthat reduced the thicknessto 100 nm. The changewas made
because, with the non-uniformity of the base layers grown by
MOCVD, it was believed that the working devices on those |ay-
ers most likely had thinner-than-designed emitters. Ideally, to
maximize gain (at the cost of base conductivity), the base layer
may be designed as thin as possible to maximize base trans-
port efficiency. As discussed in § 2.3.2, the diffusion length of
electrons in the base (L) was expected to be on the order of
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100 nm. Typically, the base width (W) is designed such that
Wg << L,. Practica issues, however, necessitated a thicker
layer. The low conductivity of the base materia limited the de-
sign of the base thickness. Even with the thicker base, the base
sheet resistance was expected to be between 50 and 150 k2/O.
The gain of these devices as afunction of base width is discussed
in Chapter 4. Also, because the emitter mesa etch was non-
selective , to reliably etch to the base without punching through
to the collector, the minimum usabl e base thickness was found to
be about 75 nm.

2.4.3 Collector and subcollector

Inaconventional HBT, the collector is designed to be fully de-
pleted under normal bias conditions, with a subcollector forming
the contact layer. Electrons transit vertically through the col-
lector region, and laterally in the subcollector to the collector
contacts. The collector design was perhaps the least critical to
these studies, as it is generaly relevant to the breakdown volt-
age - electron transit time (7 )trade off. We needed an adequate
breakdown (preferably > 40V) without unnecessarily increasing
collector thickness, but the focus of these studies was not to max-
imize the breakdown, or even minimize the electron transit time.
Figure 2.2 shows such a design. Collectors were grown unin-
tentionally doped, which resulted in a background donor con-
centration between 5-10x10%¢ cm=2. The collector layer was
~500 nm. The subcollector was thicker, usually 750-1000 nm
doped with Si, Np=5x10® cm~3. Typically, the subcollector
and part of the collector were included in the MOCVD template
for growths where the active layers were grown by MBE. It will
be shown later (Chapter 6) that the dominant limitation on RF
performance for these devices was likely elsawhere.

2.5 Device processing

2.5.1 General process considerations

Devices were fabricated using Cl» Reactive lon etching (RIE),
metal evaporation and liftoff. An illustration of the fabrication
process is shown in Figure 2.6.  For devices fabricated from
active layers grown by MOCVD, a p-type activation anneal was
required, and was performed before any other processing. The
thermal activation process was first published by Nakamura et
al. [17] and developed for UCSB by Kozodoy [1]. The process
consisted of a 100 nm SiO, cap deposited by plasma enhanced
chemical vapor deposition (PECVD) and a subsequent anneal
for 3 minutes in an N, ambient at 950°C. The SiO, was then
removed with buffered hydrofluoric acid (BHF). The following
descriptionisfor the process flow for atypical DC device. Other
special process sequences were developed for the fabrication of
the RF compatible device, and the regrown base device and are
discussed later.

Mg-doped base

N* Subcollector

Process flow

Base Contacts

Si02 mask

Etch damaged

Mg-doped base

N* Subcollector

Sapphire Substrate

Sapphire Substrate
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Collector Contacts

SiO2 mask

Emitter Cy

| |
S m
|| ||
N* Subcollector
Sapphire Substrate

N* Subcollector
Sapphire Substrate

Figure 2.6: Process flow for HBT.

2.5.2 Emitter mesa etch

The Cl, RIE emitter mesa etch was controlled by time, and
the access to the base layer was confirmed using a probe tip to
test the polarity of the surface Schottky diode. The etch was per-
formed in a PlasmaTherm shuttle-lock RIE tool modified with an
adjustable electrode separation, high conductivity chamber and
clamped backside helium cooling. The etch was performed on
samples placed on 4 inch Si carrier wafers coated with PECVD
SiO,. Theetch chemistry used Cl» gasflowing at 30 sccm held at
apressure of 10 mTorr and energized in RIE mode with a power
of between ~ 12 and 60 watts corresponding to a DC self-bias
of between 2 and 120 V. Severa emitter mesa etch masks were
studied, the most effective was found to be ~100 nm of evap-
orated SIO,. This mask led to the cleanest etched surface (as
determined visually from SEM micrograph) and benefited from
high etch selectivity. It was also preferable to photo-resist as it
did not need to be removed until emitter contacts were applied,
providing valuable contrast for base contact alignments.

2.5.3 Base contact metalization

After the emitter mesa was etched, revealing the base layer,
the base contacts were applied by metal evaporation and liftoff.
Kozodoy showed that an optimum contact metalization for p-
contacts was Pd/Au [1]. Initial contacts were made using the
lithography procedure he devel oped. Kozodoy’s method utilized
the properties of the image reversal photo-resist to circumvent
the conventional oxygen plasma descum which was found to de-
grade contacts to p-type material. Later, with the incorporation
of stepper lithography that utilized positive photo-resist, a new
aternative to the oxygen descum needed to be developed. The
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Pd/Au/Pt contact was devel oped to this end. First Pd/Au (20/100
nm) was blanket deposited by evaporation. Next, photoresist was
patterned for lift-off, and 100 nm of Pt was evaporated on the
Pd/Au stack. After excess Pt was removed with the photoresist,
the remaining Pt was used as awet etch mask and the field metal
(Pd/Au) was removed using an iodine based Au etchant.

2.5.4 DC device completion

After the base metalization, the base mesa was defined using
atimed Cl, RIE etch. This etch used the same chemistry, but
at alower pressure (5 mTorr) and at higher power (200 Watts,
350V). This etch quickly reached the collector layer, to which
collector contacts are applied. Next, the emitter mesa mask was
removed in BHF, and photoresist was patterned for emitter and
collector ohmic contacts simultaneously. The same metal stack,
evaporated Al/Au (200 / 100 nm), was used for both the emitter
and collector ohmic contacts.

After devices were fabricated, DC electrical testing was per-
formed to characterize the devices. Primarily, common emitter
DC characteristics and Gummel plots were used to evaluate ex-
periments. Additional structures such astransfer length measure-
ment (TLM) pads, large diodes, etc. were included to provide
additional information as necessary. Typically, on devices with
MOCVD active layers, device yields were quite low. Much of
the time only a small area of the device wafer held working de-
vices. Wafers where the active layers were grown by MBE were
much smaller, (usually 1 cm?), but often had working devices
over alarger area.

2.5.5 Device geometries

Figure 2.7 shows the layout geometry and typical dimensions
used in the experiments.  Geometries for these preliminary

Device geometry

BASE
Waccess )
Base /4 >, Emitter
Cong//é WBC/ LE/
LBC/ Wg
s £
| | Emitter
Base
Collector Collector

Figure 2.7: Diagram of the device geometry for the A|GaN/GaN
HBT Devicedimensionsare as follows (in microns): Wg =3, Lg
=50, WAccess =1, WBC =9, WBCX =8, LBC =72

device studies were chosen to be eventually compatible with
RF characterization (Chapter 6). Also, in consideration of the
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high degree of anticipated emitter crowding, small emitter finger
widths (Wx) were chosen. Conversely, the additional fabrication
steps required to contact devices for RF probing were consid-
erable, and so most device wafers were not processed past the
DC stage. For thisreason, it was a prerequisite that emitter fin-
gers be large enough to be probed by conventional DC needle
probes. This set the minimum emitter contact width to 1 um.
Also, initial devices were fabricated using contact lithography,
which severely limited device dimensions and alignment toler-
ances. Various device sizes were fabricated, with emitter widths
ranging from 1 to 5 ym, and lengths from 20 to 100 pm.

2.6 Summary

Fabrication proceduresincluding template growth, active layer
growth by MOCVD and active layer growth by MBE were in-
troduced. Typical growth conditions were also given. Basic
material properties relevant to the AIGaN/GaN HBT were in-
troduced, including p-dopant (Mg) thermal activation, ionization
energy, etc. Polarization effects on dilute alloys of AlGaN were
discussed, and applied to a typical structure used in these ex-
periments. That structure was presented, along with the moti-
vation for specific design decisions. The basic relationship be-
tween emitter alloy composition and hole injection into the neu-
tral emitter is discussed. The foundation for the device process-
ing used in these studies is presented, and typical device geome-
tries given.
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Highly resistive base layer: The distributed device

3.1 Introduction

ETEROJUNCTION bipolar transistorsinthe I11-N material

system present a set of processing and material challenges
distinct both from HBTs in other material systems and other de-
vices in the I11-N material system. The Mg doped base of the
npn transistor currently causesthe most difficulty. The base layer
suffersfrom low conductivity, low minority carrier lifetimes, and
contacts with a high sensitivity to etch damage and surface con-
tamination. Because all conventional transistors have finite base
conductivity, minority carrier lifetimes, and contact resistances,
many of the issues related to the GaN:Mg base layer are exten-
sions of common issues. Some of the effects that were obvious
or even dominant in the AIGaN/GaN HBT are often negligible
in conventional HBTS, however, and are therefore rarely men-
tioned. The parasitic collector current offset voltage in the com-
mon emitter mode is an example of one such effect. Initial re-
sults with the AIGaN/GaN HBT showed an offset voltage much
higher than was expected. This chapter introduces those initial
results, and discusses the analysis of the excess offset voltage as
a “distributed device” effect. Thisis an effect which is due to
the large voltage drops between the base contact and the base
emitter junctionin the AlIGaN/GaN HBT. Finally, methodsto re-
duce this offset voltage are presented. In later chapters, this con-
ceptual framework will be used again with regards to the small
signal RF performance (Chapter 6) and collector-emitter leakage
currents(Chapter 5).

3.2

3.2.1 First demonstration of an AlGaN/GaN
HBT

InMay, 1998, UCSB demonstrated the first GaN based bipolar
transistor[1]. Figure 3.1 shows the common emitter mode output
characteristics of the device. The emitter finger was 1umx 20
pm.  The emitter contact was used as a mask for the emitter
mesa etch, and additional base material was re-grown to bury
the damaged base surface and reduce extrinsic base resistance
as described in § 3.4.2. The entire layer structure for these de-
vices was grown by MOCVD on C-plane sapphire. An n-type
(Si doped) subcollector is followed by an unintentionally doped
(UID) n-type GaN collector, a p-type (Mg doped) GaN base, and
an n-type (S doped) Al ;GaN emitter (See Figure 3.1). The
500 nm emitter was doped 5x10'8cm=3 while the base layer

Initial Results
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Output characteristics of the first AIGaN/GaN HBT
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Figure3.1: Above: Common emitter output characteristicsof the
first AlIGaN/GaN HBT. The emitter is1 x 20 um. Base current
steps are 50 pA.

Below: Layer structure for the device. Heterojunctions were
graded. Base majority carrier concentration was~1x10'8 cm=3
and emitter carrier concentration was ~5x 1018¢cm=3.

was 200 nm of Mg doped GaN with an acceptor concentration
of 1x10'"%cm~3. Asexplainedin § 2.3.2, the incompleteioniza-
tion resulted in an expected carrier density of 8x1017cm=3. The
resistivity of p-type material grown under similar conditions was
1.5 Q- cm resulting in sheet resistivities of 75 k€2/0O for a 200
nm base. The background donor concentration in the collector is
on the order of 5x1018cm=3. After growth, a tungsten emitter
contact was deposited and subsequently used as a mask for the
Cl, RIE emitter mesa etch (Figure 3.2). Asdiscussed in § 3.4.2,
base regrowth was used to bury surface damage caused by the
emitter etch. Base contacts were deposited on the regrown mate-
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Ilustration of the AIGaN/GaN HBT

Regrown Base

-

Mg-doped base

SiNx Sidewall

N* Subcollector
Sapphire Substrate

Figure 3.2: Cross-section and SEM image of completed device.

rial and the top of the SiN cap was removed to expose the emitter
contact.

3.3 Electrical Characterization

An HP 4145 semiconductor analyzer and a Tektronix 370A
curve tracer were used to perform the electrical characterization
of these devices which were measured in the common emitter
configuration. Gummel plotswere also taken and are shown with
Ve = 0. Common emitter characteristics of a 1umx20um de-
vice (Figure 3.1) as well as a Gummel plot on a 20umx20um
device (Figure 3.3) indicate a current gain (I o/Ig) of 3.

33.1

Aspectsof theinitial results presented above were unexpected.
The collector current offset voltage in the common emitter char-

Initial analysis
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Gummel plot of first AIGaN/GaN HBT
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Figure 3.3: Gummel Plot of 20umx20umHBT with V ¢5=0

acteristic and the low current gain in the Gummel characteristics
were the most prominent. Analysis suggested that the high bulk
base resistance and high contact voltage drop were responsible.
The current gain is further discussed in Chapter 4.

Collector current offset voltage

The offset voltage is the collector-emitter voltage in the com-
mon emitter mode where the net collector current becomes pos-
itive. At this point, both the base-emitter and base-collector
diodes are forward biased. From a simplified derivation of the
Ebbers Moll model for a conventional graded HBT, the offset
voltage, Vo g, can be written ag[2]:

1
Vos =ncVrlog < ) +IpRE (331

QR
where 7 is the base-collector junction idedlity factor, V1 isthe
thermal voltage, ar =~ 0.1 is the reverse current transfer ra-
tio, and Ip and Ry are the base current and emitter resistance
respectively. This expression was derived from the generalized
drift-diffusion relations for the respective junctions, and predicts
an offset voltage for the intrinsic device of much less than 1 V
for low currents, while the offset voltages observed in the Al-
GaN/GaN HBT were in excess of 5V. Also, the offset voltages
varied widely from device to device, which is inconsistent with
the dependencies predicted by Eq. 3.3.1. The results indicated
a parasitic offset voltage in addition to the ideal offset expected.
It was observed that the turn-on voltage of the base contact was
related to the offset voltage. The base voltage above the expected
3.4V (intrinsic built in voltage) required to turn on the base emit-
ter matched the excess offset voltage for thetransistor. Figure 3.4
shows the high voltage barrier in the base contact and the result-
ing increase in the turn-on voltage of the base-emitter junction.
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Base contact and emitter diode characteristics
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Figure 3.4: Above: Back to back base contacts show the non-
linearity in the base contact characteristics and the large voltage
drop.

Below: Forward base emitter diode characteristic showing the
increase in Vg g associated with the high base contact resistance
and bulk sheet resistance.

Intheidea case, the base-collector biasis constant throughout
the device. The voltage of the contact in the AIGaN/GaN HBT
was substantially higher than the voltage of the base side of the
emitter-base junction, however, because of the high lateral resis-
tance and large voltage drop across the base contact. Figure 3.5
illustrates the potential drops in a device with high contact and
sheet resistances. Also, because the contact characteristic is non-
linear, the voltage drop across the contact varies strongly with
current density. This leads to a much larger voltage drop across
the portion of the contact contributing to thelateral current which
feeds the active transistor. Due to a much reduced current den-
sity, the base material at the outside perimeter of the base contact
was not subject to this large voltage drop. This effectively di-
vides the area under the emitter and the area under the majority
of the base contact into two devices - the active transistor and
a parasitic base-collector diode.  The difference between the
base voltage under the base contact and the base voltage under
the emitter mesa at any given base injection current was the par-
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Contact diagram
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Figure 3.5: Above: Thisillustration shows the effect of the high
contact resistance in the voltages near the base contact when the
device is in the forward active mode. Below: This illustration
represents the voltage gradients along the cross-section of the
device due to contact and bulk resistances of the base layer.

asitic offset voltage of the transistor. A model was developed
which accounted for the excess offset voltage by allowing for the
differencein the bias condition of junctionsin theintrinsic tran-
sistor and the base-collector junction outside the active device.
The following example, illustrated by Figure 3.6 describes this
model.

In this case the AlGaN/GaN transistor required a 6V base
emitter contact voltage to inject a 100 pA base current, while
the base-emitter junction forward bias required was only~3V.
Because the base voltage under the extrinsic base contact is
~ 6V, the collector-emitter voltage must be 3V for the extrin-
sic base-collector diode to have the same bias condition as the
base-emitter junction. At lower collector-emitter bias, the base-
collector diode under the base contact is forward biased even
while the base-collector junction under the emitter mesais zero-
biased (Figure 3.6). The following are junction drift-diffusion
equations for the collector current componentsin an HBT rele-
vant to the common emitter offset voltage:

Voffset = VCE (I)(332)
Ic=0

ICtotal =Icpg — IBC; - IBC’x (11(833)

ICE =a- Aemitter ' Js BE " €Xp [ BE :| (II(B)34)
neVr

If VCBintrinsic ;é VCBextrinsic

BC;

Ipc; = Aintrinsic = Js BC - exp [ ] (IVB.3.5)
ncVr
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Offset voltage illustration
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HBT with reduced offset voltage

Figure 3.6: Large parasitic offset is due to the voltage drop as-
sociated with lateral base current. The numbered arrows in the
schematic (above left) refer to equations which describe them.
The voltages in the circuit diagram (below |eft) are examples of
abias condition in which the parasitic base-collector diodeisfor-
ward biased, while the intrinsic device is zero-biased.

Vie,
neVr

[BCX = Aextrinsic -Js B - exp (VX336)

Theroman numerals (I-V) correspond to the current paths shown
in Figure 3.6. In the above equation « is an overall efficiency
term that includes emitter injection efficiency aswell asthetrans-
port efficiency acrossthe base. Equations (1V) and (V) split from
a single equation when the external base-collector bias differs
from the internal bias. In this case, a higher collector contact
voltage is required to turn off the extrinsic base collector diode.
Figure 3.6 showsthe contributions of the offset voltage equations
to the total collector current, | . Analysis of a measured com-
mon emitter characteristic (Figure 3.6) show these effects on the
DC performance. To reduce this offset voltage, the base contact
and lateral resistances must be reduced- or the extrinsic base-
collector junction eliminated. It is clear from the device charac-
teristics in Figure 3.6 that this latter device exhibits a lower off-
set voltage than theinitial device (Figure 3.1). The offset voltage
has been reduced from 5V to 2.5V, and the knee voltage has been
reduced from 15V to 6V. Thisimprovement in output character-
isticsis substantially due to the process improvements described
below.

3.4 Reducing the collector offset voltage
through improved processing
In the course of the experiments on AlGaN/GaN HBTSs, Both

the regrown extrinsic base and the reduced damage emitter mesa
etch process were devel oped to reduce the resistance in the base.

990 Vert/Div
1 mA
Horiz/Div
2V
= H(renster |
J B~3 S00MA
OFFSET
i:/ onA
/ T
] ' 2
3 (% of COLLEGTOR |
== PEAK VOLTS
L- - | 226

Figure 3.7: These output characteristics show a reduction of the
offset voltages from previous devices. Although the layer struc-
ture is similar, the device active layers were grown by MBE in-
stead of MOCVD, and devices were processed with improved
methods aimed at reducing the offset and knee voltages.

3.4.1 Reducing the damage from the emitter
mesa etch

An area of particular difficulty in the fabrication of the Al-
GaN/GaN HBT was the first step, the emitter mesa etch. Ini-
tialy (when active layerswere grown by MOCV D) material non-
uniformity was asignificant problem for etching the emitter mesa
without also etching through the base layers. The implementa-
tion of the MBE grown active layers effectively solved this prob-
lem. The second magjor issue with the emitter mesa etch was
the damage that was caused to the base layer. It was assumed
that this damage could be reduced by reducing the power in the
Cly RIE etch. This assumption was confirmed by Kozodoy et
al. [3] where the p-type contact quality was investigated for var-
ious chemistries and DC etch biases. The obvious solution of
minimizing the emitter etch DC bias was complicated, however,
by the vanishing etch rate of the AIGaN emitter at lower pow-
ers. It was believed that this slow etch rate of Al bearing layers
was caused in part by oxidation of the surface. To deal with this
complication, and increase the repeatability of the etch, a clean-
ing cycle was used to pre-condition the chamber, as well as an
etch recipe that used short higher power bursts followed by a
low power etch. To insure the cleanest possible etch, SiO, was
used as an etch mask for the emitter etch. This also provided
necessary contrast for alignments of future layers to the shallow
etched emitter mesa, and was left on the emitter mesa until emit-
ter contacts were applied, further protecting the surface during
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Regrown extrinsic base HBT

Dielectric regrowth mask

Base Contacts Regrown Base

\\ 7\

N* Subcollector
Sapphire Substrate

Figure 3.8: A reactively sputtered SiN, cap isused as aregrowth
mask for the selective area regrowth of 100 nm of Mg doped
(p ~ 1x10'®) contact layer. After regrowth, the SiN, cap was
removed and the standard process flow resumed.

base contact processing. Figure 3.7 shows the improvement in
device performance attained by changing to MBE grown active
layers and using an optimized etch recipe.

3.4.2 Regrown Base HBT

Before the initial AlIGaN GaN HBTs were successful, results
showed extremely high base contact resistances. Voltagesashigh
as 20V were required to turn on the base/emitter diode. The high
voltage drop led to destructive heating of the base contact pads.
To address the problem of high base contact resistance and re-
ducelateral accessresistancein the highly resistive extrinsic base
layer, the extrinsic regrown base process was developed. Fig-
ure 3.8 is an illustration of the cross section of the device with
the regrown base layer added, as well as a Scanning Electron
Microscope (SEM) micrograph of the regrown material surface.

The regrown extrinsic base process used a SiN, cap to mask
the emitter mesa. The wafer was then placed back in the growth
chamber, and additional GaN:Mg material is grown. Because
the GaN did not incorporate on the masked areas, the regrowth
was selective and only occurred in the field. Typically, 100 nm
of GaN:Mg with Nx=1x10'? cm—2 was grown for these de-
vices. Next, the SiNx cap was removed in concentrated HF.
Because the extrinsic base layer is grown in an H, ambient, the
Mg dopants needed to be thermally activated again (as described
in § 2.5.1). Subsequent process steps including base metaliza-
tion, base mesa etch and emitter and collector metalization were
performed asoutlined in § 2.5.4.

This process improved the performance of the devices suffi-
ciently to alow for the devices to be operational in the common
emitter configuration. The final version of this process substi-
tuted reactively sputtered AIN, for the original SIN, regrowth
mask to avoid possible Si doping of the regrown material and
add selectivity to AlGaN growth. . Figure 3.9 shows the im-
provements in contact quality achieved with first the regrown
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Contact Comparison
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Figure 3.9: Comparison showingthel-V curveof adjacent p con-
tacts on the ' as-etched’ surface, contacts to the regrown surface,
and finally, contacts to the regrown surface after an optimized
etch

base process, and then further with the improved etched process
described above. Although the regrown base process improved
device performance by reducing the offset and knee voltages, it
required several extra steps and was yield limiting. With the re-
duction of base surface damage associated with the emitter mesa
etch improvement, the regrown base process became unneces-
sary, and was discontinued.

3.5 summary

Although initial results showed promise for continued im-
provement, the current gain was low, and a high collector off-
set voltage was attributed to high base resistance and a voltage
barrier at the etch-damaged surface under the base contact. Orig-
inally, the high base resistance of these devices was expected to
only effect the RF performance of the devices in combination
with the parasitic capacitances of the device. The collector offset
voltage was the first of the many DC and RF device character-
istics to be unexpectedly dominated by the large voltage drop
between the base contact and the base-emitter junction.
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Current gain

4.1 Introduction

In addition to the high collector current offset voltage, the
DC output characteristics from Chapter 3 displayed low current
gains. This chapter is focused on the common emitter current
gain of the AlGaN/GaN HBT. For well designed conventional
HBTS, the current gain can be predicted through simplified ver-
sions of the general relationships describing current flow in the
transistor as a function of design and material variables. These
approximations which are sufficiently accurate for conventional
material systems are questionable for the AIGaN/GaN HBT.

The AIGaN/GaN HBTSs presented here had current gains be-
tween 0.5 and 3.5. With such low gain in an HBT, recombina-
tion islikely to have played an important role. In the first half of
this chapter, the dominant mechanisms relating to current gain
and recombination in conventional HBTs are presented. First, in
§4.2.1, the emitter injection efficiency describes the ratio elec-
trons injected into the base to the back injection current of holes
into the emitter. Secondly, in §4.2.2, the base current associated
with electron-hole recombination in the space charge region is
discussed, and finally, in §4.2.3, the base current associated with
bulk recombination in the neutral base is presented.

In the second half of the chapter, results from experiments
aimed at increasing the current gain in the device are discussed.
The main thrust of this effort was directed towards reducing re-
combination in the bulk base layer. This was due to the already
high injection efficiency as discussed in §4.3.2, and the difficulty
in addressing the space charge recombination mechanisms. De-
sign changes such as base thickness (§4.3.4), and base bandgap
grading (54.3.5) were expected to reduce the transit time across
the base. Design and fabrication changes, however, where not
expected to be successful in increasing carrier lifetimes either in
the neutral base or the space-charge region of the base-emitter
junction.

4.1.1 The ideal HBT: assumptions, and funda-
mental relationships

The gain element of a bipolar transistor is the forward bi-
ased base-emitter junction. The net gain is the electron cur-
rent collected in the collector contact divided by the base cur-
rent (Ic/Ig). The gain can be limited by the ratio of electron
to hole current in the emitter-base junction and recombination
in the junction and in the neutral base or sidewalls. Unless oth-
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lllustration of junction geometry terms

Emitter Base Collector
—Xp—| e X ! — Xe—
X=Xz  x'=0 x=0 x=Xp x"=0 x"=Xc

Figure 4.1: The naming conventions used to refer to various de-
vice parameters are listed above. The gray areas represent deple-
tion regions of the junctions, while the white areas are the neutral
base, emitter, and collector.

erwise noted, these assumptions will be made for the following
discussions:

1. The abrupt depletion region approximation ap-

plies

The Maxwell-Boltzman approximation applies
Thejunction is under low injection conditions
Hole and electron currents are continuous

2.
3.
4.

Although these assumptions may not always be true in
these devices, the concepts remain pertinent. In the follow-
ing sections, the base-emitter junction is assumed to be an
Alp1GaN:Si/GaN:Mg graded N-p+ heterojunction. Figure 4.1
shows the coordinate system used for structural dimensions in
equations relating to junction currents. The width of the neu-
tral base and emitter are X g and X g respectively. Equilibrium
electron and hole concentrationsare n g, , pg, in the emitter, and
ng,,PB, N the base. Each neutral region has a positive co-
ordinate system radiating from the depletion region edge, with
0 < 2’ < Xg inthe neutral emitter, and 0 < =z < Xpg in the
neutral base.

4.2 Theory of current gain in the HBT

Figure 4.2 displays the sinks for base current in an idealized
HBT. These current sinks correspond to the loss mechanismsin
the current gain.
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Dominant base currents in a conventional HBT

Coll:ector

Figure 4.2: Illustration of currentsin anidealized vertical bipolar
transistor. Base currents are required to support the base emitter
junction in the form of recombination and emitter injection as
well as supporting the bulk base for bulk recombination of mi-
nority electrons. Reverse injection from the base-collector junc-
tion is neglected.

The complimentary form of the common emitter current gain,
the common base current gain, «, provides a convenient form
for understanding the effects of the current sinks on the current
gain. These figures of merit arerelatedas: a = (1/5 + 1) L.
Where « isalwaysless than 1, and can be expressed as a product
of several elements:

(4.2.1)

Here~;, d, and ap are the emitter injection efficiency, the base-
emitter recombination factor, and the transport factor respec-
tively. These elements are explained below.

a=v0ar

4.2.1 Emitter injection efficiency in the HBT

Because the emitter injection efficiency in a graded hetero-
junction HBT depends only on the minority carrier ratio and
layer thickness of the base and emitter, it was expected to be-
have according to theory. Based on a derivation by William Liu
in Handbook of 111-V Heterojunction Bipolar Transistorg[1], for
thecasewhere Lp > Xp and Ly > X, the emitter injection
efficiency is:

h 71
. PB ,uE XB AEg
— (14 BBEESE o | 4.2.2
i ( T e i X5 eXp{ kT (42.2)

Itis clear from Eqn.4.2.2 that both the bandgap and doping con-
centration will effect theinjection efficiency. Theratio of minor-
ity carrier mobilities, (1% /u%), refers to the hole and electron
mobilitiesin the emitter and base respectively, and is expected to
be less than 1 due to the high effective mass of holesin the I11-
N material system. Although the base acceptor concentration is
much larger than the emitter donor concentration, due to the par-
tial ionization of the acceptorsin the base, the hole concentration
inthe base, pp istypicaly lessthan the electron concentrationin
the emitter (ng). The exponential dependence on the changein
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Injection efficiency for BJT and HBT
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Figure 4.3: Injection efficiency Calculated using Egn. 4.2.2, as-
suming in, = 30cm2(V -s)~", e, = 100cm?(V -s)~", and
Xg = X5g.

Above: Injection efficiency as a function of base-emitter doping
ratio for homojunction

Below: Injection efficiency as afunction of base-emitter bandgap
change, assuming po, /1o, = 100.

bandgap, AE,, is due to the effect it has on the minority carrier
concentration. As explained in § 2.4.1, the change in bandgap
for Al GaN is expected to be ~10kT'. In this case, the exponen-
tia dominates the other terms which are all expected to be less
than 1. For this reason, in the HBT, the injection efficiency is
expected to be near unity.

4.2.2 Recombination in the emitter-base junction

Carrier recombination in the space charge region of the base-
emitter junction is a function of the trap densities in the region,
and was expected to be significant in GaN bipolar transistors.
Still, little is known about the specifics of carrier lifetimes and
trapping mechanisms in the base-emitter junction. For this rea-
son the calculations used here are simplified and illustrate the
effect with examples using estimated val ues.

The recombination factor, J, can be estimated using the
Shockley-Read-Hall relations for recombination assisted by im-
purity or trap states. For aforward biased junction, the recombi-
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Recombination vs. Injected current
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Figure 4.4: Illustration of calculated currents for recombination
or injection. ldeal diode equation was used to illustrate the total
current in a system when the recombination current coefficient
is higher than the reverse saturation current. Isc g follows Eq.
4.2.3, with an ideality factor of 2, while the I~ curve has an
ideality of 1.

nation current density, J,... inaconventional HBT can bewritten

Vi
Jree = Jro (exp [f}k;i} - 1>

where J,.q is the equilibrium recombination current and depen-
dent upon material propertieswhich for GaN are not well known.
The ‘n’ in the denominator of the exponential is the ideality fac-
tor for this current mechanism. This unit-less value can vary
between 1 and 2 depending on the specifics of the recombination
current. The forward current, injected as minority carriersin the
base, follows arelationship with Vg of:

Jo = J, (eXp [Q;/H - 1>

Typically, however, J,q is greater than J; (the reverse saturation
current), suggesting that at low currents the space charge recom-
bination dominates the forward current of the diode as shown
in Figure 4.4. As the forward voltage increases, however, the
higher ideality factor of the recombination current allowsthefor-
ward injection current to become dominant. Because the current
that recombines in the base-emitter junction does not reach the
collector, it represents a loss of current gain. The illustration in
Figure 4.4 shows that for .J,,, > .J;, the current gain will be low
until the cross-over point where the injection current dominates.

(4.2.3)

(4.2.4)

4.2.3 Base transport factor

As electrons injected at the edge of the base-emitter depletion
region diffuse across the base of the transistor, some of the carri-
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Base Transport factor vs. diffusion length
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Figure 4.5: Dependence of a7 from Eq. 4.2.5.
Transport factor as afunction of theratio of X g to L.

ersrecombine. Thisrecombinationisasink for holesin the base,
leading to a reduction of gain. The base transport factor, a 7, is
the fraction of electrons that transit the base and are collected
in reverse hiased base-collector junction. In the forward active
mode, the transport factor can be written:

o — Joc o, exp (Ver/Vr) + cosh(Xp/Lp) (4.25)
"= U~ 1+exp(Vee/Vr)cosh(Xp/Lp) -

Figure 4.5 shows a7 as a function of the ratio of the diffusion
length of electrons in the base to the length of the neutral base.
It is clear that the dependenceis strongest when the ratio is less
than 1.5. For conventional transistors where the base width, X g,
ismuch lessthan the minority carrier diffusion lengthin the base,
Lg, Equation 4.2.5 can be further approximated as:

1
>~ 4.2.6
= cosh (XB/Lp) ( )
and taking the first two terms in the Taylor series expansion of
the cosh term,

1 1 2
apx ————————~1— = (Xg/Lp) (4.2.7)
1+ 3 (Xg/Lg)’ 2

Analternativeexpressionfor a7 istheratio of the electron transit
time across the base, 7, and the electron lifetime in the base 7,,:

1
ar = (]. + Q)
Tn

Many of the methodsfor increasing the current gain of the device
focus on reducing the base transit time as this also improves RF
performance.

(4.2.8)
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Calculated Gummel using ideal diode eqns.
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Figure 4.6: Plot of collector and base current using ideal diode
equations, 4.2.3, 4.2.4, and Egn.4.2.5. Base current dominates at
low currents where the recombination current is larger than the
injected current. As Vg increases, the injected current begins
to dominate.

4.2.4 Calculated current gain for AlGaN/GaN
HBT

Combining the terms relating to current gain, the injection ef-
ficiency, the bulk recombination and space charge recombination
(Eqn.4.2.2, 4.2.3, and Egn.4.2.7 ) results in the overall current
gain for the device. Figure 4.6 shows a cal culated Gummel char-
acteristic for such adevice. Unfortunately, because the lifetime
in the emitter-basejunction isunknown, .J ., was chosen arbitrar-
ily for this calculation. The effect of the ratio of J,,/J,s, how-
ever, isto delay the onset of gain, and does not effect the gain at
higher currentswhichislimited by the recombinationin the bulk.
From Bandic et a. [2], the electron diffusion length is taken to
be 200 nm, 1% was 200 cm?(V -s) . The device geometry
was afairly typical 1 x 50 um, and the structure was typical of
the devices fabricated with X 5 = 100 nm, ny = 5x10'8cm~3,
pp = 1x10'8cm=3,

This calculation did not make the short base approximation
(Xp < Lp) but it does assume an absence of electricfield inthe
base and neglects the reverse current of the collector-base junc-
tion. From Figure 4.6, it is clear that the current gain isless than
one until the injected current has overcome the recombination
current. The level of saturation of the current gain is a function
of the recombination rate in the base. The recombination rate
is incorporated through the value of L g which was taken from
the empirical data of another group [2], and may therefore dif-
fer from the material used for the devices. This calculation aso
neglects resistive elements in the base and emitter, so the Vg
shown in Figure 4.6 must be assumed to be the bias at the junc-
tion itself.

Initial results for AlIGaN GaN HBT
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Figure 4.7: Gummel and output characteristics for the first Al-
GaN/GaN HBT.

4.3 Current gain measurements in the
AlGaN/GaN HBT

4.3.1 Initial results

As discussed in Chapter 3, initial AIGaN/GaN HBTs had low
current gains, 8 ~ 3. It was believed that the low current gain
was due to high levels of recombination in the neutral base and
in the forward biased base-emitter junction. Many of the mate-
rial characteristics such as minority carrier lifetimes and deple-
tion region recombination rates, however, were unknown. Also,
due to the non-linear base contact current-voltage characteristic,
and possibly other voltage dropsin the device, the diode charac-
teristics of the base emitter junction typically displayed ideality
factors greater than 2. And, due to the high series resistance in
the base, the junction current was quickly series resistance lim-
ited. For this reason, it was difficult to determine the source of
the recombination. To improve the current gain of the devices,
therefore, an empirical strategy was adopted. First, the injection
efficiency component of current gain was investigated.

4.3.2 Currentgainin HBT vs BJT

From Eqn.4.2.2 (See Figure 4.3), the injection efficiency even
in a BJT was expected to be greater than 90%. Due to the high
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Effect of heterojunction on current gain
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Above: Common emitter characteristics of an MBE grown HBT.
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Below: Common emitter characteristics of an MBE grown BJT
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activation energy of Mg in the base, the carrier concentration
was likely to be an order of magnitude lower in the base than in
the emitter. Also, because of the high effective mass, the hole
mobility in the emitter was expected to be smaller than the elec-
tron mobility in the base. Figure 4.8 shows a comparison of a
BJT and an HBT grown by MBE on consecutive days on the
same MOCVD template and processed concurrently. Although
dlightly misleading because the characteristics were taken on a
different current scale, the maximum current gain of the HBT is
about 3, while the maximum current gain of the BJT is about 2.
Theresult suggeststhat in these structurestheinjection efficiency
was not limiting the current gain. For the HBT, the change in
bandgap insures that the injection efficiency is near unity, there-
fore, it is likely that the product of the other factors, the base
transport factor («7) and the base-emitter junction recombina-
tion factor, §, isar - § = 0.75, corresponding to again of 3 with
100% injection efficiency. If nothing el se was changed, the drop
ingaininthe BJT correspondsto adrop of injection efficiency of
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2-D Simulations projecting improved current gain with
bandgap engineering and base width design
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Figure 4.9: Two dimensional simulations of the AIGaN/GaN
HBT structure.

Above: Projected current gain as a function of base width.
Below: Projected current gain as a function of base composi-
tional grade (inducing quasi-electric fields)

about 11% to 89%. Because the back injection of holesinto the
emitter has an inverse exponential dependence on bandgap dif-
ference between the base and emitter in the HBT, and in the BJT
dependsprincipally on the ratio of the doping concentrations, the
injection efficiency was expected to be more repeatable and pre-
dictable than other the other factors in the HBT which depend
more strongly on carrier lifetimes. There may a so be interaction
effects, however whereby the Al concentrationin the emitter may
effect, for example, the junction recombination factor, 4.

4.3.3 Current gain simulations for the Al-
GaN/GaN HBT

Two dimensional simulations were performed by Prof. David
Pulfrey to predict the current gain of the HBT as a function of
various design variables. We concentrated on the base thickness
and bandgap grading in the base to evaluate the methods for re-
ducing base transit time (rg). Figure 4.9 shows the simulated
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Thin vs. Standard base width
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Figure 4.10: Above: BJT grown by MBE with athinner (78 nm)
base layer. Below: HBT grown by MBE with a standard base
thickness of 100 nm.

current gain of the HBT with a reduction of base thickness and
increase in Al grading across the base. The first data point is a
device with a structure similar to the HBTs shown in Figure 4.7.
These simulations assume that the carrier lifetime in the base
is a dominant factor. This is expected due to the high dopant
concentration in the base which is expected to reduce the carrier
mobility and increase recombination rates. Reports of minority
carrier diffusion lengthsin p-type GaN support thig[2].

4.3.4 Reduced base width HBT

Simulations (Figure 4.9) showed a significant increase in cur-
rent gain when the base width dropped below 100 nm. To test
this prediction, devices were grown by MBE with varying base
layer thickness. As mentioned earlier, the typical base thickness
for devices grown by MBE was 100 nm. Figure 4.10 shows the
result. Again, the two devices were grown on the same MOCVD
template and processed concurrently. The BJT had a reduction
in base thickness of 22%. Using Eqn.4.2.7 to approximate the
change in current gain, we would expect to double the gain of

Band diagram of HBT with energy gap grading in the base

[ -5.4E12
+2.7E17 [em™]
+ + 7 F F

—

>

[5) N |

— [ +2.7E12 [em ]

> L |

&n -2 [ |

= |

Q .

(=) Emitter Base | =

o8 -4 | Collector -
0% 10% 5% 0%

Aluminum Percentage
Ll e e e L e

0 50 100 150 200 250 300 350
X [nm]

400

Figure 4.11: Illustration of a band diagram of an HBT with alu-
minum compositional grading in the base. The grading changes
the bandgap, inducing quasi-€electric fields, but also induces po-
larization charge. The slopein the conduction band was expected
to reduce carrier transit time and thereby increase gain.

the device. The low gain in this case of both the HBT and BJT,
however, suggest that in this case the gain may be limited by the
base-emitter junction recombination current, Jscg. For exam-
ple, again of 0.5 correspondsto a = 1/3. For the HBT, if we
assume 100% injection efficiency, the product of the recombina-
tionterms, a4 isthen 1/3. For the thin base BJT, if the junction
recombination rate is unchanged and the injection efficiency is
reduced to 89% for the BJT as discussed above, a7 is expected
to increase by 25%. This would imply that a1 was 83% for the
thin base BJT, and 66% for the thicker base HBT, with a recom-
bination factor, 6 of 50% for both. Of course, this example was
based on the short bas assumption (X 5 < Lp), among others,
which, if invalid, may effect calculations.

4.3.5 Quasi-electric fields in the base: Bandgap
grading

Although reducing the width of the neutral base reduces the
transit time, it also increases the base resistance. Grading of the
bandgap in the base, however, creates a quasi-electric field in the
base. The quasi-electric field is a slope in the conduction band,
and has the same effect as an electric field, but only on the car-
riers in the conduction band. The quasi-field adds a drift com-
ponent to the base current, and thereby reduces the transit time
of carriersin the base. Typicaly, thisis used in high frequency
devices to reduce the diffusion capacitance associated with the
base transit time, but it also has the advantage of reducing re-
combination in the base.

This effect was studied in the AIGaN/GaN HBT for enhance-
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Figure 4.12: Above: Common emitter characteristics of an MBE
grown HBT( 5 2 0.5).

Below: Common emitter characteristics of an MBE grown HBT
with a linear grade from 0-5% in aluminum composition across
the base to induce quasi-electric fields (5 = 1.5).

ment of the current gain. Devices were grown by MBE with a
grade of aluminum percentage across the base from 0 at the col-
lector junction to 5% at the emitter side of the base. Figure 4.9
shows the expected enhancement in current gain with grading
percentage. This enhancement comes from a reduction in the
base transit time, 7, which differs from the non-graded case, 7,
by f(x) (afactor proposed by Liu[1] to represent the enhance-
ment due to a drift component in minority carrier current across
the base) and can be expressed as:

To = Toy - f(K) (4.3.2)

where
2

flw) =2 (1 - % + %exp (—n)) 43.2)

K
and kK = AE,/kT. Figure 4.12 shows common emitter char-
acteristics comparing two structures. The wafer with the graded
aluminum composition in the base showed an increase of current
gain from 0.5 to 1.5. The expected enhancement in current gain
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can be calculated from:

8 Je

~ Jp+ Jscr + Jouin

(4.3.3)

Where J¢, Jp, Jscr, and Jy,,, arethe current densities relating
to the collector , hole injection into the emitter, space charge re-
gion recombination, and base bulk recombination respectively.
As discussed in §4.3.2, for the HBT we can assume that the in-
jection efficiency, v; isnear 1, and therefore.J,, can be neglected.
The quasi-field in the base adds the f(x) term from Eq. 4.3.2
giving:

Jo

= 4.3.4
b Jscr + Jyuk f(K) ( )
Inthiscase, f(x) = 0.32. We then have:
Jo
—— =0.5 4.3.5
Jscr + Jpuik ( )
Je =15 (4.3.6)

Jscr + Jour f(K)

Solving this system of equations, it is clear that for this case the
bulk recombination dominates:

Jputk = 50Jscr = 1.96J¢c (4.3.7)

Thisresult strongly contradicts the analysis of the thin base BJT,
leading to the conclusion that both the bulk and base-emitter re-
combination rates may vary significantly from device to device
and from wafer to wafer. To some extent, this may also be dueto
enhancement of sidewall recombination due to emitter crowding
effects.

4.3.6 Emitter current crowding: Effective emit-
ter area

Dueto the high sheet resistancein the base, asignificant lateral
voltage gradient exists in the base in the forward active mode.
Recalling from § 2.3.2 that the lateral resistance is on the order
of 100 k2/0 in the 100 nm p-type base, it is clear that under
forward bias, the lateral voltage drop in the base is significant.
Figure 4.13 illustrates the effect of the base resistance on the
emitter current density in the forward active mode. The base-
emitter voltage as afunction of x is then:

Veej(z) = VBr;j(0) — /JB(m’)dem’ (4.3.8)
0

Following the derivation from [1], the effective emitter width is
defined as the emitter width that would result in the same current
level, but assuming a uniform current density. The ratio of the
effective emitter width to the actual emitter width, Wy /Wg is
then:
W /2
Weff _ 2

WE = WEJE(O) O/ JE(:L')d;L' =

sin ccosc (4.3.9)
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Ilustration of emitter crowding effect
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Figure 4.13: Illustration showing the emitter crowding effect in
the AlGaN/GaN HBT. The magjority of forward active current
flows near the emitter mesa sidewall as shown.

where c is given by the transcendental equation:

¢ Ie _pp Wg

T 162D T (4.3.10)

ctanc =

Where J(0) is the apparent emitter current density and p g is
the base resistivity.

Figure 4.14 shows the effect of emitter current and base resis-
tivity on the effective emitter area as calculated from Egns. 4.3.9
and 4.3.10. For adevice with a current gain of 3.5, abaseresis-
tivity of 1 2 cm, and athickness of 100 nm, the effective emitter
widthis~0.2umwhen drivenwith a1 mA emitter current across
an emitter stripe 50 um long.

The emitter crowding may effect the current gain of the device
in two ways. First, the severe crowding results in a significant
emitter area which is forward biased to a lesser degree than the
edge. Because Jsc g dominates at low currents, this may result
in a higher proportion of recombination in the space-charge re-
gion. Secondly, because the sidewalls of the device are unpassi-
vated, the recombination current near the sidewall is expected to
be higher than that in the bulk. Due to the severe current crowd-
ing, the majority of the current flow occurs at the edges of the
device, and therefore may be subject to increased recombina-
tion. From Figure 4.14, it isalso clear that theincreasein current
across the device increases the degree of crowding. Also, as the
current crowds to the edge and the gain drops, the voltage drop
in the base increases, further restricting the base current to the
edge of the device. Because the effective width decreases with
forward current, thismay lead to an inverse relationship between
forward current and /3, resulting in a premature saturation of the
current gain - as seems to be the case in the AlGaN/GaN HBT.
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Effective emitter width vs emitter current and bulk
resistivity
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Figure 4.14: Calculated effective emitter width from Egns.4.3.9
,4.3.10 for astructurewith 5 = 3.5, Q.cm, X p=100nm, Wg =3
pm, L =50 pm.

Above: Effective emitter width as a function of emitter current
(pg = 1Q - cm).

Below: Effective emitter width asafunction of bulk resistivity in
thebase I = 1mA.

4.4 Summary

Basic relationshipsfor the current gain elements, and recombi-
nation elements are presented, followed by experimental results
of initial HBTS, and devices with design changes addressing the
expected base current sinks in the device. Base-emitter injec-
tion efficiency is estimated to be high even in the case of the
BJT (~90%), and near unity for the HBT. Comparison of a BJT
and HBT structure support this conclusion, suggesting that the
cause for the low current gains observed is due to recombina-
tion either in the neutral base or in the base-emitter space charge
region. Next, following the direction of device simulations, de-
viceswith areduced base width and devices with a quasi-electric
field introduced in the base with Al aloy grading were inves-
tigated. Although both examples showed some improvement,
there was a contradiction in the results regarding the determina-
tion of the dominant recombination mechanism. Finally, emitter
current crowding was introduced as a possible contributing fac-
tor to the low current gains, as it was expected to increase both
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the junction and bulk recombination currents.
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Emitter-collector leakage and dislocationsin GaN HBTs

5.1 Introduction

ANY of the devices fabricated in the course of the stud-

ies presented in this dissertation suffered from higher than
expected output conductance, and in severe cases, an emitter-
collector short circuit. Also, initia reports of GaN HBTs from
other groups often only provided common base characteristics or
Gummel characteristics of deviceg[1], citing excessive collector
leakage asthe causefor alack of common emitter operation. The
effect of thisleakageisdiscussed in §5.2.1

To understand these unexpected results, several experiments
were performed on the effect of dislocation densities and doping
on emitter-collector leakage. Previoudly, the effect of disloca-
tions on reverse current in GaN p-n diodes had been reported
by Kozodoy et a.[2]. Also, dislocations have been shown to
have an important effect in optical devices including laserg[3]
and avalanche photodiodes [4]. Because the threading disloca-
tion densitiesin hetero-epitaxial GaN filmstend to vary from one
growth to another, it was determined that the preferred method to
study the effect of dislocations was to fabricate devices on tem-
platesgrown using the Lateral Epitaxial Overgrowth (L EO) tech-
nique. The growth, fabrication, and the results of device testing
arediscussed in §5.2.1, where it is seen that the emitter-collector
leakage was reduced by several orders of magnitude on regions
of reduced dislocation density.

To further understand the mechanism responsible for the
emitter-collector leakage, an experiment was performed on sam-
ples with varying base doping (§5.4). It was found that an in-
crease in base doping significantly reduced the emitter-collector
leakage, suggesting that the leakage mechanism was a localized
punch through effect surrounding the dislocation.

5.2 Emitter-collector leakage

The observed characteristics of the emitter-collector leakage
varied widely from device to device and wafer to wafer, but a
common element was a premature breakdown of the collector-
emitter current-voltage characteristic. Intheforward active mode
the collector-base junction is reverse biased, and expected to
have a high breakdown voltage. Figure 5.1 shows an MOCVD
grown BJT with a breakdown voltage over 80V. Sometimes,
however, devices with a similar structure showed much higher
leakage. Figure 5.2 shows the common emitter characteristics
of a device with much higher leakage at relatively low voltages,
and the -V curve of the collector-emitter leakage. In addition to

29

High voltage operation of AlGaN/GaN HBT
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Figure 5.1: Common emitter characteristics of an AlGaN/GaN
BJT showing operation over 80V. 5 ~1.

a higher than expected output conductance, the emitter collector
leakage can affect other aspects of the output characteristics of
the device.

5.2.1 Effect of leakage on device characteristics

For devices with severe leakage, it was found that the current
gain measured using common emitter characteristics and Gum-
mel plots differed significantly. As described in Chapter 3
the high base contact resistance and lateral base resistance cause
a disparity between the base voltage under the contact and un-
der the emitter mesa. When combined with a collector-emitter
|eakage mechanism, this voltage disparity causes Gummel plots
to be unreliable for the determination of current gain. For exam-
ple, if the base-emitter contact voltage is 10V, and V ¢ is set at
zero, the actual collector-base voltage under the emitter mesa is
7V reverse, and the collector-emitter voltage is 10V. In devices
that suffer from collector-emitter leakage, the forward current
resulting from leakage may be greater than the current associ-
ated with the transistor action of the device. In this situation, the
transistor current cannot be distinguished from the |eakage cur-
rent. A Gummel plot of a device with leakage current is shown
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Collector-emitter leakage in an HBT
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Figure 5.2:

Above: Common emitter characteristics of an MBE grown HBT
showing high output conductance associated with large emitter-
collector leakage.

Below: Collector emitter leakage measured directly for this de-
vice.

in Figure 5.3. Although the Gummel plot suggestsa current gain
of 50, the common emitter characteristic for the same device,
Figure 5.4, shows that the actual current gain is less than unity.
Common base characteristics as reported by some groups[5, 6],
may a so be misleading. Thisis because a collector-emitter |eak-
age path will pass current without loss to the collector, and this
may be misinterpreted as unity injection efficiency and transport.
If the measurement is intended to demonstrate the transconduc-
tance of the device, care must be taken to drive the device with a
voltage source rather than a current source. Transconductanceis
defined as G, = 01¢/0Vpg. The parallel leakage path in the
common base mode of the transistor may not be apparent when
driven by alow output conductance current source, as the lower
conductance of the source dominates.
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Gummel plot of an HBT with high collector-emitter leakage
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Figure 5.3: Gummel plot of a bipolar transistor with emitter col-
lector leakage. The current gain seems high, as the collector
current is much greater than the base current. From the circuit
diagram, however, we see an example bias condition where the
collector-emitter voltageis large, even when V g=0. Figure 5.4
shows the common emitter characteristic for this device.
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Common emitter characteristics of an HBT with high
collector-emitter leakage
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Figure 5.4: Common emitter characteristics corresponding to
Gummel plot in Figure 5.3 Current gain is actually much lower
than predicted by the Gummel plot.

5.3 Effects of dislocation density: HBTs
on LEO GaN

To understand the source of the emitter-collector leakage in
these devices, the connection between dislocation density and
leakage current was investigated. Device structures were grown
by MBE on MOCVD grown LEO templates. Transistors were
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SEM micrograph of LEO Cross-section

Figure 5.5: The above cross section shows an as-cleaved cross
section of uncoalesced LEO stripes similar to those in the LEO
template utilized for the AIGaN/GaN HBT on LEO GaN (cour-

tesy P. Fini [9]).

fabricated on both the window region having relatively high dis-
location densities (1x 108 cm~2) and on the wing regions (hav-
ing reduced dislocation densities < 1x10% cm—2).

5.3.1 Fabrication of HBTs on LEO GaN tem-
plates

The template or “Seed” growth process and active layer
growth were as described in Chapter 2, and LEO growth is de-
scribed below as discussed by P. Fini et a.[7]

The LEO GaN stripes were grown on 2-pm-thick
GaN “seed” [template] layers on 2 in. diam c-
plane sapphire wafers. Plasma-enhanced chemical
vapor deposition was used to deposit ~200 nm of
SiO,, after which standard UV photolithographic pat-
terning and wet chemical etching was used to de-
fine 5- pm-wide stripe openings in the SIO2. These
stripes, oriented in the (1100) GaN direction, were
separated by 15 pmof SiO2, yielding a fill fac-
tor of 0.25. The LEO growth was performed in
a vertical close-spaced reactor with a H2 carrier at
an approximate surface temperature of 1060 °C, a
reactor pressure of 76 Torr, and TMG and NH3
flows of 60 mmol/min and 0.885 slpm, respectively.

—FromFini etal. [7]

Figure 5.5 shows an SEM micrograph of a representative LEO
template film. Dislocation densities on LEO templates grown in
the same lab have been reduced from ~ 4x10% cm™ to below
5x10% cm~2[8].

Diagram and AFM image of LEO grown template

x X

Window

P

Sapphire

Wing

Figure5.6: Atomic Force Microscopy image of an LEO substrate
(above) showing window and ring regions. Spiral growth mode
in the window region is associated with the screw component of
TDs. Wing regions consist of atomically flat steps.

Active structure and device fabrication

After LEO template growth, a subcollector/collector structure
was grown by MOCVD, followed by an active device structure
by MBE. Figure 5.6 shows an AFM image and a diagram of the
LEO template with MBE active layers grown on top. The fea-
tures in the center of the AFM scan are representative of the spi-
ral MBE growth morphology and indicative of TDs with screw
character [10]. The smooth surface outside the window region
illustrates the reduction in threading dislocations.

Devices were placed both entirely on the wing region, and
entirely on the window region to determine the effect of dislo-
cations on device performance. The devices tested had emitter
mesa areas of 6um x 50pm. Processing for the devices on LEO
was the same as for the standard process.

5.3.2 Device results on LEO GaN

The collector-emitter leakage of adjacent devices was tested
(Figure 5.7) and was seen to drop by four orders of magnitude
in the forward direction on the wing relative to the window.
Common-emitter characteristics of an HBT on awing region are
shown in Figure 5.8. The gain of the wing device is compara-
ble to devices in the window (dislocated) regions. This result
suggests that although dislocations are the dominating cause of
collector-emitter leakage in these devices, at the present levels
(10% cm—2) they are not the cause of the high recombination
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Comparison of collector-emitter leakage on wing vs window
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Figure 5.7: Semi log plot of leakage current of LEO window
compared to wing region. Plot shows reduction of leakage by
four orders of magnitudefor wing region as compared to window
region. The emitter mesa area for these devices was 6 umx 50
pm.

rates in the base- which are expected to be related to the high
Mg concentration (102°cm—3) and high levels of point defects.

5.4 Leakage vs. base doping

Although the dependence of the emitter collector leakage on
dislocation density could be confirmed by fabricating devices on
LEO templates, the mechanism was still not clear from the re-
sults. Experimentswere performed to test the effect of base dop-
ing on emitter-collector leakage. An experiment was performed
in which two devices were fabricated, both with lightly doped
bases (No = 10*° = p = 107 cm=3) 100 nm thick, on ar-
eas of the same template with the approximately the same TD
density (5x10® cm~2 as estimated from pit density observed in
an AFM scan). One of samples was grown with a 15 nm p*
(Na =10%° = p = 10'® cm~?) spike in the center of the base
to block emitter/collector leakage. The results of this experiment
(Figure 5.9) show that the heavily doped spike in the neutral re-
gion of the base eliminated the emitter-collector short, suggest-
ing that the mechanism for emitter-collector leakage may be the
local compensation of the base layer.
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Common emitter characteristics of an HBT on LEO GaN
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Figure 5.8: Common emitter characteristics of GaN HBT on
LEO wing (non-dislocated region). Base current steps are
400uA.

55 Proposed emitter-collector leakage

mechanism

The literature predicts that in n-type material, TDs behave as
electron traps, and are negatively charged when filled. In p-type
material, the TDs are expected to behave as donors, or holetraps,
and thus be positively charged[11]. Various energy levels have
been predicted for midgap states associated with TDs ranging
from 0.6 eV to 3.2 eV above the valence band[12]. Because the
leakage was found to be dependent on both dislocation density
and base doping, a hypothesis was devel oped for the mechanism
of this leakage using the following model: We assume that each
TD contributes a line of chargein p-type GaN equivalent to one
donor for every 10A vertically, or 107 cm~L. Thiswas simulated
as a column doped n-type at 3x102° cm~2 and having a radius
of 1 nm. The donor level is taken to be 3 eV above the valence
band edge. This level is chosen because it is consistent with a
low-voltage punch through observed at lower doping levels, as
well as the energetically favorable dislocation configuration in
both Garich and N rich growth conditions[12]. Figure 5.9 shows
the effect of the local compensation on the p-type base. The re-
sult of this compensation in extreme cases - Ny = 10 cm=3 is
adevicethat is shorted from collector to emitter. When the base
doping concentration is sufficiently high - No = 10%° cm™—3,
however, a barrier remains to prevent the short. Although in this
case the dislocations were found to be the dominant source of
emitter-collector leakage, it should be noted that other mecha-
nisms including surface states, mesa sidewall damage, and hop-
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Effect of doping on emitter-collector leakage
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Figure 5.9: Emitter-Collector leakage is reduced by the addition
of a p+ spike in the neutral base of a transistor structure. The
solid line represents the emitter-collector leakage of the device
with the p* blocking layer, while the dashed line is corresponds
to the device with a conventional base doped p=2x10*7 cm=3.

ping conduction in the base may lead to emitter-base and base-
collector leakage currents in addition to the dislocation induced
leakage paths.

5.6 Summary

In summary, it was observed that many devices showed large
emitter-collector leakage currents which led to high output con-
ductance in some cases and unusable devices in others. Experi-
mentswere conducted on LEO templates with regions of reduced
dislocation densities showing a correlation between threading
dislocation density and emitter collector leakage. Although the
devices fabricated on reduced dislocation regions showed sev-
eral orders of magnitude reduction in leakage, the current gain
of the devices was unchanged, suggesting that for these struc-
tures, dislocations were not responsible for the limited current
gain. The mechanism responsible for this leakage was more ap-
parent with the fabrication of devices with alayer of heavy base
doping. The increased base doping reduced the collector-emitter
leakage, suggesting alocalized base punch-through effect around
threading disl ocations which are thought to act as aline of donor
chargein the base layer. Band simulations confirm the plausibil-
ity of thisexplanation, showing the compensatory effect of aline
of charge in the base layer. Although the devices showed sig-
nificant improvement on LEO templates, due to the restrictions
on geometry and added difficulty in fabrication and processing,
future deviceswere not grown on LEO templates. Instead, subse-
guent to this study, only MOCVD templates with relatively low
dislocation densities were used.
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3D lllustration of a band diagram with a dislocation
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Above: Three dimensional rendering of the proposed band dia-
gram of an HBT with a dislocation (arrow) causing local com-
pensation of the p-type base.

Below: Calculated cross sectional band-diagram of a locally
compensated area surrounding adislocation in p-type GaN taken
at the base-emitter interface. A lightly doped base (left) is fully
compensated near the dislocation, while a heavily doped base
(right) is only partially compensated. The notches in the cross
sectional band diagram correspond to the notch around the dis-
location in the three dimensional illustration.
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Small Signal RF performance of the AlGaN/GaN HBT

6.1 Introduction

HE primary motivation behind the research into the Al-

GaN/GaN HBT was to investigate its potential as a high
frequency power transistor, and to identify the major obstacles
to that end. Although many barriers exist to the devel opment of
a GaN based HBT, the potentia is clear from the basic material
characteristics and past results both of HBTs in other material
systems, and HEMTs in the AIGaN/GaN material system. Al-
GaN/GaN HEMTs, for exampl e, have been produced with output
current densities as high as 9.8 W/mm on SiC at 8GHz[1].

The fundamental material properties described in Table 6.1
can be used to predict potential RF performance of these devices
and a comparison with a mature material system is helpful in as-
sessing the potential of the GaN HBT. Lee et al. demonstrated
AllnAgGalnAsHBTsusing atransferred substrate Schottky col-
lector technology with a power gain cut-off frequency, f .., Of
820 GHz [2]. If this technology were applied to a GaN bipolar
structure with a 50 nm base, having a carrier concentration of
5x10'"? cm~3, and a 100 nm thick collector, the predicted f .
is 200 GHz with acurrent gain cut-off frequency, f , of 200 GHz,
and a15V breakdown voltage. For power switching applications,
material properties suggest that a 1 kV device with a collector
thickness of 7;,m, and a base thickness of 200 nm would have an
fi, of 6 GHz and an f,,,,, over 300 GHz.

Table 6.1: Comparison of material propertiesrelevant to RF per-
formance

Property GaN GalnP S
Vat [CMVS] 20x10% 10x105 6x10°
Ecrit [MV/cm] 2 0.6 0.3

In §6.2, the fabrication issues associated with producing de-
vices that can be probed by standard CPW on wafer probes is
discussed, with the DC characteristics presented in §6.3.1. Next,
in §6.3.2, results of S-parameter measurements are used to de-
termine the short circuit current gain cutoff frequency (f;) and
the maximum frequency of oscillation, f,,... The f; of the de-
vice shows the unexpected behavior of aroll-off in current gain
of -10 dB / decade with frequency. Thisis explained in §6.3.3,
and simulations were performed to verify the plausibility of the
explanation (§6.3.4).
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Process flow for RF testable device
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Figure 6.1: The process flow for fabricating CPW testing pads
for GaN HBTSs. First, aCl, RIE etch isolates devices, then athick
layer of Cyclotene BCB is deposited to planarize the structure.
A CF, plasma etch is used to etch back the BCB, exposing the
emitter, and in a subsequent masked etch, openings are made for
deposition of interconnect metals for the base and collector con-
tacts. Finaly, thick Ti/Au contact pads and interconnect metal
are evaporated.

6.2 Device fabrication

The basic GaN HBT as described in Chapter 2 lacks the CPW
pad structure necessary to test devices at high frequencies. As
shown in Figure 6.1, the common emitter CPW pad layout re-
quires an emitter or source pad on either side of the device with
the base and collector pads at the ends. Also, to be compatible
with the on-wafer CPW probes, the contact pads had to be much
larger than was required for DC testing. After devices were fab-
ricated for DC characterization, they could be further processed
for RF testing.

First, along Cl, RIE etch was used to isolate the devicesto the
sapphire substrate, and alayer of Cyclotene BCB spun on 15 um



36

Common emitter characteristics of RF device
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Figure 6.2 Common Emitter characteristics of the 3x50
pmdevice. Base current isin steps of 250 pA.

thick was used to planarize device structures. A blanket CF,+0-
plasma etch was used to etch back the BCB and expose the emit-
ter contact. Openings were then etched in the BCB, exposing the
base and collector contacts, and Ti/Au posts deposited. Contact
pads and interconnect metal was then deposited and patterned
using evaporation and lift-off.

6.3 Electrical characterization

6.3.1 DC device characterization

Before CPW pads were fabricated on these devices, DC test-
ing was performed. The DC current gain was found to be 3.5 in
common emitter mode (Figure 6.2). The higher than usual out-
put conductance observedislikely dueto leakage associated with
threading dislocations. Although the DC current gain remained
low, it was believed that a current gain of 3 was sufficient to
show the basic small signal performance of the devices. The off-
set voltage was high, greater than 5V, aresult poor base contacts
and the fact that this device was not fabricated with a regrown
extrinsic base (See § 3.4.2). The device tested had an emitter
area of 3 x 50 pmThe maximum emitter current density tested
was over 3 kA cm~2 (assuming even spread across the emitter).
In actuality, as explained in § 4.3.6, the active emitter width was
probably much less than the actual width, resulting in an effec-
tive current density much greater than 3 kAcm—2. Calculations
using Eq 4.3.9 from Chapter 4 suggest a current density neglect-
ing lateral spread which may be above 100 kA cm~2, a value
which is close to the onset of the Kirk effect.
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Small signal current gain vs. frequency
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Figure 6.3: Small signal short circuit current gain (H»;) and Ma-
son’s unilateral gain (U) of device. | c=4 mA. Simulated curve
is a small signal simulation of the equivalent circuit shown in
Figure 6.4

6.3.2 RF device characterization

Small signal RF characterization with an Agilent Vector Net-
work Analyzer (VNA) from 50MHz to 10GHz showed agree-
ment with DC gain measurements at 50MHz, with a 3dB reduc-
tion in the short circuit current gain (H»;) at 200 MHz and a
roll off of approximately 10dB/decade. The current gain cutoff
frequency was 2 GHz, although the response with frequency be-
came nearly flat after 1 GHz (See Figure 6.3).

Ideally, the current gain was expected to roll off with fre-
quency at -20 dB/decade. This correspondsto a response from a
single dominant pole. Because the roll-off of -10 dB/decade can-
not be explained with a simple circuit model, a more complex
mechanism seemed likely.

6.3.3 Distributed device model for RF perfor-
mance

The non-ideal behavior of the device was thought to be due
to the high sheet resistance of the base layer as well as high
base contact resistances. The high resistance in the base leads
to an equivalent circuit consisting of a distributed parasitic base-
collector RC network which cannot be treated as a single RC
time constant. Figure 6.4 shows a schematic of the proposed
equivalent circuit with the parasitic resistances and capacitances
included. The transistor is divided into three major blocks. The
first, the extrinsic base, includes the majority of the base contact
and the base-collector capacitance. Because the only resistance
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Schematic of simulated equivalent circuit

Emitter

ReX

Collector

Figure 6.4: Schematic of equivalent circuit of smulated circuit
drawn on cross sectional diagram of device structure. Dashed
boxes represent repeated blocks. Each block is repeated 'n=25'
times. The element values used in the simulation were as fol-
lows: Cepx = 0.4 pF, ReX =60 Q. Cepa =50 fF, Cgg = 0.6 pF,
Cepr = 30 fR, Rs = 100 kQ/square, g,,=lg/V1 = 350 mS,
re=3(.

inthisblock isthe vertical base contact resistance and series bulk
resistances, this block can be treated as a lumped element. The
second block is arepeated element including a series access base
resistance and base-collector capacitance element. Finaly, the
active block consists of the familiar components of a simplified
hybrid-Pi equivalent circuit model. Thiselement includesagain
component as well as parasitic capacitancesin the base-collector
and base-emitter junctions. Thiselement is repeated aswell, sep-
arated by the bulk base access resistance. Each of these elements
has a dlightly different associated time constants, and the result
is a continuum of time constants which together may lead to a
reduction of Hy; of &~ 10 dB/decade in frequency as opposed to
the usual 20 dB/decade.

6.3.4 Simulation of the RF distributed device

To confirm the plausibility of thismodel, afinite element small
signal equivalent circuit simulation was carried out using HP
ADS. The equivalent circuit shown in Figure 6.4 was simulated
and the result plotted in Figure 6.3. A diagram of the relevant
geometries of the device are shown in Figure 6.5.

To model the distributed nature of the device, the active and
access blocks are repeated 25 times (indicated as ‘n’ in Fig-
ure 6.4). Cepx = 0.4 pF represents the capacitance under the
extrinsic base contact, and is in series with a vertical contact re-
sistance, RcX = 60 2. Cgc also has a component in the access
region to the base (Ccga = 50 fF). Active device blocks con-
tain a hybrid-pi small signal equivalent circuit element with a
base-emitter capacitance (Cgg = 0.6 pF) and a base-collector ca-
pacitance element (Copr = 30 fF). The access and active blocks
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Simulated device geometry for RF device
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Figure 6.5: Diagram of the device geometry for the AlIGaN/GaN
HBT and the geometry used to model the small signal RF re-
sponse of the device. Device dimensions are as follows (in mi-
CI'OﬂS): Wg =3,Lg =50, Waccess =1, Wpe =9, Wpex =8,
Lpc =72

are connected by a sheet resistance, Rg = 100 kQ)/square. The
small signal transconductance, g,, used was Ig/Vt = 350 mS,
where Vt isthe thermal voltage, 26 mV, and the emitter current,
I was9 mA. Thevalues used in the simulation represent a mea-
sured Ry in the base, Ik, and approximate (within 5% ) lumped
capacitance values calculated from the geometry of the device.
There were several adjustable parameters due to the difficulty in
measuring a non-linear base contact resistance, Rcx, R, aswell
as an unknown emitter resistance, Rgx and unknown forward
transit time (7x), where:

(6.3.1)
(6.3.2)

CBE = CUBE Diffusion + CBE Depletion

CBE Diffusion = TF * m

Due to the many adjustable parameters, it is difficult to assert the
correlation between all the values chosen for the simulation and
actual device parasitics. It can be concluded, however, that the
distributed finite element model gives a plausible explanation for
the response of the device.

6.4 Summary

AlGaN/GaN HBTs with CPW probe pads were fabricated us-
ing a planarize and etch-back process with evaporated intercon-
nects and contact pads. DC testing showed atypical current gain
of ~3.5. Although relatively low, this current gain was suffi-
cient for preliminary investigations of the small signal RF be-
havior of these devices. S-parameter measurements showed a
short-circuit current gain roll-off of -10 dB / decade, which was
lower than the ideal 20 dB / decade. To explain this behavior,
a distributed equivalent circuit was proposed which resulted in a
continuum of time constants - potentially resulting in aroll off of
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-10 dB/decade as observed. Because there were many adjustable
parameters related to unknown material or device characteris-
tics, however, a quantitative assessment of the major parasitic el-
ements was not possible. Finite element simulations performed
on this equivalent circuit showed the plausibility of this explana-
tion and suggest a solution of reducing the bulk base resistance
of the device to attain performance more closely matching the
ideal response.
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Conclusions and future work for the AlGaN/GaN HBT

ALCULATIONS based on the materia properties of GaN

show the
great potential of the HBT. Much of this dissertation has been fo-
cused on the investigation of the technological barriersto the re-
alization of this potential. Although the difficultiesin the growth
and processing of GaN HBTSs are significant, progress has been
made toward identifying the dominant issues and working to-
wards solutions. Limiting the performance of these devices, the
p-type base suffers from low bulk conductivity, difficulty in pro-
cessing, and low minority carrier lifetimes.

7.1 Parasitic offset voltage

In Chapter 3 it became clear that the damaging emitter mesa
etch contributes to the extrinsic base resistance, affecting the off-
set voltage and reducing efficiency. Initial results suggest that
although the parasitic offset voltage is significant, it can be ef-
fectively reduced by improving etch conditions and base layer
conductivity. A more aggressive approach, the selectively re-
grown extrinsic base, also reduces the common emitter offset
voltage, but requires more difficult processing which results in
lower yields and repeatability.

7.1.1

Another approach to reducing the resistance associated with
the base-emitter etch is the selectively regrown emitter HBT.
Although this process was developed concurrently with the re-
grown extrinsic base HBT, it was not implemented until later by
J.Limbetal. [1] and H. Xing et a.[2]. For this process, the base-
collector structureis first grown by MOCVD or MBE, and then
the base region is masked using sputtered AIN . which provides
a selective arearegrowth mask for AlGaN layers. The emitter is
selectively regrown by MOCVD, and conventional etch and lift-
off techniques are used access the collector and to contact the
base and emitter layers. In addition to reducing the offset volt-
age, these devices have shown increased current gainsas well[2].

Improving the offset voltage

7.2 Current gain findings

Chapter 4 discussed the current gain of the AIGaN/GaN HBT,
and various experiments were performed in an attempt to in-
crease the current gain of the devices. It was concluded that
dueto the large effect of bandgap on injection efficiency that the
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emitter injection efficiency of the HBTs was near unity. A com-
parison of an HBT and BJT showed that assuming ideal injection
in the HBT, and similar recombination rates throughout, the BJT
injection efficiency can be calculated to be ~90%. Thelow gains
suggest, however, that recombination in the neutral base and in
the space charge region of the base-emitter junction were limit-
ing factorsfor these devices. Simulations suggested an improve-
ment in current gain with a narrowing base and using base com-
positional grading to induce quasi-€electric fields. Results showed
someincreasein gain, but perhaps dueto the contributing emitter
current crowding effects, the current gain remained limited.

7.2.1

To improve current gains, it is likely that material quality im-
provement in the base is required. Limitations on base doping
prevent substantial narrowing of the base. Reducing the emitter
current crowding effect may help, however, suggesting that nar-
rower devices may have better results. Also, damaged sidewall
and base surfaces may be recombination sites both in the space-
chargeregion of the base-emitter junction and in the neutral base.
It is likely that as in other material systems, the passivation of
etched sidewalls will result in device performance improvement.
Because emitter current crowding may be a contributing factor
in sidewall and space charge region recombination, improve-
ment of the base conductivity may also lead to higher current
gains. Various methods have been proposed for the increase in
lateral conductivity of base layers. Kozodoy et al. demonstrated
an increase in lateral conductivity of p-type layers using an Al-
GaN/GaN superlattice[3]. Unfortunately this results in conduc-
tion band barriersthat are likely to increase the base transit time
of electrons.

Increasing current gain

7.3 The effect of dislocations on AlGaN /
GaN HBT characteristics

The effect of dislocations on the device characteristics of the
HBT were presented in Chapter 5. As expected from previous
studies[4], the vertical leakage is related strongly to dislocation
density. For the HBT, however, this leakage can result in mis-
leading electrical measurements. Gummel plots and common
base characteristics of HBTs with significant collector-emitter
leakage may confuse leakage with transport efficiency. The fab-
rication of devices on LEO substrates demonstrated the effect of
dislocations on leakage, and experiments studying the effect of
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base doping on leakage on dislocated substrates suggested that
the leakage mechanism was a localized punch-through effect.

7.3.1 Reducing the effect of dislocations

Although it is possible to fabricate devices with low output
conductance by choosing substrates with relatively low disloca-
tion densities, more work is needed to understand possible sec-
ondary effects of the dislocations on characteristics such as cur-
rent gain, reliability, and breakdown. Although the long term
prospects of HBTs fabricated on LEO substrates is questionable
due to the current dimensional limitations and difficulty in pro-
cessing associated with this technique, there is motivation here
and in other devices for the reduction of threading dislocation
densities. Thicker layers, GaN substrates, and self-masking coa-
lesced templates are all possibilities.

7.4 RF performance

The small signal S-parameters of the AIGaN/GaN HBT were
presented in Chapter 6. The most notable result was the non-
ideal behavior of the short-circuit current gain (H»;) of the de-
vices. The current gain dropped at -10dB/decade as opposed
to the ideally predicted -20dB/decade. Analysis suggested that
this was due to the low conductivity of the base layer. Finite el-
ement device simulations confirm that the high base resistance
may cause a distributed device effect, resulting in a continuum
of time constants that result in a reduced roll-off rate similar to
measured results. It is clear that the power gain for the device
will continueto be limited aslong as the base resistance remains
high. Although only small signal characteristics for the device
were measured, the requirements of a power amplifier may be
the most demanding on the conductivity of the base layer.

74.1

In addition to increasing the base conductivity for the npn
HBT, another opportunity exists in the fabrication of the Al-
GaN/GaN or GaN/InGaN/GaN p-n-p HBTs. Although a pro-
cess for this was developed, and fabrication attempted, these ef-
fortswere unsuccessful at UCSB over the course of this disserta-
tion. The advantages of the p-n-p transistor lay primarily in the
enhanced conductivity of the n-type base. Because the n-type
dopant is shallow, much greater carrier densities can be attained
at similar dopant levels. The high mobility of electrons in n-
layers also enhances base conductivity, and etch-damage during
the emitter mesa etch ceases to be a problem. Unfortunately, the
minority carrier diffusivity of holes in the highly doped n-type
base, and their drift velocity in the collector is likely to be quite
low dueto the high effective mass of holes. Also, dueto the deep
acceptor in the emitter of the p-n-p, it is necessary to strongly
dope the emitter to reduce emitter resistance. Unfortunately this
may |ead to a narrow depletion region and increased base-emitter
parasitic capacitance.

Improving RF performance

CHAPTER 7. CONCLUSIONSAND FUTURE WORK

7.5 Current status of AlIGaN/GaN HBTs

This dissertation represents work in the first AlGaN/GaN
HBTs to be fabricated. After the first few devices were fab-
ricated, two approaches for the fabrication of the AIGaN/GaN
HBT were identified — the etched emitter, and regrown emit-
ter HBT. It was determined that for the etched emitter device,
MBE growth was preferable, while for the selectively regrown
device, MOCVD was the preferred growth technique. At the
time, very little was known about the minority carrier mobility
or lifetime in p-type GaN grown by MOCVD or MBE. More
recently, reports suggest that MBE grown Mg doped films may
suffer from faceted inversion domains[5], which if present in the
AlGaN/GaN HBT may lead to reduced minority carrier lifetimes.
Although the work with MBE grown devices represented by the
bulk of this dissertation was important in understanding the key
elements of device performance relevant the AIGaN/GaN HBT,
it is necessary to point out that many of the limiting factors for
the etched emitter MBE grown HBT may not be dominantin, for
example, an MOCV D regrown emitter HBT. For instance, recent
results using that technique have shown current gains over 20
in an AlGaN/GaN HBT with a similar structure [6], confirming
the promise of the MOCVD regrown emitter device. In addition
to the obvious advantage of increasing the current gain, the re-
duction in base current associated with higher gains reduces the
emitter current crowding problem as well as many other “dis-
tributed device” effects associated with large voltage dropsin the
base. Also, Makimoto et al. reported GaN/InGaN/GaN DHBTs
with current gains of 20 at room temperature. The base major-
ity carrier concentration in this material was 5x 10 ¥cm=3with a
Mg concentration of 1x10'cm~3 (possibly due to a shallower
acceptor ionization energy).

7.6 Summary

In summary, the material, growth, and processing issues asso-
ciated with the Mg doped base layer have dominated the char-
acteristics of the AIGaN/GaN HBT and therefore represent the
greatest need for improvement for the progress of the HBT.
Progress has been made, however in identifying the major issues
in the DC and RF performance of the HBT. Devices have been
fabricated on MOCVD and MBE active layers of varying struc-
ture including compositionally graded bases, and base layers of
varying thickness and doping concentration. The cause of the
parasitic offset voltage in the common emitter output characteris-
tics has been investigated, and addressed in the extrinsic regrown
base HBT as well as in process improvements associated with
the emitter mesa etch and the base metalization process. The ef-
fects of dislocations were investigated by fabricating devices on
LEO substrates and measuring the collector-emitter leakage as
a function of dislocation density and base doping profile. The
|eakage mechanism was found to be a localized punch through
effect surrounding the dislocation. Finally, a process was devel-
oped for fabricating CPW compatible devices, and devices were
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tested and shown to have an f; of 2GHz. The gain/frequency
characteristic was un-ideal, however, and finite element simula-
tions confirm that this may be due to the low conductivity in the
base.

As improvements are made to the base conductivity and mi-
nority carrier lifetime, it is hoped that the AlIGaN/GaN HBT will
begin to approach its potential as a valuable high frequency, high
power device. Currently, work continues, and improvements
promise to overcome many of the barriers presented in this dis-
sertation.
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