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Abstract

Magnesium-Doped Gallium Nitride for Electronic
and Optoelectronic Device Applications

by Peter Kozodoy

Magnesium doping of gallium nitride (GaN) for p-type conductivity is
a crucial technology for a host of optoelectronic and electronic device
applications. The performance of many of these devices is presently limited by
the various difficulties associated with Mg doping, both fundamental (such as
the deep nature of the Mg acceptor) and technological (such as the problems in
forming ohmic contacts). Both types of issues are addressed in this work.

Heavy doping effects have been investigated in order to understand the
consequences of the high dopant concentration typically employed; increased
compensation and a reduction in the acceptor binding energy are among the
effects observed. The compensation level is believed to limit the hole mobility
in these films, and is found to depend on the choice of growth conditions; the
results point to nitrogen vacancies as a likely candidate for one of the
compensating donor species.

The optimization of various processing procedures has also been
addressed. These include the annealing procedure used to remove the
hydrogen passivation as well as ohmic contact recipes. In addition, the
electnical effects of plasma-induced damage to the p-type GaN surface are
investigated; these effects are particularly important for bipolar transistor

applications where a plasma etch is needed in order to reveal the base layer.
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The electrical characteristics of GaN p-n junctions formed both with
and without dislocations are compared using the lateral epitaxial overgrowth
technique; the dislocations are found to be the dominant leakage path in
reverse-bias operation. The electrical consequences of the deep Mg acceptor
are also addressed. These include the unusual nature of the low-frequency
depletion region, and dispersion in the high-frequency depletion region due to
the finite response time of the Mg acceptor. Finally, a novel scheme is
presented that uses the strong polarization fields present in AlGaN/GaN
superlattices to enhance the doping efficiency of the Mg acceptor. The
polarization fields lead to hole accumulation in parallel sheets, resulting in a
spatially-averaged hole concentration that is temperature-stable and

significantly enhanced from that obtained in bulk films.
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Chapter 1
introduction

1.1 Motivation for p-type GaN

Gallium nitride (GaN) and its alloys with aluminum and indium comprise
a semiconductor system of great interest for a variety of device applications. The
large band-gap tunability of these alloys (figure 1.1) enables optoelectronic
devices which operate over the entire visible wavelength range as well as deep
into the ultraviolet. GaN also possesses a large breakdown field (Ey) and high
electron velocity (vy,,), making it an ideal material for high-power, high-frequency
electronic devices (table 1.1). Because of the wide band-gap (Eg) of GaN, these
devices should be capable of high-temperature operation; the physical robustness
of the material will also permit operation in harsh chemical environments.

Conductivity control through doping is an obvious prerequisite for the
development of high-performance devices in a new materials system. The p-n
junction is a basic building block for the creation of a host of useful devices
including light emitting diodes (LEDs), lasers, photodiodes, and bipolar junction
transistors (BJTs). While n-type GaN is readily achieved, the development and
optimization of p-type GaN has proven more difficult, posing both the practical
problem of achieving efficient and controlled doping and the fundamental
problem of a deep acceptor energy (AE,), an issue common to many of the wide
band-gap materials (table 1.2).

Early breakthroughs in the p-type doping of GaN, and subsequent
evolutionary improvements in understanding, have played a major role in

catalyzing the rapid development of GaN research in recent years. In the field of



light-emitting devices in particular, the tremendous progress made since p-type
GaN was first achieved in 1989 has already led to new commercial products with
very large markets and the potential to revolutionize fields such as optical data-
storage and white lighting. Despite this tremendous success, the difficulties
associated with p-type doping of GaN remain major stumbling blocks in the
performance of many devices, particularly bipolar transistors. This dissertation
comprises a number of experiments on the growth, processing, and electrical
characterization of Mg-doped p-type GaN and AlGaN, with the goal of improving

device perforrnance through a more complete understanding of the material.
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1.2 Research background

Although GaN was first created in powder form in 1932,! little research
occurred in this field until the achievement of hydride vapor phase epitaxy
(HVPE)-grown GaN crystals in 1969.2 These crystals permitted a number of
preliminary studies, however device work was still impossible due to the rough
surface and poor crystal quality of these heteroepitaxial films. This problem was
solved in the early 1980s, when smooth single-crystal wurtzite GaN films were
first grown by metalorganic chemical vapor deposition (MOCVD) on sapphire
substrates using a thin (~ 200 A) low-temperature grown “nucleation layer” of
AIN or GaN.3-5 The use of a nucleation layer also reduced the background
electron concentration and increased the measured electron mobility in these
layers.6 However, a high threading dislocation density (108 to 10" cm'z)
remained in these heteroepitaxial films, a problem that persists today and may
have a significant impact on electrical properties.

Efforts to produce p-type conduction in GaN layers remained unsuccessful
until 1989. A number of acceptor dopants were tried without success; table 1.3
lists the acceptor energy obtained from photoluminescence measurements on GaN
films unsuccessfully doped with various potential acceptors.” In 1989, Professor
Akasaki’s group succeeded in producing p-type GaN by subjecting a Mg-doped
GaN film to a low-energy-electron-beam-irradiation (LEEBI) treatment—the

E; (eV) Epi (MV/cm) Vsar (CM/S)
Si 1.1 0.3 6 x 10°
GaAs 1.4 0.4 1x107
InGaP 1.9 0.6 1x107
GaN 34 2.0 2x10""

Table 1.1 Physical parameters relevant to high-power electronics,
presented for various semiconductors. (* Estimated)



resulting film had a room temperature hole concentration of p = 2x10'® cm” and
mobility u =8 cm%Vs.®8 Nakamura later confirmed these results, obtaining hole
concentrations as high as 3x10'® cm™9 In 1992, Nakamura's group discovered
that a similar effect could be achieved using a thermal anneal in N; instead of
electron irradiation.10 Further research established that the role of the LEEBI or
thermal annealing step (hereafter called the “activation step”) was to reduce
hydrogen passivation of the Mg acceptor.!!-12 [t was this hydrogen passivation,
which occurs during MOCVD growth, that had prevented successful p-type
doping in all previous experiments. In confirmation of this model, Molnar, et al.
found that as-grown p-type conductivity was obtained in Mg-doped GaN using
hydrogen-free growth techniques such as molecular beam epitaxy (MBE).13

The discovery of the activation step for producing p-type GaN led directly
to an explosion of GaN-based device work. Nakamura’s group led the way in
light-emitters, introducing a double-heterostructure LED in 1993, a single
quantum well LED in 1995, and the first GaN-based laser diode in 1996.14 The
first GaN-based p-n photodiode was reported in 1995 by Chen, et al.!> and the
first bipolar transistor was produced at the University of California, Santa Barbara
(UCSB) in 1998.16 Research into the properties of p-type GaN continued during

these years, and published papers have covered a broad range of subjects

E; (eV) Donor Acceptor
Ge 0.66 P (12 meV) B (10 meV)
Si 1.12 P (45 meV) B (45 meV)
InP 1.35 Si (6 meV) Zn (20 meV)
GaAs 1.42 Si (6 meV) Be (28 meV)
SiC (6H) 3.0 N (- 85 meV) Al (~ 200 meV)
GaN 34 Si (15 meV) Mg (-~ 160 meV)
C (Diamond) | 5.5 N (1.7 eV) B (370 meV)

Table 1.2 Common dopants (and their binding energies) for various
semiconductors.



including the optimization of growth conditions, the binding energy of the Mg
acceptor, the mechanism of hydrogen passivation, the formation of ohmic
contacts, and the study of material properties through Raman and
photoluminescence spectroscopy.

The experiments described in this dissertation form a part of this larger
research effort to understand the properties of p-type GaN. Our research has
always been conducted with the goal of improved device performance in mind.
As a result, the experiments have focused mainly on the electrical characterization
of Mg-doped GaN, rather than structural or optical characterization.

While early device work focused on LEDs and laser diodes, our research
efforts soon shifted towards the fabrication of the first GaN-based bipolar
transistor. A comparison of these two device structures (light emitters and bipolar
transistors) is shown in figure 1.2. Due to its geometry and the need for high-
speed operation, the n-p-n bipolar transistor depends much more critically on the
properties of the p-type GaN layer than a p-n diode light emitter does. Among the
requirements for the p-type base are high lateral conductivity, low-resistance
Ohmic contacts, and sharp dopant profiles for precise junction placement. A low-
damage etch technique is needed to reveal the base layer, Mg-doping of alloys is

desired in order to implement a graded-base technology, and an understanding of

Dopant | AE, (meV)
Li 750
Be 700
C 860
Mg 250
Zn 340
Cd 550
Hg 410

Table 1.3 Estimated binding energy (from photoluminescence) for
various possible acceptors in GaN. From Ref. 7.



the time response of the deep Mg acceptor is important for predicting the high-
frequency performance of these devices. These are the concemns which have
motivated most of the research in this dissertation. Our goals have been two-fold:
to develop a set of recipes for the optimized growth and processing of Mg-doped
GaN, and to identify and examine the fundamental issues which are likely to limit

device performance.

1.3 Synopsis of the dissertation

Chapters 2 and 3 of this dissertation deal with the practical questions of
growth and processing. In chapter 2, the optimization of all MOCVD growth
parameters 1s discussed, with particular attention paid to the Mg-dopant
concentration. A detailed study of heavy-doping effects is carried out using
temperature-dependent Hall effect measurements. High compensation levels in
heavily-doped films are found to play a role in limiting the hole concentration and
mobility that are obtained.

Processing issues are addressed in chapter 3, which covers the

optimization of activation procedures and a number of experiments on ohmic

(A)GaN: Si emitter

(Al)GaN:Mg p-cladding GaN: Mg base

undoped GaN collector

InGaN active region

GaN:Si sub-collector

(ANGaN:Si n-cladding

'

Figure 1.2 Layer structures for GaN-based light emitting devices
(left) and bipolar transistors (right).



contact formation. The catastrophic degradation of these ohmic contacts which
results from plasma exposure of the GaN surface is discussed in detail.

Chapter 4 presents the results of electrical characterization experiments on
GaN p-n junctions, which typically exhibit very high reverse-bias leakage
currents and junction ideality factors. The leakage current is shown to result
primarily from the high density of threading dislocations within the film, and may
be drastically reduced by eliminating the dislocations through the use of lateral
epitaxial overgrowth (LEQ); the ideality factor, however, remains unchanged.

Depletion region effects resuiting from the deep nature of the Mg-acceptor
are discussed in chapter 5. The DC band-bending is analyzed, and both large-
and small-signal dispersion are discussed. The small-signal dispersion in GaN p-
n junctions is found to occur at frequencies between 100 kHz and 2 MHz.

Mg-doped AlGaN/GaN superlattices are discussed in chapter 6. These
superlattices represent a novel approach that increases lateral conduction by
circumventing the carrier freeze-out effect responsible for the low hole
concentrations in bulk Mg-doped films. The technique relies on the strong
piezoelectric and spontaneous polarization fields that are present in GaN. Both
theoretical calculations and experimental results are presented. The measured
enhancement in hole concentration over a bulk film is approximately one order of
magnitude at room temperature, and greater than five orders of magnitude at
reduced temperatures.

It is worth noting that the experiments and calculations described in this
dissertation were not performed in the order in which they are presented—instead
the organization of the dissertation has been planned for maximum clarity. (For
example, the ohmic contact development presented in chapter 3 necessarily
preceded the electrical measurements discussed in chapter 2). Any small

inconsistencies in experimental procedure or in the values used for calculations



must therefore be attributed to a slowly evolving understanding of the material

properties of p-type GaN.

1.4 Device results

Since device concerns have dominated the research in this dissertation, it
is worth describing some of the device achievements at UCSB that have benefited
from the study of p-type GaN presented here.

Early work focused on the growth of blue LEDs with multiple InGaN
quantum well active regions.!? These LEDs, which were processed and packaged
by Hewlett-Packard, exhibited a high external quantum efficiency of 4.5%. When
operated in pulsed mode to minimize heating, a very high output power of 53 mW
was achieved. This value was considerably higher than that obtained from
commercially available single quantum well devices, presumably because the
multiple quantum well reduced carrier overflow problems. The current-voltage
(I-V) characteristics of these diodes were quite poor as a result of an immature p-
type contact technology, with an operating voltage above 6 V for a forward
current of 20 mA.

An improved contact technology, described in chapter 3, played an
important role in the achievement of an electrically-pumped GaN-based blue laser
diode in 1997, the first such diode created in any university.!8 The laser emission
was centered at 420 nm, and peak output powers as high as 17 mW were achieved
in these initial devices. The GaN laser diode is the subject of continued research
at UCSB.

GaN and AlGaN-based p-n photodiodes are of great interest for light
detection in the ultraviolet wavelength range. In these devices it is important to

reduce the dark current of the p-n junction in order to maximize sensitivity. The



experiments described in chapter 4 demonstrated that threading dislocations are
the dominant source of leakage current in GaN p-n diodes. By reducing the
dislocation density in GaN photodiodes using epitaxial lateral overgrowth,
leakage currents as low as 10 nA/cm’ at a reverse bias of 5 V have been
achieved.!? These photodetectors had responsivities as high as 0.05 A/W and a
sharp wavelength cutoff at 285 nm.

The first GaN-based BJT was achieved at UCSB in 1998.16 The common
emitter [-V curves for this device, which had a maximum current gain of f§ = 3,
are shown in figure 1.3. These transistors were processed and tested at UCSB by
Lee McCarthy. The low current gain is attributed to a high recombination rate
within the neutral base, and the unexpectedly high offset voltage is a consequence
of the high base contact and access resistance. As discussed in chapter 3, the

plasma etch which is used to reveal the base layer results in a highly damaged
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Figure 1.3 Common emitter I-V characteristics of the first
GaN-based BJT. The base current increases 50 pA per step,
and the device size is 1 um x 20 um. From Ref. 16.



surface layer and consequently poor base contacts. Various approaches have been
employed to circumvent this problem, including selective re-growth of extrinsic
base material to bury the etch damage!6 and selective emitter regrowth on an un-
etched base/collector structure.20 The most recent devices have demonstrated
reduced offset voltages, improved stability of the I-V curves, and base-collector
breakdown voltages as high as 160V. Because of difficulties in controlling the
base width in MOCVD growth (due to the memory effect—see chapter 2), the
ongoing device work in this area is focussing primarily on MBE growth. GaN-
based bipolar transistors are still in their infancy, and the continuing research in
this field is likely to bring both significant improvements in DC characteristics

and the achievement of high-frequency device operation in the near future.
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Chapter 2
Bulk Mg-doped GaN: Growth and electrical characterization

2.1 Introduction

Mg-doped GaN may be produced using a variety of techniques. The most
thoroughly investigated technique is metalorganic chemical vapor deposition
(MOCVD), which was used to produce the first successful p-type layers. Since
then, many researchers have studied the optimization of Mg-doping by MOCVD
and the electrical, optical, and structural properties of the films that have been
produced.!-15 Reported results vary widely, presumably due to differences both
in growth conditions and activation procedures. The best reported room
temperature resistivity values are in the range 0.1 to 0.3 © cm; Yuan, et al. have
reported films with a room temperature hole concentration of 5x10'® cm™ and
mobility 20 cm?Vs.3  Various Mg-containing precursors have been used
successfully including biscyclopentadienyl-magnesium (Cp.Mg), bismethyl-
cyclopentadienyl-magnesium [(MeCp)-Mg],!1¢ and bisethylcyclopentadienyl-
magnesium [(ECp).Mg].®

Considerable research has also been conducted on the growth of Mg-
doped GaN by molecular beam epitaxy (MBE). Some films have been grown
using gas source MBE, in which gaseous ammonia is used as the N source.!7-22
However, most research has focused on plasma-assisted MBE, in which an RF-
plasma cracked N, source is used.23-30 There are also reports on growth of Mg-
doped GaN using electron cyclotron resonance (ECR)-cracked N,,3! and laser-
induced MBE in which laser ablation of a metallic Ga target is carried out in a N,

ambient.32  While the electrical quality of MBE-grown material also varies
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considerably, resistivity values as low as 0.2 Q cm have been reported by plasma-
assisted MBE.23 There is no need for pest-growth activation of MBE grown Mg-
doped GaN films. The variation in electrical results reported by various groups
may stem at least partially from differences in structural quality, which is difficult
to control when MBE is used to initiate growth on sapphire.

Mg-doped GaN has also been produced by hydride vapor-phase epitaxy
(HVPE)33.34 and in high-pressure solution bulk crystal growth experiments.35-37
The latter technique has not yet produced p-type conductivity, but the
incorporation of Mg has been used to lower the background n-type carrier
concentration, providing highly resistive bulk crystals.

Mg-doping of GaN has also been achieved using post-growth techniques.
Ion implantation of Mg in GaN has been studied for some time.38-43 Early
experiments succeeded in producing p-type GaN only through co-implantation of
Mg and P.38 Successful doping through Mg-impiantation alone has recently been
achieved,*243 in one case with the help of a high temperature anneal (1300°C)
performed with an AIN cap in order to prevent N loss.42 Mg-doping has also
been reported by vapor phase diffusion in a fumace. This experiment resulted in
p-type conductivity, but the measured hole concentration was quite low.#4 The
further development of these post-growth Mg-doping technologies will greatly
expand the range of possible device geometries and may facilitate the
development of GaN-based circuits. However, the techniques are still quite
immature, and to date the best electrical properties have been obtained on films
which are doped during growth.

We have seen that Mg-doping may be easily achieved during the growth
of GaN films, however the electrical properties of the resulting layers differ
widely. There are three important factors which may reduce the room
temperature hole concentration achieved in any particular Mg-doped GaN film:

(1) the deep nature (and consequent partial ionization) of the Mg acceptor, (2) the
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presence of compensating donors, and (3) the incorporation of Mg atoms in
electrically inactive forms (i.e. not on the desired Ga-substitutional site). The
binding energy of the discrete Mg acceptor is a fairly fundamental quantity and
cannot be easily adjusted. We therefore turn our attention to the other two effects.

A number of authors have discussed the possibility of compensation in
Mg-doped GaN films. Significant compensation levels will reduce both the free
hole concentration and the carrier mobility. A compensation level which depends
strongly on growth conditions and reactor design may explain the large variations
in p-type conductivity reported by various groups. Secondary-ion mass
spectroscopy (SIMS) measurements on Mg-doped GaN films do not show
unusually high concentrations of any particular impurity, so the compensating
donor has been attributed to a native defect or a Mg-related state.2!45 One
candidate is nitrogen vacancies (Vy), which create donor states. Calculations
have shown that the formation of such vacancies is much more likely in p-type
GaN than in n-type GaN, due to the position of the Fermi level.#¢ Kaufmann, et
al. have proposed a deep donor formed by a nearest-neighbor associate of a
substitutional Mg atom and a nitrogen vacancy.4?

The incorporation of Mg in non-electrically active sites or in extended
clusters is a subject that has received relatively little attention. Reboredo and
Pantelides have suggested that Mg interstitials may play a significant role in
limiting doping efficiency, and propose a host of Mg-related
substitutional/interstitial complexes which may also occur.#®8 Neugebauer and
Van de Walle, in contrast, have argued that the Mg interstitial, like the
incorporation of Mg on a N site, is highly unlikely. They believe the solubility of
Mg in GaN may ultimately be limited by the competitive formation of magnesium
nitride (MgsN,), particularly at the high growth temperatures employed in
MOCVD.49
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These three important parameters (acceptor binding energy, compensation,
and incorporation site) may be studied using various techniques. Of greatest
relevance to the ultimate device work are Hall effect measurements.
Temperature-dependent Hall effect measurements have been performed by a
number of authors in order to measure the acceptor binding energy and estimate
the compensation level.2-5.8.455051  Photoluminescence measurements on Mg-
doped GaN have also received considerable attention; most authors appear to
agree that the spectra are dominated by donor-acceptor pair recombination,
indicating the presence of a compensating donor.23.47.52-54 Deep level transient
spectroscopy (DLTS) studies of deep level states in Mg-doped GaN have
produced evidence of various levels within the gap.55-58 The incorporation site
and bonding configuration of Mg in GaN has been studied using Raman
spectroscopy®3%9-61  and transmission electron microscopy (TEM).6.62
Unfortunately, it is difficult to draw any convincing conclusions from this broad
array of reported measurements, perhaps because the samples employed have
been of widely varying quality and doping level.

The main characterization technique used in this dissertation is Hall effect
measurements. Section 2.2 describes the statistics underlying the use of this
technique, and section 2.3 describes the experimental setup. The results of Hall
effect measurements performed on samples produced under various growth
conditions are described in sections 2.6 to 2.9. The results indicate that
compensation plays a major role in limiting conductivity, and suggest that the
compensation level may be adjusted somewhat through proper choice of growth
conditions. Heavy doping effects include a decrease in the measured acceptor
concentration, strongly suggesting that Mg incorporates in a non-electrically
active form, and a reduction in the acceptor binding energy, which is attributed to

a Coulomb interaction.
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2.2 Doping statistics

In this section we consider the statistics of a bulk GaN layer doped with
the deep Mg acceptor (density N4) and partially compensated with donor states
(density Np). The treatment presented in this section is partially based upon that
given in Electrical Characterization of GaAs Materials and Devices.53 The hole
concentration and the ionized acceptor concentration are determined using the
standard formulas given in equations (2.1) and (2.2). The Boltzmann
approximation is used in equation (2.1). Ef represents the energy of the Fermi
level, Ev is the energy of the valence band edge, E, is the energy of the acceptor,
g is the degeneracy, k is the Boltzmann constant and Ny is the valence band

density of states, given by equation (2.3).

p=N, exp[— &g%d} Q.1)
- N
N} = AE —F 2.2)
1+ __)
gexp( T
014s) . a2
N, = :_(:L";lhsl& (2.3)

The equilibrium hole concentration in the bulk is calculated by finding the
Fermi energy which satisfies the requirement of charge neutrality. Because of the
wide band-gap of GaN we can safely neglect any conduction band electrons and
we assume that all the compensating donors are ionized. The charge neutrality

condition is therefore:

p+N,=N, . 24)
These equaticns are now combined yielding
N
P(P+ D) =¢‘ (2.5)
N,=Ny,-p

where we define the quantities ¢ and AE,:
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o= %exp(-— i? ) (2.6)

AE,=FE,-Ey . 2.7
Note that (¢g) is equal to the hole concentration that is obtained when the Fermi
level 1s coincident with the acceptor energy. The quadratic equation given in

(2.5) may be solved for p yielding

p=¢+7ND l:_l+\/l+4¢(NA—ND)J' (2.8)

(0+N,)’

There are three limiting conditions in which Equation (2.8) may be

simplified.

Case 1: ¢ >> Np and ¢ << (N4 — Np). This is the case when the
compensating donor concentration is very small. We can then simplify equation

(2.8), yielding:

p=y(N.-N,)p. (2.9)

Thus, the hole concentration is expected to scale as the square root of the net
doping density Ns ~ Np. A plot of In (p) vs. I/T should give a straight line with a
slope of —(AE 4/ 2k), neglecting the small temperature dependence of Ny.

Case 2: ¢ << Np and ¢ << (ND)Z/(N,. — Np). This is the case when the
compensating donor concentration is very high. We can then expand the square
root in equation (2.8), yielding:

- (N +—N o)

. 2.10
N, ¢ (2.10)

p

Thus, the hole concentration is expected to scale approximately linearly with the

net doping density Ny — Np. In this case, a plot of In (p) vs. 1/T should give a

18



straight line with a slope of —(AE, / k), again neglecting the small temperature
dependence of Ny.
An interesting consequence of this case arises from considering a system
where the compensation ratio r..m, is fixed, independent of doping level:
Tecomp = Np/ Nj. 2.11)

In that case equation (2.10) simplifies to

I-r,
Teomp

Thus at high doping levels the hole concentration will actually be fixed and will

not depend at all on the dopant densities N4 and Np, so long as the compensation

ratio remains constant.

Case 3: ¢ >> Np and ¢ >> (N4 — Np). This is the case at very high
temperature. Expanding the square root in equation (2.8) we find:
p=(N,~Ny). (2.13)
At very high temperatures all dopants will be ionized and the hole concentration

is simply given by the uncompensated acceptor concentration.

In order to apply this analysis to the particular case of Mg-doped GaN
there are three quantities that must be known: g, m*,, and AE,. Unfortunately,
none of these quantities are known with the precision and confidence one would
desire.

The valence-band of semiconductors is typically composed of a heavy-
hole band, a light-hole band, and a band split off by the spin-orbit interaction. In
most bulk cubic semiconductors the heavy-hole and light-hole bands are
degenerate, while the split-off band is sufficiently removed in energy that it does

not play a role in the doping statistics. Thus a degeneracy value of g=4 is
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generally used in p-type semiconductors to account for both the two possible spin
states and the heavy-hole/light-hole degeneracy of the valence bands.

In GaN, however, the situation is somewhat more complicated. The
wurtzite crystal structure causes a splitting of the heavy-hole and light-hole bands,
so that these are no longer degenerate at the I" point.64-68 However, this split is
quite small (~ 6 meV) so the two bands may be safely considered degenerate at all
but the lowest measurement temperatures. Another unusual feature of the GaN
valence-band structure is the relative proximity of the split-off band, whose
energy separation from the light-hole band is calculated to be between 20 meV
and 48 meV.65-67 While the split-off band is unlikely to play a major role in the
doping statistics at room temperature, it may become more prominent at higher
temperatures. Ideally, a temperature-dependent degeneracy value g should
therefore be used, rising from g=2 at very low temperature to g=4 at
intermediate temperatures and g =6 at high temperatures. However such a
dependence is difficult to model and complicates experimental data fitting
considerably; in the calculations described in this chapter a single temperature-
independent degeneracy factor of g = 4 has been assumed. Figure 2.1 shows a
schematic diagram of the valence band structure of GaN.

The valence band effective mass m*;, is determined by the curvature of the
valence band E-k relations. There is significant variation in reported values for
this parameter. Early authors found an effective mass of approximately 0.8 myg
where my is the free electron mass.® More recent work has suggested values of
0.6,65 1.1,64 and 2.2 mp.7° This last and highest value is the one used for
calculations in this chapter, due to the improved fit it provides to experimental
data (see section 2.6). We also note that the hole effective mass is not isotropic—
this is evident from the variation in the E-k diagram (figure 2.1) between the (.,
k) and k. directions. (The values of m*; listed above are geometrically averaged

across the three dimensions). The vanation in hole mass between in-plane and
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vertical motion is neglected in this dissertation, but the effect may tum out to be
of some significance for specific device designs.

The third parameter of interest is the Mg-acceptor energy level AE;.
Photoluminescence measurements have placed this value between 203 meV47 and
250 meV,’! while temperature-dependent Hall effect measurements have yielded
binding energies between 125 meV and 215 meV.2:5.8.45.50.51 Thijs wide spread in
experimental data is likely the result of heavy-doping effects reducing the
acceptor binding-energy from that which would be obtained in a very lightly-
doped film, a subject which is explored further in section 2.6. An estimate of the
expected acceptor binding energy may be obtained from the simple hydrogenic

model of the acceptor impurity:

. . s
AE, =2 __ 136 ev| Zalo_| 2.14)
8e~h” my€E-

where ¢ is the electronic charge and € is the dielectric constant, which is £=9.5 &

for GaN.’”l  Using values of m*; between 0.6 and 2.2 my, acceptor binding

energies between 90 meV and 332 meV are obtained, a very broad range which

( kx 4 ky)

Figure 2.1 Schematic E-k diagram of the valence band of
GaN near the I point. After Ref. 65.
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includes the various measured values. However, we note that hydrogenic model
is not expected to be valid at these high effective mass values because the
associated Bohr radius is very small—on the order of the lattice constant or even
smaller.

Using these values (g =4, m*, = 2.2 mp) we can calculate the expected
doping efficiency. Figure 2.2 shows the calculated hole concentration at room
temperature for an uncompensated Mg-doped GaN layer with various values of
AE,;.  The square-root dependence on dopant density characteristic of
uncompensated layers (case 1) is observed.

The valence band density of states is calculated to be Ny = 8.2x10" cm?
at room temperature. For an acceptor binding energy of AE, = 160 meV, this

yields ¢ =4.2x10'® cm™. This is a very small value compared to the high doping

100% lonization .--" 10% .-~ 80 meV
1e19d | T =300k g " 110 meV
1% .-~ 160 meV
" - ’ 200 meV
2
S 1E18 — 250 meV
®
g - 01%
8 .
3 1E17 Slope = 0.5
@
Q
b
1E16
o —
1E17 1E18 1E19 1E20 1E21

Acceptor Concentration (cm's)

Figure 2.2 Calculated hole concentration as a function of dopant
concentration for Mg-doped GaN. The calculations assume no
compensation. The acceptor binding energy AE, is varied.
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levels (10" to 10” cm™) that are typically applied in order to achieve sufficient
free carriers. Measured values of the compensation ratio (reomp) vary between 6 %
and 66 % in different films (see section 2.6). Therefore at room temperature and
below, the criteria for case 2 (high compensation) are fulfilled for all but the most
lightly-doped films. In general for these films at room temperature we may write
the following inequality: p << Np < N,.

The effects of varying compensation levels are displayed in figure 2.3 (for
this calculation a binding energy of AE4 = 160 meV was assumed). In this figure
we observe the saturation in hole concentration which results from a fixed
compensation ratio (case 2). The effect may be understood physically as the
result of the Fermi level being pinned at a particular energy in order to ionize

sufficient acceptors to cancel the space-charge of the compensating donors; this

Compensation
1E19 - Ratio
3 0%

5%

10 %

20 %

Hole Concentration (cm™)

50 %

AMAAAS § T r-rrrre v T

1E17 1E18 1E19 1E20 1E21

Acceptor Concentration (cm'3)

Figure 2.3 Calculated hole concentration as a function of dopant
concentration for Mg-doped GaN. The acceptor binding energy is
assumed to be 160 meV; the compensation ratio 7.omp = (Np/N,) is varied.
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then fixes the number of free holes as well. Since p << Np, the ionized acceptor
concentration is simply N4” = Np and the fraction of acceptors which are ionized is
given by r..mp. Because this fraction is constant, the Fremi level (and hence the
hole concentration) is fixed. The band diagram for this system is shown in figure
24.

We observe from figure 2.3 that compensation drastically reduces the hole
concentration. This is an important phenomenon that is expected to severely
effect conductivity. For example, a sample with 10°® cm™ Mg acceptors and
3x10" cm™ compensating donors (leaving 7x10' cm™ net acceptors) will have
far fewer holes at room temperature than will a film with 7x10"° cm™ Mg
acceptors and no compensation.

At the high dopant concentrations typically employed, a number of heavy
doping effects may become important. These include such phenomena as valence
band-tail states, impurity band formation, and dopant binding energy reduction.”2
These effects will considerably complicate the simple calculations presented here.

The role played by such effects in Mg-doped GaN is investigated in section 2.6.

Ec

ED ——————————————————— ND

EA — — ———— — ————— — NA
Ee

EV

Figure 2.4 Band diagram for partially-compensated Mg-doped GaN.
The position of the Fermi level determines both the fraction of acceptors
which are ionized and the density of holes in the valence band.
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2.3 Hall effect measurements: experimental setup

Hall effect measurements were performed on Mg-doped GaN samples
grown under a wide variety of growth conditions. In every case the Mg-doped
layer was grown on a template of n-type GaN (either unintentionally or Si-doped),
forming a p-n junction layer structure. Although the use of a p-n junction
structure complicates the Hall effect measurements somewhat, it guarantees that
the structural quality of the material is the same as that which will be used in
devices (where an n-type under-layer is always used). Wu, et al., have shown that
the grain structure and dislocation density of heteroepitaxial GaN grown on
sapphire is determined during an island growth stage in the initial 0.5um of GaN
deposition on the nucleation layer.”3 Introducing heavy Mg doping during this
stage could change the island coalescence process, causing a variation in template
quality.

Contacts for the Hall effect measurements were lithographically defined
and deposited using thermal evaporation. (The details of the contact scheme are
discussed in chapter 3). Cl, reactive ion etching was used to isolate the Hall
pattern by etching down to the n-type layer. Figure 2.5 shows the current-voltage
(I-V) characteristic obtained between two contacts on a Hall pattern. The linear
region of the [-V curve represents current flow through the highly resistive p-type
layer. At high bias, the reverse-biased p-n junction breaks down under one
contact, allowing current to flow through the less resistive n-type layer. The Hall
effect measurements were always performed on the linear portion of the [-V
curve, so that the current flow was constrained within the p-type layer.

The thickness of the p-type layer was typically 0.5 to 1.0 um. Any
reduction in active thickness of the p-type layer due to the depletion region at the
p-n junction was neglected. This effect should be very small due to the very thin

nature of the depletion region in Mg-doped GaN (see chapter 5), and at any rate is
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negligible compared to the uncertainty in layer thickness due to growth rate
variations.

Two different mask patterns were employed to perform the Hall effect
measurements; these are shown in figure 2.6. In early experiments, the bar
geometry was used to measure the Hall factor, and resistivity measurements were
performed separately using a TLM pattern (see chapter 3). Later measurements
employed a van der Pauw pattern in the shape of a Greek cross, enabling
simultaneous resistivity and Hall factor measurements.

In both cases the patterns were kept quite small, as shown. Reliable
measurements could not be obtained using standard large devices (several square
mm) devices. This was attributed to the presence of a short path somewhere in
the device that allowed the current to flow through the n-type layer. Such a path
might be caused by a defect caused, for example, by a particle landing on the

surface during growth. Using small patterns, a large number of Hall devices
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Figure 2.5 I-V characteristic between two contacts on Hall effect device.

26



could be packed onto a single sample, and the likelihood of any particular device
containing such a defect became very low.

A high sample current is desired during the Hall measurement because the
Hall voltages can otherwise be quite small and difficult to measure (due to the low
hole mobility in these samples). The maximum sample current that can be
applied is limited by the useable voltage range (as shown in figure 2.5) and the
total resistance between the contacts. It is the need to minimize the total
resistance that makes the Greek cross design preferable to other van der Pauw
configurations, in which thin arms are used to connect the contact pads to larger
Hall mesas. For highly resistive samples the bar geometry is best because it
presents the minimum resistance, allowing the highest possible sample current. In
this design, the aspect ratio of the bar (length/width) must be at least 3 in order for
the full Hall voltage to develop.63

The Hall effect measurements performed at UCSB were done at room
temperature only. The small devices were contacted using hand-manipulated
needle-tip probes and the sample was placed between the poles of an
electromagnet. The magnetic field was varied between —0.4 T and 0.4 T during
the measurements; sample currents were typically around 30 pA. In all the Hall

effect measurements, the hole concentration p was obtained from the measured

ilwo um -

100 um

Figure 2.6 Layout of Hall effect measurement devices: bar
geometry (left) and van der Pauw geometry (right).
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Hall coefficient Ry using the equation below, with the Hall scattering factor ry
assumed to be of value unity.
p=r,/qR,. 2.15)

Variable-temperature Hall effect measurements were performed on a few
samples at Wright-Patterson Air Force Base in conjunction with Adam Saxler and
William C. Mitchel. Separate apparatuses were used for the measurements above
and below room temperature. Magnetic fields up to 1 T could be applied during
high-temperature measurements and up to 2 T were used in the low-temperature
measurement rig.

The preparation of these samples was fairly complicated because the
measurement setup was designed for larger contact pads. In order to perform the
measurements the samples were attached to sapphire carrier wafers using a high-
temperature cement (Omegabond). Wire-bonding was performed to connect the
contact pads on the sample with large gold contact pads that had been deposited
on the sapphire carrier. Prior to the cementing, an extra thick (1 um) gold layer
was added to the contact pads and the contacts were annealed at 450°C in N, (2
minutes); these steps helped the bond wires to stick and kept the contact pads
from peeling off during bonding. Figure 2.7 shows a diagram of a sample

prepared for variable-temperature Hall effect measurements.

GaN Hall device

Bond

Sapphire

Sapphire carrier

Figure 2.7 Drawing of sample mounted for variable-temperature
measurements (not to scale).



2.4 MOCVD growth conditions

All the growths described in this dissertation were performed on the
modified Thomas Swan MOCVD growth machine at UCSB. This is a horizontal
quartz reactor with separate the group V and group III input flows, designed in
order to reduce pre-reactions. The wafer is held in a graphite susceptor and the
growth temperature is measured using a thermocouple placed within the
susceptor. The pressure during growth may be controlled between atmosphere and
approximately 30 torr. During typical GaN growth conditions, the gas ambient is
composed primarily of NHj, in addition to H; and N> (usually mainly H;). All of
these gasses are purified before entering the growth chamber. The metalorganic
sources used are trimethylgallium (TMGa), trimethylaluminum (TMALI),
trimethylindium (TMIn), and biscyclopentadienyl-magnesium (Cp.Mg). Silicon
doping is accomplished with a gas source of dilute disilane in H,.

Considerable effort has been invested by a number of researchers at UCSB
in optimizing the GaN growth process in this MOCVD reactor. Growth is usually
performed on c-plane sapphire substrates, which are etched in a high temperature
(1050°C) H; step prior to nucleation layer deposition. Undoped GaN films
prepared in this reactor exhibit a background carrier concentration around
n=4x10'® cm?, mobility 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 10°® and 10° cm?, as measured by transmission electron
microscopy (TEM). This reactor has been used to grow almost all the GaN-based
device structures produced at UCSB to date, including LEDs, lasers,
photodetectors, high electron mobility transistors, bipolar transistors, and field
emitters.

Each metalorganic source is kept in a temperature-controlled bath. For

Cp:Mg, the manufacturers (Morton Chemical and Air Products) quote the
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following formula for vapor pressure (p,,,) in torr as a function of bubbler

temperature (7

,.mg) 1N Kelvin:

4198
log,o(pcm) =2514-218InT,,,, - — (2.16)

Cp.Mg

This formula is plotted in figure 2.8; its accuracy is not known.

In practice, two bubbler temperatures were used: 45.2°C and 25.2°C. The
bubbler pressure was kept at 1200 torr. The source pick-up efficiency has been
calculated using equation (2.16), yielding 1.6 nmol per standard cubic centimeter
(scc) at 25.2°C and 9.0 nmol per scc at 45.2°C. The advantages of the lower
bubbler temperature are that it allows a finer adjustment of the input source flow
and is more convenient when a slow growth rate is needed. An additional benefit
may be that it helps reduce problems with condensation of Cp;Mg in any cold

plumbing sections. During all growths the TMGa bubbler temperature was kept

Vapor pressure (torr)
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Figure 2.8 Plot of vapor pressure versus bubbler temperature for
Cp:Mg source.
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at —10°C, corresponding to a pick-up efficiency of 1.5 umol per scc for this
source material.

In this chapter we discuss the effect of varying many different growth
parameters. These are variations based on a standard set of growth conditions—
these standard conditions were used to grow Mg-doped GaN for a number of
experiments. For example, all the processing experiments described in chapter 3
were performed on samples grown under these conditions. Hall effect
measurements on films grown under these conditions typically yield hole
concentrations between 5x10'7 cm™ and 1x10'® cm™. Table 2.1 lists the various
parameters for the “standard™ growth conditions.

Several types of non-uniformity and irreproducibility plagued the research
on MOCVD growth of Mg-doped GaN, even under nominally identical growth
conditions. Foremost among the difficulties was a severe growth rate non-
uniformity within the reactor—up to a factor of two across the width of the
sample (2 cm). This results in significant uncertainty in the thickness of the
layers, which can lead to errors in interpreting Hall measurement data, and makes

it difficult to assess the results of various processing experiments, such as studies

Standard growth conditions

Cp.Mg Temp. 45.2°C
TMGa flow rate 13.1 sccm
19.3 umol/min

Growth rate: 1-2 um/hr

Cp:Mg fiow rate 15 scem
135 nmol/min

Growth Temp. 1000°C
Pressure 760 torr

Table 2.1 ""Standard" growth conditions for Mg-doped GaN.
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of different activation conditions. Temperature non-uniformity across the wafer,
and temperature drift over time, were also believed to be significant issues
(although this is difficult to quantify). The growth rate and flow pattern of the
gasses varied considerably over time as the reactor liners were removed for
cleaning or replaced altogether. A final potential source of non-uniformity is
variation over time in the amount of condensation of Cp,Mg in the plumbing or
the unheated zones of the reactor chamber; it is not yet clear how important this
effect may be. Throughout this research every effort was made to correct for any
drifting growth conditions, and to adjust experimental measurements to minimize

the error introduced by non-uniformity.

2.5 SIMS measurements

The incorporation of Mg during GaN growth has been studied using
secondary ion mass spectroscopy (SIMS) measurements. For these studies thick
Mg-doped layers were grown either individually or in multi-layer stacks. The
Cp2Mg bubbler temperature was kept at 45.2°C during these growths. The SIMS
measurements were performed at Charles Evans East, where implanted standards
were used to calibrate the measurements.

Figure 2.9 shows the measured Mg concentration in samples grown with
various Cp;Mg flows, and for two different reactor pressure values. The Mg
content is found to increase linearly with Cp,Mg flow, as expected. However, the
incorporation efficiency is found to depend on the reactor pressure. For these
layers the Mg incorporation efficiency is calculated to 24% of the Ga
incorporation efficiency during atmospheric pressure growth; at 76 torr, this value
rises to 32%. Because the GaN growth rate is independent of pressure in this

reactor, the results indicate more efficient Mg incorporation during low-pressure
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growth. At first, we attributed this effect to a parasitic pre-reaction between NHj3
and Cp>Mg, which was suppressed at low pressure. Such a pre-reaction had been
proposed by Haffouz, et al.!6, but later investigations by Bartram demonstrated
that such pre-reactions do not actually occur.7® The origin of this effect therefore
remains uncertain. One possible explanation is Cp,Mg condensation in the un-
heated portions of the stainless-steel plumbing and quartz reactor chamber
directly upstream of the susceptor; such condensation would be suppressed during
low-pressure growth due to the lower Cp,Mg partial pressure.

Figure 2.10 shows SIMS measurements of the Mg concentration as the
TMGa flow (and hence the growth rate) was varied. Once again, layers were
grown both at atmospheric pressure and at 76 torr. During these growths the
Cp:Mg flow was scaled with the TMGa flow to keep the nominal doping level
constant. As expected, the measured Mg concentration shows no dependence on

the growth rate at either pressure. Again, the Mg incorporation efficiency is
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Figure 2.9 SIMS measurements of Mg concentration as a function of
Cp2Mg flow during growth.
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found to be lower during atmospheric pressure growth—in this series, the Mg
incorporation efficiency is 13% that of Ga at 760 torr, and 32% at 76 torr. The
incorporation efficiency at atmospheric pressure is reduced in these layers from
that observed in figure 2.9. The origin of these variations is not known, but may
be related to a varying degree of Cp.Mg condensation due to subtle differences in
reactor geometry between the various quartz reactor liners used.

The effect of growth temperature was also studied, this time using only
layers grown at atmospheric pressure. The SIMS measurements are presented in
figure 2.11, and show no significant variation in Mg concentration with growth
temperature.

Overall, the SIMS measurements indicate that Mg-doping of GaN using
Cp:Mg is quite a well-behaved process. The incorporation efficiency is
independent of Cp,Mg flow, growth rate, and growth temperature within the

range of experimental testing, and depends only on the reactor pressure. SIMS
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Figure 2.10 SIMS measurements of Mg concentration as a
function of GaN growth rate.
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measurements showed no increase in the levels of common impurities such as C,
O, and Si as a result of the Mg doping. The H concentration did increase
considerably in Mg-doped films compared to undoped layers, but this is an
expected consequence of the dopant passivation. Finally, however, it must be
noted that despite the consistent and stable SIMS results that were obtained in
these short studies, over longer time scales (several months) large changes in the
incorporation efficiency were observed. Again, these variations are attributed to a
changing gas-flow profile due to the regular removal and replacement of the

quartz reactor liner.
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Figure 2.11 SIMS measurements of Mg concentration as a function
of growth temperature.
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2.6 Effect of Cp.Mg flow: An investigation of heavy doping effects

This section describes studies performed on samples with a range of Mg-
doping levels. The goal was both to identify the optimum dopant concentration
and to study the evolution of heavy-doping effects below and above this point.
These samples were analyzed using temperature-dependent Hall effect

measurements.

LIGHT DOPING

HEAVY DOPING <

Figure 2.12 AFM amplitude images of Mg-doped GaN samples.
Each image is 50 um x 50 um.
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The Cp,Mg bubbler temperature was 25.2°C during these growths. The
Mg-doping level was varied by changing the flow of Cp.Mg from 15 sccm to 263
sccm (24 to 428 nmol/min). In all samples the TMGa flow was 13.1 sccm (19.3
pmol/min). The Mg-doped layers were grown at 1010°C and at atmospheric
pressure. SIMS measurements confirmed that the Mg concentration scaled
roughly with Cp,Mg flow; the measured values varied between 2x10'° and 8x10%°
cm™. The Mg concentration in the most heavily doped sample (F) is estimated to
be about 2% of the Ga concentration. On the lightly-doped samples, a thin (300
A) heavily-doped cap layer was needed in order to produce ohmic contacts. For
Hali effect measurements this cap layer was etched away using a low-power Cl,
reactive ion etch.

Figure 2.12 shows the surface morphology of samples grown at various
Cp2Mg flows (these samples were grown without the heavily-doped cap layer).

These amplitude-mode atomic force microscopy (AFM) images of the p-GaN
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Figure 2.13 Room temperature Hall effect measurements on Mg-
doped GaN samples.

37



surface were produced by Erik Haus at UCSB. The heavy Mg-doping induces
hillock-type features on the surface of the film; as the Mg level is increased these
hillocks develop into densely packed hexagonal features. The approximate height
of these surface features has been estimated from the AFM measurements and
ranges from 40 nm in the lightly doped films to 100 nm in sample E and 300 nm
in sample F.

The results of room temperature Hall effect measurements are shown in
figure 2.13. The hole concentration is observed to increase with Mg-doping level.
however the mobility drops so rapidly that the material resistivity remains fairly

constant at approximately 1 © cm. (In the most heavily-doped film the hole
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Figure 2.14 Hole concentration measured as a function of temperature
on Mg-doped GaN samples. For clarity of presentation the data have

been divided between two separate plots; note that the scale differs on
the two plots. The solid lines represent fits to equation (2.8).
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concentration has dropped again, and the mobility has recovered slightly.) This
inability to reduce the material resistivity through heavier doping is a significant
problem for device work. Temperature-dependent Hall effect measurements were
performed at Wright-Patterson Air Force Base in order to investigate the origin of
the effect.

Figure 2.14 shows the results of the temperature-dependent Hall effect
measurements: the measured hole concentration is plotted as a function of the
inverse temperature for each of the samples. An activation energy dependence is
clearly evident in the high-temperature regime for all of the samples. In all but
the most lightly-doped sample the measured hole concentration increases again at
low temperature, indicating the onset of hopping or impurity-band conduction. In
the most heavily doped samples this impurity conduction is clearly an important
component of the total room temperature conductivity.

The acceptor activation energy (AE,), acceptor concentration (N,), and
compensating donor concentration (Np) were extracted by fitting the high-
temperature data to equation (2.8), with the assumed values g =4 and m*, = 2.2

mg. Using this value of m*; provides a good agreement between the extracted

Cp.Mg flow
nmol/
Sample Growth | scem | min | AE, (meV) | Na(cm™) | Np(cm™)
A 990206PB 15 | 24.4 190 1.8x10" | 1.1x10"
B 990206PA | 26 | 42.3 174 46x10" | 3.0x10"
[ 990205PD | 47 | 765 152 1.4x10%° | 1.2x10"
D 980901PA | 83 | 135 118 2.2x10%®° | 4.1x10"
E 990205PC | 140 | 228 112 8.6x10" | 2.7x10"
F 980901PE | 263 | 428 165 7.6x10"® | 5.0x10'

Table 2.2 Summary of growth conditions and of fitting results from
temperature-dependent Hall effect measurements.
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acceptor density and the SIMS measurements of Mg concentration; using smaller
values of m*, causes the calculated acceptor density to be considerably higher
than the Mg concentration.

We note that the model used to fit the data is quite simple; equation (2.2)
assumes a single acceptor level, and equation (2.3) assumes a parabolic valence
band. The formation of a broad impurity band, or of valence band-tail states, is
therefore beyond the scope of this model. If these effects play an important role
in the heavily-doped samples, then the fitting procedure employed may provide
results that are somewhat 1naccurate.

Figure 2.15 and table 2.2 summarize the parameters which provide the

best fit between equation (2.8) and the temperature-dependent Hall
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Figure 2.15 Concentration data extracted from the Hall effect and
SIMS measurements are presented in the top plot. In the lower plot,
the solid triangles represent the measured activation energy and the
open triangles represent that predicted by equation (2.17).
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measurements. The measured activation energy for the Mg acceptor decreases as
the doping is increased, going from 190 meV in sample A to 112 meV in sample
E. The material quality begins to degrade before the Mott transition can be
reached, and the activation energy rises again in the severely over-doped sample.

The extracted values of N4 and Np are also plotted in figure 2.15. While
the activation energy can be extracted quite accurately from the least-squares fit to
equation (2.8), there is considerable uncertainty in the acceptor and compensating
donor concentrations. This is due not only to the assumption of the hole mass, but
also to the nature of the data fit (especially in the more heavily doped samples
where there is little indication of saturation in the hole concentration measured at
high temperature).

Nonetheless, the extracted concentrations match closely with expected
values. The acceptor concentration rises as the dopant density is increased, in
good agreement with the Mg concentration as measured by SIMS. The highest
acceptor concentration (around 2x10%° cm™>) was obtained in sample D (which
corresponds to the “standard” growth conditions when the change in bubbler
temperature is taken into account). When the Mg concentration is increased
beyond this point the extracted acceptor concentration is actually reduced, which
may indicate that much of the Mg is not incorporating in the desired substitutional
site. We also note that the calculated compensation level (r.omp = Np / Ny) is
observed to rise dramatically as the doping level is increased.

The measured decrease in acceptor activation energy at high doping levels
may explain the variation in published results for the depth of the Mg acceptor.
This phenomenon is well known from conventional semiconductors,’2.75 and may
have various causes including: the formation of a broad Mg acceptor band
extending toward the valence band edge, the creation of valence band-tail states

extending into the forbidden gap, screening of the acceptor potential by free
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carriers, and binding energy reduction through a Coulomb interaction between
valence-band holes and ionized acceptors.
Gotz et al.5! have suggested an important role for the last of these effects
in Mg-doped GaN. In this case the acceptor activation energy may be written as:
173

AE,(N7)=AE,, —f;zt—s(N;) , (2.17)

where AE, is the inherent acceptor binding energy observed at very low doping
. -3 . .. .
concentrations, (N A) is the average distance between ionized acceptors, q is

the electronic charge, € is the dielectric constant (assumed to be 9.5 &) and fis a
geometric factor of value l“(2/3)(41|:/3)”3‘.5l We note that this formulation
neglects the repulsive potential of the ionized compensating donors, an
assumption which is somewhat justified because the free holes are likely to
concentrate around the ionized acceptors and avoid the donors.”5

Gotz suggests that the acceptor energy in equation (2.8) be re-evaluated at
each temperature depending on the ionized acceptor concentration. However, in
this case we are justified in using a simpler approach in which a single
temperature-independent activation energy is used for each sample. This is
because the ionized acceptor concentration is determined mainly by the number of
compensating donors, not the number of free holes, across the great majority of
the temperature range used for data fitting. We therefore use equation (2.8) to fit
the Hall effect data and then compare the measured acceptor energy to that
predicted by equation (2.17) using N, =N,. Assuming an inherent binding
energy of Eqpo = 220 meV, a very close agreement is obtained between the
measured activation energy and that predicted by equation (2.17), as shown in
figure 2.15. (In fact, the fit is surprisingly good considering the uncertainty in the
values of Np.) We note that this inherent activation energy is in reasonable

agreement with the acceptor level measured by photoluminescence.47.7!
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Figure 2.16 presents the hole mobility measured as a function of
temperature. The highest mobility recorded is 62 cm®/Vs for the lightly doped
sample at T = 146 K. As the doping level is increased the peak mobility begins to
drop rapidly due to the high concentration of ionized species resulting from the
higher doping level and compensation ratio. In the most heavily doped sample
the hole mobility is observed to increase again slightly, most likely a consequence
of the reduced ionized dopant density. In most samples the measured mobility
degrades siowly at high temperature but exhibits a precipitous drop at low
temperature. This is due to the dominance at low temperature of the hopping
conduction path.

The true mobility of the valence band (uvs) may be extracted by
separating the valence band conductivity (oyvg) from the impurity conductivity
(o7). Because the hopping conduction results in a Hall coefficient (R; ) close to

zero, the measured Hall coefficient is given by
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Figure 2.16 Mobility measured as a function of temperature.
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_ R0y, _ (2.18)
(ow+0a,)
where Ryp represents the Hall coefficient of the valence band transport.’¢ This
quantity can be calculated from pyg, which is the hole concentration in the valence
band as given by equation (2.8) fitted to the experimental data. The true valence

band mobility uyg is then extracted as

Hyg =H P ’ (2.19)
V Pvs

where p and u represent the measured values of the hole concentration and

mobility, respectively. The hopping conductivity is simply
O, =q(pH—pyghtys)- (2.20)

The valence band mobility uyg for samples B through E has been
calculated and is shown in figure 2.17. With the impurity conduction removed,
the drop in low-temperature valence band mobility is seen to be much less steep.
The factors determining the exact temperature dependence of the valence band
mobility are not fully understood at this point—a more complete analysis of the
mobility measurements is needed. Figure 2.17 also presents the calculated value
of the hopping conductivity. As expected, the conductivity of this current path is
strongly dependent on the doping concentration, increasing by several orders of
magnitude over the sample range.

In conclusion, a number of heavy doping effects are observed in Mg-
doped GaN, including increased impurity conduction and greater compensation.
The increased compensation appears to drive other effects such as lower hole
mobility values and a pronounced reduction in acceptor activation energy via a
Coulomb interaction between holes and ionized acceptors. This reduction in

binding energy partially offsets the effects of increased compensation, so that the
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hole concentration does not fall precipitously as predicted in figure 2.3. The
measured acceptor concentration increases with Mg concentration up to the
optimum doping level of 2x10%° cm, but the doping efficiency drops beyond this

point and at very high doping levels severe morphological changes are observed.
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Figure 2.17 Valence band mobility and hopping conductivity as a
function of temperature for the various samples under study.
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2.7 Effects of growth rate, V/I ratio, and reactor pressure

The growth parameters which were varied in this study include reactor
pressure, growth rate, and the molar flow ratio of NH3; to TMGa + Cp,Mg (V/III
ratio)—all are parameters that have received scant attention in the literature.
Growths were performed at both atmospheric pressure and at a reduced pressure
of 76 torr, at growth rates ranging from 0.5 um/hr to 2 um/hr, and V/III ratios
between 6,900 and 27,700. The molar flow ratio of TMGa to Cp.Mg was 142;
this was kept constant so that the nominal doping concentration is identical for all
the growths. The total flow through the reactor was kept constant in all the runs
and is approximately 11 standard liters per minute (slpm). The Mg bubbler
temperature was 45.2°C, and the growth temperature was 1000°C.

The ten samples grown for this study are divided into three series; the
growth conditions and electrical data are summarized in table 2.3. In series 1 and
series 2 the GaN growth rate and the V/III ratio were varied simultaneously by
changing the TMGa flow (and also the Cp,Mg flow) while keeping the NHj3 flow
constant at 6 slpm. Series 1 was grown at atmospheric pressure and series 2 was
grown at 76 torr. In these growths, the TMGa flow was varied from 9.6
pmol/min to 38.4 umol/min corresponding to a growth rate variation from 0.5 to
2.0 um/hr (the growth rate is independent of pressure). Series 3 was grown at 76
torr and the growth rate was kept constant at 0.5 um/hr; in this group the V/III
ratio was varied by reducing the NH; flow (H, was added in order to keep the
total flow constant). Two of the growths were repeated in order to check the
consistency of the results.

As discussed in section 2.5, SIMS measurements have shown that the Mg
concentration is independent of growth rate, but slightly higher at 76 torr than at
atmospheric pressure. SIMS measurements on the samples in series 3 indicated

that the Mg concentration was also unchanged as a result of varying the NH3
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flow. Figure 2.18 shows the SIMS profile of a sample with a stack of layers
grown under the conditions of series 1 and 2. The increased carbon concentration
in layers grown at high growth rates and low pressure, which is evident in figure
2.18, is also observed in undoped GaN films. These carbon atoms are believed to
occupy N sites and therefore behave as deep acceptors.”’

The electrical characteristics of the samples have been investigated
through room temperature Hall effect measurements; the results are summarized
in table 3.3. The samples grown at atmospheric pressure show very little
variation; the average hole concentration in these samples is 7.4x10'” cm™ and the
mobility varies between 7.4 and 10.7 cm*/Vs. At 76 torr, however, the electrical
properties demonstrate a dramatic dependence on the growth conditions. By

reducing the growth rate and increasing the V/III ratio, the resistivity of the film is

Pressure TMGa NH; v/ p u
Series| Sample (torr) (umol/min) | (slpm) Ratio (cm'a) (cmst)
980105PA 760 384 6.0 6,900 | 8.2x10"7 | 10.2
1 970130PD 760 384 6.0 6,900 | 7.3x10" 8.0
980426PA 760 19.3 6.0 13,800 | g.9x10'7 | 10.7
970818PC 760 9.6 6.0 | 27,700 | 7.9x10" 7.4
970714PD 76 38.4 6.0 6,900 | 1.1x10" 6.4
D |970814PC 76 19.3 6.0 13,800 | 9.4x10'¢ | 12.1
970818PA 76 9.6 6.0 | 27,700 | 25x10'7 | 19.6
971114PC 76 9.6 1.5 6,900 | 6.1x10'® 9.7
3 |971114PB 76 9.6 3.0 13,800 | 1.1x10" 14.5
971114PA 76 9.6 6.0 | 27,700 | 2.7x10"’ | 19.2

Table 2.3 Growth parameters and electrical data for the samples
discussed in section 2.7. The samples have been divided into three series.
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reduced by almost an order of magnitude. This data for the first two growth series
is summarized in figure 2.19.

Figure 2.20 shows the hole concentration and mobility for low-pressure-
grown films as a function of the V/III ratio. The data are quite similar for the two
series, indicating that it is the V/III ratio and not simply the growth rate that is
controlling the electrical characteristics. We note that both the hole concentration
and the mobility increase with increasing V/III ratio, combining to give the large
reduction in resistivity seen in figure 2.19. The simultaneous increase in hole
mobility and concentration suggests that the improved electrical characteristics
are due to a reduction in compensation.

In section 2.6, we found that the high compensation ratio in heavily-doped
films was responsible for the low hole mobility and concentration obtained at
room temperature. In the present section, we have found that the degree of
compensation can be adjusted, at least partially, through varying the growth

conditions. These growth results seem to support the model of a nitrogen
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Figure 2.18 SIMS measurements on a Mg-doped GaN sample with
layers grown under various different conditions.
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vacancy-related donor as the compensating species, as suggested by other
researchers.21.45-47

During growth at atmospheric pressure the absolute NH; over-pressure is
quite high (approximately 0.6 atm) so that nitrogen vacancy formation should be
minimized. Under these conditions, varying the V/III ratio had no impact on the
electrical properties of the Mg-doped samples within the investigated range. At a
reduced pressure of 76 torr, however, the NH;3 over-pressure is ten times lower
and in this regime it is plausible that the V/III ratio during growth has a
considerable impact on the nitrogen vacancy concentration. According to this
model, growth at low pressure and low V/III ratio encourages the formation of
compensating nitrogen vacancies and degrades the electrical characteristics of the
film.

Another factor that may play a role in the increased sensitivity of the low-
pressure grown films to V/II ratio is that these layers contain a higher Mg

concentration, as determined by SIMS. From the results of section 2.6, it seems
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Figure 2.19 Resistivity as a function of growth rate for the samples
in series 1 and series 2.
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that such heavily-doped films are more susceptible to compensation. Finally, we
note that even the best low-pressure-grown samples display a lower hole
concentration and higher mobility than do the layers grown at atmospheric
pressure, despite containing a higher concentration of Mg. The high mobility
values suggest that this discrepancy is due not to compensation but rather the
incorporation of Mg atoms on non-electrically-active sites. This phenomenon,
too, may be related to the higher Mg concentration obtained under these

conditions.
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Figure 2.20 Electrical characteristics of samples grown at low
pressure (76 torr). The dotted lines are eye-guides.
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2.8 Effect of growth temperature

Figure 2.21 displays the results of Hall effect measurements performed on
samples grown at various growth temperatures between 900°C and 1060°C
(otherwise the samples were grown under the “standard” growth conditions). The
variations in p and u are fairly small over this temperature range, but the highest
hole concentration was measured at a growth temperature of 1000°C. The drop in
hole concentration at lower growth temperatures could be due to increased
compensation under these conditions. This hypothesis is consistent with the
model of nitrogen-vacancy-related donor states described in the previous section,
since the NH3; decomposition efficiency is reduced as the temperature is lowered.

Above 1000°C, the measured hole concentration drops and the mobility increases,
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Figure 2.21 Hall effect measurements on Mg-doped GaN films
grown at varying temperatures.
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suggesting a reduction in ionized acceptor concentration. The Mg density is
known from the SIMS results to be temperature-independent, leaving two
possible explanations for the high-temperature results: an increase in the acceptor
binding energy and/or a greater degree of Mg incorporation in non-electrically-
active sites.

In figure 2.22, measurements of the specific contact resistance of Pd/Au
contacts to these samples are presented. (Details of the TLM measurements are
discussed in chapter 3.) There is a clear trend towards a reduced contact
resistance in the high-temperature grown samples. This result also supports the
model of reduced compensation at higher growth temperatures, since a higher net
acceptor concentration near the surface would lead to a lower contact resistance.
The observation may also prove useful in reducing the contact resistance in

various device structures.
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A further investigation of high-temperature growth was performed by
growing a series of samples at 1065°C with different Cp,Mg flows. Like those in
the Mg-flow study described in section 2.6, these samples were grown with the
Mg bubbler temperature reduced to 25.2°C (aside from the growth temperature,
these samples reproduce the conditions of samples B to E of section 2.6). The
Hall results for these samples are shown in figure 2.23. Surprisingly, the hole
concentration is basically constant at approximately 3x10"7 c¢cm™ (a somewhat
lower value than that obtained in the previous films). The mobility, however,
does depend on the doping density, dropping from 22 to 10 cm?Vs as the
concentration is increased.

The constant hole concentration could result from Mg incorporation on
non-electrically-active sites for densities beyond some maximum acceptor

concentration. In that case, however, one would expect the mobility to remain
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Figure 2.23 Hall effect measurements on Mg-doped GaN
samples grown with various Cp,Mg flows at 1065 °C.
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fairly constant as well, since the neutral impurity scattering should be a fairly
small effect. Another possible explanation is that the constant hole concentration
is a result of a constant compensation ratio, as described in case 2 of section 2.2.
If this is indeed the case, however, it is rather surprising that the binding energy
reduction that was observed in the samples grown at 1000°C is absent in this case.

These results suggest that using a higher growth temperature than that
employed in the “standard” growth conditions may be beneficial in reducing the
degree of compensation. However, it is difficult to draw firm conclusions from
these simple room-temperature measurements; a detailed study of temperature-
dependent Hall effect measurements is needed to understand the electrical

properties of these samples.

2.9 Effect of gas ambient

In 1998, Sugiura, et al. reported on the growth of Mg-doped GaN in a N;
ambient, finding that as-grown films exhibited p-type conductivity without the
need for an activation step.!4 These results were confirmed in our MOCVD
system, as shown in figure 2.24. Because it was impossible to eliminate H»
completely from the growth environment (it is the carrier gas which is used in the
metalorganic source bubblers), the comparison is between “N; rich” growth
conditions (4.5 lpm N,, 0.25 Ipm H,, 6 Ipm NHj3) and the standard *“H; rich”
conditions (0.25 Ipm N>, 4.5 Ipm Ha, 6 Ipm NHj3). After activation, the two films
exhibited identical conductivity values. However, the as-grown conductivity of
the “H, rich” film was immeasurably small, while that of the “N; rich” film was
quite high—approximately half of the activated value. The N; rich growth is a
useful technique allowing quick evaluation of device structures such as LEDs

without the need for activation processing. For maximum conductivity, however,
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the activation step is still important because some H-passivation remains (due to

either the remaining H; or hydrogen from NHj3).
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Figure 2.24 Conductivity of Mg-doped GaN films grown in H;
rich and N, rich ambients.

2.10 Mg-doped AlGaN

P-type doping of AlGaN is a crucial technology for the achievement of
lasers in the nitride materials system. The ability to p-type dope alloys will also
be useful for many other devices (for example, graded base HBTs). There are a
few reports in the literature discussing the characteristics of Mg-doped
AlGa,N,278.79 in which p-type conductivity has been obtained for x < 0.3. The
acceptor energy level is generally found to move slightly deeper as the Al
composition is increased, but does not change as much as the effective-mass
theory predicts. Similar results have been obtained in our work on Mg-doped

AlGaN.
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Figure 2.25 shows the results of room temperature Hall effect
measurements on Mg-doped (Al)GaN samples for three different compositions.
These samples were all grown at a reduced pressure of 300 torr—this is the
highest pressure at which the pre-reaction between NHj3; and TMALI is effectively
suppressed in this reactor. Both the measured hole concentration and mobility
drop as the aluminum mole fraction is increased—a combination which hints that
compensation, not a deeper acceptor level, is the origin of the reduced hole
concentration.

The acceptor binding energy in these layers has been estimated from
temperature-dependent resistivity measurements, as shown in figure 2.26. An
activation energy is extracted by neglecting the temperature-dependence of both
the mobility and the valence band density of states. These results are in
agreement with the published reports and suggest very little variation in Mg

acceptor binding energy up to an aluminum composition of 18%.
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Figure 2.26 Arrhenius plot of temperature-dependent resistivity
measurements on Mg-doped (Al)GaN samples.
represent fitting to an activation energy dependence, as indicated.

2.11 Memory effect
Mg is rarely used in MOCVD growth of conventional III-V matenals

because of the strong “memory effect” when doping with this source.80.8! The
memory effect introduces doping delays, prevents sharp interfaces, and can lead
to a non-iinear dependence of incorporated Mg on the source flow. The origin of
the memory effect is the tendency of the Mg source molecules to stick to the
plumbing and reactor walls, and may also involve a surface-riding effect.82 The
memory effect is a major problem for p-type doping of GaN by MOCVD. This
effect is expected to be strongly dependent on reactor geometry, and may be

considerably reduced in reactors in which wall effects do not play a significant

role.
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Figure 2.27 shows SIMS measurements of the Mg and Si dopant profiles
in an n-p-n (Si-Mg-Si) structure grown in our MOCVD reactor. The layer
structure was grown on top of an undoped GaN template that had been prepared
some time earlier. The original template was grown in a clean reactor, so the Mg
concentration in this layer is below the SIMS detection limit. The background
Mg concentration is much higher in the re-grown Si-doped layers, however, due
to residual Mg contamination in the reactor that was used to grow the n-p-n
structure.

The Si profile is quite sharp, and the concentration measured is constant
in the doped layers. In contrast, the Mg-doped layer does not show a sharp,
square profile. The first interface, when the Mg is turned on, is fairly abrupt, but
the Mg tum-off is extremely slow. This asymmetry suggests that surface-riding
may play a significant role in the memory effect under these growth conditions.

Solid-state dopant diffusion is not believed to play a role in the Mg profiles, as
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Figure 2.27 SIMS profile of a GaN n-p-n structure grown by MOCVD.
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numerous studies have shown that this effect is minimal even at temperatures
much higher than those employed in MOCVD growth.83-85

The relatively sharp nature of the Mg turn-on has no doubt been a major
factor in the success of the optoelectronic devices grown in this reactor. For
bipolar transistors, however, both interfaces are of great importance. In these
devices, the memory effect severely degrades performance by causing
uncontrolled base widening. As shown in figure 2.27, the base width can easily
be 200 nm thicker than designed as a result of this effect. We have investigated
various approaches to circumvent this problem during bipolar transistor growths.
Successful devices have been fabricated by growing the emitter at low
temperature (800°C); at this temperature it is possible to increase the Si-doping
level considerably, and the cooler reactor walls may somewhat reduce the
magnitude of the memory effect. Other approaches which have been tried (with

varying degrees of success) include: employing a growth interrupt after the base
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Figure 2.28 SIMS profile of a GaN n-p-n structure grown by MBE.
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layer in order to pump and backfill the reactor repeatedly, removing the sample

after the growth of the base layer in order to bake out the reactor, and removing

the sample and then selectively re-growing the emitter in patterned openings.

(Instead of using SIMS, electrical tests were generally used to determine the

conductivity type in the surface layer for these growth experiments.) However,

the best solution may be to change growth techniques completely. Figure 2.28

shows SIMS measurements of the Mg-doping profile in an n-p-n sample grown at

UCSB by plasma-assisted MBE (the growth was performed by Yulia

Smorchkova). A very sharp dopant profile is clearly evident.
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Chapter 3
Processing of Mg-doped GaN

3.1 Introduction

There are three major issues for the processing of Mg-doped p-type GaN.
The first is optimization of the activation procedure, a thermal anneal which is
used to dissociate the Mg-H complex and create active Mg acceptors. The second
concem is to develop a recipe for producing ohmic contacts. The final item is the
development of a low-damage etch technique. The first two subjects have
received considerable attention in the literature, however no consensus has
emerged on optimized procedures. The literature on ohmic contacts is
particularly difficult to interpret, as it is plagued by variations in experimental
procedure and measurement techniques. Damage induced in GaN by plasma
etching techniques has received some attention in the literature for the case of n-
type material, but very little experimental work has been performed on p-type
GaN. However, with the advent of GaN-based bipolar transistors, which require
an etch step to reveal the p-type base layer, this has become an important issue.

Sections 3.2 and 3.3 of this dissertation present experimental work on
activation procedures and ohmic contacts, respectively. The “standard”
procedures developed in this work are summarized in Appendix A, and a detailed
discussion of the contact resistance measurement technique is presented in
Appendix B. Experiments on plasma-induced damage to p-type GaN are

described in section 3.4.
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3.2 Activation
The nature of the hydrogen passivation mechanism within Mg-doped GaN

has been the subject of extensive study ever since the phenomenon was first
identified. Following the early experimental work by Akasaki’s and Nakamura’s
groups,!-4 a number of theoretical studies have been published on the energetics
of hydrogen passivation and the nature of the Mg-H bond.5-!! Experimental work
has utilized Hall effect measurements,!2-16 Raman spectroscopy.!’
photoluminescence,!6-18.19 and re-hydrogenation20 or deuteration.!5 It appears
that the incorporation of hydrogen during the growth of Mg-doped GaN is an
energetically favorable process, resulting in films that are highly resistive until
annealed at temperatures above ~600°C. At this point the Mg-H bond is broken,
although the hydrogen does not necessarily leave the crystal. Re-passivation of
the acceptors occurs upon subsequent exposure to hydrogen or deuterium at
temperatures greater than ~450°C. The optimum annealing conditions reported
have varied widely, with temperatures between 700°C and 1140°C and anneal
times between 20 min and 60 seconds. The activation process can be enhanced
(and therefore will occur at lower temperatures) if it is performed under UV
light2! or minority carrier injection in a p-n junction.22.23  There is also some
evidence that the activation process is dependent on the dislocation and defect
density within the film.24.25

For device considerations, the paramount issue is simply the optimization
of the activation anneal for the highest possible p-type conductivity. Our initial
experiments in this area were performed using 3-minute treatments in a rapid
thermal annealer (RTA) with a N, atmosphere. These experiments were
performed before the ohmic contact and Hall measurement processes for p-type
GaN were developed; as a result, the material was characterized only through

resistivity measurements and measurements of the turn-on voltage of p-n diodes.
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The results of this first activation study are presented in figures 3.1 and
3.2. The measured resistivity dropped to around 1 Q cm as the samples were
annealed at higher temperature, as shown in figure 3.1. The tum-on voltages of p-
n junctions fabricated from these layers are shown in figure 3.2 (For this study,
we defined the tum-on voltage as the intercept of a line fit to the I-V curve
between 40 mA and 60 mA.) The tum-on voltages are quite high, which results
from the non-ohmic nature of the p-contacts on these samples. For uncapped
samples, the turn-on voltage drops as the activation temperature is increased to
900°C, but then increases again. The higher turn-on voltage for the uncapped
sample annealed at 950°C is attributed to a poorer tunneling contact, most likely a
result of compensation of the near-surface layers due to nitrogen loss during the
high temperature anneal.

In order to combat this nitrogen loss, we began using a SiO, cap during

the activation procedure. This cap is 1000 A thick and deposited by plasma-
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Figure 3.1 Resistivity of Mg-doped GaN layers as a function of
activation anneal temperature. The anneals were performed for 3
minutes in a N, atmosphere using an RTA.
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enhanced chemical vapor deposition (PECVD). As shown in figure 3.2, use of
the SiO, cap permits activation at 950°C without degradation of the contact
properties, although the contact does degrade if the temperature is raised to
1000°C. Figure 3.1 shows that the resistivity obtained with the SiO; cap is as low
or lower than that obtained on uncapped samples. After the anneal, the SiO; cap
is removed using a long soak (10 min) in buffered HF (BHF) acid. This long soak
was found to be necessary in order to fully remove the cap, perhaps because the
SiO; densifies during the annealing step or because slow-etching SiN,.O, forms
near the interface.

Following these results, we adopted the 3-minute 950°C anneal with SiO,
cap as our “standard” activation procedure. This activation procedure was used to
activate all the Mg-doped GaN films whose characteristics are described in other

sections of this dissertation. The process flow for this activation anneal is given

in Appendix A.
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Figure 3.2 Turn-on voltage of GaN p-n diodes as a function of the
activation anneal temperature.
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A number of other activation conditions were examined in later studies.
Of particular interest were longer anneals at lower temperatures, which we hoped
might give comparable electrical results while minimizing damage to the crystal
(especially any InGaN layers), and could be compatible with some metallizations
providing greater freedom in process design. Figure 3.3 shows Hall effect
measurement results on a number of activation anneal studies performed at
different temperatures and for different lengths of time. All of these samples had
1000 A thick SiO, caps. A separate growth was used for each isochronal study.
All the anneals were performed in the RTA except for the 1 hour samples; these

were annealed in a tube furnace.
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Figure 3.3 Hall effect measurements on Mg-doped GaN films as a
function of activation anneal time and temperature. All samples
were capped with 1000A SiO; during the anneal.
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It appears from figure 3.3 that the room-temperature hole concentration of
the films is determined primarily by the activation temperature, while the anneal
time plays a secondary role. Overall, the best results were obtained on samples
annealed at higher temperatures and for shorter times. While this trend is quite
clear, one must be careful in comparing the specific data presented in figure 3.3
because of significant variations in doping and compensation level that may exist
in the various samples used. For example, a piece from the growth used for the
15 minute anneal study was activated using the *“‘standard” procedure, resulting in

a hole concentration of 6x10' cm™.

This value is twice that obtained on a
different growth under the same activation conditions (the 3-minute sample at
950°C in figure 3.3) The disparity suggests that the 15-minute sample is either
more heavily doped or more lightly compensated. Finally, we note that the
measured hole mobility is basically independent of activation conditions. This is

consistent with the model presented in chapter 2, where it was suggested that the
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Figure 3.4 Hole concentration measured on Mg-doped GaN
samples activated with different cap materials.
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hole mobility in these films is primarily controlled by the density of compensating
donors (and should therefore be unaffected by the activation anneal).

The material used to cap the sample during activation has also been
investigated in several experiments. Figure 3.4 presents the hole concentration
measured on samples activated at various temperatures for 30 seconds. In this
experiment, a slightly lower hole concentration was obtained using an SiO, cap
than no cap at all. Using a sputtered AIN cap, the hole concentration was lower
still.  Similar results were obtained in an experiment comparing PECVD-
deposited SiN and SiO; caps in a 950°C 3-minute anneal: the resulting hole

concentration was 7x10'” cm™ using SiO,, but only 1x10'¢ cm™

using SiN. These
results suggest that some cap materials suppress the activation process, perhaps by
keeping hydrogen trapped within the crystal.

In summary, a number of activation conditions have been investigated.
Comparisons are made difficult because of material quality variations, but the
trends suggest that short, high-temperature anneals may provide the optimal
results. Care should be taken in applying these results to device structures
containing InGaN, however, as that material may degrade at the higher
temperatures. Capping the sample helps the surface survive the anneal; of the
investigated materials, SiO, provides the best cap. The “standard” activation

procedure given in appendix A is a good starting point but does not necessarily

represent an optimized activation procedure.
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3.3 Ohmic contacts

The development of an ohmic contact technology for p-type GaN is of
obvious importance for device work and has been the subject of considerable
research by various groups around the world. An ohmic contact recipe consists of
three parts: surface preparation, choice of metals, and annealing procedure. These
three elements are all addressed in this section.

Before addressing the process recipes, however, it is important to discuss
the measurement technique that is used to characterize the contacts. The transfer
length model (TLM) technique is typically used to analyze ohmic contacts to
semiconductors. Contact pads separated by varying distances are used to separate
the specific contact resistance (rc) from the sheet resistance of the material.
However, the contacts to p-type GaN are usually not perfectly ohmic, and so they
cannot be accurately described by a single contact resistance value. This fact has
been ignored by many authors, and has led others to define various new
measurement techniques, some of which are ill defined or provide incorrect
results. As a result, the literature on ohmic contacts to p-type GaN is especially
difficult to interpret and contains many conflicting results and meaningless
numbers. Nonetheless, certain trends can be observed where consistent analysis
has been performed.

In this work, the contacts have been characterized using a modified TLM
technique in which the dynamic resistance is measured from the slope of the [-V
curve. For each contact spacing, the dynamic resistance is recorded at the same
current level; the results are fit to the standard TLM equation to yield the contact
resistance at that current value (in this work, a current of 100 pA was used). Itis
important to keep the current level the same so that each measurement is taken
with the contact under the same electrical bias. If a constant voltage is applied

instead, then the contact bias will vary as the spacing changes—as a result
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erroneously low contact resistance values are calculated. The application of TLM

measurements to non-ohmic contacts is discussed in detail in Appendix B.

Surface preparation

Surface contamination prior to metallization may occur either as a result
of air exposure or photoresist scum left on the surface after photolithography.
The latter can be avoided by using a blanket evaporation followed by a metal etch
for patterning, but this technique cannot be easily applied if there are pre-existing
metal contacts on the wafer. When lithography is performed before metallization,
a brief oxygen plasma treatment is typically used after development in order to
remove any photoresist scum left in the opening. In our studies on p-type GaN,
however, it emerged that such an oxygen plasma treatment led to substantial
surface damage and severely degraded the contact qualities. This plasma damage
is discussed in section 3.4.

Various alternatives to the oxygen plasma treatment for removing
photoresist scum were tested. Figure 3.5 shows the I-V characteristics obtained
between two Pd/Au contacts on p-type GaN where various different scum
removing treatments were applied after developing the photoresist. In each case,
acid treatments were employed after the scum removal to clean up any oxide.
The treatments tested were: 30 second oxygen plasma exposure at 100 W, 30
second dip in NH4sOH diluted with de-ionized (DI) water 1:1, 30 minute ozone
exposure, and a second lithographic step. The last of these, in which the sample
was exposed again (blanket exposure) to the UV light source and then developed
again, was designed to ensure that all the photoresist scum is developed away.
This technique provided the best results and was therefore used regularly; it forms
part of the p-contact recipe provided in Appendix A. We note that in these
experiments image-reversal photoresist was used. Using this sort of photoresist

allows the *“second exposure” technique to be used without any danger of
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destroying the desired lithographic pattern. If normal positive resist is needed in a
process step, the double exposure technique will likely not work well. In this
case, there is another process which works equally well but is somewhat more
time consuming: an evaporated SiO, layer (~1000 A) is used to protect the
surface of the GaN from the photoresist processing. With the SiO; protection, an
oxygen plasma descum may be safely employed. Using BHF acid, the SiO; in the
opening is then removed prior to evaporation.

Cleaning procedures to remove atmosphere-induced contamination of
GaN surfaces have received some attention in the literature. Smith, et al. and
King, et al. have found that HCI solutions are more effective than HF solutions in
removing surface oxides, judging from Auger electron spectroscopy
measurements of the surface chemistry,26.27 while Prabhakaran, et al. have
obtained good results with NH;OH solutions.28 For the particular case of Mg-
doped GaN, Lee, et al. have found surface treatment to be of great importance and
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Figure 3.5 I-V characteristics between two p-contacts formed
using various different treatments to remove photoresist scum.
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report significantly improved contacts as a result of surface cleaning in boiling
KOH,? or boiling aqua regia (HCI:HNO; 3:1).30 They also report x-ray
photoelectron spectroscopy measurements indicating that these surface treatments
yield a lower surface concentration of oxygen than that found on a sample treated
with HCI alone. We note that both of these treatments will destroy photoresist
and must therefore be applied before lithography; the time taken for lithography
may then emerge as an important parameter. Another phenomenon that could be
of importance in considering surface treatments is unintentional hydrogenation
and consequent acceptor passivation. SIMS measurements have revealed
significant hydrogen incorporation from exposing GaN films to boiling water or
to KOH-based solutions;3! the electrical consequences of this effect have not been
measured.

We performed a small study of different surface treatments in order to
improve the p-type contacts obtained on our material. Several pieces were cut

from the same sample and all were processed with the double-exposure
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Figure 3.6 Specific contact resistance rc at 100 pA and voltage at
100 pA for samples with different cleaning treatments prior to
metal evaporation (the treatments are described in the text).
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lithography technique. After lithography, sample A was soaked in BHF for 10
minutes, while sample B was soaked first in BHF (20 seconds) and then in
HCIL:DI 1:4 (20 seconds), and sample C was soaked in undiluted HCI for 10
minutes. Samples D and E were used to test pre-lithography treatments: sample D
was placed in boiling aqua regia (120 °C) for 10 minutes, while sample E was
soaked in undiluted NH;OH (room temperature) for 10 minutes. After
lithography, both samples were given a 2 minute HCI dip and then loaded into the
evaporator (total time since pre-lithography treatment was around 1.5 hours). The
results of these experiments are shown in figure 3.6. This plot shows both the
contact resistance measured by the modified TLM technique at a current of 100
UA and the voltage at that current between two contacts separated by 3 um.

The results indicate that the HCl dip is important and provides a
significantly lower contact resistance than a BHF dip alone. The pre-lithography
cleaning steps also seem to improve the contact resistance. We note that the
measured voltage tracks closely with the contact resistance, indicating that even
though the contacts are not quite ohmic, the value of the specific contact
resistance rc is a useful measure for assessing the quality of the contacts. No
surface chemistry analysis was performed on these samples, but the studies
reported in the literature suggest that the contact improvement is likely due to a

reduced surface oxide layer.

Metal om (eV)
Au 5.1
Cr 45
Ni 5.1
Pd 5.2
Pt 5.7
Ti 43
w 4.6

Table 3.1 Work function of various metals.
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Finally, we note that these studies may be easily corrupted by material
variation, even over different pieces from the same wafer. The contact resistance
has been shown to be strongly affected by the growth temperature (see section
2.8), which is known to vary considerably over the wafer. The improved contact
resistance that results from the HCI treatment has been confirmed in several
experiments, so this result can be stated with some confidence. However, the
effect of the pre-lithography surface clean was tested only in this one experiment,
so further studies are required to ensure that the results are not an artifact of

material vaniation.

Choice of metals

The valence band of GaN lies very deep below the vacuum level
(~7.5 V). In the absence of surface pinning, one would like to use a metal with a
work function (@) close to this value in order to minimize the surface depletion

region barrier. Table 3.1 presents a list of work-function values for various
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Figure 3.7 I-V characteristics of contacts as-deposited on p-type
GaN. The contacts are 200 um wide and separated by 3 um.
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metals—all are much below 7.5 eV, guaranteeing a barrier height of at least ~1.8
eV at the metal/semiconductor interface. This is doubtless one reason that it is so
difficult to form ohmic contacts to p-type GaN.

A wide variety of metal combinations for contacts to p-type GaN have
been reported in the literature including Au,3233 Ni/Au,323435 Mg/Au,33
Pd/Au,3436 PUAu,37 Cr/Au,34 Cr/Ni/Au,38 Ni/PVAu,39 Ni/Si,40 Ta/Ti,31.42 W 43
WSix,#3 Niln,44 Pt;In, 45 and indium tin oxide.4¢6 While there is no consensus on
the optimum metal scheme, most device work has used Ni/Au or Pd/Au contacts.

We have tested various metal schemes on p-type GaN. Schottky-type
contacts were obtained using Al/Ni/Au and Cr/Au metallizations. Using higher
work-function metals such as Ni/Au, Pd/Au, and Pt/Au, “almost-ohmic™ contacts
to p-type GaN have been obtained. The I-V characteristics of unannealed Ni/Au,
Pd/Au, and Pt/Au contacts are shown in figure 3.7. In a number of comparisons,
Pd/Au has yielded the lowest contact resistance, so this metallization scheme was
adopted as the standard procedure. The typical layer thicknesses used are 250 A
of Pd and 2500 A of Au. The contacts are quite ohmic without annealing, so they
were usually left in this state. This standard metallization procedure, listed in
Appendix A, was used to create the contacts for all the electrical measurements

presented in this dissertation.

Contact annealing

Various authors have investigated annealing conditions for various
different contact metallizations, reporting optimum anneal temperatures between
400°C and 900°C.32.34.38.41.45  Most reported anneals are performed at 400 —
500°C in a N, ambient, and most authors cite intermixing and metal diffusion as
the mechanisms responsible for the contact improvements. Two groups have

reported recently on the effects of annealing in an O, containing ambient, which
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leads to significantly improved Ni/Au contacts.4749 The authors suggest that NiO
and/or Ni-Ga-O phases may contribute to the lower contact resistance.

In our experiments, we have studied the annealing of both Ni/Au and
Pd/Au contacts. Figure 3.8 shows the specific contact resistance rc measured for
these samples as a function of annealing time. In order to minimize the effect of
material variation, the same two samples were used throughout and annealed
consecutively at higher temperature. Each anneal was performed for 1 minute in
a N, atmosphere. For both contacts, low-temperature anneals caused the
resistance to increase slightly from the as-deposited case. For the Ni/Au contact,
the resistance did not recover until the anneal temperature reached 650°C. At that
temperature the Ni/Au contacts began to turn dark and became quite rough on the
surface. Further annealing at higher temperatures caused the contact resistance to

continue dropping slowly for these Ni/Au contacts.
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Figure 3.8 Contact resistance of Pd/Au and Ni/Au contacts as a
function of anneal temperature. Anneals were carried out
consecutively on the same samples. Each anneal lasted 1 minute
and was performed in a N; ambient.
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The contact resistance for the Pd/Au contacts dropped sharply when the
anneal temperature was between 600 and 650°C. The contact resistance increased
again when annealed at higher temperatures. In addition, the surface of the metal
took on a silver appearance while the bottom (viewed through the substrate) took
on a gold color, suggesting that the Pd may have risen to the surface. The contact
resistance reduction with the 650°C anneal is significant—a factor of four from
the as-deposited case. (Figure 3.9 compares the I-V curves obtained from as-
deposited Pd/Au contacts and contacts annealed at 650°C.) The sharp minimum
in contact resistance at the anneal temperature of 650°C suggests that there may
be a new phase being formed at this temperature. We also note that it is at
~600°C that the Mg-H begins to dissociate. Pd can absorb (and transmit) large
quantities of hydrogen when it is heated, so a hydrogen gettering effect which

leaves a higher active acceptor concentration under the contact may play a role in
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Figure 3.9 I-V characteristics between two Pd/Au contacts as-
deposited (solid line), and after 650 °C anneal (dashed line).
The contacts are 200 um wide and separated by 3 pm.
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the contact resistance minimum. A similar mechanism has been proposed to
explain the contact resistance reduction in TaTi contacts.42

Appendix A lists the optimized ohmic contact recipe derived from the
research presented in this dissertation. While lithographic techniques, surface
treatments, metal choices, and anneal conditions have all been investigated to
some degree, there is a large parameter space available of which only a small area
has been tested. The contact improvements presented here have played an
important role in furthering the device work at UCSB; additional incremental
improvements in the contact recipe are expected as the research progresses, and
will lead to enhanced device performance. Of particular interest is the
optimization of the contact anneal time and temperature for Pd/Au contacts,
which should be carried out in conjunction with microstructural analysis to

determine the mecharism of the contact resistance reduction.

3.4 Plasma damage to p-type GaN

Plasma processing of GaN and related alloys is an important technology
for the fabrication of various electronic and optoelectronic devices. Dry etching
in chlorine-based gas plasmas is a widely used technique as a result of the well-
documented difficulties in wet etching of the nitride materials.50 Other gas
plasmas are also commonly used in semiconductor processing, including O;
plasmas to remove hydrocarbon contamination and fluorine-containing plasmas
for dielectric etching. It is well known from conventional semiconductors that
such plasma processing may induce significant damage in the near-surface region
of the crystal. Various groups have investigated this plasma-induced damage in
n-type GaN,51-56 and recent research has begun to focus on p-type material.57-58

Plasma processing of p-type GaN can be avoided in most optoelectronic

device structures, in which the p-type layers are typically placed on top.
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However, with the recent development of bipolar junction transistors in this
material system,59-6! the need for dry etching to reveal the base layer has brought
the issue of plasma damage in p-type GaN to the forefront. In these devices,
ohmic base contacts have not yet been successfully obtained, and etch damage has
been identified as the major stumbling block. Various approaches to circumvent
this problem, including burying the etch damage with a p-type regrowth,59 have
yielded only partial success. A thorough understanding of the nature and extent
of plasma damage to p-type GaN, and of post-plasma methods to reduce the
damage and achieve ohmic contacts, will clearly be necessary in order to achieve
high performance GaN-based bipolar transistors. In this section we present an
investigation into the effect of plasma damage from reactive ion etching on
contacts to p-type GaN, and also discuss techniques for recovering from the
induced damage.

Several authors have documented the properties of Schottky diodes on
plasma-exposed n-type GaN surfaces, finding increased leakage and reduced
barrier heights in both reactive ion etching3! and inductively coupled plasma3s
configurations. The proposed mechanism for this effect is preferential loss of
nitrogen from the near-surface region, leading to an increased n-type doping level
in these layers.50.54 Indeed, low power plasma exposures have been found to
improve the performance of ohmic contacts to n-type GaN.5262 High power
plasma exposures, however, have been found in some cases to increase contact
resistance, indicating that the damage may also produce other types of deep
states.5233 In p-type GaN, the formation of any type of damage-related donor
state, whether shallow or deep, will lead to compensation of the acceptors in the
near-surface region and cause a severe degradation of the contact properties. The
high acceptor concentration typically employed in Mg-doped p-type GaN (around

10 cm?), implies that a similarly high density of compensating donors is
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introduced in the surface layers by the plasma process; this is a surprisingly high
damage density.

The GaN samples in this study were grown using the “standard growth
conditions” and consisted of a 1 um Mg-doped GaN layer grown on top of a 3 um
thick n-type GaN layer. The plasma exposures were carried out in a Plasma
Therm SLR-770 reactive ion etcher at a pressure of 10 mT. The gas chemistry
and the plasma power were varied. After the plasma exposure, a solvent clean
was performed and Pd/Au contacts were deposited using the standard double-
exposure process of appendix A. The contacts were tested by examining the
current-voltage (I-V) characteristics between two metal contact pads 200 um wide
which were separated by 5 um.

Figure 3.10 shows the I-V characteristics of such contacts deposited on

samples etched in a Cl, gas plasma. The plasma power was varied between 20 W
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Figure 3.10 [-V characteristics obtained on samples etched in Cl,
plasmas at different plasma powers. The dashed line is the I-V charac-
teristic obtained on a sample which was not exposed to any plasma.
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and 200 W, corresponding to an electrode bias between —23V and -390V. Under
these conditions, the etch rate varies linearly with plasma power, and the etch
time was therefore adjusted inversely with power in order to keep the etch depth
constant (700 A). It is clear from the I-V curves shown in figure 3.10 that ClI,
plasma etching significantly degrades the p-type contacts. The I-V characteristics
on the damaged samples are indicative of back-to-back Schottky type contacts, so
that the current in either direction is limited by the breakdown of the reverse-
biased contact. Etching at higher powers clearly exacerbates the effect. This
observation is in agreement with the data of Chen et al., who found that excellent
Schottky contacts to n-type AlGaN/GaN high electron mobility transistors could
be obtained only by reducing the plasma power used during gate recess etching.63
These results suggest that low power plasmas are most desirable in order to

reduce the amount of physical damage to the crystal.
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Figure 3.11 The voltage V, measured on samples exposed to
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In order to quantify the experimental data we chose the voltage required to
drive a current of 1 mA between two p-contacts (labeled V;) as a measure of the
extent of the plasma-induced damage. In figure 3.11, the voltage V; is plotted for
plasma exposures at various plasma powers and in various gas ambients. Oxygen
plasma treatments are frequently used to remove photoresist and other
hydrocarbons, but have been shown in section 3.3 to degrade contacts on p-type
GaN. Argon plasmas were also tested as a comparison gas that should not
interact chemically with GaN. Unlike the case with the Cl; plasma, all the argon
and oxygen plasma exposures were performed for a constant time (2 minutes
each). The GaN sputtering rate and oxide formation rates in these plasmas have
not been measured. The electrode bias for these exposures varied from -37 V to

427 V.
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All three gas chemistries show the same trend of increasing contact
degradation at higher plasma powers. In fact, the voltage V; appears to follow a
similar logarithmic dependence on plasma power in all cases. The origin of this
precise functional dependence is not understood at this time, and may indeed
prove to be coincidental. Nonetheless, the similarity between the results with
various gas chemistries suggests that the contact degradation is due to a purely
physical damage mechanism and does not depend on chemical interactions
between the process gas and the GaN sample. Cl, plasmas produce the smallest
effect on the contact I-V, probably because the most heavily damaged material is
constantly being removed by the etch process. The O, plasma might be expected
to provide more serious contact degradation due to oxide formation, however that
oxide was likely removed during the HCI dip prior to evaporation. The effect of
changing the ion dose was studied by varying the exposure time in the 20 W Ar
plasma, and the resulting values of V; are plotted in figure 3.12. It is clear that a
very short exposure time creates sufficient damage to destroy the ohmic contact
properties. Further increasing the dose appears to cause only a slow additional
rise in V,. For comparison, the voltage required for a current of 0.1 mA (Vp) has
also been plotted on figure 3.12; these values are slightly lower than the V; values
but follow the same trend.

If the plasma-induced damage was confined to a thin surface layer, ohmic
contacts could be restored with an annealing step to diffuse the metal past the
damaged material. In order to test this possibility, contact annealing experiments
were performed on a sample etched in a 20 W Cl, plasma. The sample was
annealed for 1 minute in a N> atmosphere at 300 °C, and then consecutively at
higher temperatures up to 800 °C in increments of 100 °C. After each anneal the
value of V; was measured; these data are presented in figure 3.13. There is very
little variation evident in these values, which never regain the low value (1.6 V)

obtained in the undamaged sample. The thickness of the damaged layer therefore
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appears to be considerably larger than the metal diffusion depth for Pd/Au
contacts. While these distances are not known, we note that deep damage may be
expected because of channeling along the c-axis direction. (In an experiment on
n-type GaN, Cao, et al. estimated a damage depth of 600 A from an inductively
coupled N> plasma).55

A number of approaches have been suggested in the literature for repairing
damaged surfaces or removing damaged material. Among these are: a 30 second
anneal in N, at 750 °C,35 a 10 second dip in H;PO,4 at 180 °C,% and ozone-
induced oxide formation followed by an oxide removal in acid.9 In our
experiments the only technique which provided significant improvement of the
[-V characteristics was a high temperature anneal with a sputtered AIN cap to
prevent nitrogen loss. Such high temperature anneals have been used to heal

implant damage in GaN and have enabled successful p-type doping through Mg
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Figure 3.13 The voltage V; measured on a sample which was exposed
to a 20 W Cl; plasma. After contact deposition, the sample was
annealed at progressively higher temperatures; the voltage V, was
measured after each anneal. The value of V; obtained on an
undamaged sample is indicated with an arrow.
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implantation.65.66 The I-V characteristic shown in figure 3.14 was obtained using
a 15 second anneal in N; at 1200 °C as a post-etch treatment. The contacts are
significantly improved from those obtained on the damaged sample, but are still
not as conductive as those measured on the undamaged film. These results are
fairly preliminary; further investigations of high temperature annealing
procedures to heal the p-GaN surface are needed. Among other questions, it is
still unknown whether the annealing step actually heals crystal defects or simply
allows them to diffuse away from the surface. We also note that the need for high

temperature repair steps such as this would considerably restrict the freedom in

device design since indium containing alloys would likely be unable to survive

the anneal.
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In summary, we have investigated the effects of plasma damage on
contacts to p-type GaN. This material is extremely sensitive to plasma damage,
and all the plasma exposure conditions investigated lead to Schottky-type
contacts. Very high temperature anneals appear to be a promising technique for
reducing the plasma-induced damage in this material. Further research should
also focus on testing various approaches to cleaning up the physically damaged
layers using wet etchants.64.67.68

Another solution to the etching difficulties may be the use of photo-
electrochemical etching techniques. Using KOH and UV light, this technique has
demonstrated reasonable etch rates and high selectivity between n-type and p-type
GaN.%9.70 The properties of contacts on etched p-type GaN surfaces prepared in
this way have not yet been tested, but the degradation may be minimal since little
physical damage is expected. Some work will be required, however, to scale up
this experimental technique to the point where it may be used routinely as a

processing tool.
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Chapter 4
GaN p-n junction diodes

4.1 Introduction

The GaN p-n diode is a fundamental building block for a variety of
electronic and optoelectronic device structures. The first such diode was achieved
by Amano, et al., who reported a sharper turm-on in the I-V characteristics for
these diodes than for m-i-n devices.! Most of the published work on GaN p-n
diodes has focused on optoelectronic device applications. As a result, the
characterization has emphasized electroluminescence measurements and the
forward bias “turn-on” voltage. The latter is largely dependent on p-contact
quality and does not provide useful electrical data on the nature of the diode itself.

In forward-bias operation, the electrical characteristics of a junction are
usually characterized by an ideality factor n. The factor is derived by fitting the I-

V characteristics to the diode equation:

J=J, [exp( n":T) - 1] , @.1)

where Js is the saturation current and V is the applied voltage. However, the [-V

characteristics of GaN p-n diodes often do not fit the diode equation very well, or
exhibit high values of the ideality factor, which makes physical interpretation
difficult. Fedison, et al. have investigated the forward-current mechanism in GaN
diodes and find three regimes are present in some devices: a tunneling current
appears to dominate at low bias, at intermediate bias the current fits the diode
equation with n = 1.5, and at higher bias the current exhibits an ideality of n = 7.2

The authors attribute the tunneling current to a trap state within the gap, and the
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large ideality factor at higher bias to space-charge limited current due to single-
carrier injection. While these explanations are speculative, it is clear that the
diode behavior deviates significantly from the ideal case. Trap levels within the
gap will reduce the radiative efficiency of optoelectronic devices, as well as the
injection efficiency in bipolar transistors.

In reverse-bias, the important diode figures-of-merit are leakage current
and breakdown voltage. The breakdown behavior of GaN p-n diodes has been
examined both theoretically? and experimentally.45> Breakdown voltages up to
~150 V are reported, consistent with a breakdown field of approximately 2
MVicm. The leakage current in GaN due to minority carrier diffusion should be
extremely small because of the very wide band-gap. Much higher leakage
currents are normally obtained, indicating the presence of trap states within the
gap. The resulting leakage paths may adversely impact the performance of both
photodiodes and bipolar transistors; the trap states may also act as recombination
centers in forward-bias operation. For improved device operation, it is clearly
important to identify and eliminate the defects which are responsible for the

various trap states.

l GaN:Mg '

GaN:Si

Figure 4.1 Diagram of GaN p-n junction diodes.
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4.2 Standard GaN p-n diodes
GaN p-n diodes were created by growing a Mg-doped layer above a Si-

doped n-type layer. After activation and p-contact deposition, a Cl, reactive ion
etch step was employed to reveal the n-type layer. Ti/Al contacts were used on
the n-type layer, while the standard Pd/Au process was employed for p-contacts.
Figure 4.1 shows a diagram of the GaN p-n diodes.

A typical I-V characteristic is shown in figure 4.2 on a linear scale. The
diodes exhibit a sharp “turn-on” at a voltage near band-gap. The reverse-bias
breakdown behavior is quite soft, and occurs at voltages up to ~ 100V depending
on the doping level in the n-type layer. The breakdown voltage is obviously of
great importance for developing high-power bipolar transistors. Figure 4.3 shows
the maximum base-collector breakdown voitage measured on a number of bipolar
transistors produced with varying thickness of the unintentionally-doped collector

layer (these transistors were processed and tested by Lee McCarthy at UCSB). As

10 ¥ L] L] 7 v T v v v T v L]

o
h——

Current (mA)

5k

-10 P WU P | P | Al

-40 -35 -30 -25 -20 -15 -10 -5 0] 5
Voitage (V)

Figure 4.2 [-V Characteristic of a typical GaN p-n junction.
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expected, the breakdown voltage increases with the collector thickness, reaching
160 V for a 1.3 um thick collector.

Figure 4.4 shows the I-V characteristics of three devices of different sizes,
plotted in a log-linear manner. The forward-bias characteristics of these devices
all yield n ~ 4. On other devices, ideality factors between 3 and 8 have been
measured. The origin of these high ideality factors is not fully understood at this
time, but the presence of mid-gap states may well be a contributing factor.
Detailed analysis of temperature-dependent [-V characteristics are needed in order
to investigate the current flow mechanism; ideally, these measurements should be
performed on samples grown under a variety of growth conditions in order to
determine which factors affect the parasitic current flow paths. Such
measurements have not performed as part of this dissertation, but form an

important topic for future work.
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Figure 4.3 Maximum collector-base breakdown voltage measured on
bipolar junction transistors as a function of collector thickness.
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The I-V characteristics shown in figure 4.4 exhibit high, bias-dependent
reverse leakage currents. The origin of these leakage currents is the subject of the

next section.
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Figure 4.4 I-V characteristics of p-n diodes of various sizes. Each
diode is a square; the length of a side of the square is indicated.

4.3 Effect of threading dislocations
GaN films grown on sapphire typically exhibit a high dislocation density:

these threading dislocations (TDs) are likely to be electrically active and create
states within the band-gap.¢ Such states may be responsible for the high reverse-
bias leakage currents observed. Indeed, a correlation between dark current and
dislocation density has been reported in various materials systems including Si,”
SiGe,8 and HgCdTe,? and has been proposed for GaN diodes.1® In order to
investigate this hypothesis, we used lateral epitaxial overgrowth (LEO) to

fabricate GaN p-n diodes both with and without threading dislocations.
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LEO of GaN has attracted considerable attention!!-13 as a method for
reducing the high TD density which has historically limited device performance
in the nitride system. In this technique, standard dislocated GaN layers are
partially masked and then re-grown upon. GaN grown vertically through the
mask openings (windows) retains a high TD density; however material which
then grows laterally across the mask has a drastically reduced TD density. For
example, work in our laboratory has shown a reduction in TD density from
~ 4x10® cm in the window region to below 10° cm™ in the LEO region. !4

This reduction in dislocation density is expected to both improve device
performance and facilitate investigation of the fundamental properties of GaN
films. Indeed, the use of LEO GaN has already yielded improved lifetime for
laser diodes,!5 and there are indications that it helps eliminate pathways for
dopant diffusion.1¢ Measurements of the reverse bias current density in a p-n
junction should be a sensitive tool for monitoring the benefits of dislocation
reduction.

The devices were fabricated as described in the process flow shown in
figure 4.5. GaN films 2 um thick were grown on c-plane sapphire substrates by
MOCVD and subsequently patterned with an SiO, mask for LEO regrowth. The
pattern consisted of stripes with mask openings 5 um wide separated by 45 um of
SiO;. In the LEO regrowth step GaN was grown vertically through the mask
openings and laterally across the mask, creating bars whose height and
overgrowth width were both approximately 8 um. The SiO, mask was then
removed in the region between the LEO bars. This step exposed GaN over the
entire (corrugated) surface of the wafer, so that subsequent growth was not
selective epitaxy but uniform deposition. We note that despite this precaution the
highly non-planar surface morphology may have affected the thickness and

doping uniformity of the GaN deposited in the later growth steps.
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The sample was then returned to the MOCVD machine a final time and
p-n junction layers were grown. The p-n junction consisted of 1 um
unintentionally doped n-type GaN followed by 0.5 um Mg-doped p-type GaN.

On standard planar films these growth conditions typically yield electron and hole

Dislocated GaN
SiO, mask LEO GaN
2um GaN
(a)
p-GaN
/
n-GaN /
(b)
P-contact N-contact
Diode on
Diode on LEO GaN
dislocated
GaN

(©)

Figure 4.5 Process flow for diode growth and fabrication. Part (a):
LEO growth. An SiO; mask is deposited on a GaN film and window
stripes are opened to the GaN beneath. During regrowth dislocations
propagate vertically—GaN above the window region remains
dislocated while laterally grown (LEQO) material has a reduced
dislocation density. Part (b): SiO; mask is removed between the LEO
bars and the p-n junction layers are grown. Part (c): Mesa is etched
and metal contacts are deposited to form diode structures. Adjacent
diodes lie on LEO GaN and on the window region.
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concentrations of approximately 5x10'® ¢cm™ and 7x10'7 cm?,

respectively.
Diode devices were fabricated on this sample using the standard activation and p-
contact processes, followed by a mesa etch using Cl, RIE and the deposition of a
Ti/Al n-contact on the etched surface. The devices had dimensions of
2 um x 20 um, and were placed so that they lay either on the LEO GaN or on the
window region. In this way, p-n junction diodes were fabricated in close
proximity on both the standard (highly dislocated) GaN in the window regions
and on the low-dislocation density LEO GaN in the overgrown regions. The
devices are sufficiently small that most of the diodes on LEO GaN contain no
threading dislocations whatsoever; the devices on the window region are expected

to contain approximately 200 threading dislocations on average. A photograph of

the finished devices is shown in figure 4.6.

T EX] -

Diode on
LEO GaN

ERRR]

) Diode on
' window

ll.

Figure 4.6 Photograph of the finished devices. The top row of diodes
are on LEO GaN; those in the bottom row are on the window region
(dislocated GaN). The inset (lower right) shows the position of the
overgrown GaN and the window region.
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The p-n junction diodes were characterized by current-voltage (I-V)
measurements performed with a Hewlett-Packard 4145 semiconductor parameter
analyzer. Extra care had to be employed in order to accurately measure the small
leakage currents that were obtained at high reverse bias. Moisture that had
accumulated on the sample surface provided a leakage path that obscured the
sample current; this issue was addressed by baking the sample at 120°C prior to
measurement. Another source of measurement error was leakage through the
dielectric insulator used in the coaxial cables. In order to avoid incorrect results,
the current flow measurement was performed on the grounded lead, where there
was no potential difference between the inner and outer conductors of the coaxial
cable. We believe that through the use of these precautionary steps, accurate

measurements of the sample I-V characteristics were obtained.
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Figure 4.7 -V characteristics for several diodes on LEO
GaN and on the window region (dislocated GaN).

105



Figure 4.7 shows a comparison of the I-V characteristics for several
devices of each type. A dramatic reduction in reverse bias current occurs on LEO
GaN; for example the current density at a reverse bias of 25 V was approximately
9x10* A/cm?® in the window region and 9x10”7 A/cm’ on LEO GaN, a reduction
of 3 orders of magnitude. This result clearly indicates that leakage current in
standard (dislocated) GaN p-n junctions is dominated by defect levels associated
with TDs, and that this leakage current can be greatly reduced by eliminating the
dislocations. Below a reverse bias of approximately 20 V, the leakage current on
LEO devices was below the measurement limit of 100 fA (corresponding to a

current density below 2.5x107 A/cm?). These very low dark current values have
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Figure 4.8 Forward-bias I-V characteristics of diodes on LEO GaN
(top) and dislocated GaN (bottom). The dashed lines indicate fits to
the diode equation (4.1).
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The p-n junction diodes were characterized by current-voltage (I-V)
measurements performed with a Hewlett-Packard 4145 semiconductor parameter
analyzer. Extra care had to be employed in order to accurately measure the small
leakage currents that were obtained at high reverse bias. Moisture that had
accumulated on the sample surface provided a leakage path that obscured the
sample current; this issue was addressed by baking the sample at 120°C prior to
measurement. Another source of measurement error was leakage through the
dielectric insulator used in the coaxial cables. In order to avoid incorrect results,
the current flow measurement was performed on the grounded lead, where there
was no potential difference between the inner and outer conductors of the coaxial
cable. We believe that through the use of these precautionary steps, accurate

measurements of the sample I-V characteristics were obtained.
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Figure 4.7 I-V characteristics for several diodes on LEO
GaN and on the window region (dislocated GaN).
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Figure 4.7 shows a comparison of the I-V characteristics for several
devices of each type. A dramatic reduction in reverse bias current occurs on LEO
GaN; for example the current density at a reverse bias of 25 V was approximately
9x10™* A/cm? in the window region and 9x10”7 A/cm? on LEO GaN, a reduction
of 3 orders of magnitude. This result clearly indicates that leakage current in
standard (dislocated) GaN p-n junctions is dominated by defect levels associated
with TDs, and that this leakage current can be greatly reduced by eliminating the
dislocations. Below a reverse bias of approximately 20 V, the leakage current on
LEO devices was below the measurement limit of 100 fA (corresponding to a

current density below 2.5x10”7 A/cm?). These very low dark current values have
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Figure 4.8 Forward-bias I-V characteristics of diodes on LEQ GaN
(top) and dislocated GaN (bottom). The dashed lines indicate fits to
the diode equation (4.1).
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recently been utilized by Parish, et al., to form solar-blind UV photodiodes with
high responsivity using LEO GaN.!7

Both types of diodes exhibit rectification and emit light under forward
bias. The forward-bias characteristics of the two devices are very similar. As
shown in figure 4.8, both types of devices yield ideality factors of n ~ 3, although
in both cases the fit to equation (4.1) is quite poor. It is clear from these
measurements that the mechanism responsible for the forward-bias leakage
current (reflected in the high ideality factors) is not linked to the dislocations; the
cause of this phenomenon is still unknown.

The diodes exhibit a sharp breakdown at a reverse bias between 70 and
90V. Although the exact doping densities are unknown, we estimate that this
corresponds to a peak electric field of approximately 2x10° V/cm. This
breakdown causes permanent damage to the diode—reverse leakage is

significantly higher once the device has been brought past the breakdown point.
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Figure 4.9 I-V characteristics of p-n junction diode on LEO
GaN at various temperatures.
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We note that even the diodes on LEO GaN exhibit much higher leakage
currents than would be expected in an ideal GaN junction, indicating that some
trap levels remain within the band-gap. These levels are most likely associated
either with sidewall damage or with point defects. A study of leakage current as a
function of area-to-perimeter ratio is needed to determine which effect dominates.
Such a study has not been carried out and would be difficult due to the geometry
of these samples. Nonetheless, an analysis of this leakage current is valuable as a
first step toward characterizing the performance of GaN devices in the absence of
dislocations.

The reverse-bias I-V characteristics of the diodes on LEO GaN were
recorded as a function of temperature by placing the sample on a heated chuck
during the measurements. The temperature-dependent data, presented in figure
4.9, show two regimes. At reverse bias greater than ~ 40V the current is strongly
field-dependent but only weakly temperature-dependent, indicating that tunneling
is likely the dominant transport mechanism. The current at low bias exhibits a
much stronger temperature dependence and a weaker field dependence.

suggesting that thermionic emission over a barrier dominates in this regime (at

Figure 4.10 Possible band-diagram to explain reverse-bias current in
LEO p-n junction. ¢z is the height of the barrier to thermionic
emission from the trap level. At high bias, a tunneling current path
dominates.
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room temperature this thermionic current component is too small to be measured).
This barrier most likely corresponds to emission from a deep trap level into the
band. The increase in thermionic current with increasing bias is indicative of the
Frenkel-Poole field-induced barrier lowering effect.!® A possible band-diagram
that could account for the observed behavior is shown in figure 4.10. As the field
increases further, the barrier becomes so thin that tunneling current begins to
dominate over thermionic emission.

Current measurements near zero bias, where the barrier lowering effect is

small, are required in order to accurately determine the energy level of the trap.
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Figure 4.11 In these plots, the temperature-dependent data of figure
4.9 are fit to equation 4.2 (dashed lines). In the top plot, the electric
field is assumed to vary as the square root of the applied bias, while in
the bottom plot it is assumed to scale linearly with bias.
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However, no data could be obtained in this bias range because the dark current

was below the measurement sensitivity limit; instead we have extrapolated these

values from the thermionic current component at higher bias.

Frenkel-Poole formula for field-induced barrier lowering is given by
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where @3 is the barrier height and E is the electric field (a is a constant). Because

the electric field is not known, its value must be extracted from the applied

voltage in the diode. If the electric field is constant across the depletion region (as

| (A)

| (A)

10" &

107 +
10" +
10" -
10" -
10%
10-21 L
102 +

S Y N S

102

10" -

107 -

107 +
{

10" i
1.8

2.2 2.4
1000/T (K™")

2.6

2.8

Figure 4.12 Barrier height extracted from the fitting results shown
in figure 4.11.
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in a p-i-n diode) so that current increases exponentially as V' (case A), a trap
energy of 1.0 eV is calculated. If the electric field is assumed to decrease linearly
with distance, as is the case for an abrupt junction with uniform doping, and if the
trap emission is assumed to occur at the point of highest electric field, an energy
of 2.0 eV is obtained. In this case, the current increases exponentially as V'
(case B). These two extrapolations are shown in figure 4.11, and in figure 4.12
the resulting values of I, are analyzed to extrapolate the trap energy ¢s. The true
trap energy is believed to lie somewhere between the two calculated values. We
note that with this analysis it is not possible to extract the trap density or to
distinguish between an electron trap and a hole trap.

In conclusion, the studies on LEO GaN have demonstrated that
eliminating dislocations leads directly to improved electrical properties: reverse-
bias leakage is reduced by over three orders of magnitude. No change in the
ideality factor was observed. Temperature dependent measurements that have
been performed on the dislocation-free diodes indicate that a deep trap limits

device performance in the absence of dislocations.
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Chapter 5
Depletion region effects in Mg-doped GaN

5.1 Introduction

There is increasing research into the use of many wide band-gap
semiconductors, including GaN, for both electronic and optoelectronic devices.!
As discussed in chapter 1, progress in many of these materials has been
handicapped by the lack of shallow dopants of one or both types and the
consequent difficulty in obtaining high carrier concentrations. The deep nature of
the dopants will also have implications for the high-frequency behavior of
depletion regions in these materials. In this chapter we discuss the dynamics of
depletion regions involving deep dopants, with a particular focus on the Mg
acceptor in GaN. The results, however, are quite general and should be equally
applicable to other wide band-gap semiconductors.

When shallow dopants are used, the dopant atoms are always ionized and
space-charge modulation is provided only through the presence or absence of
mobile camriers. Thus the depletion region edge necessarily represents both the
carrier edge and the space-charge edge. Deep dopants, in contrast, have a
changing ionization state: they are only partially ionized in the bulk, but band-
bending causes full ionization in the depletion region. Rapid modulation of the
depletion region will require the acceptors to change ionization state, a process
with a finite time constant.

There are a number of important consequences of these facts. First we
note that in the presence of heavy doping (as typically applied in Mg-doped GaN),
the DC depletion region widths are expected to be very thin despite the low
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carrier concentration in the bulk. Secondly, there exists a transition region at the
depletion region edge that separates the ionized acceptor profile from the free
carrier profile. Finally, we must address the dispersion phenomena that result
from the finite capture and emission times of the deep acceptor. In large-signal
measurements the effect will be severe: because only the mobile holes can
respond, depletion regions will extend much farther at high-frequency than they
will in the low-frequency case. The small-signal dispersion is a more subtle
effect, and may be used as a tool to probe the form of the DC depletion region.
The small-signal dispersion has been analyzed in the cases of Au-doped silicon,23
B-doped diamond,4 and the Si DX center in AlGaAs,5 and some recent work has
been published for the case of Mg-doped GaN.6-8

In section 5.2, the effect of large-signal dispersion on the performance of
GaN-based BJTs is briefly addressed. The discussion is minimal as experimental
data on this effect are not yet available and detailed calculations of the large-
signal dispersion are beyond the scope of this work. The small-signal dispersion,
however, is amenable both to analytical calculation and experimental
measurement. This effect is discussed in section 5.3 using an analogy with the
case of deep traps in a semiconductor with shallow dopants. The form of the
depletion region edge in the presence of deep acceptors is discussed in section
5.4.

The calculations in this chapter assume a hole effective mass m*, = 0.8
mo,® degeneracy g = 2, and dielectric constant £ = 9.5 £,10 The first two values
differ somewhat from those used in chapter 2; these discrepancies, which are
discussed at the end of section 5.4, have little impact on the calculations. As
discussed in chapter 2, the reported values for the acceptor activation energy
(AE,) in Mg-doped GaN vary widely. Because of the spread in reported data, and
in order to keep the discussion of greater general applicability, a variety of
activation energies are considered in each section. Compensation by background
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donors is also considered—these donors may play a significant role in
determining the band-diagram since their density may easily exceed the free
carrier concentration in the bulk.

Comparison to the calculated results is provided by variable-frequency
capacitance measurements performed on GaN p-n junction samples employing
Mg-doping in the top (p-type) layer. A p-n junction layer structure is preferable to
a Schottky diode for these capacitance measurements because a much lower series
resistance can be obtained using the n-GaN layer (a large series resistance may
lead to erroneous data in high-frequency measurements).# Samples with different
doping levels in the p-type layer were studied; these are the same samples

discussed in section 2.6.

5.2 Large signal dispersion

The impact of the large-signal dispersion can be illustrated by considering
a GaN-based n-p-n BJT with a Mg-doped p-type base layer. In this device, we
expect base narrowing to be a much more significant problem in high-frequency
operation than will be evident from low frequency measurements. The
distribution of the depletion region at the base-collector junction will be
determined by the relative magnitudes of the ionized acceptor concentration in the
base and the (shaliow) donor concentration in the collector. Thus the Early
voltage will be strongly dependent on the ionized acceptor concentration within
the depleted portion of the base, as shown in figure S5.1. The calculations for this
figure were performed at various collector doping levels, and at a total collector-
base bias of V = V,;+Vg = 8 V (where V,; is the built-in voltage). We assume a
metallurgical base thickness of W = 1000 A and an infinite collector thickness.

The Early voltage was calculated by determining the undepleted base

width wy:
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wy=W— |25 qv, .1
gN;

where N is the ionized acceptor concentration within the base, and base-width
modulation from the emitter-base junction has been neglected. fV represents the
portion of the potential drop V which falls within the base:

No 5.2)

= N;+N,’

where Np is the donor concentration in the collector. The Early voltage V4 was

calculated from the derivative of the collector current density Jc with respect to

bias V:
n,(0) 1
J.-=qD +—=17] , 5.3
c=qu, W, col_ 2 V (5.3)
gN, W*
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Figure 5.1 Calculated Early voltage (V,) for a GaN bipolar transistor
with a 1000 A thick base, as a function of the ionized acceptor
concentration within the depleted portion of the base. The collector

doping is varied.
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-1 ) -
VA = jc(&) =W :_qN_AK -2V, (5.4)
dv e f

where n,(0) is the minority carrier concentration at the emitter-edge of the base
and D, is the electron diffusion constant.

In low-frequency operation, all the acceptors within the depletion region
will ionize. As a result, depletion will occur almost entirely in the collector,
leading to a high Early voltage. Under large-signal high-frequency operation,
however, only the mobile holes will be able to respond and the depletion region
will therefore extend significantly farther into the base. This dispersion
mechanism is illustrated in figure 5.2. Under continuous-wave operation, the
depleted base will be in a non-equilibrium condition so the steady-state ionized
acceptor concentration is difficult to calculate. We examine a worst-case scenario
in which the ionized acceptor concentration remains fixed at the equilibrium hole
concentration. For a collector doping level Np = 1x10'® cm™ and Mg-doping in
the base of Ny = 1x10" em™ (equilibrium hole concentration py = 4x10'7 cm
assuming AE, = 160 meV and no compensation), we calculate a DC Early voltage

of 1700 V which may drop as low as 50 V at high frequency. In this case, base

Position

Ionized Acceptors

DC Depletion Width

DC

/~AC Depletion Width

Position
A

AC

Figure 5.2 Schematic diagram illustrating the mechanism of
large-signal dispersion in Mg-doped GaN.
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punch-through will occur at Vg = 150 V, a significant concern since GaN based
BJTs are proposed as high power switching devices. These calculated results are
summarized in table 5.1.

The dispersion is expected to play an important role in the high-speed
performance of any GaN-based device employing reverse-biased p-n junctions,
including photodiodes and junction-gated field effect transistors in addition to
BJTs. Indeed, it has already been suggested that this phenomenon dominates the
AC performance of AlGaN-based photodiodes.®8 A full calculation of the large-
signal dispersion involves both the trap response time and field-enhanced
ionization effects, and therefore is not readily tractable. The best way to develop
an understanding of the large-signal dispersion may be to analyze the high-
frequency performance of GaN-based bipolar transistors, once such data becomes
available. It is interesting to note that the use of deep dopants in the base of a
bipolar transistor has recently been implemented intentionally in a Si n-p-n
transistor. Kizilyalli, et al. report on a BJT with an In-doped base which exhibits
a high current gain due to the low Gummel number, and a high DC Early voltage
because of the full ionization of the In acceptor within the depletion region.!! The
authors, however, do not discuss the AC implications of this device design, or

provide any data on the Early voltage at high frequency.

Frequency Early Voltage V, | Base punch-through Vg
Low 1700 vV ~ 100 kV
High 50V 150 v

Table 5.1 Calculated parameters for GaN n-p-n bipolar junction
transistor performance. A base width of 1000 A is assumed. Base
doping is N.=10"Y cm™® without compensation (po=4><10l7 cm>),
collector doping is Np=10"¢ cm’. The high frequency values represent
a worst-case scenario in which the ionized acceptor concentration
remains fixed at pg.
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5.3 Small-signal dispersion

The depletion region of Mg-doped GaN is shown schematically in figure
5.3. The band-bending and small-signal dispersion that will be observed in this
case are similar in form to that which will be obtained in the more commonly
studied case of a deep trap in a semiconductor doped with a shallow dopant. This
equivalence was first suggested in a study by Schibli and Milnes of In-doped Si,

in which a simpler model was used for the time-response of the depletion

p (x)
0 (i)
NA -
N, (x)
(iii)
P+ No 1

X (Position)

Figure 5.3 Schematic diagram of depletion region with deep acceptor
level. Valence band-diagram is shown in (i). Hole and ionized acceptor
concentrations are plotted in parts (ii) and (iii) respectively. In part (iv)
the charge distributions resulting from a shift in the depletion region are
plotted (not to scale). The solid circles represent the centroids of the two
charge distributions.
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region.!2 In both cases there is a spatial separation (labeled A) between the
position where the deep level ionizes and the depletion edge for the free carriers.
When shallow dopants are present they are ionized throughout, and are the source
of free carriers within the bulk. In the absence of shallow dopants, free carriers
come only from the ionized deep levels. In this case, therefore, the free carrier
tail will necessarily overlap with the region of changing ionization of the deep
level. We define three regions in this case: a fully-depleted region in which the
deep level is completely ionized, a transition region in which the ionization of the
deep level is varying, and a bulk region in which space-charge neutrality is
obtained.

Shifting the depletion region profile by applying a small bias results in two
charge distributions, one due to the changing ionization of the deep levels and one
due to the motion of the free carmriers. The centroid of each distribution is
indicated in figure 5.3 and the positions are labeled xx, and x, respectively. The
distance between the two centroids is A.

In low-frequency capacitance measurements both of these charge
distributions will form. The resulting capacitance will be determined by a
weighted average of the two centroid positions. By collapsing each distribution to
a pulse located at the centroid, the charge response position for the low-frequency
capacitance (x.r) may be calculated. For a semiconductor with deep acceptor
concentration N, compensating donor concentration Np (these are assumed to be
ionized throughout), and bulk hole concentration py, the value of x;r is given by
equation (5.5).

- (NA - Ny —pO)xNa + Pox,

55
X, r N.-N, (3.5)

At room temperature Ny -Np>> pg so that xir = xna. (As a result, the net acceptor

density Ns - Np can be obtained in the usual way from the low-frequency

120



capacitance measured as a function of DC bias.) At high frequency only the
mobile holes can respond to the applied bias, so the high frequency charge
response position is simply x,. =x,. The resulting dispersion in the small-signal
capacitance measurements has been extensively investigated in the case of lightly-
doped materials with deep levels—the phenomenon forms the basis of the
admittance spectroscopy technique.!3 The existing theory can be applied to the
present case with only minor modifications.

The exact form of the C-f curve for the case of a shallow dopant and a
deep trap has been analyzed by Oldham and Naik,3 using a model subsequently
generalized by Ghezzi.!4 In this work we extend this model to apply to the case
of a single deep dopant. The capacitance behavior in either case is described by
equation (5.6) where f; is the transition frequency and C;r is the capacitance in

the low-frequency limit.
___AC
L+(£/f)

It is clear from physical considerations that both the distance A and the

(5.6)

:Cu_.

shift in capacitance response position Ad = x,, —x,. = A will be independent of
the applied DC bias. We note that because the high-frequency capacitance varies
from the low-frequency value simply as a result of this Ad, high-frequency
capacitance-voltage measurements cannot be used to extract the hole
concentration as some authors have claimed.6

Experimental measurements of zero-bias capacitance were performed as a
function of frequency (C-f measurements) on the GaN p-n junction samples. The
experiments used a Hewlett-Packard 4192A LF impedance analyzer, which
provided accurate capacitance measurements from 1 kHz to S MHz. These small-
signal measurements were insensitive to the magnitude of the AC bias applied (an

AC bias of 50 mV was used in the majority of the measurements).
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We found that proper calibration of the impedance analyzer was
imperative for accurate measurements at frequencies above 100 kHz. Because the
instrument itself is only able to calibrate at a single, fixed frequency, a separate
control program was written which performed an external calibration. The
program first performed impedance measurements in the open circuit and short
circuit configurations in order to determine the impedance values in series and
parallel with the device under test, at every measurement frequency. These values
were stored and subsequently used to calculate the true impedance from the
values measured on the device under test. Figure 5.4 shows a test measurement
performed on a dielectric chip capacitor with a nominal capacitance of 200 pF.
Accurate measurements of capacitance as a function of frequency could not be

obtained at frequencies above 100 kHz without the external calibration program;
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Figure 5.4 Capacitance measured as a function of frequency on a
dielectric chip capacitor with a nominal capacitance of 200 pF.
Accurate measurements are achieved only with the external
calibration program.



with the program, accurate measurements were obtained at frequencies up to S
MHz.

Some representative C-f measurements for the GaN p-n junctions are
shown in figure 5.5; they are fit to equation (5.6) with a high degree of success.
Figure 5.6 plots the charge response positions x.r and xyr as a function of reverse
bias for one of the more lightly doped samples. As expected, the separation Ad is
independent of bias.

The close fit between the experimental data and the results predicted by
the admittance spectroscopy theory strongly suggests that the capacitance
dispersion is indeed due to the response time of the deep Mg acceptor. The data
could also support the model of dispersion due to an even deeper trap level within

the material, however very high trap concentrations would be required in order to
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Figure 5.5 Measurements of zero-bias capacitance on GaN p-n
junctions as a function of frequency (solid circles). The lines are
calculated by using equation (5.6) to fit the measured data.
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observe the effect in these heavily-doped materials, so the former hypothesis
seems more likely.

In admittance spectroscopy one often measures the transition frequency as
a function of temperature in order to extract the energy level of the state. A
characteristic frequency fp may be defined by assuming a Shockley-Read-Hall

form for the emission rate of the deep dopant (where & is the cross-section):

f,<T?c exp(— i’;‘ ) (5.7)

However it is important to note, as Ghezzi points out, that this frequency
is different from the transition frequency f;. The difference is often small in the
usual case involving shallow dopants with a relatively low concentration of deep

states, but it will be a dominating factor in the case at hand where the number of
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Figure 5.6 Capacitance-voitage measurements performed on
sample B at both high and low frequency. The charge response is
shifted by Ad = 79 A, a value which is independent of the applied
DC bias.
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deep levels (N,) is far greater than the bulk carrier concentration. Modifying

Ghezzi’s equation to fit the present case we find:

f;=ﬁ,(l+x~“ NA—ND-pOJ. (5.8)

X, Po

Thus the temperature-dependence of f; is much more complicated than
that of fo. The second term within the parentheses in equation (5.8) will dominate
at room temperature, and its temperature dependence will act to nearly cancel that
of fo. There have been attempts within the literature for Mg-doped GaN to fit f; to
an equation of the form (5.7);% while these have yielded reasonable values for
AFE,, the physical interpretation of the data is unclear. Efforts to fit the
temperature dependence of the capacitance in the present samples have not been
successful. Finally, we note that the room temperature values of f; appear to scale
roughly with the net acceptor density Ns-Np. The value of Ns-Np for each of the
samples is listed in table 5.2 and was determined from low-frequency C-V
measurements combined with knowledge of the donor doping on the n-side of the

junction.

Sample Po (cm™) u (cm?/Vs) Ni-Np (cm™)
A 1.7x10"7 25 1.5x10'®
B 2.7x10" 20 2.3x10"®
C 5.3x10'7 13 4.1x10'"®
D 6.1x10"7 5.8 9.1x10"®

Table 5.2 Summary of room-temperature electrical measurements
performed on Mg-doped GaN samples. Hole concentration and
mobility were measured using the Hall effect, and the net acceptor
concentration was obtained through low-frequency capacitance-
voltage measurements.
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5.4 Form of the depletion region

In this section we analyze the band-bending within the transition region of
the depletion region for a semiconductor doped with a deep acceptor and some
compensating donors. An analytical approximation is derived which allows us to
estimate the distance A; this is compared to the experimental values extracted
from the capacitance measurements.

The hole concentration and the ionized acceptor concentration are
determined using the standard formulas given in equations (5.9) and (5.10). The
Boltzmann approximation is used in equation (5.9). Ef represents the energy of
the Fermi level, Ey is the energy of the valence band edge, and Ny is the effective

valence-band density of states.

p=N, exp[-————(EFk—TEv)] (5.9)
N; = al 5 (5.10)
1+ —A__F )
gexp( T

The equilibrium hole concentration in the bulk (po) is calculated by finding the
Fermi energy that satisfies the requirement of charge neutrality.
Within the transition region we define the energy of the valence band edge
by y(x) so that:
w(x)=y, +Ay(x)=[E. - E,(0)]/q, (5.11)
where q is the electronic charge. The ionized acceptor concentration is written

approximately as:

3} A
N, =(p, +ND)eXP(qk7'f’ ) (5.12)

so that both p(x) and N (x) vary exponentially with the band-bending Awy(x).

Applying Poisson’s equation within the transition region then yields:
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d’Ay _q qu)_ (_ quI’)_
—= = e[(po’*'No)exP(“—kT Poexp| — = |- N, |. (5.13)

This differential equation is easily solved by employing a Taylor
expansion for the exponentials. The band bending is found to be exponential and
characterized by a modified Debye length Lp.:

Ay(x)ec exp(—x/ LD.) (5.14)
E kT
L,.= |———— (5.15)
° \/q'(zpo +Np)

This straightforward result is extremely useful in providing a simple equation for
the band-bending in the transition region.

These equations now allow the easy construction of approximate band-
diagrams for the depletion region based solely on the knowledge of bulk
parameters (pg, Na, Np) and the total voltage drop Ay(0). An example is shown in
figure 5.7, where we have considered a depleted p-type GaN layer doped at
N4=2x10" cm™ and Np =2x10" cm™ with AE4 =230 meV. The results are
compared with the band diagram calculated numerically using a self-consistent
Poisson equation solver!5>—the fit is excellent over the great majority of the
depletion region.

In order to calculate the band-bending shown in figure 5.7, we introduced

the position xj,, which is defined as the boundary between the transition region,

where equation (5.14) is applied, and the fully depleted region, in which complete
ionization of the acceptor and the complete absence of mobile holes is assumed.

The position of xj, is determined as the location where equation (5.12) predicts

full ionization, so that:

Ay (xy, =£ln( Ny ) (5.16)
q N, +p,
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This simplified model for the dependence of the ionized acceptor concentration
on the Fermi level position, combined with the breakdown of the Taylor
expansion at Ay= kT/q, is responsible for the slight deviations evident in figure
5.7.

In order to find x;, as a function of the total band bending Ay(0), one
must consider band bending due both to the transition region and the fully

depleted region:

Addaak

E KT In [Na / (Np+pg)l

2| kTin2

Band Bending qAY (eV)

0 50 100 150
X (A)

Figure 5.7 Comparison of band-bending qAy as calculated
numerically by a self-consistent Poisson equation solver (solid line) and
approximated using the analytical formulae developed in the text
(dashed line). The calculations are carried out for p-type GaN with
acceptor activation energy AE,=230 meV and density N,=2x10" cm™
with compensating donors Np=2x10'® cm™. Shown on the bottom are
the differential charge distributions (not to scale); the solid dots
represent the positions of xx, and x,.
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AW, = Np)

Ay (0)=Ay(xy,)+xl, E(x, )+ (x.)*, (5.17)

where E(x(,) is the electric field at x} given by:

Ay(xy,) (5.18)

E(xy,)=—"~.

L.

X,, is found by combining these equations and solving the resulting quadratic

equation.
The positions of the charge centroids xn, and x, for this case were
extracted by numerically analyzing the simulated band-diagram, and their

positions are also plotted on figure 5.7. We find that x;, reasonably approximates
the position of xn,. The position of x, can also be approximated: we define x, as

the position where the hole concentration falls to half its bulk value.

Au/(x,’,)=ﬂln2 (5.19)
q
The approximate transition region thickness A" can then be easily calculated:
In|N +N
A'=x, = x4, =Ly ln{ n[ "/fp?) D)]} (5.20)
n2

Values of A (extracted from simulations using the Poisson equation solver)
and A’ (calculated using equation (5.20)) for various doping conditions are
plotted in figure 5.8. The fit is quite good; equation (5.20) provides useful
estimates of the transition region width over a wide range of doping conditions.
The calculations in figure 5.8 assume no compensation; it is clear from equations
(5.15) and (5.20) that a high compensation ratio will severely reduce the width of
the transition region A.

Also plotted on figure 5.8 are experimental values of A obtained from the
capacitance measurements on the GaN p-n junctions. The values obtained are

consistent with an acceptor activation energy AE; = 160 meV with negligible
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compensation. The values of N, for this plot are obtained from the low-frequency
C-V measurement results presented in table 5.2, with the assumption of no
compensation. We note that the acceptor concentration obtained in this fashion is
significantly lower than that extracted from variable temperature Hall effect
measurements on these samples (see section 2.6). This discrepancy may be due to
a reduced acceptor doping density near the p-n junction, which might result from
the Mg “doping delay” frequently linked to the memory effect in MOCVD growth
of Mg-doped GaN.!16 The relatively low compensation ratio and constant
activation energy implied by the capacitance measurements also vary from the
results of section 2.6; these discrepancies might also be linked to a lower doping

density.
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Figure 5.8 Width of the transition region as a function of acceptor
concentration in p-type GaN. The acceptor energy level AE, is varied.
The solid circles represent values of A extracted from band-diagrams
simulated using a self-consistent Poisson equation solver; the open
circles are values of A’ calculated using equation (5.20). The squares
represent values of A measured from the Mg-doped GaN samples.
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Another source of the discrepancy may be the value of the hole effective
mass used in these calculations. The hole mass will influence the results by
changing the valence-band density of states Ny and therefore the bulk hole
concentration pg. Figure 5.9 illustrates the values of A which result from varying
m*,. While the overall trends in A’ are clearly independent of hole mass, the
uncertainty in m*; is an additional factor that complicates efforts to numerically

match the measured results with calculated values.
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Figure 5.9 Calculated transition region width 1’ as a function of acceptor
concentration. The acceptor binding energy and valence band hole mass
are varied. The calculations assume no compensation.
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5.5 Conclusions

The nature of the depletion region in the presence of deep dopants has
been examined, with particular focus on the case of Mg-doped GaN for bipolar
transistor applications. The form of the depletion region is similar to the well-
studied case of a material doped both with shallow dopants and deep traps.
Dispersion effects will result from the time required for the dopant to change
ionization states. The extent of the dispersion in large-signal high-frequency
modulation is difficult to calculate; however, a worst-case scenario has been
discussed for the case of GaN bipolar transistors. Dispersion effects in the small-
signal capacitance have been used to characterize the transition region.
Experimental data fits the theory well and suggests a reduced doping density near

the p-n junction.
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Chapter 6
Mg-doped AlGalN/GaN superlattices

6.1 Introduction

The deep nature of the Mg acceptor and the consequently low hole
concentration in p-type GaN and AlGaN are serious obstacles for achieving high-
performance optoelectronic and electronic devices. This problem is further
exacerbated when device operation at lower temperatures is desired, as these
lower temperatures lead to a diminishing hole concentration. New techniques are
needed to increase the p-type conductivity and eliminate the temperature
sensitivity in these materials in order for GaN-based devices, especially bipolar
transistors, to achieve their full potential.

The low doping efficiency that is an inherent property of a deep acceptor
can be partially overcome through the application of a periodic oscillation to the
valence band edge. Acceptors are ionized where the band edge is far below the
Fermi energy and the resulting holes accumulate where the band edge is close to
the Fermi level, forming confined sheets of carriers. Although the free carriers
are separated into parallel sheets, their spatially-averaged density will be much
higher than in a simple bulk film. Superlattices produce the necessary valence
band edge oscillation by employing alloys with different valence band edge
positions. As first proposed by Schubert et al., this technique increases the overall
hole concentration by allowing deep acceptors in the barriers to ionize into the
valence band of the neighboring narrow band-gap material, rather than into the
(deeper) valence band of the host material.!'2 Such doped AlGaN/GaN
superlattices (both n-type and p-type) have been applied in laser diodes for strain
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relief purposes,3 and some data suggesting a reduced acceptor activation energy
have been reported.4

There is significant evidence of large polarization fields in nitride
materials.5>6 An AlGaN/GaN superlattice will support polarization fields due both
to the piezoelectric effect in the strained AlGaN layers and the difference in
spontaneous polarization between the two layers.”-8 These fields create a periodic
sawtooth variation in the band-diagram, a phenomenon that has been studied in
conventional compound semiconductors grown on (l111) substrates.® The
polarization-induced valence band edge oscillation adds to that created by the
valence band discontinuity, resulting in further enhancement of the hole
concentration. The impact of the AlGaN/GaN superlattices on the average carrier
density is addressed in this chapter through both numerical simulations and

experimental measurements.

6.2 Uniformly-doped superilattices

For these experiments, the sample design consisted of an Al :GagsN/GaN
superlattice in which the barrier and well thickness (L) were kept equal. The
superlattice period (2L) was varied. The aluminum percentage in the barrier was
fixed at 20%, a value easily achieved in MOCVD growth. Mg doping was
applied uniformly throughout both the barrier and well. Modulation doping by
MBE is discussed in section 6.3—the severe Mg memory effect makes
modulation doping by MOCVD difficult to realize.

Superlattice structures were simulated using a one-dimensional Poisson
and Schrodinger equation solver.!0 The simulations assumed a uniform Mg
doping of N4=5x10"" cm?, no compensation, and an acceptor ionization energy of
AE4=230 meV in both the GaN and AlGaN layers. The simulations also assume a

hole effective mass of m*,=0.8 mp, a dielectric constant of €=9.5 & and
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degeneracy g=2. These values are somewhat different from those used in chapter
2; the effects of this discrepancy are minor and are discussed below. The valence
band discontinuity (AEy) was assumed to be 20% of the bandgap difference; for
an aluminum mole fraction of 20% this yields AEy=112 meV, which is
significantly less than AE,.

Calculated values of the hole concentration at 300K (averaged over the
superlattice period) are shown as a function of superlattice dimension L in figure
6.1. Three important effects are addressed independently. The first is that
described by Schubert, et al., in which quantization and polarization effects are
neglected and the valence band-edge modulation is provided only by the

discontinuity AEy. Holes accumulate at each interface, so a dense array of
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Figure 6.1 Calculations of the spatially averaged hole concentration (at
300K) for Mg-doped AlGaN/GaN superlattices as a function of the
superlattice dimension L. The calculations (a) ignore the polarization
fields, (b) include them and (c) include both polarization fields and
quantization effects. The hole concentration calculated for a bulk
AlGaN film is indicated by the arrow.
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interfaces (hence a short dimension superlattice) will maximize the spatially-
averaged carrier density. Thus the calculated hole concentration shown in curve
(a), which is significantly higher than that of the bulk sample, decreases as L is
increased. The valence-band diagram for this system is shown in figure 6.2 (a).

Polarization effects were simulated by including fixed charge sheets of
equal magnitude but opposite type at alternating heterointerfaces. The total
polarization charge due to the change in spontaneous polarization (APsp) as well
as the piezoelectric effect (Ppz) is calculated (neglecting shear strain) as:

AP = AP, + P,, = (P — PS¥) 1 2(e, + 2 e,,)E, 6.1)

33
where E, is the in-plane strain of the pseudomorphic AlGaN layer and is
calculated from the lattice constants of the binaries AIN and GaN,!! using a linear

interpolation to estimate the value for Alg:GaggN. A similar interpolation
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Figure 6.2 Calculated valence band diagram for Mg-doped
Alg2GagsN/GaN superlattice in which the thickness of each layer is
L=30 A, shown (a) without and (b) with the polarization fields taken
into account. In both plots the Fermi energy is indicated by the
dashed line.
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between published values for AIN and GaN is performed in order to find the
spontaneous polarization Psp and piezoelectric constants e;; and €338 and the
elastic coefficients ¢;; and c33.12 The resulting calculation yields a charge density
of 1.8x10® C/cm?® at each interface.

Figure 6.2 (b) shows the calculated valence band-edge for a superlattice
with L=30 A. The polarization fields significantly increase the total valence
band-edge oscillation. As L is increased, the band-bending caused by the
polarization fields increases, resulting in a higher hole concentration. This effect
is clear in curve (b) of figure 6.1, where the hole concentration is observed to
increase with L in contrast to curve (a). At the optimal superlattice dimension the
average hole concentration is calculated to be twenty times that achieved in the
bulk film. As L is increased further the enhancement in sheet hole concentration

slows due to the high space-charge which develops and screens the polarization
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Figure 6.3 Spatially-averaged hole concentration in a uniformly Mg-
doped AlGaN/GaN superlattice.  Polarization charges are taken into
account; quantization effects are not. The valence band effective mass is
varied.
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field. Eventually, the spatially-averaged hole concentration is observed to slowly
decline with increasing L, a consequence of the increasing separation of the
carrier sheets.

In figure 6.3, the hole concentration has been calculated as a function of L
for a variety of different hole mass values. The trend is the same regardless of the
value used for this parameter, and the effect of the hole mass is actually reduced
at higher values of L. This is because the mass affects the hole concentration
through the valence band density of states; this value plays an important role

when the Fermi level is always far from the valence band edge, as in bulk
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Figure 6.4 Valence band diagram (top) at AlGaN/GaN interface. The
calculations assume a uniformly Mg-doped AIGaN/GaN superlattice with
L =80 A. Quantization effects are included; the horizontal lines represent
the ground state energy for holes. The corresponding wavefunctions are
also shown (bottom). The valence band effective mass is varied.
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material, but is less important when depletion and accumulation determine the
hole concentration.

Finaily, quantization effects must be considered. Curve (c) of figure 6.1
shows the hole concentration calculated through a simultaneous solution of the
Poisson and Schrodinger equations. For the narrow-dimension superlattices the
hole concentration is somewhat reduced from that calculated in curve (b). an
expected result of the high ground state energy in these structures. The valence
band diagram of the confined wells is shown in figure 6.4, calculated for various
values of the hole mass, for a superlattice with L = 80A. The ground-state
wavefunctions are also displayed; the states are quite narrowly confined, with a
full-width at half-maximum between 15 and 20 A.

The experimental work was performed on samples grown by MOCVD on
c-plane sapphire. The Mg-doped superlattices were approximately 0.4 um thick,

and were grown above several microns of unintentionally doped n-type GaN and

(004) XRD
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XRD Intensity (a.u.)

Aw (deg)

Figure 6.5 X-ray diffraction rocking curve of AlGaN/GaN
superlattice. A diffraction peak from the InGaN compliance
layer is also visible.
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an IngosGaposN compliance layer to prevent cracking. A thin GaN:Mg contact
layer was grown as the final step. Samples with various superlattice periods were
prepared. For comparison, bulk films of GaN:Mg and Al GaggN:Mg were
grown under similar growth conditions. The aluminum mole fraction and period
of the superlattices were verified through x-ray diffraction rocking-curve
measurements. Figure 6.5 shows a typical x-ray diffraction rocking-curve; all the
x-ray measurements were performed by Monica Hansen at UCSB.

The results of room temperature Hall-effect measurements on all the films
are shown in figure 6.6. The hole concentration of the bulk GaN film was 4x10"’
cm? and its mobility was 16 cm?/Vs; for Alp1GagoN these values were
1.7x10'" cm™ and 13 cm?/Vs, respectively. In all the superlattice samples the
mobility has been reduced to around 10 cm*/Vs, probably as a result of increased

scattering from the heterointerfaces. Interface scattering has been shown to
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Figure 6.6 Room temperature Hall effect measurements

Alp2GagsN/GaN superlattices. The superlattice dimension L is
varied. The arrows indicate values obtained on bulk samples of Mg-
doped GaN and Aly;GaggN. The dashed lines are eye-guides.
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severely reduce the electron mobility in AlGaN/GaN heterojunction field effect
transistors,!3 and we expect the effect to be even stronger in p-type layers due to

the very high hole mass.

As the superlattice dimension L is increased, the measured hole
concentration rises quickly to around 2.5x10'® cm™, more than ten times the value
obtained in the bulk alloy. Beyond L = 70 A the measured hole con:centration
saturates and then appears to decline slightly. This sensitive dependence on the
superlattice dimension L is similar to that calculated in curve (c) of figure 6.1,
strongly suggesting that the polarization effects dominate the formation of the
hole sheets.

Figure 6.7 shows the resistivity of the samples as a function of
temperature. An effective acceptor activation energy is extracted from the

Arrhenius plot by assuming the mobility is approximately constant. We note that
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Figure 6.7 Temperature-dependent resistivity measurements. Values
obtained on a bulk film of Mg-doped Al,;GagsN are included for
comparison. The effective activation energies are obtained by fitting
the data to an exponential dependence (solid lines).
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the activation energies originally reported were twice the values that are shown on
figure 6.7. This was due to an assumption of no compensation, so that
p ~ exp(-AE4/2kT) according to case 1 of section 2.2. Because compensation has
been demonstrated to play an important role, it is more accurate to apply the
conditions of case 2, yielding p ~ exp(-AE4/kT).

The data for the bulk samples fit well to an activation energy of
~ 114 meV. As the superlattice dimension L is increased, the temperature
dependence drops rapidly. For samples with L=70 A or longer, the resistivity is
nearly constant with temperature. In these films the band-bending caused by the
polarization effect is enough to ensure the ionization of acceptors and the
formation of a hole sheet, whereas in bulk films the ionization of the acceptor is
strongly dependent on temperature. We note that the sample with L=20 A shows
the same hole concentration and temperature dependence as the bulk AlGaN film,
suggesting either poor interface quality or that the true valence-band discontinuity

AEy may be quite small.
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Figure 6.8 Temperature-dependent Hall effect measurements on
Aly2GaggN/GaN superlattices with different values of the dimension
L. Data from a bulk Mg-doped GaN sample are included for
comparison.
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Two superlattice samples and a bulk Mg-doped GaN film were prepared
for variable-temperature Hall effect measurements, as described in section 2.3.
The results of these measurements are shown in figure 6.8. At very high
temperatures, all three samples exhibit the typical thermally activated hole
concentration profile. As the temperature is reduced the hole concentration in the
bulk film continues to fall exponentially (below 120 K the measured hole
concentration appears to increase again, indicating the onset of impurity
conduction). The hole concentration in the L=88 A superlattice film, however,
remains fixed at approximately 2x10'"® cm™, which is the spatially-averaged hole
concentration resulting from the polarization-induced band-bending. At room
temperature this superlattice provides an enhancement of the hole concentration
by approximately a factor of nine compared to the bulk film. However it is at
lower temperatures that the superlattice provides the greatest advantage—the

enhancement in hole concentration at a temperature of 120 K, for example, is over

Energy

Position

Figure 6.9 Schematic diagram of effective acceptor activation energy
reduction through polarization effects in AlGaN/GaN superlattices.
The solid line represents the valence band edge, the open circles
represent the acceptor energy. The dashed line is the Fermi energy.
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five orders of magnitude. It is also near this temperature that the mobility
measured for carriers in this superlattice sample reached its peak: the highest
value measured was 18 cm?/Vs at a temperature of 140 K.

In figures 6.7 and 6.8, we note that as the superlattice dimension L is
increased, the effective acceptor activation energy declines steadily until reaching
zero. Figure 6.9 schematically illustrates how this reduced activation energy is
formed. The measured activation energy is given approximately by the energy
separation of the maximum valence band energy and the minimum acceptor
energy. When L is sufficiently large this separation becomes zero as both of these
values line up with the Fermi energy. Further increasing L does not lead to
significant changes, since both the acceptor level and the valence band pin close

to the Fermi level.

6.3 Modulation-doped superlattices

To determine the optimal modulation-doping scheme we examine the
band-diagram shown in figure 6.10. In the absence of polarization fields the two
types of AlGaN/GaN interfaces would be equivalent, but the polarization
introduces charge sheets of opposite types at these interfaces. Assuming that the
surface of the crystal is Ga-face (this is the case when MOCVD is used to initiate
growth on sapphire),!4 a positive sheet charge is obtained when AlGaN is grown
on GaN. In this region, labeled region A, the bands are pulled down so that the
acceptor ionization rate is high but the mobile hole concentration is low.
Acceptor doping in this region is very effective since many of the acceptors will
be ionized. At the opposite interface, region B, a negative sheet charge is

obtained and the bands are pulled up—holes accumulate here, but the acceptor
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ionization rate is very low. Mg-doping in this region will not yield many holes,
but may considerably reduce the mobility of the accumulated carriers.

A high hole mobility is expected even in the case of uniform Mg-doping
because the polarization fields separate the mobile carriers from the ionized
acceptors. The fairly low hole mobility values which were obtained in the
uniformly-doped films are attributed to interface scattering and poor material
quality due to the high Mg concentration. The latter problem can be eliminated
through modulation Mg-doping limited to region A. We note that this
modulation-doping scheme, where the dopant is applied across one interface, is
very different from the traditional scheme used in non-polar materials where the

dopant is typically confined to the center of the barrier.

Energy (eV)

-04

AlGaN m AlGaN

Figure 6.10 Calculated valence band diagram for Mg-doped
Alg2GagsN/GaN superlattice with spontaneous and piezoelectric
polarization fields taken into account. The thickness of each layer is
L=80 A. The dashed line indicates the Fermi energy, and the circles
represent the energy of the Mg acceptor (solid when ionized). The
regions A and B defining each interface are indicated. The sapphire
substrate is on the left and the free surface of the film is on the right.
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In order to achieve sharp dopant profiles, plasma-assisted molecular beam
epitaxy (MBE) was used to grow the modulation-doped superlattice samples. The
growths were performed at UCSB by Yulia Smorchkova. MOCVD-grown GaN
base layers were used as the underlying template. Two Alg12GagssN/GaN
superlattice samples were prepared, both with L =80 A. In each case the Mg-
doping was applied through only half the structure, either in region A or in region
B. The results of room-temperature Hall effect measurements on these samples
are shown in table 6.1.

As expected, the sample doped only in region A exhibited both a higher
hole concentration and a higher mobility value—the conductivity of this sample
was almost an order of magnitude higher than that of the sample doped only in
region B. This is an unambiguous demonstration of the crucial role played in
these structures by polarization fields—without these fields the two interfaces are
equivalent and so the two films should behave identically.

The sample doped only in region A also exhibits a higher mobility than
the earlier, uniformly-doped samples. This increase is attributed both to the
improved material quality due to modulation-doping and to reduced interface

scattering due to a lower aluminum composition.

Doped Hole Conc. Mobility

Sample Region (cm?) (cm®/s)
1 A 1.9x10" 19
2 B 6.8 x 10" 5.6

Table 6.1 Room temperature Hall effect measurements on
modulation-doped Alg ;:Gae3sN/GaN superlattices.
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6.4 Conclusions

In conclusion, we have demonstrated highly conductive p-type
AlGaN/GaN superlattices. Polarization effects create a periodic oscillation of the
energy bands. This enhances the ionization of the deep acceptors and leads to the
accumulation of carriers in hole sheets. Through this mechanism, the average
hole concentration at room temperature is increased by more than a factor of ten
over that achieved in a bulk AlGaN film; the enhancement at reduced temperature
is more than five orders of magnitude. These structures can eliminate the strong
temperature dependence of the conductivity that is obtained in bulk films, since
the free carriers in the superlattice result not from thermal ionization but from
band-bending produced by the polarization fields. Application of this technique
to GaN-based laser diodes and LEDs may lead to a much wider range of operating
temperatures for these devices. The superlattices will also be useful in any device
layer requiring highly conductive lateral transport of holes (e.g. the sub-collector
of a p-n-p transistor).

Despite the success of this superlattice scheme in producing p-type layers
of low lateral resistivity, application of the technique in various device structures
may introduce serious problems because the superlattice produces valence and
conduction band barriers that will impede vertical carrier transport. For example,
recent experiments at UCSB by Hansen, et al., demonstrated that the threshold
voltage of a laser diode with a p-type AlGaN/GaN superlattice increases when the
superlattice dimension L is increased. As a result, the long-period superlattices
necessary for hole enhancement do not appear suitable for use in lasers designed
for room-temperature operation.!5

The barriers are also a problem for application to bipolar transistors, in
which vertical electron flow occurs across the base layer. The conduction band
barriers, due both to the polarization fields and the conduction band discontinuity,

are expected to be large and severely disrupt current flow. In future work this
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problem may be partially overcome through the use of quaternary alloys, allowing
independent control of band line-up and lattice constant. However, even if the
conduction band barriers are eliminated entirely, the superlattices may not be
suitable for use in bipolar transistors. This is because the holes are still separated
into sheets, and thercfore unable to move back and forth to properly neutralize the
injected electron concentration. This effect wili result in a Coulombic “drag
force” on the electrons crossing the base, which will degrade the high-frequency

performance of the device.16
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Chapter 7
Conclusions and future work

7.1 Growth, processing, and characterization

The research presented in this dissertation has focused in large part on
developing successful recipes for the growth and processing of Mg-doped p-type
GaN. These experiments have provided insight into a number of fundamental
issues for this material and have also yielded recipes that have proved useful for
fabricating a wide range of devices (see section 1.4).

MOCVD growth of Mg-doped GaN was studied extensively in this
dissertation, and a number of conclusions can be stated on this topic. SIMS
measurements indicate that Mg incorporation into the crystal is a fairly well
behaved process. The incorporation efficiency does depend on reactor pressure,
however, and exhibits a very strong memory effect. The latter is a major problem
and prevents the achievement of sharp dopant profiles. The memory effect is
expected to be strongly dependent on reactor geometry in MOCVD; it can be
avoided entirely by using MBE growth.

Hall effect measurements on bulk Mg-doped GaN layers reveal a number
of phenomena. Using this technique, the acceptor binding energy has been
measured, and was found to depend strongly on the dopant concentration. The
doping efficiency was observed to peak at a Mg concentration of 2x10%° cm.
Perhaps the most important conclusion in this area is that high compensation
levels are found in heavily doped films, with severe consequences for the hole
mobility. The hole concentration is also reduced by compensation, but the effect

is partially offset by the binding energy reduction which accompanies the
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increased compensation level. The nature of the compensating species is
unknown, but one candidate is the nitrogen vacancy. Indeed, the compensation
level is observed to rise during growth under nitrogen-poor conditions.

Growth in a nitrogen-rich atmosphere may therefore be expected to help
somewhat in reducing the density of compensating donors in Mg-doped GaN
films. In future work, this could be achieved by increasing the NH; cracking
efficiency, either through a modified reactor design or by pre-cracking the NH;
before injection. An interesting approach would be to use UV or microwave
radiation to help dissociate the NH; molecules.

Growth at higher temperatures may also help to reduce compensation by
providing a more nitrogen-rich atmosphere. The experiments on growth
temperature described in section 2.8 suggest that this may be the case, but that
other effects may limit the hole concentration achieved under these conditions.
This is an area that deserves further investigation. For this study, and indeed for
all growth studies, temperature-dependent Hall effect measurements are a very
important tool. An easier process and more accessible measurement setup for
obtaining these measurements at UCSB would greatly facilitate future
experimental work.

Another important issue for the growth of Mg-doped GaN is determining
how many of the Mg atoms incorporate on the desired sites, and how the
incorporation in other locations may be reduced. Electrical measurements are not
the most direct way of answering these questions—structural characterization
techniques are needed. Raman spectroscopy measurements may be useful in this
regard, and transmission electron microscopy (TEM) is likely to be a very
important tool.

TEM measurements of Mg-doped GaN have received little attention in the
literature, but should be very useful in detecting Mg precipitation or the formation

of MgsN; inclusions. This sort of microscopy work on Mg-doped GaN has
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recently begun in earnest at UCSB and the results, while preliminary, are quite
promising. For example, figure 7.1 shows a TEM image of a stack of Mg-doped
layers (the TEM work was performed by Lifan Chen). In this film, alternating
layers were grown at atmospheric pressure and 76 torr; this Mg-doped stack was
grown on a Si-doped template. A contrast is visible in TEM both between the Si-
doped and Mg-doped regions, and between the individual Mg-doped layers. The
latter contrast is presumably related to the higher Mg concentration in the low-
pressure-grown layers (the Mg profile for this sample was measured by SIMS and
is shown in section 2.7). A detailed analysis of these TEM results is currently
underway and should reveal whether or not the presence of small precipitates or
inclusions is responsible for the contrast. An increasing effort in microscopy of
Mg-doped GaN may also yield useful information about the interaction of the Mg
atoms with the threading dislocations within the film, as well as the structural
consequences of very high Mg doping densities.

A b Ty h

> GaN:Mg
layers

GaN:Si

ALO,

Figure 7.1 TEM image of Mg-doped GaN layers grown on top of Si-
doped GaN. Contrast is visible between the Si-doping and the Mg-
doping, as well as between different Mg-doped layers. The Mg dopant
concentration in the layers alternates between two different values.
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A number of processing issues have also been addressed in this
dissertation. Recipes for the activation anneal and p-contact preparation have
been presented, and the issue of plasma-induced damage has been investigated in
some detail. Experimental work in this area was complicated by significant
problems with material variation, both between growth runs and over the area of a
single wafer. Greater material uniformity will be needed in future work in order
to fine-tune these process recipes. The inhomogeneity problem may be reduced
somewhat in the near future as the MOCVD facilities at UCSB evolve and more
uniform epitaxial tools come on-line; whether the run-to-run variation may be
brought under strict control remains to be seen.

A number of experiments were performed on the optimization of the
activation anneal procedure. Short, high-temperature anneals appear to provide
the best results. Surface damage may occur at these high temperatures, and the
use of a capping layer (usually SiO,) was found to help preserve the surface.
Additional experiments in high-temperature annealing, perhaps under a high N,
pressure, may prove useful in further optimizing the procedure.

A fairly successful ohmic contact scheme using a Pd/Au metallization was
developed. In addition, a detailed analysis of the current flow characteristics of
these slightly-non-ohmic contacts has been performed—this discussion is
presented in appendix B. Proper surface preparation was found to play an
important role in achieving low-resistance contacts. Annealing the Pd/Au
contacts at 650 °C led to a significant drop in contact resistance. This annealing
procedure needs to be more carefully investigated; an even lower contact
resistance is expected once the anneal temperature and time have been fully
optimized. It is also important to develop an understanding of the mechanism for
the contact resistance reduction. TEM measurements will be useful for
identifying new phases that may be formed during the anneal, and SIMS may be

used to investigate the possibility that hydrogen is gettered into the metal.
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The issue of plasma damage to p-type GaN has also been investigated in
this dissertation. The p-GaN surface was found to be extremely sensitive to
plasma damage, and only Schottky-type contacts were obtained on plasma-
exposed surfaces. Lowering the plasma power helped to minimize the damage.
Plasma processing should be avoided whenever possible, but unfortunately cannot
be eliminated altogether since there is presently no viable alternative for etching
GaN.

A number of approaches should be investigated to address the issue of
plasma-induced etch damage. Inductively coupled plasma etching systems offer a
dense, low-energy plasma source that may produce significantly less damage than
the reactive ion etching configuration employed in this work. Another possible
approach is to remove the plasma-induced damage in a clean-up step using wet
chemical treatments. Preliminary experiments in this area were unsuccessful, but
there are a number of possible chemical treatments that deserve careful testing.
The best approach would likely be to eliminate the plasma exposure altogether by
using photo-electrochemical (PEC) etching. This technique also offers the
advantage of type-selective etching, which could be very useful for processing
devices such as bipolar transistors. It currently remains unproven, however, that
PEC etching can, in fact, be used to expose p-GaN layers without surface damage.
Considerable further work is needed both to qualify this etch technique and to

develop it into a practical device processing tool.
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7.2 Device issues

Aside from the need for more conductive p-type material and improved
contact technologies, one of the main issues for device performance is the
presence of deep levels within the GaN layers. Using lateral epitaxial overgrowth
(LEO), we have shown that some of these levels are associated with threading
dislocations within GaN, and that these are responsible for the high reverse-bias
leakage current observed in GaN p-n junctions. Dislocation-free diodes formed
on LEO GaN display a much lower leakage current, a discovery which has
already seen application in photodiodes. However, even in the dislocation-free
diodes, some leakage current remains; this may be due to point defects within the
crystal or surface damage on the etched side-wall of the device.

The forward bias characteristics of GalN p-n junctions are still not
understood. The I-V behavior deviates significantly from the ideal junction
equation, and does not appear to be affected by the presence or absence of
dislocations. In order to determine the forward current flow mechanism, further
experiments that examine the I-V characteristics as a function of temperature are
needed. These experiments should be performed on a number of devices grown
under different conditions so that the factors affecting the I-V characteristics may
be identified.

There is another type of deep level in this material, one which cannot be
eliminated: the Mg acceptor level itself. While this level may be too shaliow to
play a major role in generation and recombination, it can be a source of dispersion
during high-frequency operation. The deep acceptor level will also impact the
DC depletion region, which was found to vary significantly in Mg-doped GaN
from the depletion region obtained in the usual case with shallow dopants.

The finite response time of the Mg acceptor will lead to both small-signal

and large-signal dispersion effects. The former effect has been measured
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experimentally in GaN p-n junctions; the experimental data agrees fairly well
with the results of analytical calculations. The large-signal effect will be of much
greater significance, especially for the efforts to produce high-power and high-
frequency GaN-based bipolar transistors. The device consequences of this
dispersion effect are discussed in chapter S, however the magnitude of the large-
signal effect is difficult to calculate and will not truly be known until AC

measurements are performed on these transistors.

7.3 Using polarization effects

The deep nature of the Mg acceptor is a fundamental problem that
currently limits the hole concentration which may be achieved in GaN; it also
leads to a strong temperature dependence in the electrical properties of these
layers. The nitride material system supports very strong polarization fields,
however, and this phenomenon may be used in various schemes to address some
of the limitations posed by the deep Mg acceptor.

One such technique is the AlGaN/GaN superlattice discussed in chapter 6.
This superlattice makes use of polarization effects to provide an oscillation in the
energy of the valence band edge, allowing holes to collect in sheets at alternate
interfaces where the valence band edge is pulled up to the Fermi level. The
technique results in enhanced hole concentrations that are maintained even at very
low temperatures.  Modulation doping experiments have confirmed that
polarization effects play a pivotal role in the operation of the superlattice. The
superlattice scheme demonstrates the potential for using polarization effects as an
engineering tool, and may prove useful in selected device applications. However,
the large barriers to vertical conduction that are imposed by the heterointerfaces

may make this technique unsuitable for most device structures.
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Figure 7.2 shows the calculated sheet charge density due to polarization
effects that will occur at the interface between a relaxed GaN template and a
strained alloy layer. These sheet charge values were calculated using the method
and references detailed in chapter 6. For AlGaN, the charge density due to the
piezoelectric effect and the difference in spontaneous polarization are comparable
in magnitude, while for InGaN the effect of spontaneous polarization is quite
minor. When grown on a GaN template, InGaN is in compression while AlGaN
is in tension. Because of the opposite strain sign, the piezoelectric effect causes
opposite polarization fields in the two types of layers (the values shown in figure

7.2 give only the magnitude of the charge sheets which are formed).
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Figure 7.2 Polarization sheet charge at an interface between a strained
alloy layer and a relaxed GaN film. The magnitude of the sheet charge,
divided by the electronic charge g, is plotted. The squares represent
AlGaN alloys and the circles represent InGaN; open symbols are
calculations based solely on the piezoelectric effect (PZ) while solid

symbols also take into account differences in spontaneous polarization
(PZ+SP).
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The sheet charge densities shown in figure 7.2 are very large—the
polarization charge at heterointerfaces can easily be sufficient to provide volts of
band-bending over very short distances. Alternatively, the alloy composition may
be graded instead of changed abruptly at a heterointerface. An alloy grade
distributes the sheet charge over an extended volume. Using a 1000 A grade, for
example, space-charge densities around 10'® cm™ are calculated. This is a very
high space-charge density, comparable to that typically achieved in heavily-doped
layers. The polarization effects are therefore very powerful tools for band-
diagram engineering, and will likely be a major topic of future research.

A distnbuted negative space-charge created by an alloy grade will act very
much like negative ionized acceptors, and will attract mobile holes in order to
achieve space-charge neutrality. To preserve overall neutrality, the holes will be
balanced by electrons accumulated elsewhere in the device (most likely where the
positive polarization charge resides). This technique therefore holds the promise
of p-type layers achieved without any actual acceptor doping. The resulting

material would offer a high hole mobility due to the absence of ionized impurities,
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Figure 7.3 JHEMT device structure formed using polarization effects.
The layer structure (a), charge distribution (b), and band diagram (c) are
shown.
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and should be free of memory effect and dispersion issues. Two possible device
structures based on this technique are described below.

A junction-gated high electron mobility (JHEMT)-like structure may be
produced using these polarization effects. A GaN buffer layer would be grown
first, followed by an abrupt transition to AlGaN. The growth would be finished
by grading the aluminum composition of the barrier layer down to zero at the
surface. This alloy grade will produce a negative polarization space-charge
within the barrier layer. Holes will therefore accumulate in the AlGaN layer and
balance the charge of the two-dimensional electron gas, forming a p-n junction-
like structure. This device structure is shown in figure 7.3.

Polarization effects could also be used to replace the Mg-doping in the
base layer of n-p-n bipolar transistors. Unfortunately, the alloy grade that is
required in order to achieve p-type material also causes a quasi-electric field that
opposes vertical electron transport in a downward direction. This quasi-electric

field in the base layer would severely degrade device performance. In order to
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Figure 7.4 HBT structure formed using polarization effects. The
structure is grown on N-face GaN in order to flip the polarization fields.
The layer structure (a), charge distribution (b), and band diagram (c)
are shown.

162



avoid this, either the layer order must be flipped, creating a collector-up design
(some undercut technique would then have to be employed to aperture the emitter
current), or the sign of the polarization fields must be flipped. The latter could be
achieved using growth on a N-face GaN substrate, once such material becomes
available. Either technique would resuit in a quasi-electric field that aids electron
transit across the base, just as in a traditional graded-base HBT. Figure 7.4 shows
the structure of such a device, using a graded AlGaN layer to create the p-type
base. The holes accumulated there are offset by electrons near the emitter-base
junction.

These device designs represent an exciting area for future work, promising
bipolar devices formed without acceptor doping (although Mg acceptors may still
be needed in thin contact regions in order to achieve ohmic contacts). In order to
achieve these devices, it will be important to limit the density of defects and
unintentional dopants; these may compensate the polarization-induced space-
charge and prevent the necessary band-bending.

Some preliminary experimental work was performed on this type of
device structure, but p-type conduction without Mg doping has not yet been
convincingly demonstrated. Deep defect formation is probably the major
stumbling block that currently limits work in this field. Better substrates and an
improved understanding of growth conditions may allow future workers to
overcome these problems. If so, polanzation engineering may emerge as an
important new technology that may be used to address the fundamental

limitations of the deep Mg dopant.
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Appendix A

Standard processing recipes

A.1 Activation

1.

9

Solvent clean

= Acetone ultrasonic treatment, 1 minute

* [sopropanol ultrasonic treatment, | minute

* Rinse with DI water, | minute

* Blow dry with N

Deposit SiO, cap

* Clean PECVD chamber by running program “30clnsio”
* Deposit 1000 A SiO; (program “siol0”)

Anneal

* Anneal in RTA at 950°C for 3 minutes, in N, atmosphere
» Use clean Si carrier wafer

* Perform test run of RTA before loading samples
Remove SiO; cap

= Soak in BHF, 10 minutes

» Rinse in DI water, | minute

* Blow dry with N>

A.2 Ohmic contact

1.

Solvent clean

* Acetone ultrasonic treatment, 1 minute

* [sopropanol ultrasonic treatment, | minute
¢ Rinse with DI water, 1 minute

= Blow dry with N;
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Image-reversal photolithography

* Dehydration bake in 120 °C oven, 15 minutes

= Allow samples to cool, 3 minutes

= Spin HMDS 6000 RPM, 40 seconds

® Spin 5214 photoresist 6000 RPM, 40 seconds

= Softbake 95 °C hotplate, 1 minute

* Expose with mask, 7.5 W/cm? UV light power, 9 seconds
* Image reversal bake 110 °C hotplate, 1 minute

* Flood expose, 7.5 W/cm? UV light power, 30 seconds

= Develop in AZ400K:DI 1:5.5, ~ 45 seconds

= Second exposure: flood expose, 7.5 W/cm?, 1 minute

= Develop in fresh AZ400K:DI 1:5.5, 15 seconds

Acid dip

= Soak in HCI, 20 seconds

® Rinse in DI water, 1 minute

* Blow dry with N,

Metal evaporation

= Evaporation in thermal evaporator: 200 A Pd, 2000 A Au
* Base pressure: ~ 7x107 torr

= Evaporation rate: ~ 1 A/sec for Pd, ~ 5 A/sec for Au

. Lift-off

= Soak in acetone 10 minutes

= Finish lift-off with acetone spray and/or ultrasonic dip
= Ultrasonic isopropanol clean, 1 minute

* Rinse in DI water, 1 minute

s  Blow dry with N,
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Appendix B
TLM Measurements on non-ohmic contacts

The transfer length model (TLM) method of characterizing contact
resistance is commonly used in semiconductor processing characterization. When
ohmic contacts are obtained, the method is straightforward and provides a simple
contact characterization technique. When the contacts are not perfectly ohmic,
however, the analysis must be considered much more carefully.

We first briefly summarize the technique as applied with perfectly ohmic
contacts. A good discussion is provided in Modern GaAs Processing Methods by
Ralph Williams (Artech House, Boston, 1990). A series of contact pads separated
by different spacings, L, are prepared on the wafer. Each contact pad has width
W, and they are placed upon a conducting layer of thickness 7. A mesa is etched
around the entire pattern so that current is constrained to flow directly between
the two contacts being tested. This arrangement is shown in figure B.1. The

resistance between any two adjacent pads will be given by

nce R

D Resista

N\

-

2L, 0
Contact pad spacing L

Figure B.1 Diagrams of TLM measurement configuration (left) and
fitting procedure (right).
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L pL
R=2R. +R,,| — [=2R- +—, B.1
4 Ry )= 2Re + @1

where Rc is the contact resistance, Rsy is the sheet resistance and p is the
resistivity of the layer. The contact resistance Rc may be obtained from the y-
intercept of a line-fit to a plot of R as a function of L (see figure B.1). The x-
intercept of this plot gives twice the transfer length Ly (here we assume that the
sheet resistance does not change under the contact, a safe assumption for non-
alloyed contacts):
L, =W(R./Rg,). (B.2)

This transfer length represents the active part of the contact. The specific contact
resistance rc is the resistance presented by the contact to uniform vertical current

flow over a unit area. Its value is given by
r- =RWL,, (B.3)

Current (mA)

Voltage (V)

Figure B.2 I-V characteristics obtained from a set of TLM pads.
The contact width W is 200 um, the spacings L are 3, 5, 10, 15, 20,
30, and 50 um.
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which is equivalent to assuming that R¢ is due to a uniform current flow through
the active contact area Aggr = L1 W.

The current flow from underneath the contact may be modeled as a semi-
infinite resistor network, in which each node is separated by a distance dx. The
resistance to lateral curmrent flow through the semiconductor is therefore
(Rsy dx/W), while the resistance to vertical current flow into the contact is
(rc Wdx). When this system is analyzed, both the lateral current flow through the
semiconductor and the vertical current flow into the contact are found to fall off
as exp (-x/ Lr) where x is the distance under the contact.

We now turn our attention to the case where the contacts are not quite
ohmic. Figure B.2 shows the I-V characteristics obtained from TLM patterns
formed by non-alloyed Pd/Au contacts on Mg-doped p-type GaN. The non-ohmic
nature of the contacts is particularly evident in the curves for small values of L,
where the resistance of the bulk layer is small. In this case, it is important to

realize that the contact is not characterized by a single resistance but instead by a
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Figure B.3 TLM fit of the dynamic resistance as a function of
pad spacing L. The total current is varied.
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particular, non-linear, I-V curve. The voltage that will be measured between two
contacts at a particular current level will be determined by the contact voltage at

that current level Vconr (1), as well as by the sheet resistance:
V(I)=2VCO~T(I)+IXRS,,(‘—5,—), (B.4)

assuming the contact I-V characteristic is symmetric.

If the dynamic resistance at a particular current is measured from the slope
of the I-V curve at that current level, equation (B.l) may be used to find the
contact resistance Rc. In this case R¢ represents the dynamic contact resistance at
the current level used. Figure B.3 shows such TLM fits carried out at different
current levels; these are based on the same I-V curves displayed in figure B.2.
The results show the expected result that the contact resistance obtained depends

strongly on the measurement current value.
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Figure B.4 Contact resistance and sheet resistance obtained from
TLM fit as a function of current level.
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Using a spreadsheet, the I-V curves presented in figure B.2 have been fit
to the TLM model at every current value measured. The resulting values of Rc
and Rsy are shown in figure B.4. As expected, the sheet resistance is independent
of measurement current but the contact resistance exhibits a dramatic peak at low
current levels. The oscillations seen at high current levels are a measurement
artifact.

Based upon the measured values of R¢ and Rsy, we could now forge ahead
and calculate Lr and rc. However, it is not clear that these values are necessarily
meaningful. It is important to remember that in this case the measured contact
resistance is actually a dynamic resistance value. The semi-infinite resistor
network model is not valid in our case because the contact cannot be described as
a resistor. Therefore if the transfer length is calculated in the standard way, the
value will not necessarily correspond to the true active area of the contact, and

there is no guarantee that equation (B.3) will yield correct values of r-. The true
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Figure B.5 Plot of current density J as a function of bias drop
across the contact Vconr, The line fit to the high-bias data gives
the specific contact resistivity ¢ at high current values.
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active contact area is important to know not only for calculating rc, but also
because it is an important parameter for device design (e.g. for determining the
necessary size of the base contact metal in a bipolar transistor).

It stands to reason that the standard transfer length equation will be
approximately correct for contacts that are only slightly non-ohmic, while it is
completely invalid for contacts that are totally Schottky in nature. The important
question is whether the contacts in this case are sufficiently ohmic for the
equation to be valid. In order to investigate this, we first assume that the transfer
length can be calculated in the standard way, and then use the results to simulate
the original I-V curves; if these simulated curves match well with the measured
ones, the method is judged sound.

The first step is to find an approximate formula for the I-V characteristic
of the contact Vconr(J). We extracted the numerical data for the function Vonr(/)
according to equation (B.4), subtracting the voltage drop due to the sheet
resistance from the I-V curve measured between two pads separated by 3 um. We
note again that this equation assumes that the voltage drop is equally divided
between the two contacts. This assumption is most likely incorrect as more of the
voltage is expected to drop across the reverse-biased contact.

Next we must calculate the current density. This is done by assuming that

the current flows uniformly through an active contact area of Ager = Ly W, in

Figure B.6 Schematic diagram of the finite element model
discussed in the text.

172



analogy with the conventional case, in which this approximation yields the correct
result. The transfer length here is calculated according to the standard formula
(B.2); itis in this step that the validity of this equation is assumed. We now have
two sets of data: Vconr(l) and J(I)=l/Agrr. Figure B.S shows a scatter plot of this
data in which Vconr is placed on the x-axis and J is placed on the y-axis. The
resulting curve is the desired Vconr(J) relation which characterizes the contact
properties. From this data it appears that the contact has a “tum-on” voltage of
approximately 350 mV, and a specific contact resistance at high current levels of
2x10* Q cm’. A numerical routine was used to fit the data to a third-order
polynomial equation, providing a formula labeled Jer(V), which describes the
characteristics of the contact.

We next prepare a finite-element model of the current flow. This is
analogous to the semi-infinite resistor network, but the contact is modeled with a

full J-V curve, as indicated in the diagram shown in figure B.6. The finite
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Figure B.7 Lateral and vertical current flow Iy and Jy underneath
the contact. The plotted data were calculated using the finite
element model.
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element calculations were carried out in a spreadsheet. An input current was
specified and the contact voltage Vconr was adjusted until the model converged.
At each position x under the contact, the spreadsheet calculated the voltage in the
semiconductor (Vsc), the current flowing vertically into the contact (Jy), and the
current flowing laterally through the semiconductor (Ix). The equations for a

standard node (number i) are given below:

dx
V.. =V +1 R | — |, B.5
SCi SCu-1 X a-17"Si (W) ( )
Jy, = J err Veonr =Vsei) » (B.6)
Iy,=1,,,—Wdx/J,,. (B.7)

Figure B.7 shows a plot of Ix and Jy as a function of x, the distance under
the contact, which was obtained using the finite element model to find the current

distribution at a particular total current level /. The effect of the non-ohmic
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Figure B.8 Total voltage calculated as a function of current for a
pad spacing of 3 um (open circles) and 5 um (open squares). The
data are compared to the measured I-V curves for these spacings.

174



contact is clearly visible in this plot. Because this model is different from the
standard resistor network, neither Ix nor Jy is observed to fall off exponentially—
instead a more complicated dependence is evident for both. In addition, the
distance in which the current drops by a factor of 1/e is different for the two
directions.

The finite element model was used to find the value of Vcoar for several
different values of the total current /. The total voltage drop between two contacts
was then calculated according to equation (B.4). The resulting calculated values
are compared to the measured I-V curves in figure B.8. The two are observed to
match fairly closely, indicating the validity of this overall procedure.

We conclude that the transfer length can be safely used to estimate the
active contact area of these Pd/Au contacts, and that equation (B.3) may be used
to calculate values of the specific contact resistance r¢ at a particular current level

I. (Such values are used extensively in chapter 3 to characterize contact quality.)
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Figure B.9 Comparison of transfer length Lr from TLM fit (solid
circles) and 1/e length for Jy (open circles) and Ix (open squares)
calculated using the finite element model.
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The full-blown finite element model that has been developed in this appendix is
also very useful for providing a more detailed understanding of the current flow
under the contact. Figure B.9 shows the transfer length Lt calculated at each total
current value I, as well as the l/e distance for both Ix and Jy at the particular
current values to which the finite element model was applied. It is clear that the
transfer length provides a fairly accurate estimate of the minimum contact length
required at high current values, but becomes increasingly less accurate at low
current levels. These results may be of importance in the design of base contacts

for high-speed GaN based bipolar transistors.
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