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1 Introduction

Wide-bandgap semiconductors such as GaN are promising for high-power electron-
ics due to higher breakdown voltages and lower on-resistances compared to con-
ventional Si-based devices [1, 2]. Vertical GaN p-i-n devices are expected to provide
improved thermal management and reduced leakage current in comparison with their
lateral counterparts [3, 4]. One of the main challenges in realizing vertical GaN p-i-n
devices is the development of selective-area p-type doping techniques for lateral
junctions. Despite its relatively high ionization energy of 145–245 meV [5, 6], Mg is
the most effective p-type dopant for GaN to date [7, 8]. Strategies for selective-area
Mg doping have included masked ion implantation and/or dopant diffusion; how-
ever, these approaches are limited to shallow junction formation and require high
temperature annealing. A promising alternative involves a combination of selective-
area etching followed by selective-area regrowth. For all selective p-type doping
approaches, a detailed understanding of the influence of processing on the structure
and properties of GaN surfaces and interfaces intended for use in vertical GaN p-i-n
devices is needed.

To date, ion beam analysis techniques, including channeling Rutherford back-
scattering spectrometry (RBS/c) and elastic recoil detection analysis (ERDA) have
been used to quantitatively determine composition, uniformity, impurity, and ele-
mental depth profiles of major, minor, and trace elements in group III-V nitrides
[9]. For example, RBS/c studies of heteroepitaxial GaN on sapphire [10–16], bulk
GaN [17, 18], and implanted GaN [17, 19] have revealed χmin values ranging from
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1.2% to 4%; however, RBS/c studies of homoepitaxial GaN have not been reported.
ERDA studies to date are limited to Mg-implanted GaN, revealing a Mg-induced
increase in sub-surface [H] [17].
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Therefore, in this chapter, we present new understanding of relationships between
structure, chemistry, and electronic states at GaN surfaces and interfaces intended for
use in vertical GaN p-i-n devices. In particular, we present investigations of depth-
dependent crystallinity, atomic displacements, impurity incorporation, and elec-
tronic states using ion beam analysis techniques in conjunction with chemical and
electronic characterization methods. First, we describe the ion beam analysis and
chemical and electronic characterization methods, including Rutherford backscat-
tering spectrometry (RBS), ERDA, and cathodoluminescence (CL) spectroscopy.
Next, we describe investigations of surface treatments for selective-area regrowth of
GaN substrates and regrown epitaxial GaN layers. The subsequent sections of the
chapter focus on p-doped GaN layers prepared by Mg implantation and Mg/N
co-implantation plus gyrotron annealing and electric field-assisted Mg diffusion. In
the final section of the chapter, we compare and contrast the GaN surfaces and
interfaces prepared by epitaxy/etching/regrowth, Mg ion implantation plus gyrotron
annealing, and electric field-assisted Mg diffusion, suggesting promising avenues for
future investigations.

2 Methods

In this section, we describe the methods used to examine the depth-dependent
crystallinity, atomic displacements, impurity incorporation, and electronic states.
First, we describe several RBS-based approaches including 2D planar channeling
maps, as well as profiles of angular yields, channeling yields, and random yields,
which are used together to examine depth-dependent crystallinity and atomic dis-
placements. In addition, we describe ERDA, which is used to determine the depth-
profile of [H]. Both RBS/c and ERDA were conducted using a 1.7 MV National
Electrostatic Corporation tandem ion accelerator equipped with a fully-automated
five-axis goniometer, with key details provided in Table 20.1, as described by
Cooper et al. [20]. We also describe CL spectroscopy used to probe the depth-
dependent electronic states associated with both Mg dopants and unintentional
impurities at GaN surfaces and regrown interfaces. The CL spectroscopy was
performed in a TESCAN RISE scanning electron microscope (SEM) equipped
with a Gatan MonoCL4 detector [21, 22].

2.1 Channeling Rutherford Backscattering Spectrometry

Ion channeling is the focusing effect that occurs when a well-collimated beam of
charged particles impinges upon a crystal in a direction of high atomic symmetry.



r0
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Table 20.1 Tabulated parameters for Rutherford Backscattering Spectrometry (RBS) and Elastic
Recoil Detection Analysis (ERDA) measurements including incident particle, incident ion beam
energy, incident ion beam angle (relative to surface normal), detector angle (relative to incident
beam direction), and detected species

Experiment
Incident
ion

Incident ion beam energy
(MeV)

Incident
beam
angle (°)

Detector
angle (°)

Detected
species

RBS H+ 1.5 0 160 Ga, N

RBS He2+ 2.5 70 170 Ga, N

ERDA He2+ 2.5 70 30 H

Fig. 20.1 (a) Schematic illustration of primitive cell for hexagonal close-packed crystal, with black
circles representing atoms, hashed regions representing a column of atoms with radius rmin, and the
remaining white spaces representing ion channels with radius r0. (b) Within π r20 of each column of

atoms, particles channel only for r > rmin. Thus, the fraction channeled is r20 - r2min
2

As illustrated in Fig. 20.1a, when an ion beam is directly aligned along a
crystallographic direction, the ions are steered by small-angle scattering collisions
between rows and planes of atoms. As shown in Fig. 20.1b, the fraction of ions that
are channeled is estimated as

f channel =
πr20 - πr2min

πr20
ð20:1Þ

where rmin is the atomic radius and r0 is the radius of the ion channel surrounding the
atom.

In the vicinity of the atomic row, the incident particles experience fewer close-
encounters with atoms outside a small region surrounding the atomic rows, resulting
in a reduced backscattered yield. In contrast, in the vicinity of atomic displacements,
a fraction of the incident particles is de-channeled, leading to an increased proba-
bility for close-encounter collisions, resulting in an increased backscattered yield.

The fraction of ions that are not channeled is equivalent to the so-called minimum
yield
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Table 20.2 Structural and electronic properties of as-grown and etched GaN surfaces: ratios of
channeling to random Rutherford backscattering spectrometry (RBS) yields summed over the top
100 nm, the so-called minimum yield, χmin; fraction of displaced Ga, Nd/N; minimum yield from
angular yield scans, Ymin; half-angle at half-minimum of angular yield scans, ψ1/2 (°); lateral
displacement of Ga atoms, rx (nm); near band edge cathodoluminescence (NBE CL) emission
intensity normalized to the emission of the as-grown GaN; Schottky barrier heights (SBH, eV); and
ideality factors. For this analysis, χ0 and ψ0 are defined as the χmin and the ψ1/2 of the as-grown GaN

Surface χmin Nd/N Ymin ψ1/2 (°) rx(nm)
NBE
CL

SBH
(eV)

Ideality
factor, n

as-grown 0.010 – 0.02 0.51 0.007 I0 1.11 1.07

TBCl 0.011 0.002 0.02 0.51 0.007 0.80I0 1.11 1.12

ICP 0.012 0.003 0.03 0.48 0.007 0.25I0 0.66 1.79

ICP + TBCl 0.010 0.000 0.02 0.49 0.007 0.54I0 0.96 1.18

χmin = 1- f channel =
r2min

r20
ð20:2Þ

The minimum yield, χmin, is often defined as the ratio of the “channeling” yield to
the “random” yield. The “channeling” yield is provided by the RBS spectra collected
along the channel axis, and the “random” yield is obtained by rotating the goniom-
eter in θ and ϕ about the channel axis. The fraction of displaced Ga atoms over the
depths of interest, Nd/N, is estimated via a comparison of the minimum yields of the
processed GaN layers with that of a high-quality GaN substrate, as follows:

Nd

N
=

χmin - χ0
1- χ0

ð20:3Þ

where N is the Ga atomic density of the crystal and χ0 is the minimum yield for a
high-quality GaN substrate standard [23]. In this work, we use the as-grown GaN
listed in Table 20.2 as the standard.

Another indication of the crystalline quality is the average displacement of the
atoms, rx, given by:

ψ1=2=ψ0 = ln Ca=rxð Þ2 þ 1 = ln Ca=ρð Þ2 þ 1 ð20:4Þ

where C2 = 3, the Thomas-Fermi Screening radius is a = 0.099 Å, the thermal
vibration amplitude is ρ = 0.0620 Å [24–27], and ψ1/2 and ψ0 are the half-angle at
half-depths from angular yield scans for the processed GaN films and that of a high-
quality GaN substrate standard, respectively. The as-grown GaN listed in Table 20.2
is also utilized as the standard for ψ0.

To obtain ψ1/2 and ψ0, the angular-dependence of RBS yields (so-called “angular
yield scans”) were measured at ±3° about the 1120 and 1100 directions. The
half-angle at half depth is determined from the width of the “well” at the half-depth



of the normalized angular scans. In general, smaller values of ψ1/2 correspond to
larger values of the lateral atomic displacements, rx.
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Fig. 20.2 (a) Illustration of Rutherford backscattering spectrometry (RBS): He or H ions (blue) are
initially incident upon the GaN sample, and backscattered ions (red) are collected by a silicon
surface-barrier detector. The automated ϕ-tilts (about the 1120 axis) and θ-rotations (about the

1100 axis), controlled by a five-axis goniometer, are also shown. (b) Normalized (0001) planar
RBS channeling map, with yields integrated over the top 100 nm

For these experiments, the samples are mounted with copper tape onto the stage
of a five-axis goniometer with computer control of polar (θ) and azimuthal (ϕ)
rotations, as illustrated in Fig. 20.2a. Preliminary alignment to the sample surface
normal is achieved using a laser that is coaxial with the incident ion beam.

Following sample surface alignment, a 2D planar scan is performed using the θ-
and ϕ-ranges of ±4° with a step size of 0.4°. The θ and ϕ values are adjusted so that
the minimum yield was set at θ= 0 and ϕ= 0. Next a high resolution 2D planar scan
is performed with θ- and ϕ-ranges of ±3° with a step size of 0.2°, as shown in
Fig. 20.2b for the [0001] channel of GaN. For the “random” spectra, the goniometer
is set to 5° in ϕ away from the channel axis, and the backscattered signal is collected
while the goniometer is rotated in θ (i.e., “rocked”) from-5 to +5° about the channel
axis, in steps of 0.2°. Both the channeling and random yield profiles are collected
using a silicon surface barrier detector equipped with an amplification system and
multichannel analyzer which bins the signal into “channels” that are linearly pro-
portional to the particle energy.

2.2 Elastic Recoil Detection Analysis

ERDA is a complementary ion beam analysis technique that enables quantitative
analysis of light elements—in this case, it is used to probe the depth dependence of
[H]. For ERDA, 2.5 MeV α particles are incident on the GaN at 70° to the surface
normal, and recoiled H atoms are detected by a Si surface-barrier detector (the
ERDA detector) located at 30° with respect to the incident beam. To filter out



scattered α particles, a 12.7 μm thick Kapton polyimide sheet is placed in front of the
ERDA detector [28, 29]. Meanwhile, backscattered α particles are collected with
another Si surface-barrier detector (the RBS detector) situated at 170°with respect to
the incident ion direction.
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For both RBS and ERDA, the yield of detected particles is given by:

Y = σi θð Þ ·Ω ·Q ·Ns i½ � ð20:5Þ

where Y is the yield, σi(θ) is the scattering cross-section at scattering angle θ,Ω is the
detector solid angle, Q is the number of incident ions, and Ns[i] is the areal density of
target atoms i. The scattering cross-sections, σi(θ), for RBS of Ga and N were
calculated using simulation of nuclear reaction analysis (SIMNRA) [30], and those
for ERDA of H were taken from Ref. [31].

Due to the shallow angles of ion incidence and detection, accurate determination
of the solid angles for the RBS detector (ΩRBS) and ERDA detector (ΩERDA) is
challenging. Instead, the ratio, ΩRBS/ΩERDA, is determined using a target with
known dimensions and [H] concentration, namely, a 1.5 cm × 1.5 cm sized Kapton
sheet. Given the Ns value for Kapton, and the fact that QRBS = QERDA during
simultaneous RBS and ERDA measurements, the measured YRBS and YERDA for
Kapton were used to determine ΩRBS/ΩERDA = 0.36 for these experiments.

For the processed GaN films, simultaneous RBS and ERDA measurements were
used to ensure QRBS = QERDA. Using the measured value of YRBS, the known Ns for
pure GaN, and the ΩRBS/ΩERDA ratio discussed above, QΩRBS and QΩERDA were
determined. Then, using the measured value of YERDA, along with the reported σ(θ)
for ERDA of H, Ns was computed, and [H] was determined for each measured
GaN film.

2.3 Channel-to-Energy-to-Depth Conversion

For these ion beam analysis experiments, signals or “yields,” consisting of counts vs
channel, are obtained. Thus, to quantify depth profiles, both channel-to-energy and
energy-to-depth conversions are needed. For example, for RBS, the channel-to-
energy conversion is achieved by comparing the positions of Ga-edges for measured
and simulated random yields from GaN. For ERDA, the positions of the H-edges for
measured and simulated recoiled H yields from Kapton are compared. In both cases,
the measured yield vs channel is fit to the simulated yield vs channel obtained using
the SIMNRA code [30], with fitting parameters including the number of particles ×
Ω, detector resolution, and energy per channel, as described in Fig. 20.3a.

For the energy-to-depth conversion, the energy lost to collisions within the solid
is considered, as illustrated in the inset in Fig. 20.3b. At a depth x, the energy of
emitted ions is estimated as:



s
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Fig. 20.3 (a) Plot of measured (black) and SIMNRA computed (red) “random” Rutherford
backscattering spectrometry (RBS) yield vs channel, for example, UID-GaN. The best-fit to the
data was determined by adjusting the number of particles (1.2 × 1011 protons·sr), detector resolution
(23 keV), and energy per channel (1.58 keV/channel) within the SIMNRA simulation. (b)
Backscattered energy vs depth, E(x), from SIMNRA simulations of 1.5 MeV protons incident on
GaN. An illustration of energy loss due to ion stopping power in a solid is shown as an inset. The
depth-dependent energy loss allows for depth-sensitive measurements using a fixed ion energy

E xð Þ=E0 -

x

0

dE
dx0 E x0ð Þ, x0ð Þdx0 ð20:6Þ

where the integral is the depth and energy-dependent ion stopping of the target
sample. Differentiating this equation with respect to x gives:

dE
dx

= -ϵ Eð Þ ð20:7Þ

where ϵ(E) is the energy-dependent stopping cross-section. Using SIMNRA [30],
which incorporates stopping cross-section data from Ziegler [32], the emitted ion
energy vs depth, E(x), is computed, assuming equivalent channeling and random
stopping powers [33]. In Fig. 20.3b, the backscattered energy vs depth, E(x), i
plotted for 1.5 MeV protons incident on GaN. Using a linear-least squares fit for E
(x), the RBS yield vs energy spectra is converted to yield vs depth. Similar
approaches were used for the energy-to-depth conversions for the recoiled H yields
in ERDA.

2.4 Cathodoluminescence Spectroscopy

CL spectra were collected in a Tescan RISE SEM equipped with a Gatan MonoCL4
Plus system. Within the SEM chamber, a parabolic mirror and light guide were used
to collect emitted photons and couple them into an ex situ monochromator and



photomultiplier tube. The excitation depths for various electron-beam energies were
estimated from CASINO Monte Carlo simulations of electron trajectories in GaN
[34], as shown in Fig. 20.4. The average of the depths of maximum energy loss and
most probable electron penetration was used to select appropriate beam energies
(typically 5–10 keV) to preferentially probe the surfaces and buried interfaces. The
electron beam spot size and current were selected to maintain power density at
<0.34 W/cm2. During electron beam scanning over 40 × 40 μm2 regions, room
temperature CL spectra were collected in the range 300–750 nm (4.12–1.65 eV)
using a 50 nm blaze diffraction grating.
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Fig. 20.4 CASINO simulations of electron trajectories in GaN: depths of maximum energy loss
(red) and most probable electron penetration depth (blue) as a function of beam energy. For each
beam energy, the simulated number of electrons vs maximum penetration depth was box-car
smoothed and fit with a Gumbel distribution [35]. For the inset, red and blue electron trajectories
indicate electrons which escape and do not escape the sample, respectively. Image processing of the
corresponding electron trajectories was used to locate the highest density regions. (Reprinted from
Ref. [21], with permission from Elsevier)

2.5 Schottky Barrier Height Measurements

In preparation for measurements of Schottky barrier heights, the GaN surfaces were
etched with 1:1 HCl:HF for 60 s. Diodes with 80 μm diameter were prepared by
e-beam evaporation of 20 nm/50 nm Ni/Au through a shadow mask onto the etched
surfaces, followed by deposition of 20 nm/200 nm/20 nm/50 nm Ti/Al/Ni/Au layers
on the backside of the GaN substrates. I–V measurements were performed at room
temperature using a Keithley Model 4200 Semiconductor Characterization System,
and the Schottky barrier heights and ideality factors were extracted from the
forward-bias data.
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3 Results and Discussion

3.1 Epitaxy, Etching, and Regrowth

In this section, we present investigations of GaN structures prepared by epitaxy,
etching, and regrowth. In particular, the influence of ambient exposure and/or
chlorine-based etching approaches on the structure and properties of GaN surfaces
and regrown layers are described. Following a review of recent etching/regrowth
approaches toward vertical GaN devices, we describe the sequence of metalorganic-
vapor-phase epitaxy (MOVPE), chlorine-based chemical etching, and regrowth used
to prepare the structures. We then present data from RBS/c, ERDA, CL, and
secondary ion mass spectrometry (SIMS).

Selective-area etching and regrowth have emerged as a promising approach for
vertical GaN devices on various substrates. For GaN substrates, both vertical p-n and
n-p GaN devices have been demonstrated [36–39]. To date, the limited performance
of vertical GaN devices, including low breakdown voltages and high leakage
currents, has been attributed to imperfections at the regrowth interface [40, 41]. It
has been suggested that the regrowth interface disrupts the GaN stoichiometry,
resulting in interfacial N vacancies [42]. In the vicinity of the regrowth
interfaces, C, O, and Si concentrations have been quantified [42, 43], and strategies
to reduce their concentrations have been explored. For example, annealing in NH3

has been shown to reduce the surface/interface concentrations of C and O
[44, 45]. To reduce interfacial Si concentrations, Cl-based plasma and dry etching
[46], wet chemical etching, and UV-ozone cleaning [43, 45] have been utilized.
However, the influence of these surface/interface treatments on the crystallinity and
electronic states is just beginning to be explored [21, 47].

For these investigations, UID-GaN layers were grown on n-type GaN surfaces
using MOVPE; they were subsequently processed with two chlorine-based etchants,
tertiary-butyl chloride (TBCl), performed within the MOVPE system, and/or Cl2/
BCl3 inductively coupled plasma (ICP), performed ex situ, as illustrated in

Fig. 20.5 GaN structures prepared by epitaxy, etching, and regrowth: (a) surface-treated UID-GaN
layers grown on n-type GaN substrates, and (b) p-GaN layers (3 × 1019 cm-3) grown on surface-
treated UID-GaN layer structures on n-type GaN substrates. For (a), the surface treatments include
ex situ inductively coupled plasma (ICP), in situ tertiary-butyl chloride (TBCl), and ex situ ICP
etching followed by in situ TBCl exposure (ICP + TBCl), in comparison with as-grown UID-GaN
(as-grown). For (b), the interface treatments include air exposure (ex situ) and ICP etching (ICP), in
comparison with continuously grown layers (continuous)



Fig. 20.5a and b. For select samples, in situ and/or ex situ etchings were followed by
MOVPE growth of a p-GaN layer, as illustrated in Fig. 20.5b. Additional discussion
of TBCl etching is given in Chap. 12 of this book.
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Our ion beam analysis studies reveal that the all in situ prepared GaN surfaces
have the lowest fraction of displaced Ga atoms, the highest near band edge (NBE)
CL emissions, and nearly ideal diode characteristics. Meanwhile, for the GaN p-i-n
structures, the fraction of displaced Ga atoms, summed from the surface to the
regrown p-i interface, is about >2× higher than those of the etched surfaces,
presumably due to the displacement of Ga by Mg incorporation in the p-layers. In
addition, the all in situ prepared GaN p-i-n structures have the highest donor-
acceptor pair (DAP) CL emission. Interestingly, observation of yellow luminescence
(YL) at the ex situ prepared regrown p-i interfaces is consistent with the recent
hypothesis that YL is due to a surface state associated with air exposure [48].

3.1.1 Surface-Treated UID-GaN Layers

The [0001] channeling RBS spectra from an as-grown (black) GaN film as well as
those from ICP (red), ICP + TBCl (green), and TBCl (blue) etched GaN films, are
shown in Fig. 20.6a. In addition, the random RBS spectrum from the as-grown GaN
is plotted (black dashed). In Fig. 20.6a, a high backscattered yield, with well-defined
N- and Ga-edges, is apparent for the random spectrum, with significantly reduced
yields for the channeling spectra, as expected for single crystals. The close-up view
of the channeling spectra in Fig. 20.6b allows us to quantify changes in crystallinity,
at specific depths, following etching.

To quantify the depth-dependent crystallinity, we consider the fractions of
backscattered ions using the minimum yield, χmin, defined as the ratio of the
channeling yield to the random yield, summed over the depth of interest, in this
case, the top 100 nm. As shown in Table 20.2, χmin values of 0.01 are observed for
both the as-grown and TBCl-etched GaN, suggesting a fraction of displaced Ga, Nd/
N < 0.002. For the ICP-etched GaN, χmin increases to 0.012, resulting in Nd/
N ≈ 0.003. Interestingly, a subsequent TBCl etch (i.e., “ICP + TBCl”) reduces
χmin to 0.01, indicating Nd/N < 0.002 once again. Thus, the ICP etch disrupts the
crystallinity of the GaN surface, but the damage may be recovered by TBCl etch.

The angular-dependence of the channeling RBS yields are shown in Fig. 20.7 for
(a) YGa(ϕ) (rotation about 1120 ) and (b) YGa(θ) (rotation about 1100 ). YGa(θ) and
YGa(ϕ) were collected from the top 100 nm of the ICP + TBCl etched, TBCl etched,
ICP etched, and as-grown GaN films. For the as-grown GaN, the minimum yield,
Ymin,Ga, illustrated as a dashed horizontal line in Fig. 20.7a, is apparent at θ = 0,
where the incident beam is aligned along the [0001] channel. For the as-grown GaN,
the Ymin,Ga values are essentially identical for YGa(θ) and YGa(ϕ). In addition, well-
developed shoulders are apparent near the channel edges for YGa(θ), but they are
absent for YGa(ϕ), presumably due to differences in flux focusing at the 1120 and
1100 surfaces [18, 49]. The presence of well-defined shoulders suggests a highly
crystalline structure, as evidenced by the low values of χmin and Nd/N in Table 20.2.

https://doi.org/10.1007/978-3-031-83056-3_12
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Fig. 20.6 (a) Random and channeling Rutherford backscattering spectrometry (RBS) yield vs
backscattered particle energy for GaN following MOVPE growth (black), and post-growth surface
treatments including inductively coupled plasma (ICP) etching (red), tertiary-butyl chloride (TBCl)
etching (blue), and ICP + TBCl etching (green), with close-up view of RBS spectra in the vicinity of
the surface in (b)

Fig. 20.7 Angular-dependence of the [0001] channeling Rutherford backscattering spectrometry
(RBS/c) yields, rotated about the (a) 1120 and (b) 1100 axes. These angular yield scans were
collected from the top 100 nm of the GaN following MOVPE growth (black), ICP etching (red),
TBCl etching (blue), and ICP + TBCl etching (green). Example minimum yields, Ymin,Ga, and half-
width at half-depth, ψ1/2, are illustrated by the dashed horizontal line in (a) and the horizontal arrow
in (b), respectively



Finally, the half-width at half-depth, ψ1/2, is illustrated with a horizontal arrow in
Fig. 20.7b. As summarized in Table 20.2, ψ1/2 values of 0.49 ± 0.02° are apparent
for all of the GaN surfaces, consistent with earlier measurements of GaN [12, 15,
18]. The corresponding displacements of Ga atoms from the [0001] row, rx, are
0.007 nm, similar to the thermal vibration amplitude.
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Fig. 20.8 (a) Cathodoluminescence (CL) and (b) photoluminescence (PL) spectra of MOVPE-
grown UID-GaN (black), inductively coupled plasma (ICP) etched UID-GaN (red), tertiary-butyl
chloride (TBCl) etched UID-GaN (blue), and ICP followed by TBCl etched UID-GaN (green). For
the CL in (a), regions in the vicinity of the surfaces are probed using a beam energy of 5 keV. For
the PL in (b), the incident laser energy was 3.8 eV. (b) is reproduced from Ref. 46, with permission
from Elsevier

We now consider the luminescence from the surface-treated UID-GaN layers, via
the CL and photoluminescence (PL) spectra in Fig. 20.8a and b. Both the CL and PL
spectra reveal NBE emissions at ≃3.4 eV. For the CL shown in Fig. 20.8, the
intensity of NBE emission is highest for the as-grown UID-GaN and lowest for
the ICP-etched GaN. Similarly, the NBE PL emission for the ICP-etched GaN is
lowest, namely, it is quenched. CL emissions are also apparent at 2.85 eV and
2.2 eV, presumably due to impurity-related DAP and YL, respectively. It is inter-
esting to note that for the all in situ prepared surfaces, as-grown and TBCl-etched,
the NBE CL emissions are the highest, and the intensity of the DAP is higher than
that of the YL. On the other hand, for those surfaces etched ex situ via ICP, the NBE
CL emissions are reduced (with some recovery following TBCl etching) and the
intensity of the YL exceeds that of the DAP. A quantitative comparison of the NBE
CL intensities is listed in Table 20.2.

Finally, we compare the performance of Schottky barrier devices prepared with
various GaN surface treatments, as listed in Table 20.2. For all cases, Ni/Au contacts
were deposited on the GaN surfaces and current–voltage (I–V) characteristics were
measured at room temperature. The Schottky barrier heights and ideality factors for
each surface treatment are summarized in Table 20.2. For the as-grown and TBCl
etched GaN surfaces, similar Schottky barrier heights (1.11 eV) and ideality factors



(∼1.1) are apparent. In contrast, the ICP etch leads to the lowest Schottky barrier
height (0.66 eV) and highest ideality factor (1.79), indicating non-ideal diode
behavior, likely associated with the interfacial atomic displacements, i.e., increased
Nd/N, discussed above. For the ICP + TBCl etch, the Schottky barrier height is
increased to 0.96, with an ideality factor of 1.18. The nearly-ideal diode behavior for
the ICP + TBCl-etched GaN diode correlates well with the decrease in atomic
displacements, i.e., reduced Nd/N, discussed above.
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3.1.2 GaN p-i-n Structures

Figure 20.9 presents [0001] channeling RBS spectra from the continuous (black), ex
situ (gray), and ICP etched (red) GaN p-i-n structures, in comparison with a random
RBS spectrum from a UID GaN layer prior to p-GaN growth. In Fig. 20.9a, a high
backscattered yield, with well-defined N- and Ga-edges, is apparent for the random
spectrum, with significantly reduced yields for the channeling spectra. To quantify

Fig. 20.9 (a) Random and channeling Rutherford backscattering spectrometry (RBS) yield vs
backscattered particle energy for MOVPE-grown p-GaN layers grown on UID GaN layers, with
close-up view of RBS spectra in the vicinity of the p-i interface in (b). The black, gray, and red
spectra are data from the p-GaN grown on UID GaN without interruption (continuous), following
air exposure and re-insertion into the MOVPE (ex situ), and following air exposure, ICP-etching,
and re-insertion into the MOVPE (ICP etched). The position of the p-i interface is indicated by a
vertical dashed line in (b)



the depth-dependent crystallinity from the surface to the p-i interface, we compute
χmin summed over the top 350 nm, as illustrated by the vertical dashed line in
Fig. 20.9b. The resulting χmin and Nd/N values are listed in Table 20.3. For all of
the GaN p-i-n structures, χmin= 0.015± 0.02 with Nd/N= 0.007± 0.002, indicating
that any atomic displacements of Ga during air exposure and/or ICP etching were
restored during the regrowth process.
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Table 20.3 Structural and electronic properties of continuous, ex situ, and ICP-etched p-i-n GaN
structures: ratios of channeling to random Rutherford backscattering spectrometry (RBS) yields
summed over top 350 nm, the so-called minimum yield, χmin; the fraction of displaced Ga, Nd/N;
interfacial [Si] and [H]; interfacial cathodoluminescence (CL) emission intensities from
Fig. 20.11b: yellow luminescence (YL), donor-acceptor pair (DAP), and near band edge (NBE)
normalized to the CL emission of the continuous p-i-n GaN structure. For this analysis, χmin and ψ1/

2 for the as-grown GaN from Table 20.2 are defined as χ0 and ψ1/2, respectively

p-i-n
structure χmin Nd/N [Si] (1018 cm-3) [H] (1020 cm-3) YL DAP NBE

Continuous 0.016 0.007 0.1 2.2 I0 I0 I0
Ex situ 0.017 0.008 1.1 1.8 1.80I0 0.86I0 0.44I0
ICP 0.014 0.005 70 10 2.98I0 0.47I0 1.11I0

Fig. 20.10 Secondary ion mass spectrometry (SIMS) and elastic recoil detection analysis
(ERDA) data: depth-dependence of [Mg] and [Si] from SIMS for (a) continuous (black), (b) ex
situ (gray), and (c) ICP etched (red) GaN p-i-n structures. In (a)–(c), the dashed red line indicates the
p-i interface. (d) Depth-dependence of [H] concentration from ERDA. (e) Illustration of ICP-etched
GaN p-i-n structure with enhanced [H] and [Si] at the p-i interface

The depth-dependence of the impurity concentrations were determined using a
combination of SIMS and ERDA, as shown in Fig. 20.10, with the surface to bulk
spanning from the right to the left. In Fig. 20.10, the SIMS data of (a) continuous,



(b) ex situ, and (c) ICP-etched GaN p-i-n structures, reveal similar
depth-dependences of [Mg], with the highest [Mg] (≃5 × 1019/cm3) in the p-GaN
layers, and the lowest [Mg] (≤ 1017/cm3) in the UID-GaN layers. The SIMS data also
reveal similar depth-dependences of [Si], with the lowest [Si] (≤1017/cm3) in the
p-GaN layers, and slightly higher [Si] (≃1017/cm3) in the UID-GaN layers. In the
vicinity of the p-i interface, indicated by the vertical red dashed line at the depth of
350 nm in Fig. 20.10a–c, the [Mg] monotonically decreases across the interface
(from the surface to bulk) for (a) continuous and (b) ex situ p-i interfaces. However,
for the ICP-etched p-i interface in Fig. 20.10c, an enhancement of [Mg] to≃4 × 1020/
cm3 is apparent. It is interesting to note that enhancements of [Si] are also apparent at
the ex situ and ICP-etched p-i interfaces in Fig. 20.10b and c, with peak concentra-
tions of 1018/cm3 and ≃7 × 1019/cm3, respectively. Meanwhile, the depth-
dependence of the [H] in Fig. 20.10d reveals ≃3–10 nm of surface H2O for the
continuous, ex situ, and ICP-etched GaN p-i-n structures. For all samples, [H] drops
to ≃1019/cm3 within 280 nm of the surface, and a slight increase in [H] to ≃1020/cm3

at ≃300 nm depth is apparent. In addition, for the ICP-etched GaN p-i-n structure, an
enhancement of [H] to ≥1021/cm3 is apparent at the p-i interface. Thus, while air
exposure leads to elevated [Si] at the p-i regrowth interface, ICP etching results in a
further enhancement of [Si], as well as elevated [H] and [Mg], as illustrated in
Fig. 20.10e.
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Fig. 20.11 Cathodoluminescence (CL) spectra from continuous (black), ex situ (gray), and
ICP-etched (red) GaN p-i-n structures. To probe the surface and p-i interface, the CL spectra are
generated with electron beam energies of (a) 5 keV and (b) 10 keV, respectively

We now consider the electronic properties of the surface and p-i interface for the
continuous, ex situ, and ICP-etched GaN p-i-n structures. As shown in Fig. 20.11,
CL spectra were generated with electron beam energies of (a) 5 keV and (b) 10 keV,
which probe the surface and p-i interface, respectively. For the near-surface regions
in Fig. 20.11a, the emissions observed at 2.85 eV and 3.4 eV are attributed to DAP
and NBE emission, respectively. For the ex situ and ICP-etched GaN p-i-n



structures, the relative intensities of DAP and NBE are similar. Meanwhile, the
continuous GaN p-i-n structure exhibits a higher DAP to NBE intensity ratio. For the
p-i interface regions in Fig. 20.11b, the DAP to NBE intensity ratios for continuous
and ex situ are essentially unchanged, while that of the ICP-etched structure has
increased substantially. In addition, a new emission at 2.25 eV—the YL—is appar-
ent. Interestingly, the intensity of the YL is highest at the buried p-i interface within
the ICP-etched p-i-n structure, with an intermediate intensity at the buried p-i
interface within the ex situ p-i-n structure. These findings are consistent with the
attribution of YL to a surface state induced during air exposure [48]. A quantitative
comparison of the CL emission intensities is provided in Table 20.3.
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3.2 Ion Implantation and Gyrotron Annealing

In this section, we present investigations of GaN structures prepared by Mg implan-
tation and Mg/N co-implantation, followed by gyrotron annealing. Following a brief
review of gyrotron annealing and its potential impact on vertical GaN device
technology, we describe the sequences of box implantation/co-implantation and
gyrotron annealing used to prepare the structures. We then present RBS/c data,
emphasizing the impact of the implantation and annealing processes on GaN crys-
tallinity. More details of gyrotron annealing on Mg implanted GaN are reviewed in
Chap. 14 of this book.

Due to the need for post-growth annealing to drive off passivating H from
precursors used in GaN MOVPE [50, 51], ion implantation continues to be a viable
alternative for vertical p-n devices [52, 53]. However, p-n device fabrication using
ion implantation is limited to shallow junction formation, and requires both masking
for lateral selectivity and high temperature annealing to resolve lattice damage.
Recently, microwave annealing was proposed as a promising alternative due to its
promise for lateral precision in shallow junction formation, without the need for
ultra-high temperature annealing [54]. Specifically, a gyrotron microwave generator
[55] enables radiative heating with an ultra-high temperature ramp rate (10,000 °C/
s). Although PL studies suggest that gyrotron annealing of Mg implanted GaN has
enabled substitutional incorporation of Mg, MgGa, the limited doping efficiency was
attributed to high concentrations of VN generated during implantation
[54, 56]. Aiming to mitigate the formation of VN [57, 58], thereby increasing the
maximum hole concentration, Mg/N co-implantation followed by gyrotron
annealing was also explored [59, 60].

For these investigations, MOVPE-grown UID GaN layers were implanted with a
three-step box-implant targeting depths/concentrations of 500 nm GaN with
[Mg] = 1 × 1019 cm-3 and 250 nm GaN with [Mg] = [N] = 1 × 1019 cm-3, as
illustrated in Fig. 20.12 and Table 20.4. All ion implantations were performed at 7°
tilt with 23° twist relative to the c-plane to prevent ion channeling. For a subset of the
implanted GaN layers, gyrotron annealing was performed using 15 pulses at 1000 °C
at a pressure of 4 MPa in N2 gas [54, 59].

https://doi.org/10.1007/978-3-031-83056-3_14
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Fig. 20.12 Epitaxial UID GaN layers prepared with box implants, before and after gyrotron
annealing: (a) Mg implantation or Mg/N co-implantation was achieved using 3-step box implants
described in Table 20.4 and (b) following gyrotron annealing, the targeted structures consist of
500 nm GaN with [Mg] = 1 × 1019 cm-3 or 250 nm GaN with [Mg] = [N] = 1 × 1019 cm-3

Table 20.4 Approach for box implantation of GaN with Mg or Mg + N, including targeted
implanted species, depths, and concentrations. The ion energies and ion doses for each step are
also provided

Species Depth (nm)
[Mg]
(1019 cm-3)

[N]
(1019 cm-3)

Mg Ion
Energy
(keV)

Mg
Ion Dose
(1014 cm-2)

N
Ion Energy
(keV)

N Ion Dose
(1014 cm-2)

Mg 500 1.0 N/A – – –

100 0.9 N/A N/A

200 1.3 N/A N/A

400 3.3 N/A N/A

Mg, N 250 1.0 1.0 – – –

100 0.9 90 0.7

180 0.9 150 1.0

270 3.0 240 3.0

The [0001] channeling RBS spectra for as-grown GaN (black), GaN following
Mg implantation (cyan, dashed), and GaN following Mg implantation plus gyrotron
annealing (cyan, solid) are shown in Fig. 20.13a and c. Similarly, the [0001]
channeling RBS spectra for as-grown GaN, GaN following Mg/N co- implantation
(magenta, dashed), and GaN following Mg/N co-implantation plus gyrotron
annealing (magenta, solid) are shown in Fig. 20.13b and d. For both cases, RBS/c
for the as-grown GaN is plotted in black, with dashed (solid) lines corresponding to
random (channeling) spectra in Fig. 20.13a–d. In Fig. 20.13a and b, high
backscattered yields, with well-defined N- and Ga-edges, are apparent for the
random spectra, with significantly reduced yields for the channeling spectra, as
expected for single crystals. The close-up views of the channeling spectra in
Fig. 20.13c and d allow us to quantify changes in crystallinity, at specific depths,
following implantation and implantation plus gyrotron annealing.

To quantify the depth-dependent crystallinity, we consider the fractions of
backscattered ions using the minimum yield, χmin, summed over the top 100 nm.
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Fig. 20.13 (a) and (b) Random and channeling Rutherford backscattering spectrometry (RBS)
spectra from p-GaN prepared by ion implantation plus gyrotron annealing, with close-up views of
the RBS spectra in (c) and (d). The dashed and solid black spectra in (a)–(d) are random and
channeling data from MOVPE-grown UID GaN prior to ion implantation (as-grown). The dashed
and solid cyan spectra are channeling data following Mg implantation and Mg implantation +
gyrotron annealing, respectively. Finally, the dashed and solid magenta spectra are channeling data
following Mg/N co-implantation and Mg/N co-implantation plus gyrotron annealing. For both Mg
implantation and Mg/N co-implantation, implantation increases the channeling backscattered yield,
with a partial decrease following gyrotron annealing

Table 20.5 Crystallinity of the Mg-implanted and Mg/N co-implanted GaN, before and after
gyrotron annealing: ratios of the channeling to random yields, summed over the top 100 nm, the
so-called minimum yield, χmin; the fraction of displaced Ga, Nd/N; minimum yield from angular
yield scans, Ymin; half-angle at half-minimum of angular yield scans, ψ1/2 (°); and lateral displace-
ment of Ga atoms, rx (nm). For this analysis, χmin and ψ1/2 for the as-grown GaN from Table 20.2
are defined as χ0 and ψ1/2, respectively

Implanted GaN χmin Nd/N Ymin ψ1/2 (°) rx (nm)

As-grown 0.018 0.009 N/A N/A N/A

Mg 0.058 0.049 N/A N/A N/A

Mg + gyrotron 0.041 0.032 N/A N/A N/A

As-grown 0.022 0.013 0.03 0.55 0.006

Mg/N 0.063 0.054 0.10 0.55 0.006

Mg/N + gyrotron 0.036 0.027 0.05 0.57 0.006



As shown in Table 20.5, for the as-grown UID GaN “reference” samples,
χmin = 0.020 ± 0.002, indicating a fraction of displaced Ga, Nd/
N = 0.011 ± 0.002. We note that the values of χmin and Nd/N for these GaN
reference samples are systematically higher than those of the as-grown GaN in
Table 20.2, likely due to differences in the starting substrates and MOVPE-growth
of the GaN layers.
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Fig. 20.14 Angular-dependence of the [0001] channeling Rutherford backscattering spectrometry
(RBS/c) yields, rotated about the 1120 and 1100 axes, collected from the top 100 nm, for
MOVPE-grown GaN prior to ion implantation (as-grown, black), following Mg/N co-implantation
(magenta, dashed), and following Mg/N co-implantation plus gyrotron annealing (magenta, solid)

For the Mg implanted GaN layers, the minimum yield increases to χmin = 0.058,
indicating an increase in the fraction of displaced Ga to Nd/N = 0.049. Following
gyrotron annealing, the crystallinity is partially recovered, with the channeling yield
decreasing to χmin = 0.041, and the fraction of displaced Ga decreasing to Nd/
N = 0.032.

When Mg and N are simultaneously implanted, the minimum yield increases
further to χmin = 0.063, indicating an increase in the fraction of displaced Ga to Nd/
N = 0.054. Interestingly, following gyrotron annealing, the crystallinity recovery is
substantial, with the channeling yield decreasing to χmin = 0.036, and the fraction of
displaced Ga decreasing to Nd/N = 0.027. These results support the hypothesis that
the excess N provided by Mg/N co-implantation enhances recovery of crystallinity
during gyrotron annealing.

The angular-dependence of the RBS/c yields are shown in Fig. 20.14 for
(a) YGa(ϕ) (rotating about the 1120 ) and (b) YGa(θ) (rotating about the 1100 ).
YGa(θ) and YGa(ϕ) were collected from the top 100 nm of the Mg/N co-implanted,
Mg/N co-implanted plus gyrotron annealed, and as-grown GaN films. For the
as-grown GaN, the Ymin,Ga values are essentially identical for YGa(θ) and YGa(ϕ).
For these data, shoulders are apparent near the channel edges for the as-grown Yϕ,
presumably due to flux-focusing, as described earlier. The presence of well-defined
shoulders suggests a highly crystalline structure, as evidenced by the low values of
χmin and Nd/N in Table 20.5.

As summarized in Table 20.5, Ymin = 0.03 for the as-grown GaN, similar to the
values for MOVPE-grown GaN reported in Table 20.2. Following Mg/N



co-implantation, Ymin increases to 0.10, recovering to 0.05 following gyrotron
annealing. ψ1/2 values of 0.56 ± 0.01°are apparent for as-grown and Mg/N
co-implanted GaN, consistent with earlier measurements of GaN [12, 15, 18]. The
corresponding displacements of Ga atoms from the [0001] row, rx, are 0.006 nm,
similar to the thermal vibration amplitude. Since Mg/N co-implantation and gyrotron
annealing have a minimal influence on the ψ1/2 values, it is likely that those
processes have not introduced impurities into the [0001] channels.
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3.3 Electric Field-Assisted Diffusion

In this section, we present investigations of GaN structures prepared by an electric
field-assisted diffusion process. Following a brief review of electric field-assisted
diffusion and its potential impact on vertical GaN device technology, we describe the
sequences of deposition and annealing used to prepare the structures. We then
present RBS/c data, emphasizing the impact of the annealing and Mg diffusion
processes on GaN crystallinity.

Selective solid-state diffusion of Mg into GaN [61, 62] has been suggested as an
alternative approach to achieve vertical p-n devices. However, high concentrations
of VGa are needed to facilitate MgGa formation and diffusion. Typically, the high
temperatures needed to produce VGa also lead to surface N loss and the formation of
VN. Recently, an alternative approach, based upon vacancy-assisted impurity diffu-
sion (VAID) [63, 64], has been proposed for selective p-type doping of GaN with
Mg [65]. In brief, the approach consists of deposition of a magnesium-containing
insulator and a gallate-forming metal atop GaN, as shown in Fig. 20.15, for the
combination of MgF2 and gold. It is hypothesized that the band-bending introduced
at the MgF2/GaN interface lowers the GaN conduction band edge toward mid-gap,
thereby lowering the formation energy of VGa. Furthermore, it is hypothesized that
the built-in electric field provided by the metal (Au)-insulator (MgF2)-semiconduc-
tor (GaN) structure enhances Mg diffusion into GaN.

Fig. 20.15 Epitaxial n-GaN layers for studies of electric field-assisted Mg diffusion in GaN
illustrated before and after heat-treatment: (a) a metallic bilayer consisting of 100 nm Au deposited
on 100 nm MgF2 was deposited through a shadow mask blocking half of a GaN layer and (b)
following annealing for 50 min at 700, 800, or 900 °C, the structures consist of both “annealed”
reference and “Mg-diffused” regions
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Fig. 20.16 (a) Random and channeling Rutherford backscattering spectrometry (RBS) spectra
from GaN prepared by annealing to 700 °C (teal), 800 °C (purple), and 900 °C (orange), both with
(solid) and without (dashed) Mg diffusion; close-up views of the RBS spectra are shown in (b). The
black spectra in (a) and (b) correspond to representative random data, in this case for the 700 °C
annealed reference GaN

For these investigations, a metallic bilayer consisting of 100 nm gold deposited
onto 100 nm MgF2 was deposited through a shadow mask blocking half of several
Si-doped GaN layers, as illustrated in Fig. 20.15. Each structure was annealed in Ar2
gas for 50 min at 700, 800, and 900 °C, forming both “annealed” reference and “Mg
diffused” regions.

The [0001] channeling RBS spectra for annealed reference GaN (dashed) and
Mg-diffused GaN (solid) are shown in Fig. 20.16a and b, with 700 °C (teal), 800 °C
(purple), and 900 °C (orange). For comparison, a representative random spectrum, in
this case from the 700 °C annealed reference GaN, is plotted in black. In Fig. 20.16a,
a high backscattered yield, with well-defined N- and Ga-edges, is apparent for the
random spectra, with significantly reduced yield for the channeling spectra, as
expected for single crystals. The close-up view of the channeling spectra in
Fig. 20.16b allow us to quantify changes in crystallinity, at specific depths, follow-
ing annealing and Mg-diffusion.
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Table 20.6 Crystallinity of the annealed reference and Mg-diffused GaN: ratios of the channeling
to random yields, summed over the top 100 nm, the so-called minimum yield, χmin; the fraction of
displaced Ga, Nd/N; minimum yield from angular yield scans, Ymin; half-angle at half-minimum of
angular yield scans, ψ1/2 (°); and lateral displacement of Ga atoms, rx (nm). For this analysis, χmin

and ψ1/2 for the as-grown GaN from Table 20.2 are defined as χ0 and ψ1/2, respectively

Processing T
(°C)

Mg
Diffused? χmin Nd/N Ymin ψ1/2 (°) rx (nm)

700 N 0.019 0.010 0.01 0.58 0.006

700 Y 0.017 0.008 0.03 0.52 0.006

800 N 0.026 0.016 0.01 0.52 0.007

800 Y 0.021 0.011 0.01 0.53 0.007

900 N 0.025 0.015 0.02 0.54 0.007

900 Y 0.020 0.010 0.01 0.75 0.004

Fig. 20.17 Angular-
dependence of the [0001]
channeling Rutherford
backscattering spectrometry
(RBS/c) yields, rotated
about the 1120 and 1100
axes, collected from the top
100 nm, for GaN annealed
to 700 °C (teal), 800 °C
(purple), and 900 °C
(orange), both with (solid)
and without (dashed) Mg
diffusion

To quantify the depth-dependent crystallinity, we consider the fractions of
backscattered ions using the minimum yield, χmin, summed over the top 100 nm.
As shown in Table 20.6, for the annealed reference layers, χmin ranges from
0.019 to 0.026, indicating a fraction of displaced Ga, Nd/N = 0.010–0.016. We
note that the values of χmin and Nd/N for these annealed GaN reference layers are
higher than those of the as-grown GaN in Table 20.2, presumably due to Ga and/or N
loss at the surface during annealing. However, the χmin and Nd/N are similar to those
of the as-grown GaN in Table 20.5.

For the Mg-diffused regions, as shown in Table 20.6, χmin ranges from
0.017 to 0.021, indicating a fraction of displaced Ga, Nd/N = 0.008–0.011. This
decrease in χmin and Nd/N for the Mg-diffused regions supports the hypothesis that
MgF2 has lowered the formation energy for VGa, enabling the formation and
diffusion of MgGa. It is worth noting that the 700 °CMg-diffused GaN layer exhibits
the lowest values of χmin and Nd/N, with crystallinity similar to that of the continuous
p-i-n GaN structure from Table 20.3.

The angular-dependence of the RBS/c yields are shown in Fig. 20.17a YGa(ϕ)
(rotating about the 1120 ) and (b) YGa(θ) (rotating about the 1100 ). Spectra were



collected from the top 100 nm of the GaN layers prepared by annealing to 700 °C,
800 °C, and 900 °C, both with (solid) and without (dashed) Mg diffusion. For the
700 °C annealed reference and Mg-diffused GaN layers, the Ymin,Ga values are
essentially identical for YGa(θ) and YGa(ϕ). Furthermore, for the 700 °C Mg-diffused
layers, well-defined shoulders are apparent near the channel edges for Yϕ, presum-
ably due to flux-focusing, as described earlier. The presence of well-defined shoul-
ders suggests a highly crystalline structure, as evidenced by the low values of χmin

and Nd/N in Table 20.6.
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As summarized in Table 20.6, Ymin ≤ 0.03 for all of the annealed references and
Mg-diffused GaN regions is similar to the values reported for the as-grown and
etched GaN structures discussed in Table 20.2. For processing temperatures of
700 and 800 °C, ψ1/2 values of 0.55 ± 0.03° are apparent—consistent with earlier
measurements of GaN [12, 15, 18]. The corresponding displacements of Ga atoms
from the [0001] channel, rx, are 0.006–0.007 nm, similar to the thermal vibration
amplitude. Since Mg-diffusion at 700 and 800 °C has a minimal influence on the ψ1/2

values, it is likely that those processes have not introduced impurities into the [0001]
channels. However, for the 900 °C Mg-diffused GaN regions, a substantial increase
in ψ1/2 and corresponding decrease in rx are apparent. While the value of rx is
apparently lower than the thermal vibration amplitude for GaN, the increase in ψ1/

2 suggests that this process has effectively removed impurities from the [0001]
channel, yielding Mg incorporated primarily as MgGa. This finding is consistent
with the reported achievement of hole conduction for the highest processing tem-
perature (915 °C) for Au-assisted Mg diffusion [65].

4 Concluding Remarks

In this chapter, we described ion beam analysis techniques and their role in devel-
oping new understanding of relationships between structure, chemistry, and elec-
tronic states at GaN surfaces and interfaces intended for use in vertical GaN p-i-n
devices. Following a description of the ion beam analysis and chemical and elec-
tronic characterization methods, we presented investigations of surface treatments
for selective-area regrowth of GaN substrates and regrown epitaxial layers, as well as
p-doped GaN layers prepared by Mg ion implantation plus gyrotron annealing and
electric field-assisted Mg diffusion. In this section, we summarize the main findings
and make suggestions for future opportunities.

For the surface-treated UID-GaN structures, the lowest fraction of near-surface
atomic displacements and correspondingly most ideal diode characteristics are
observed for the all in situ prepared GaN structures. Meanwhile, the highest fraction
of near-surface atomic displacements—with correspondingly far from ideal diode
characteristics—are apparent for the ICP-etched structures. Fortunately, the near-
surface crystallinity and ideal diode characteristics are restored by subsequent TBCl
etching.
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For the GaN p-i-n structures, the fraction of displaced Ga atoms is nearly doubled,
presumably due to the displacement of Ga by Mg incorporation in the p-type layers.
Air exposure prior to p-type layer growth leads to elevated [Si] at the p-i regrowth
interface, and ICP etching further enhances [Si], [H], and [Mg] at that interface. The
resulting DAP emission intensity is reduced by the interfacial impurities, and YL
emission is observed due to a surface state associated with air exposure.

For GaN structures prepared by Mg implantation and Mg/N co-implantation,
subsequent gyrotron annealing provides partial recovery of crystallinity. Interest-
ingly, the excess N provided by co-implantation enhances the crystallinity recovery
during gyrotron annealing, with minimal introduction of impurities into the [0001]
channels, presumably due to primarily substitutional Mg incorporation.

Finally, for GaN structures prepared by electric field-assisted Mg diffusion, we
consider both the annealed reference and the Mg-diffused regions. Although the
near-surface crystallinity is likely degraded by Ga and/or N loss at the surface during
annealing, the Mg-diffused regions exhibit a substantial recovery of crystallinity,
with near-surface atomic displacements comparable to those of the continuous GaN
p-i-n structures prepared by MOVPE. For all annealing temperatures, the
Mg-diffusion process has minimized the introduction of impurities into the [0001]
channels, with 900 °C annealing apparently leading to the most effective substitu-
tional Mg incorporation.

Looking to the future, these findings suggest that successful implementation of
vertical p-n GaN devices may require hybrid approaches, such as localized Mg ion
implantation and/or localized electric field-assisted Mg diffusion in combination
with epitaxy [66]. For example, a stable focused ion beam (FIB) source for Mg was
recently demonstrated [22], and plans are underway to integrate a FIB-based Mg
source with molecular beam epitaxy in order to achieve both lateral and vertical
selectivity in p-type doping of GaN.

For further insight into Mg dopant incorporation mechanisms and the interplay
between structure, chemistry, and electronic states at GaN surfaces and interfaces, a
combined experimental-computational approach is needed. In particular, we suggest
using density functional theory (DFT) to generate relaxed structures of GaN crystals
containing substitutional and/or interstitial impurities. These structures would then
be used as input in combined Monte Carlo-molecular dynamics (MC-MD) ion
channeling simulations of angular yield scans for comparison to experiment, as
described in Refs [20, 67]. This combined experimental-computational approach
will enable new understanding of dopant incorporation mechanisms and the influ-
ence of point defects on the properties of GaN surfaces and interfaces intended for
use in vertical GaN p-i-n devices.
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