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Abstract: Wide band gap semiconductors such as silicon carbide (SiC) and gallium nitride (GaN)
are excellent materials for the next generation of high-power and high-frequency electronic devices.
In fact, their wide band gap (>3 eV) and high critical electric field (>2 MV/cm) enable superior
performances to be obtained with respect to the traditional silicon devices. Hence, today, a variety of
diodes and transistors based on SiC and GaN are already available in the market. For the fabrication
of these electronic devices, selective doping is required to create either n-type or p-type regions
with different functionalities and at different doping levels (typically in the range 1016–1020 cm−3).
In this context, due to the low diffusion coefficient of the typical dopant species in SiC, and to
the relatively low decomposition temperature of GaN (about 900 ◦C), ion implantation is the only
practical way to achieve selective doping in these materials. In this paper, the main issues related
to ion implantation doping technology for SiC and GaN electronic devices are briefly reviewed.
In particular, some specific literature case studies are illustrated to describe the impact of the ion
implantation doping conditions (annealing temperature, electrical activation and doping profiles,
surface morphology, creation of interface states, etc.) on the electrical parameters of power devices.
Similarities and differences in the application of ion implantation doping technology in the two
materials are highlighted in this paper.

Keywords: silicon carbide; gallium nitride; ion implantation; selective doping; electrical activation;
post-implantation annealing; power devices

1. Introduction

The wide band gap semiconductors silicon carbide (SiC) and gallium nitride (GaN) are
excellent materials for the fabrication of high-power, high-frequency, and high-temperature
electronic devices [1–4]. In fact, due to their physical and electronic properties such
as the wide band gap, the high electric field strength, the high electron mobility, and
saturation velocity, they enable superior performances with respect to silicon devices in
terms of breakdown voltage, specific on-resistance and maximum operation frequency,
and temperature [5]. As a matter of fact, enormous signs of progress have been recorded
in wide band gap semiconductor technologies in the last decades, which resulted in the
demonstration and commercialization of several families of power devices [6–11].

Selective doping is a key process for the fabrication of electronic devices. For this
reason, ion implantation has been widely investigated on these materials. Indeed, many
papers have extensively discussed the mechanism of ion implantation doping in SiC [12–22]
and GaN [23–32] as well as the correlated relevant implications (e.g., crystal damage,
amorphization and recrystallization, doping, contact formation, surface degradation, etc.).

This paper provides a synthetic overview of some relevant issues related to ion-
implantation doping of SiC and GaN by discussing some case studies to illustrate the
common implications on the performances of electronic devices. Similarities and differences
occurring in the two materials are highlighted throughout the paper.
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2. Dopant Species in SiC and GaN Power Devices Technology

The commonly used elements for selective implantation doping of SiC electronic
devices are nitrogen (N) or phosphorus (P) for n-type doping, and aluminum (Al) for
p-type doping. Boron (B) was also initially proposed for p-type doping of SiC, but this
approach was soon abandoned because of the large ionization energy of this dopant
(>300 meV) [33]. These dopants become electrically active when they substitute Si or C in
the SiC lattice. In particular, nitrogen is substitutional at the C sites, while phosphorus,
aluminum, and boron are substitutional at the Si sites.

The ionization energies of the dopant species depend on the occupied lattice site in
SiC (i.e., whether the site is hexagonal or cubic). As an example, the ionization energy
of nitrogen and phosphorous donors is relatively small, and hence their ionization ratio
is already reasonably high (i.e., from 50 to nearly 100%) at room temperature. On the
other hand, the ionization energy of aluminum is much larger (varies in the range of
200–250 meV), and for that reason, typically incomplete ionization (5–30%) of the acceptors
occurs at room temperature [34].

On the other hand, in the case of GaN, the most common dopant species are silicon
(Si) for n-type and magnesium (Mg) for p-type doping. Si is incorporated at Ga-sites in the
GaN lattice. The values of the ionization energy of Si donors have been estimated using
different approaches, giving values in the range of 12–17 meV [35] (Hall measurements)
and 29–62 meV [23] (resistance vs. temperature measurements). Instead, Mg produces
an acceptor level at about 170 meV [23], thus leading to a few percentage ionization at
room temperature. Brochen et al. [36] extrapolated an ionization energy of 245 meV at low
doping levels. The high ionization energy of acceptors is one of the reasons why p-type Mg
ion implantation doping in GaN is a challenge.

Ion implantation followed by activation annealing has also been used to incorporate
rare earth elements (e.g., Er, Eu, Pr, etc.) into wide band gap semiconductors such as SiC
and GaN [37–39]. However, this type of doping is more attractive for optoelectronics and
photonics applications as it can enhance the emissions properties either in the visible or in
the infrared. Hence, it will be not the object of discussion in this review paper.

Table 1 summarizes the values of the ionization energies of the main dopant species for
4H-SiC (N, P, Al and B) and GaN (Si and Mg) used for electronic device fabrication [2,6,23,34–36,40].

Table 1. Ionization energies of the most common dopant species in 4H-SiC and GaN used for selective
ion implantation doping in electronic devices [2,6,23,34–36,40]. The value of the ionization energies
for N, P, and Al refer to the hexagonal (h) site of 4H-SiC [2].

Material N-Type Dopant P-Type Dopant

SiC N, P (~60 meV) Al (~200 meV); B (280–300 meV)

GaN Si (12–62 meV) Mg (170–245 meV)

The ionization energies of the p-type dopant (i.e., Al for 4H-SiC and Mg for GaN)
depend on the acceptor concentration [34,36]. In particular, the ionization energy EA
decreases with an increase in the doping level, following the relation [41,42]:

EA = E0 − αN
1
3 (1)

where E0 is the ionization energy in lightly-doped materials; N is the doping level; and α is
a constant, which is typically in the range of (2–4) × 10−5 meV cm [2]. In Section 5, it is
shown that this relation well describes the behavior of p-type implanted 4H-SiC regions in
real devices.

In the microelectronics industry, silicon (Si) has been the semiconductor of choice
for more than five decades. To achieve selective doping in Si devices, both diffusion
and ion implantation techniques are used [43]. Although ion-implantation is a “more
invasive” doping technique as it produces point and extended defects in the crystal, it
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enables a more accurate control of the doping profile by multiple energies and doses of the
implanted species.

Due to the high bond strength, the diffusion coefficients of the dopant species in 4H-
SiC and GaN are typically extremely low. As an example, the diffusion coefficients of n-type
and p-type dopants (P, N, Al, B) in SiC are in the range of 10−17–10−15 cm2 s−1 at 1800 ◦C
(i.e., several orders of magnitude lower than those of Si dopants (10−14–10−13 cm2 s−1) at
1000 ◦C [2,18,44–47]. Therefore, ion implantation represents a method of choice to achieve
selective doping in SiC devices, and electrical activation is achieved by post-implantation
annealing processes at high-temperatures (>1500 ◦C). On the other hand, thermal annealing
at lower temperatures (>1000 ◦C) is required for the electrical activation of dopants in
GaN, similar to those required in other III-N semiconductors [23]. At this annealing
temperatures the diffusion coefficients of Si and Mg dopant species in GaN are in the order
of 10−14–10−13 cm2 s−1 [48,49]. However, the thermal stability of GaN materials represents
a serious concern, since at about 900 ◦C, near-surface decomposition of GaN has already
occurred with the release of nitrogen atoms and the formation of gallium droplets on the
surface [28,50–52]. Hence, the adoption of ion-implantation for selective doping of GaN
presents some difficulties. For this reason, the ion-implantation technique is principally
used to create electrical isolation in lateral devices and to improve Ohmic contacts in GaN
transistors (see Section 8).

Figure 1 shows the schematics of some common unipolar SiC and GaN power devices:
4H-SiC Schottky Barrier Diode (SBD), Junction Barrier Schottky (JBS) diode and Metal Oxide
Semiconductor Field Effect Transistor (MOSFET); GaN Lateral SBD, “quasi-vertical” SBD,
and High Electron Mobility Transistor (HEMT). The figure depicts how in these devices
selective ion implantation can be used to create doped regions (e.g., source/drain regions,
p+-contact regions, the guard ring and edge termination, the p-well, the two-dimensional
electron gas (2DEG) isolation, etc.).
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Figure 1. Schematics of unipolar SiC power devices: (a) 4H‐SiC Schottky Barrier Diode (SBD); (b) 

4H‐SiC Junction Barrier Schottky (JBS) diode; (c) 4H‐SiC Metal Oxide Semiconductor Field Effect 

Figure 1. Schematics of unipolar SiC power devices: (a) 4H-SiC Schottky Barrier Diode (SBD); (b)
4H-SiC Junction Barrier Schottky (JBS) diode; (c) 4H-SiC Metal Oxide Semiconductor Field Effect
Transistor (MOSFET); (d) GaN lateral Schottky Barrier Diode (SBD); (e) GaN “quasi-vertical” SBD; and
(f) AlGaN/GaN High Electron Mobility Transistor (HEMT). Various selectively implanted regions in
these electronic devices are indicated.

Table 2 summarizes the typical doping levels and implantation depth of the principal
implanted regions that can be found in these SiC and GaN devices. In the case of the isola-
tion of the two-dimensional electron gas (2DEG) in AlGaN/GaN HEMT, ion-implantation
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can be used to achieve highly resistive regions. Therefore, the doping level was not available
(N.A.), as reported in Table 2.

Table 2. Typical doping levels and implantation depths of the principal implanted regions that can
be found in the SiC and GaN devices schematically shown in Figure 1.

Implanted Region Doping Level (cm−3) Implantation Depth (µm)

Source/Drain, n+-contacts 1019–1020 0.2–0.3

MOSFET p-body 1017–1018 0.4–0.8

p+-contacts 1019–1020 0.2–0.3

Edge termination 1016–1017 0.4–0.8

2DEG isolation N.A. 0.1–0.2

In the next few sections of this paper, some relevant aspects of n-type and p-type
implantation doping technology of SiC and GaN will be presented through the illustration
of some case studies in the literature. A more detailed description will be given for the
implantation doping in SiC technology, as it is a well-consolidated process used in power
device fabrication (i.e., diodes and MOSFETs). On the other hand, in the case of GaN, some
possible applications of ion implantation for 2DEG isolation and Ohmic contacts in HEMT
technology will be discussed in more detail.

3. Ion Implantation Doping of SiC

As reported in Table 1, the most common dopant species in SiC are phosphorous (P)
and nitrogen (N) for n-type, and aluminum (Al) for p-type doping. While ion implantation
is the method of choice to achieve selective doping in SiC, this technique presents the
disadvantage of generating damage in the crystal lattice and, under certain conditions, can
lead to the amorphization of the material [53–55].

At room temperature (RT), ion implantation of SiC results in a high density of defects.
For this reason, ion implantation doping of SiC is typically carried out at high temperatures
(hot implantation) (e.g., in the range of 400–1000 ◦C) to dynamically annihilate the defects
created by the ion cascade [55,56].

Subsequently, in order to achieve the electrical activation of the implanted dopant
species, post-implantation annealing processes are employed, typically at temperatures
above 1500 ◦C. The purpose of these annealing steps is to bring the dopant species in
substitutional lattice sites and to further recover the implantation-induced damage [55].

Figure 2a reports the evolution of the electrical activation ratio of both n-type (N and
P) and p-type (Al and B) dopant species with the annealing temperature [2,57]. In this
popular case study, the implantation was carried out at room temperature, with a total
dose of 1 × 1014 cm−2 at different energies and doses to obtain a 400 nm thick “box-like”
profile and a concentration of 2 × 1018 cm−3. The electrical activation is the ratio between
the donors (or acceptors) concentration (e.g., measured by capacitance-voltage analyses,
C-V) and the total implanted atoms (e.g., determined by secondary ion mass spectrometry,
SIMS). As can be seen in Figure 2a, while the electrical activation ratio for n-type and p-type
dopant is very low; even after an annealing temperature of 1400–1500 ◦C, it significantly
increases when the temperature is raised further (1500–1600 ◦C), until the almost complete
activation is achieved at 1650 ◦C. At this implanted dose, there was no significant difference
in the electrical behavior of the implanted layer if the implantation was carried out at room
temperature or at elevated temperatures (i.e., up to 800 ◦C). However, by increasing the
implantation dose, the electrical activation of the dopant species becomes more difficult
due to the generation of lattice damage, and “hot implantation” becomes mandatory.
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Figure 2. (a) The electrical activation ratio in N+-, P+-, Al+-, and B+-implanted SiC. The implantation
was performed at room temperature with a total dose of 1 × 1014 cm−2. (b) The sheet resistance as a
function of the implanted dose in N+-, P+-, Al+-, and B+-implanted SiC layers. The implantations
were performed either at room temperature or at 500 ◦C. Post-implantation annealing treatments
were carried out for 30 min in Ar at 1700 (for N and P) and 1800 ◦C (for Al and B). The data were
taken from [2,57,58].

To better highlight the effect on the electrical properties, Figure 2b depicts the sheet
resistance of 4H-SiC implanted either at room temperature or at 500 ◦C, as a function
of the N, P, Al, and B implanted dose [58]. In this case, the implantation parameters
(energies, doses) were defined to obtain a 200 nm thick “box-like” profile, while the post-
implantation annealing was performed for 30 min in Ar at 1700 and 1800 ◦C for n-type and
p-type dopants, respectively. As can be seen, no significant difference in the activation was
observed after room temperature implantation or “hot implantation”, if the implanted dose
remained low (<1 × 1015 cm−2). However, for high implantation doses (>1 × 1015 cm−2)
a significant improvement in the electrical properties of the implanted layers could be
achieved by carrying out the implants at 500 ◦C.

In the case of the n-type doping, P-implantation reached a better activation with
respect to N-implantation [2,57,58]. A similar observation was made by Capano et al. [59],
who compared the sheet resistance of 4H-SiC layers implanted at 600 ◦C with either P
or N at high dose and annealed at 1700 ◦C. In particular, they reported that the lower
activation ratio of N with respect to P can be ascribed to the formation of N2 molecules or
other nitrogen-based compounds in SiC. Laube et al. [60] observed similar activation values
for P- and N-donors for implanted concentrations up to about 2–5 × 1019 cm−3. Such a
critical concentration represents an upper limit for electrically active N donors, while P
donors can be activated at concentrations above 1020 cm3 because of their higher solubility
in SiC [2,22].

Hence, nowadays, n-type doping in vertical power 4H-SiC MOSFETs is typically
employed using P-implantation for the source regions. Moreover, the implantation tem-
perature is generally limited in the range of 400–500 ◦C, since the formation of extended
defects may occur at high temperatures, which in turn cannot be recovered even after by
post-implantation annealing [61].

For p-type doping, the sheet resistance of the B-implanted sample was much higher
than the Al-implanted one (Figure 2b) due to the higher ionization energy of B acceptors
(see Table 1). Hence, Al- is commonly used for p-type implantation doping in SiC.

In order to increase or optimize the dopant electrical activation in SiC, Troffer et al. [33]
proposed the co-implantation of the common n-type and p-type dopants with C or Si.
In fact, the co-implantation of C atoms produces an excess of C interstitials that should
facilitate the incorporation of Al or B atoms in substitutional Si atoms position, becoming
shallow acceptors [33]. Hence, co-implantation of C or Si atoms has been used to control
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the electrical activation of B ions. C co-implantation improved the activation of B, while Si
co-implantation decreased the activation [62].

The effect of n-type doping P co-implantation with C- or Si-atoms was studied by
Zhu et al. [63]. However, in their case, no significant improvement in the electrical activa-
tion was observed with respect to the sample implanted only with P-ions [63].

In the case of p-type doping, Negoro et al. [58] carried out Al and C co-implantation,
observing an increase in the free hole concentration by a factor of 1.5–2.5 with respect to
the sample implanted only with Al at the same dose. However, at a high Al implanted
dose (>6 × 1016 cm−2), the advantages of C co-implantation were very small due to the
formation of defects that reduced the free-hole concentration.

In conclusion, despite the potential benefits of the co-implantation technique, today,
this approach is not commonly used during device fabrication.

Another aspect to be mentioned is that the electrical activation of the dopants is typi-
cally limited by the presence of deep levels, formed after irradiation and high-temperature
annealing [64], which behave as compensation centers. These centers reduce the free carrier
concentration (electrons or holes) in the implanted material, especially in p-type doped
Al-implanted SiC layers [33,65–68]. Hence, the compensation must be considered in the
estimation, by electrical measurements, of the dopant electrical active fraction in SiC.

Finally, the post-implantation annealing time is also another important parameter
that is often not widely discussed in the literature. In fact, the experimental works on ion
implantation doping of SiC are often focused on the “steady-state” electrical activation (i.e.,
considering the case of “long enough” annealing time to achieve the maximum electrical
activation for a given implanted concentration and annealing temperature). In general, a
reasonable electrical activation of the common dopant species in SiC can be achieved by fur-
nace annealing above 1600 ◦C for an annealing time of 30 min. The electrical activation can
be enhanced by increasing the post-implantation-annealing temperature. As a summary of
the general trend, Figure 3 reports some relevant literature findings on steady-state activa-
tion of P- and Al-implanted 4H-SiC at different annealing temperatures [2,57,60,69–78]. The
green straight line in the figure represents the limit of 100% electrical activation. As can be
seen, the deviation of the experimental data from the ideal situation of a 100% activation
was higher for the case of a high p-type Al-doping level, which is often attributed to the
higher compensation effect.
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The effects of the annealing time on the electrical activation of the Al p-type dopant
in 4H-SiC were studied by Nipoti et al. [79], who presented the “transient behavior” of
electrical activation. In particular, for an Al concentration lower than 1 × 1019 cm−3,
while the amount of Al atoms placed in substitutional sites was almost constant with
the annealing time, the resistivity of the implanted layer decreased and the hole density
increased with an increase in annealing time due to a decreased compensation [79].

In this context, Šimonka et al. [80] recently analyzed various time-dependent (transient)
literature data on the electrical activation of P and Al in 4H-SiC. They pointed out that
the time constants of the transients for electrical activation were in the order of several
hours for post-implantation annealing temperatures lower than 1400 ◦C, and were reduced
down to some tens of minutes at higher annealing temperature (>1700 ◦C). Following this
model, Toifl et al. [81] predicted the effects of post-implantation annealing conditions on
the characteristics of 4H-SiC MOSFETs, starting from acceptor and donor concentrations at
different annealing times, temperatures, and total implanted concentration. These results
can be, in principle, used by device manufacturers/designers to predict the MOSFETs
characteristics, depending on the post-implantation annealing conditions.

4. Surface Roughness of SiC Layers after Ion Implantation Doping

A critical issue that characterizes the ion implantation doping of SiC is represented by
the high surface roughness of the material after high-temperature post-implantation anneal-
ing. In fact, for annealing temperatures above 1000 ◦C under vacuum, Si desorption from
the SiC surface starts to occur [2]. Hence, in general, the surface roughness of ion implanted
SiC increases with an increase in the annealing time and temperature above 1500 ◦C [82].

The first trials to reduce the Si desorption from the 4H-SiC surface during high-
temperature annealing were presented by Capano et al. [83,84], who obtained an improve-
ment in the surface morphology by performing the post-implantation annealing under a
silane (SiH4) overpressure or by placing some Si in the annealing furnace near the sam-
ple. Then, the behavior of Al implanted 4H-SiC after high-temperature post-implantation
annealing was systematically discussed by Rambach et al. [85]. In these experiments, the
samples were annealed at 1700 ◦C under a Si overpressure established either by adding
silane (SiH4) or by placing the sample in a SiC coated crucible [85]. Later, Weng et al. [86]
monitored the effects of high-temperature annealing by atomic force microscopy (AFM) on
the surface morphology of P- and Al-implanted 4H-SiC. In particular, they observed that
the root mean square (RMS) roughness of the samples remained practically unaltered after
n-type and p-type hot implantation (300–400 ◦C) doping at doses in the order of 1015 cm−2.
However, after annealing at 1650 ◦C for 30 min, in the ambient Ar + SiH4, the implanted
layers exhibited a pronounced “step bunching” on the surface.

Today, the most widely used approach to avoid Si desorption and surface roughening
during activation annealing is the use of a carbon “capping layer”. Such a protective layer
is typically formed by baking a photoresist at about 800 ◦C [87–89], or by sputtering
of a carbon layer on the sample surface. After the high-temperature post-implantation
annealing, the C-capping layer can be easily removed (e.g., either by a low temperature
(800–900 ◦C) thermal oxidation or by O2-plasma treatments).

Figure 4 shows, as an example, the surface morphology of a 4H-SiC sample implanted
with high dose (1.3 × 1015 cm−2) Al+-ions and annealed at 1700 ◦C for electrical activation,
either with or without a protective carbon capping layer [90]. In this example, the carbon
capping layer was formed by baking a photoresist layer and then removed by an oxidation
process at 800 ◦C [90]. The AFM scan shown in Figure 4b was acquired after capping layer
removal with a thermal oxidation process. As can be seen, while the high-temperature
post-implantation annealing without the capping layer resulted in a pronounced surface
roughness (RMS = 19 nm) and “step bunching” on the surface (Figure 4a), a smoother
morphology (RMS = 2.4 nm) was preserved when the sample was annealed with the
C-capping layer (Figure 4b).
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Figure 4. Surface morphology of high-dose Al-implanted 4H-SiC samples after annealing at 1700 ◦C
(a) without a capping layer (RMS = 19 nm) and (b) with a capping layer (RMS = 2.4 nm). Adapted
with permission from [90]. Copyright © 2011 IOP Publishing Ltd.

The morphological and electrical properties of implanted SiC surfaces resulting from
specific post-implantation annealing processes can have a significant influence on the
behavior of Ohmic contacts and on the relevant electrical parameters of devices fabricated
on these surfaces.

As an example, the surface roughness of Ti/Al Ohmic contacts formed with rapid
annealing at 950 ◦C onto p-type Al-implanted 4H-SiC was much higher (43.5 nm) if the
contacts were formed on a rough SiC surface (like that shown in Figure 4a) with respect to
that of contacts formed on smoother p-type layers processed with a carbon capping layer
(20.8 nm) [90].

Moreover, ion implantation doping and post-implantation annealing conditions can
also have a notable impact on the channel mobility of SiC MOSFETs. In this case, controver-
sial results have been reported by different authors. As an example, Haney et al. [91] re-
ported that the channel mobility in 4H-SiC MOSFETs is not influenced by post-implantation
annealing between 1200 and 1800 ◦C, if the SiC surface is protected with a carbon capping
layer during annealing. On the other hand, Naik et al. [92] observed a lower channel
mobility in 4H-SiC lateral MOSFETs processed with a graphite capping layer. Hence,
they pointed out that an increased surface roughness induced by the capping layer was
the limiting scattering mechanism. Interestingly, in the presence of a pronounced “step
bunching” in the devices processed without a capping layer, an anisotropy of the drain
current was observed by Lee et al. [93]. Later, Frazzetto et al. [94] reported a higher field
effect mobility (40 cm2 V−1 s−1) in 4H-SiC MOSFETs annealed without a carbon capping
layer with respect to that mobility found in the MOSFETs annealed with capping layer
(24 cm2 V−1 s−1). This result suggests that the interface roughness is not the major limiting
factor to the mobility. Rather, the temperature dependence of the mobility indicated that
Coulomb scattering due to the presence of trapped charges at the SiO2/SiC interface is the
main limiting mechanism for the mobility [94,95].

5. Impact of Ion Implantation Doping on SiC Devices Parameters

As introduced in Section 2, n-type and p-type implanted regions are key parts of 4H-
SiC devices such as JBSs and MOSFETs. Hence, the electrical properties of these selectively
doped regions have an impact on the final device performances. In the following sub-
sections, some specific examples will be reported to explain the effect of the selective doping
on the MOSFET parameters (threshold voltage, mobility, etc.) and on the Ohmic contacts in
MOSFETs and JBSs.
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5.1. Doping Effects on 4H-SiC MOSFETs: Threshold Voltage, Channel Mobility and
“Counter Doping”

For the definition of the p-type body region of 4H-SiC MOSFETs, an intermediate
p-type Al-doping level (in the order of 1017–1018 cm−3) is typically used. The MOSFET
inversion channel was formed at the interface between the gate oxide and this p-type region
(see schematic Figure 1c).

The doping level of the p-type body region has a relevant impact on both the threshold
voltage and the channel mobility of 4H-SiC MOSFETs [96]. Therefore, controlling the
electrical activation of Al and its doping profile in this region is a key factor for the
reproducibility of the devices’ characteristics.

In particular, the threshold voltage Vth in a lateral MOSFET with a p-type body doping
concentration NA can be described by the analytical expression [97]:

Vth = VFB + 2ΦF −
qNox
Cox

+
1

Cox

(√
4qεSiCNAΦF

)
(2)

where VFB is the flat band voltage; ΦF is the bulk potential; Nox is the trap charge density in
the oxide; Cox is the oxide capacitance; q is the elementary charge; and εSiC is the dielectric
constant of SiC.

To bring the MOSFET in inversion condition, the bands bending must be two times
the bulk potential ΦF. Hence, due to the large band gap of SiC, the surface electric field to
reach the inversion condition is about twice as large than in Si [98]. This situation has a
relevant impact on the carrier scattering mechanisms, which in turn are strongly dependent
on the surface electric field [94,99].

Figure 5a shows the threshold voltage Vth of a lateral 4H-SiC MOSFET as a function
of the active p-type doping concentration NA. The calculation was carried out considering
three different values of the SiO2 gate oxide thickness (50 nm, 40 nm, and 30 nm) and a
negative charge trap density of 2 × 1011 cm−2. As can be seen, for a SiO2 thickness of 50
nm, the value of Vth increased by about 3 V when the p-type doping concentration NA
varied from 1 to 3 × 1017 cm−3.

Clearly, to have precise control of the electrical parameters, it is very important to
control the active doping level of the p-type body region in 4H-SiC MOSFETs. More-
over, to accurately predict the electrical behavior of 4H-SiC MOSFETs, the depth profile
of the p-type doped body region must also be accurately determined. In this context,
Giannazzo et al. [100] demonstrated the capability of scanning capacitance microscopy
(SCM) and scanning spreading resistance microscopy (SSRM) to determine, with nanome-
ter resolution, the acceptor depth profile in Al-implanted 4H-SiC.
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Figure 5. (a) Threshold voltage Vth in lateral 4H-SiC MOSFET as a function of the p-body doping
concentration NA, calculated for three different values of the SiO2 gate oxide thickness (50 nm, 40 nm,
and 30 nm) considering a trapped charge density of 2 × 1011 cm−2. (b) Channel mobility values
determined as a function of the p-body doping concentration. The data were taken from [98,101].
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The impact of the p-type body doping concentration on the 4H-SiC MOSFET mobility
is illustrated in Figure 5b. In particular, the figure reports the trend of the field effect
mobility [98] and of the effective mobility [101] in 4H-SiC MOSFETs with different values
of the p-type doping of the body region.

As can be seen, the mobility decreased with increasing doping concentration due
to the increase in the electric field in the channel region. As a consequence, a trade-off
between the channel mobility and the threshold voltage is typically observed in 4H-SiC
MOSFETs [96]. A similar behavior was observed by Ortiz et al. [102], who measured the
MOSFET mobility using Hall bars.

One of the most important physical issues that still characterizes the technology of
4H-SiC power MOSFETs is the development of methods to improve the inversion channel
mobility. In fact, the SiO2/SiC interface typically presents a large density of interface states
(i.e., about two orders of magnitude higher than in the SiO2/Si interface). Hence, charge
trapping at the interface and Coulomb scattering occur in 4H-SiC MOSFETs, limiting the
mobility of the carriers in the inversion layer.

In this context, the selective n-type ion implantation doping of the body region was
one of the first attempts adopted to improve the channel mobility in 4H-SiC MOSFETs. In
particular, Ueno et al. [103] implanted the near-surface region of lateral 4H-SiC MOSFETs
using nitrogen (n-type dopant) at a dose of 2 × 1012 cm−2, obtaining an increase in the
field effect mobility up to 38 cm2 V−1 s−1. Such ion implantation doping of the MOSFET
was called “counter doping” because the electrically active donors introduced by nitrogen
implantation provide a partial compensation of the p-type body doping in the channel
region [103]. Such an approach was used later on by other authors, obtaining a field effect
mobility value of 21.9 cm2 V−1 s−1 at room temperature [104]. Although ion implantation
“counter doping” of 4H-SiC MOSFET is a promising approach, the main limitation of this
method remains the control of the ion-beam-induced damage in the device channel region.

Today, the common approaches to address the mobility issues in 4H-SiC MOSFETs are
the post-oxidation or post-deposition-annealing in nitrogen-rich atmospheres (NO or N2O),
which were already introduced more than two decades ago, and are now widely used
in commercial devices [105]. Interestingly, the “counter doping” effect obtained by ion-
implantation also occurs in nitridated SiO2/SiC interfaces. In fact, first Swanson et al. [106]
using SSRM and then Fiorenza et al. [107] using SCM demonstrated that the nitrogen atoms
incorporated in the channel region of the MOSFET after N2O annealing were electrically
active and behaved as donors, increasing the device channel conductivity.

Ion implantation doping of the 4H-SiC MOSFETs with antimony (Sb), in combination
post-oxidation annealing in NO, was used by Modic et al. [108], who obtained field effect
mobility values larger than 100 cm2 V−1 s−1.

5.2. Heavily Doped N-Type and P-Type Regions for Ohmic Contacts in SiC Devices

Heavily doped n-type and p-type implanted regions are commonly found in SiC
electronic devices, where Ohmic contacts must be formed. In fact, due to the difficulty
of forming a low Schottky barrier in wide band gap semiconductors, high doping levels
(>5 × 1018 cm−3) are typically required to reduce the barrier thickness and favor the carrier
tunneling through the metal/semiconductor interface. However, in these heavily doped
regions, the electrical activation of the dopants can be more critical due to the presence of a
larger number of implantation-induced defects. Hence, the formation of Ohmic contacts on
these regions will strongly depend on the final electrical properties of these layers.

The properties of Al-implanted 4H-SiC layers have been studied in many works [65,85,109–111].
However, the difficulty of comparing results obtained under different experimental condi-
tions (implanted dose, annealing temperature, annealing time, etc.) has always made this
topic a subject of scientific debate.

Recently, we analyzed the effect of the post-implantation annealing temperature
(1675–1825 ◦C) on the electrical properties of heavily doped (1020 at/cm3) Al-implanted
4H-SiC [77]. In particular, in this work, a combination of Van der Pauw and Hall effect
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measurements were used to determine the electrically active fraction of Al and the compen-
sation ratio. To properly estimate the carrier concentration, the Hall scattering values rH
should be carefully considered [112]. Hence, using the values of rH recently reported by
Asada et al. [113], room temperature Hall measurements gave a hole concentration in the
range of 0.65–1.34 × 1018 cm−3 and mobility values in the order of 21–27 cm2 V−1 s−1 [77].

For a p-type doped semiconductor with an acceptor density NA and a compensating
donor density ND, the temperature dependence of the hole density p can be described by
the neutrality equation [114]:

p(p + ND)− n2
i

NA − ND − p + n2
i /p

=
NV

g
exp

(
−EA

kT

)
(3)

where ni is the intrinsic carrier concentration of SiC; NV is the density of states in the
valence band; EA is the ionization energy of the Al acceptor; and g = 4 is the degeneracy
factor of the ground level of the Al acceptor [112].

Due to the extremely low intrinsic carrier concentration ni in SiC, the neutrality
equation can be approximated as [115]:

p ≈ 1
2

[
−ND − x +

√
(ND − x)2 + 4NAx

]
with x =

NV

g
exp

(
−EA

kT

)
(4)

Hence, as shown in Figure 6, by fitting the experimental temperature dependence of
the hole density p with Equation (4), it allowed us to estimate a fraction of active p-type
Al-dopant of 39% at 1675 ◦C and a compensation of 9.4%. Table 3 summarizes the results
of this analysis for the three annealing conditions, showing that the activation increased
with an increase in the annealing temperature (i.e., 39% (1675 ◦C), 48% (1775 ◦C), and 56%
(1875 ◦C)), while the compensation decreased from 9.4% to 6.2% in the same annealing
temperature range.
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Figure 6. Temperature dependence of the hole concentration for high-dose (1 × 1020 cm−3) p-
type Al-implanted 4H-SiC after annealing at 1675 ◦C. The continuous lines are the fits of the data
obtained using the neutrality equation. Adapted with permission from Ref. [77]. Copyright © 2019
Elsevier Ltd.
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Table 3. Electrical properties of the p-type-implanted 4H-SiC layers subjected to different post-
implantation annealing at different temperatures (1675, 1775, and 1825 ◦C) [77].

Ann. Temp. (◦C) Resistivity (Ω cm) EA (meV) NA (cm−3) ND (cm−3) Al Activation Compensation
ND/NA

1675 0.36 110 3.87 × 1019 3.66 × 1018 39% 9.4%
1775 0.29 105 4.84 × 1019 3.49 × 1018 48% 7.2%
1825 0.22 99 5.64 × 1019 3.48 × 1018 56% 6.2%

Moreover, from the same analyses, it was found that the activation energy of the Al-
implanted dopant species decreased with an increase in the acceptor dopant concentration
from 110 meV (1675 ◦C) down to 99 meV (1875 ◦C).

The values of the ionization energy EA reported in Table 3 [77] are plotted as a function
of the acceptor concentration NA in Figure 7.
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This plot also includes other literature values of EA determined on Al-implanted
4H-SiC [90,109,110]. This dataset was fitted with the theoretical expression reported in
Equation (1), thus enabling us to extrapolate an ionization energy of E0 = 216 meV.

Forming Ohmic contacts on p-type 4H-SiC is, in general, a challenging process due to
the high ionization energy of the Al-acceptors and the difficulty of finding metals giving
a low Schottky barrier height on wide band gap semiconductors [116]. The consolidated
metallization scheme used for n-type SiC (i.e., nickel silicide (Ni2Si)) can also be used to
form Ohmic contacts on heavily doped p-type 4H-SiC. However, Ti/Al-based metallization
schemes are preferred, since they result in lower specific contact resistance values with
respect to Ni-based contacts [90,117–120]. Among these Ti/Al-based schemes, Ti/Al/Ni
stacks annealed at 950 ◦C have been recently proposed to form Ohmic contacts to p-type 4H-
SiC [120]. Hence, such a Ti/Al/Ni solution was adopted for our p-type 4H-SiC implanted
samples electrically activated under different conditions [121].
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Figure 8 reports the values of the specific contact resistance determined by TLM
analysis for the different annealing temperatures as follows: 5.2 × 10−4 Ω cm2 (1675 ◦C),
2.6 × 10−4 Ω cm2 (1775 ◦C), and 2.0 × 10−4 Ω cm2 (1825 ◦C).
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These results can be useful to set the optimal processing conditions for Ohmic contacts
on p-type regions in JBS and MOSFETs on 4H-SiC.

While in the case of the Al-implanted 4H-SiC layers, the ionization energy and the
electrically active fraction of the p-type Al-dopant were evaluated from the temperature
dependence of the hole density applying the neutrality equation, for the P-implanted n-type
4H-SiC layers, the neutrality equation was applied to determine the electrical activation for
doping levels up to 1019 cm−3 [66]. However, higher P-concentrations typically produce a
degenerate semiconductor [58–60,122,123], for which the best way to evaluate the electrical
activation is to determine the ratio of the electron concentration from Hall measurements
with respect to the overall P-implanted dose (e.g., determined by SIMS).

In this context, we have recently elucidated the active dopant profiling and the Ohmic
contact behavior in highly P-doped (~1 × 1020 cm−3) 4H-SiC implanted layers, by com-
bining the integral carrier density measurement determined by the Hall effect and the
scanning capacitance microscopy (SCM) carriers’ depth profiles [78]. In particular, Al-doped
(~1 × 1017 cm−3) p-type 4H-SiC layers were implanted at 400 ◦C with P+-ions at multiple
doses (in the range 7.5 × 1013–5 × 1014 cm−2), in order to obtain a peak concentration in
the order of 1020 cm−3. The implanted layers were then subjected to post-implantation
annealing at 1675 ◦C in an Ar atmosphere for electrical activation.

Figure 9a reports the temperature dependence of the sheet resistance RSH and of the
electron density n of the P-implanted 4H-SiC, determined by Van der Pauw and Hall
effect measurements, respectively. As can be seen, RSH slightly increased from 181 to
212 Ohm/sq by increasing the measurement temperature, while the electron density was
nearly independent of the temperature (n = 1.44 × 1015 cm−2), as expected for a degenerate
semiconductor. Under these doping conditions, the donor energy level broadens and
merges with the conduction band of 4H-SiC, thus allowing us to assume that most of the
P-donors are ionized.
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Hence, the ratio between the electron density determined from Hall measurements and
the P-concentration given by SIMS profiles allowed us to estimate an electrical activation of
more than 80% of the implanted P+-ions.

Figure 9b shows the electrically active P-profiles determined by SCM analysis, using
the Hall measurements as normalization for the total charge density. For comparison, the
SIMS profile is shown in the same plot. Notably, the SCM profile was almost overlapped
with the SIMS profile both in the surface and in the tail of the P implant, whilst it exhibited
a nearly flat region ~(8.5–9) × 1019 cm−3 from 70 to 160 nm in depth. The lower electrically
active concentration in this region can be attributed to the presence of a high density of
implantation-induced defects, which led to an incomplete activation of the implanted
P-dopant in this region.

In terms of implications in real devices, the fabrication of low resistance Ohmic contacts
on the heavily doped n-type implanted regions is very important for the source electrode in
4H-SiC MOSFET technology. Hence, nickel silicide Ohmic contacts were fabricated on the
above described n-type implanted layer by deposition of 100 nm Ni film and annealing at
950 ◦C. These contacts exhibited a specific contact resistance of ρc = 5.4 × 10−6 Ω cm2 [78].
Clearly, since SiC is consumed during silicide formation, the new silicide/SiC interface
will be located at a certain depth, which depends on the thickness of the deposited Ni
film. Hence, the knowledge of the depth distribution of the electrically active dopant in the
n-type implanted region (see Figure 9b) and its value at the depth of the new interface is
important to optimize the properties of Ohmic contacts in 4H-SiC MOSFETs.

6. Ion Implantation Doping of GaN

As reported in Table 1, the most common dopant species in GaN are Si (n-type) and
Mg (p-type).

The first attempts to use ion-implantation doping in GaN were performed in the 70s
by Pankove and Hutchby [124,125], who reported the photoluminescence behavior of the
material implanted with a large variety of impurities, demonstrating that Mg could be the
shallowest acceptor for GaN.

Almost twenty years later, Pearton et al. [126] demonstrated the concrete possibility of
selectively doping GaN by ion-implantation. In this work, ion-implanted Si was used as
the n-type dopant, while Mg (with a co-implantation of P) was used as the p-type dopant.
A rapid thermal annealing (RTA) at 1100 ◦C was used to achieve the electrical activation. In
particular, as can be seen in Figure 10, Si-implantation (200 keV, 5 × 1014 cm−2) followed by
annealing at 1050–1100 ◦C resulted in a sharp decrease in n-type conductivity (decrease of
the sheet resistance) associated with an almost complete (93%) activation of the dopant [126].
On the other hand, the annealing of Mg-implantation alone (180 keV, 5 × 1014 cm−2) did not
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result in any noticeable p-type doping effect, while annealing above 1000 ◦C produced only
a slight increase in n-type conductivity. Interestingly, Mg/P co-implantation (180/250 keV,
5 × 1014 cm−2) showed a change in the conductivity type after annealing at 1050–1100 ◦C
with the creation of p-type material as determined by Hall measurements. Under these
conditions, an activation percentage of 62% could be estimated by assuming an ionization
energy for Mg of 150 meV [126]. The beneficial effect of the co-implantation was attributed
to the creation of vacancies, which promote Mg into substitutional sites.

In the same paper [126], the use of N-implantation, followed by post-implantation
annealing, was also proposed to achieve resistive regions for device isolation, particularly
in AlGaN/GaN HEMTs. This aspect will be discussed in Section 8.

Next, Zolper et al. [127] successfully obtained n-type and p-type doping of GaN by ion-
implantation of O and Ca, respectively. Although oxygen exhibited an ionization energy
of 29 meV, its activation efficiency was less than 4% after post-implantation annealing at
1050 ◦C. Tan et al. [24] observed the difficulty in recovering Si ion-implantation induced
damage in GaN up to 1100 ◦C, with the formation of a network of extended defects, which
led to amorphization at a high dose (≥2 × 1015 cm–2). The formed amorphous layers
could recrystallize into a defective polycrystalline material upon annealing in the range of
800–1000 ◦C.
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Irokawa et al. [128,129] monitored the electrical activation characteristics of Si-implanted
GaN at elevated temperatures (>1100 ◦C). For an implantation dose of 1 × 1014 cm−2, an
annealing process at 1400 ◦C in N2 for 5 min resulted in a nearly 100% electrical activation
efficiency and a low sheet resistance of the implanted layer (450 Ω/sqr). During annealing,
the sample surface was preserved by a SiO2 capping layer.

Hall effect measurements demonstrated an ionization energy of 289 and 276 meV
for the annealing temperatures of 1100 and 1200 ◦C, where a low electrical activation
was observed. However, at higher temperatures (1300–1400 ◦C), the estimated ionization
energies were much lower (11.2 and 10.5 meV), closer to the values predicted by Götz [35].

Some of the representative results of these studies are illustrated in Figure 10, which
reports the sheet resistance of Si-, Mg-, and Mg/P-implanted GaN as a function of the
annealing temperature [126,128,129]. As can be deduced from this figure, the activation of
n-type Si dopant occurred in the annealing temperature range of 1000–1200 ◦C.
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In this context, it is worth noting that, unlike SiC, in the case of GaN, no clear advantage
of using “hot implantation” in the electrical activation up to temperatures of 700 ◦C has
been reported in the literature [128]. This is consistent with Rutherford backscattering
spectrometry in channeling geometry (RBS-C) results, showing a similar defect density in
GaN implanted at 25, 300, and 550 ◦C [130]. As an example, in the case of n-type Si-doping,
the sheet resistance of the implanted GaN as a function of post-implantation annealing
temperature was approximately a factor of 2 lower for the room temperature implantation
with respect to the 700 ◦C implantation, until the post-implantation annealing temperature
of 1350 ◦C was reached (where the same activation of 65% was recorded in both cases) [128].
Since Si is typically all substitutional at these annealing temperatures [131], then this would
indicate that ~82.5% of the Si occupies Ga sites and acts as donors and the remaining 17.5%
occupies N sites, acting as acceptors. Hence, a possible scenario is the formation of both
Si-vacancy or Si-interstitial complexes, which may be either electrically active or inactive,
depending on the substrate temperature during implantation.

In terms of dopant incorporation and activation, the main difference between GaN
and SiC may reside in the fact that the group IV dopants of III–V compounds are potentially
amphoteric. Hence, small changes in the relative site occupation can have significant effects
on the net electrical activation [128]. In contrast, there are no amphoteric shallow dopants
in SiC.

As already seen in the case of SiC, the possibility of having a quantitative determination
of the electrically active dopant depth profile is also an important topic related to ion
implantation doping technology for GaN. In this context, Iucolano et al. [132,133] reported
for the first time a quantitative determination of the electrically active Si dopant profile in
GaN, obtained by means of scanning capacitance microscopy (SCM). In this study, different
annealing processes were compared, showing that a rapid pre-annealing process at 1100 ◦C
(ramp rate 100 ◦C/s), followed by an annealing at 1200 ◦C in a conventional furnace (ramp
rate 5 ◦C/min) allowed the electrical activation of Si n-type dopant to increase from 36% to
63%. A similar characterization approach using SCM on Si-implanted GaN was presented
five years later by Lamhamdi et al. [134], who obtained a similar activation value of 31% of
the n-type Si dopant after rapid annealing at 1100 ◦C.

More debated is the case of Mg electrical activation. In fact, p-type electrical activation
has always represented a challenge for implantation technology in GaN.

In general, rapid thermal annealing (RTA) has been commonly used for the electrical
activation of both n-type and p-type dopants in GaN. In fact, RTA can enable the annealing
of GaN at temperatures above its thermal stability without apparent GaN decomposition.
While RTA is attractive for GaN annealing in terms of achievable temperatures and costs,
the first trials carried out at about 1100–1200 ◦C showed the conversion from n-type to
p-type material only after Mg co-implantation with other ions (see also Figure 10) [126,135].
Later, Iucolano et al. [133] demonstrated the conversion from n-type to p-type GaN after
Mg-implantation and RTA ad 1200 ◦C for 30 s, but did not provide a quantification of the
electrically active fraction of Mg.

Other studies indirectly confirmed the electrical activation in Mg-implanted GaN after
conventional RTA by the occurrence of rectifying characteristics in p–n junctions [31,136].
However, in these papers, the electrical activation was not given. Moreover, high Mg doses
(>1 × 1019 cm−3) have been used in these studies, which may induce a large amount of
defects (e.g., vacancies) acting as compensating centers for Mg acceptors. Niwa et al. [137]
reported an electrical activation of 2.3% of implanted Mg by conventional RTA. The anneal-
ing was performed at 1250 ◦C for 20 s in N2 at atmospheric pressure, with an AlN capping
layer to protect the sample surface. However, in this work, the electrical activation was
defined as the ratio between the free hole concentration and the implanted Mg-dose.

Among the possible reasons for the first unsuccessful attempts of using RTA to activate
the implanted Mg was the short duration of the GaN annealing at high temperatures.

For p-type doping, annealing temperatures of GaN in the range of 1400–1500 ◦C
have been preferred to remove implantation-induced defects, and move Mg-dopant into
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proper lattice sites (i.e., into substitutional position for Ga to be electrically active) [138].
These high temperatures can severely degrade the material, thus making mandatory the
adoption of suitable capping layers or innovative annealing methods to prevent the surface
degradation. As an example, to avoid the dissociation of GaN at such high temperatures, a
high nitrogen overpressure of at least 1.5 GPa was proposed by Porowski et al. [139]. Based
on photoluminescence results, they reported on an electrical activation of Mg-implanted
GaN after annealing at 1300–1500 ◦C under N2 overpressure [139].

However, extremely high-pressure annealing requires expensive equipment that may
be difficult to transfer for large-scale production. To overcome this problem, Feigelson et al. [30]
developed a multicycle rapid thermal annealing (MRTA) procedure, consisting of repeating
several short RTA annealings of GaN with a protective capping layer to keep the sample
for an extended time at temperatures above the thermodynamically stable regime for GaN,
and cooling down the sample at each cycle at a temperature below the decomposition
temperature. In particular, the MRTA was carried out at a peak temperature of 1350 ◦C
with a cycle time varying from 10 to 25 s, and a number of cycles from 10 to 60, for
a total annealing time of 4–8 min above 1100 ◦C [30]. Such an annealing process was
applied to GaN samples subjected to hot implantation (500 ◦C) of Mg-ions at different
energies (10–300 keV) and doses (3.8 × 1013–8.3 × 1014 cm−2) and resulted in an Mg
electrical activation up to 8.2% [140]. More recently, multicycle rapid annealing was also
successfully applied for electrical activation of implanted Mg in order to create vertical
p–n junctions on free standing GaN [141]. While the fabricated p–n junction exhibited a
better rectification behavior than the one reported by conventional RTA activation [136], it
was still characterized by a high contact resistance and capping layer optimization must
still be addressed before the MRTA process can be practically used for selective doping of
devices [141].

One of the reasons why there are not so many studies on acceptor implantation doping
in GaN is related to the fact that a high background electron concentration in undoped
GaN requires a high Mg dose to convert the material to p-type [12]. Unfortunately, ion
implantation at a high dose introduces a significant amount of defects in the crystal, which
favor trapping or compensation of the p-type carriers on a deep level, thus resulting in a
poor acceptor activation. In this context, in conventional rapid thermal annealing (RTA)
processes used for activation of Si and Mg dopants, the ramping rate was relatively low
and exposed the material to a prolonged unintentional heating, which may further in-
duce the formation of defects in the layer. To overcome this problem, Aluri et al. [142]
proposed the use of a microwave annealing technique to obtain the electrical activation of
Mg-implanted GaN layers. Based on an increase in the intensity of Mg-acceptor related
luminescence peak (at 3.26 eV) in the photoluminescence spectra, they concluded that
the acceptor activation could be achieved in single-energy Mg-implanted GaN at temper-
atures of about 1400 ◦C. However, the electrical characterization of the multiple-energy
(10–300 keV, 3.8 × 1013–8.3 × 1014 cm−2) implanted films showed no evidence of an electri-
cal activation of Mg even after 1500 ◦C annealing, as the sample remained highly resistive.
This unsuccessful result was justified by the high degree of lattice damage created by the
high dose, multiple-energy Mg-implantation.

Meyers et al. [143] demonstrated p-type conductivity and damage recovery in Mg-
implanted GaN (at a concentration 1 × 1019 cm−3) annealed by rapid gyrotron microwave
annealing at temperatures in the range of 1200–1350 ◦C under a N2 pressure of 3 MPa with
an AlN capping layer. Gyrotron annealing consisted of 10 iterations of thermal “pulses,”
in which the target temperature was reached with a fast ramp (~200 ◦C/s), and then the
sample was cooled down to 700 ◦C before the next pulse. Transmission line model (TLM)
measurements showed a resistivity of 1.62 × 10−1 Ω cm for the sample annealed at 1200 ◦C,
and Ohmic behavior of Ni/Au contacts fabricated on the implanted layer, thus confirming
the successful achievement of p-type conductivity.

Finally, Sakurai et al. [144] demonstrated a highly effective electrical activation in Mg-
implanted GaN employing an ultra-high-pressure-annealing (UHPA) in a N2 atmosphere
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at 1 GPa pressure at 1480 ◦C for 5 min. In particular, multiple energy Mg-implantation
(30–300 keV) at a total dose of 4.8 × 1014 cm−2 (total 1.3 × 1019 cm−3) was carried out
to obtain a 300 nm thick “box-like” profile. For comparison, a conventional RTA process
at 1280 ◦C was performed with an AlN capping layer to protect the sample surface. In
this work, SIMS analyses showed a diffusion of Mg and a redistribution of its chemical
profile after the UHPA process. In particular, an almost flat profile with a concentration
of 2.3 × 1018 cm−3 was observed after UHPA at 1380 ◦C, extending over a depth of about
1 micron. Hall measurements allowed for an estimation of the activation of about 78%,
although this value was probably overestimated due to the uncertainty in the value of the
Hall scattering factor [144].

The advantage of this annealing technique with respect to conventional RTA was
the capability to preserve a smooth surface morphology at very high temperatures even
without the use of a capping layer.

As can be seen from the description of these literature results, ion implantation doping
of GaN and electrical activation of the dopant species is a subject of continuous discussion,
but consolidated technological solutions have not been achieved yet.

7. Encapsulation of GaN during Activation Annealing

Thermal annealing processes of ion implanted GaN are significantly more challenging
than in SiC. In fact, GaN starts to start decomposing at about 840 ◦C under atmospheric
pressure, with loss of nitrogen atoms in the form of gaseous N2. Nitrogen loss is accompa-
nied by the formation of metallic Ga droplets on the surface [28,50–52]. This decomposition
process becomes more severe with an increase in temperature, and hence thermal annealing
at high-temperature without surface protection is not possible [28].

Since carbon-based capping layers were successfully used to preserve the surface
of SiC during high-temperature activation annealing, similar results could also be ex-
pected for GaN. However, Placidi et al. [145] showed that the GaN surface was seriously
damaged after high-temperature annealing and the carbon-based capping layer presum-
ably reacted with the implanted GaN was impossible to remove. Hence, in order to
protect the GaN surface during annealing, other different capping layers have been investi-
gated over the last decades in the literature (e.g., SiO2 [128,132,146–148], Si3N4 [136,149],
AlN [25,30,134,150,151], AlN/SiOx [152], AlN/SiNx [153], with promising results in terms
of preservation of the surface morphology upon high-temperature annealing.

Figure 11 shows, as an example, the AFM surface morphology of a GaN layer (grown
on a sapphire substrate) before annealing (Figure 11a) and after rapid thermal annealing at
1150 ◦C for 5 min (Figure 11b) or at 1200 ◦C for 30 s (Figure 11c) in N2 with a SiO2 capping
layer. The AFM surface morphology of the capped sample was acquired after the removal
of the SiO2 layer in a buffered HF solution [154].

Micro 2022, 2, FOR PEER REVIEW  19 
 

 

 

Figure 11. AFM surface morphology of the non‐annealed GaN sample (a), and of the samples an‐

nealed at 1150 °C for 5 min (b) and at 1200 °C for 30 s (c). The annealings were carried out at atmos‐

pheric pressure in N2 with a SiO2 capping layer. The AFM images were acquired after the capping 

layer removal. Adapted with permission from Ref. [154]. Copyright © 2008 AIP Publishing. 

As can be seen, the surface morphology of the annealed samples after SiO2 was com‐

parable to that of the non‐annealed sample, thus apparently demonstrating the efficiency 

of this process in preserving the surface. 

Recently, Sakurai et al. [144] replaced the capping layer concept by introducing an 

ultra‐high N2 pressure (1 GPa) annealing (UHPA) process for the electrical activation of 

Mg. In particular, using this process, the implanted GaN exhibited a quite smooth surface 

(RMS = 0.6 nm) after UHPA at 1480 °C, which was much better compared to the sample 

annealed in a conventional RTA at 1280 °C (RMS = 23.8 nm) with an AlN capping layer. 

The  fabrication of GaN‐based power devices may  involve  some processing  steps, 

specifically related to the electrical activation of the selectively doped implanted region 

such as Si‐doped n+‐regions for Ohmic contacts, Mg‐doped p+‐type regions for p–n junc‐

tions or edge terminations, etc. such as annealing for Ohmic contact sintering (600–850 

°C), oxidation processes, annealing to activate implanted species, etc. [25,155]. These an‐

nealing processes can have an impact not only on the surface morphology (which can be 

mitigated by an appropriate capping layer), but also on the electrical properties of near‐

surface regions or heterointerfaces. Hence, the performances of the devices can be influ‐

enced by the thermal budget for selective implantation doping. 

As an example, as already schematically shown  in Figure 1, GaN Schottky barrier 

diodes can use Mg‐ion implantation to create p‐type or highly resistive edge termination 

to optimize the breakdown [156,157]. On the other hand, in HEMT devices, Si‐ion implan‐

tation can be used to increase the doping concentration below source‐drain Ohmic con‐

tacts and minimize their specific contact resistance, as will be described in more detail in 

Section 8. 

However, the high‐temperatures (>1100 °C) necessary to activate either Mg (p‐type) 

or Si  (n‐type) dopants can  induce modification of  the surface electrical properties and, 

hence, the electrical behavior of metal/GaN Schottky barriers used in diodes or in HEMTs. 

Although the use of a protective capping layer of SiO2 is able to preserve the GaN 

surface morphology after high‐temperature annealing in the range 1150–1200 °C (see Fig‐

ure 11), Iucolano et al. [154] observed a worsening of the electrical behavior of the Schottky 

barrier in Ni/GaN Schottky contacts fabricated on these GaN surfaces after capping layer 

removal. Figure 12a summarizes these effects by reporting the dependence of the barrier 

height and of the reverse leakage current (at the reverse bias of −5 V) under different ther‐

mal annealing processes performed with a SiO2 capping layer, which was then removed 

for the Schottky contact formation. As can be seen, a reduction in the barrier height and 

an increase of the leakage current was observed with an increase in the annealing temper‐

ature and/or  time.  Interestingly, a study of  the  temperature dependence of  the reverse 

leakage current of Schottky contacts demonstrated a deviation from the thermionic emis‐

Figure 11. AFM surface morphology of the non-annealed GaN sample (a), and of the samples
annealed at 1150 ◦C for 5 min (b) and at 1200 ◦C for 30 s (c). The annealings were carried out at
atmospheric pressure in N2 with a SiO2 capping layer. The AFM images were acquired after the
capping layer removal. Adapted with permission from Ref. [154]. Copyright © 2008 AIP Publishing.
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As can be seen, the surface morphology of the annealed samples after SiO2 was com-
parable to that of the non-annealed sample, thus apparently demonstrating the efficiency
of this process in preserving the surface.

Recently, Sakurai et al. [144] replaced the capping layer concept by introducing an
ultra-high N2 pressure (1 GPa) annealing (UHPA) process for the electrical activation of
Mg. In particular, using this process, the implanted GaN exhibited a quite smooth surface
(RMS = 0.6 nm) after UHPA at 1480 ◦C, which was much better compared to the sample
annealed in a conventional RTA at 1280 ◦C (RMS = 23.8 nm) with an AlN capping layer.

The fabrication of GaN-based power devices may involve some processing steps,
specifically related to the electrical activation of the selectively doped implanted region such
as Si-doped n+-regions for Ohmic contacts, Mg-doped p+-type regions for p–n junctions
or edge terminations, etc. such as annealing for Ohmic contact sintering (600–850 ◦C),
oxidation processes, annealing to activate implanted species, etc. [25,155]. These annealing
processes can have an impact not only on the surface morphology (which can be mitigated
by an appropriate capping layer), but also on the electrical properties of near-surface
regions or heterointerfaces. Hence, the performances of the devices can be influenced by
the thermal budget for selective implantation doping.

As an example, as already schematically shown in Figure 1, GaN Schottky barrier
diodes can use Mg-ion implantation to create p-type or highly resistive edge termination
to optimize the breakdown [156,157]. On the other hand, in HEMT devices, Si-ion im-
plantation can be used to increase the doping concentration below source-drain Ohmic
contacts and minimize their specific contact resistance, as will be described in more detail
in Section 8.

However, the high-temperatures (>1100 ◦C) necessary to activate either Mg (p-type) or
Si (n-type) dopants can induce modification of the surface electrical properties and, hence,
the electrical behavior of metal/GaN Schottky barriers used in diodes or in HEMTs.

Although the use of a protective capping layer of SiO2 is able to preserve the GaN
surface morphology after high-temperature annealing in the range 1150–1200 ◦C (see
Figure 11), Iucolano et al. [154] observed a worsening of the electrical behavior of the
Schottky barrier in Ni/GaN Schottky contacts fabricated on these GaN surfaces after
capping layer removal. Figure 12a summarizes these effects by reporting the dependence
of the barrier height and of the reverse leakage current (at the reverse bias of −5 V) under
different thermal annealing processes performed with a SiO2 capping layer, which was
then removed for the Schottky contact formation. As can be seen, a reduction in the barrier
height and an increase of the leakage current was observed with an increase in the annealing
temperature and/or time. Interestingly, a study of the temperature dependence of the
reverse leakage current of Schottky contacts demonstrated a deviation from the thermionic
emission, and the occurrence of a variable-range hopping conduction mechanism in the
samples subjected to high-temperature annealing [154]. This behavior can be associated
with the generation of a high density of states at the Ni/GaN interface after annealing (in
the range 0.3–2.4 × 1014 eV−1 cm−2 [158]), which were determined from the capacitance-
frequency characteristics of forward biased diodes [159] (see Figure 12b).

A possible concern of using SiO2 as a capping layer during high-temperature annealing
is the diffusion of oxygen atoms from the SiO2 layer into GaN, which can act as donors and
modify the near-surface electrical properties of the material.

Similarly, Khalfaoui et al. [152] showed that the forward electrical behavior of “quasi
vertical” Schottky diodes, fabricated on GaN epilayers subjected to high-temperature
annealing for Mg-activation with an AlN/SiOx capping layer, showed the presence of both
a non-ideal double Ni/GaN Schottky barrier and a strong increase in the leakage current
under reverse bias.
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Figure 12. (a) Schottky barrier height and leakage current density of Ni/GaN Schottky diodes
subjected to different surface annealing processes with a SiO2 capping layer before Schottky metal
formation. (b) Interface state density determined from the capacitance-frequency characteristics
of the forward biased diodes under the same processing conditions. Reproduced with permission
from [158]. Copyright © 2010 Elsevier Ltd. (b) Interface state density for the same diodes.

Based on these pieces of evidence, it can be concluded that a good morphology
after capping layer removal in high-temperature annealing GaN materials is not the only
criterion to judge the possibility of integrating this process in a device fabrication flow chart.

8. Ion Implantation in GaN HEMT Technology
8.1. Two-Dimensional Electron Gas (2DEG) Insulation by Ion Implantation

Ion implantation has been used to create resistive regions in GaN-based materials,
inducing the electrical isolation of devices. In particular, since the late 90s, implantation
isolation has been studied in pure GaN or AlGaN material using different ion species (e.g.,
H+, He+, N+, F+, Mg+, Ar+, Zn+ ions) [126,160–165]. By comparing different ions (Ti+,
O+, Fe+, Cr+) implanted at multiple energies into GaN field effect transistor structures (n
and p-type), Dang et al. [166] concluded that the mechanism for the implant isolation was
damage-related trap formation, while there was no chemical effect inducing isolation.

The general trend of implantation isolation is summarized in Figure 13, which shows,
as an example, the evolution of the sheet resistance with the annealing temperature of
n-type or p-type GaN samples implanted with N+-ions at multiple energies and doses [126].
As can be seen, the sheet resistance of the material increases with an increase in the
annealing temperature up to 750 ◦C due to the introduction of deep levels that compensate
for the original conductivity of the material. However, above this temperature, the deep
levels are removed and the conductivity of the material starts to increase, thus decreasing
the isolation efficiency of the process. The activation energies for these deep levels after
annealing at 750 ◦C were estimated to be 0.90 eV (for p-type) and 0.83 eV (for n-type) [126].

Boudinov et al. [167] studied the electrical isolation in n-type GaN by MeV ion implan-
tation with different species (H, Li, C, and O). The results demonstrated that the threshold
dose necessary to achieve good isolation depends linearly on the initial n-type doping of
the material and reciprocally on the number of atomic displacements produced by the
implant. This isolation exhibited a good thermal stability up to annealing temperatures of
900 ◦C [167].

Due to the possibility of creating resistive regions by ion implantation, this process
has been largely adopted to create the 2DEG isolation in the AlGaN/GaN heterostructure,
in order to electrically isolate HEMT devices.
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Shiu et al. [168] demonstrated a thermally stable electrical isolation for the AlGaN/GaN
HEMT structure by multiple energy (25–75 keV) and dose (5 × 1014 cm−2) implantation of
oxygen ions. The sheet resistance of the implanted regions was in the order of 1012 Ω/sqr
up to annealing temperatures in the order of 450 ◦C, but then decreased down to 106 Ω/sqr
at 850 ◦C (see Figure 13). On the other hand, Roccaforte et al. [169] used N+-implantation
for HEMT device isolation 1010–1011 Ω/sqr at 750 ◦C, which, however, decreased by several
orders of magnitude upon annealing at 850 ◦C

These studies definitively demonstrated that the ion implantation isolation process
is fully compatible with HEMT processing and represents a valid alternative to the mesa
etching. However, the thermal stability of the implanted layer can be a concern, which must
be faced by optimizing the implantation conditions (ion species, energy, and dose) and
the post annealing temperature. At the same time, the thermal budget for HEMT device
fabrication (especially that required for Ohmic contacts formation) must be minimized to
preserve the high resistivity of the 2DEG isolation. As a general rule reported in many
papers, for acceptable device isolation, the implanted region should have a sheet resistance
>107 Ω/sqr.

8.2. N-Type Si-Implantation Doping of GaN for Ohmic Contacts

One of the current applications of selective ion implantation doping in GaN devices is
the improvement in the electrical characteristics of Ohmic contacts. In fact, the formation of
good Ohmic contacts on GaN and AlGaN/GaN heterostructures is particularly challenging
due to the wide band gap of the material. In general, the formation of a good Ohmic contact
(with a low specific contact resistance ρc) is accompanied by metal/semiconductor reactions
occurring upon annealing, which lead to the formation of new intermetallic phases and
create nitrogen-vacancy-rich regions that behave as heavily n-type GaN-material [170].
However, these reactions and the formation of new phases depend on many parameters
such as the nitride material properties (resistivity, doping, defect density, etc.), the metal
scheme, and the annealing conditions [171]. Moreover, in order to make GaN-on-Si device
technology fully compatible with the Si CMOS processing fabs, the use of Au for Ohmic
contacts must be avoided (“Au-free” contacts) [172,173].

In this context, Si ion implantation has been considered as a possible approach to
obtain non-alloyed (i.e., without post-metallization annealing) Ohmic contacts on either
GaN or AlGaN/GaN heterostructures [25,145]. Some authors have used Si implantation on
lightly doped p-type GaN material in order to create the heavily doped n-type source/drain
regions in GaN MOSFETs [174,175]. In other cases, Si implantation has been used on n-type
GaN to selectively increase the doping level below the contacts, and enable an Ohmic
behavior without post-metallization annealing [176,177].

However, the practical use of Si ion implantation doping for Ohmic contact technology
in GaN devices can be particularly difficult due to the high impurity incorporation and
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unrecoverable lattice damage caused by implantation, resulting in poor electrical proprieties
of the contacts. Moreover, as already reported in Section 7, the sample surface must be
protected by an appropriate capping layer during the high-temperature annealing process
(1000–1200 ◦C) necessary to achieve the electrical activation of the n-type Si dopant due
also to the possible impact of the surface morphology on the properties of the contacts
formed on these regions. Placidi et al. [145] studied the impact of the SiO2 capping layer
on the formation of Ti/Al Ohmic contacts on n-type Si implanted GaN subjected to post-
implantation annealing in N2 at 1150 ◦C. In particular, they demonstrated that the smoother
surface morphology (RMS~10–15 nm) obtained using a SiO2 capping layer during Si
activation resulted in a more uniform reaction, leading to the formation of the TiAl3 phase
after contact annealing [145]. Accordingly, the values of the specific contact resistance in
the capped material also varied in a small range (1–2 × 10−5 Ω cm2), while Ohmic contacts
formed on unprotected implanted GaN exhibited a high dispersion of the ρc values (in the
range 10−4–10−6 Ω cm2).

In some cases, selective implantation doping for Ohmic contacts requires the use of
a “retarding layer” to shift the implantation profile toward the surface. As an example,
Kozubal et al. [178] combined the optimization of a 350 nm thick SiO2 retarding layer with
a high implantation energy (250 keV) of Si+-ions, obtaining a decrease in the specific contact
resistance of Ti/Au contacts down to 2 × 10−7 Ω cm2.

Clearly, a heavily-doped layer below the metal contact and optimized post-implantation
annealing conditions for the electrical activation are key parameters for good Ohmic
contacts properties. Nguyen et al. [179] monitored the specific contact resistance of
Ti/Al/Ni/Au contacts fabricated on Si implanted regions activated under different anneal-
ing condition. In particular, they observed that the specific contact resistance decreased
down to 2.66 × 10−8 Ω cm2 with an increase in the annealing temperature up to 1200 ◦C.
However, a further increase in the post-implantation annealing temperature up to 1250 ◦C
led to a strong dopant out diffusion that was detrimental for the electrical properties of
the contact.

Ohmic contact formation on AlGaN/GaN heterostructures is even more complicated
than in GaN due to the complexity of the process in the presence of the 2DEG [170]. In
this context, the possibility of using selective Si ion implantation doping on AlGaN/GaN
heterostructures for HEMT devices has been reported in the literature [146,180–182]. Non-
alloyed Ohmic contacts for HEMT devices were first demonstrated by Yu et al. [146], who
reached a source/drain contact resistance of 0.4 Ω mm on selectively n-type Si implanted
regions, and a high saturation current density of 730 mA/mm. Clearly, the choice of the
metal stack and its annealing conditions can further favor the Ohmic contact formation on
AlGaN/GaN heterostructures. In fact, Qiao et al. [180] demonstrated that the optimization
of the metal stack for an advanced metal/AlGaN reaction can lead to a more intimate
metal/2DEG contact and a lower contact resistance.

In conclusion, in selective ion implantation doping of GaN devices, the resistivity of
the implanted region below the contacts is very important for the final device on-resistance.
In this context, the implantation angle [181] and dopant peak position (which depends on
the implantation energy and the use of retarding layers) [182] are key parameters that must
be considered to optimize the resistivity of implanted region below the contacts.

Table 4 summarizes some of the important literature results on the formation of Ohmic
contacts on both GaN and AlGaN/GaN heterostructures subjected to n-type selective
doping by Si ion implantation and high-temperature post-implantation annealing for
electrical activation of the dopant.
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Table 4. Survey of the literature data on the formation of Ohmic contacts on GaN and AlGaN/GaN
heterostructures subjected to n-type selective doping by Si ion implantation and high-temperature
post-implantation annealing for electrical activation of the dopant.

Material Implantation/Activation Contact Formation ρc (Ωcm2) Ref.

p-GaN

- 3.0 × 1015 cm−2

- 160 keV
- Tact.(1) = 1000 ◦C, 1 min
- Tact.(2) = 1250 ◦C, 10 s

- Ti/Al
- Tann. = 700 ◦C, 30 s 1.0 × 10−5 Ωcm2 [145]

p-GaN
- Triple implantation: 2/5/5 × 1015

cm−2 40/100/200 keV
- Tact. = 1000 ◦C, 30 min

- Ti/Al/Pt/Au
- Tann. = 600 ◦C, 5 min 1.5 × 10−6 Ωcm2 [174]

p-GaN

- 3.0 × 1015 cm−2

- 160 keV
- Tact.(1) = 1000 ◦C, 1 min Tact.(2) = 1250

◦C, 10 s

- Ti/Al
- Tann. = 750 ◦C, 30 s 2.0 × 10−4 Ωcm2 [175]

n-GaN
- Two step implantation: 5.0/7.5 × 1015

cm−2 40/100 keV
- Tact. = 1120 ◦C,15 s

- Ti/Al
- Non-alloyed 1.0 × 10−5 Ωcm2 [176]

n-GaN
- 1 × 1015 cm−2

- 30/20/15/10/5 keV
- Tact. = 1150 ◦C, 30 s

- Ti/Au
- Non-alloyed 3.6 × 10−8 Ωcm2 [177]

u.i.d. GaN
- 1.1 × 1016 cm−2

- 250 keV
- Tact. = 1100 ◦C, 2 min

- Ti/Au
- Tann. = 400 ◦C, 30 s 2 × 10−7 Ωcm2 [178]

n-GaN
- 1.5 × 1015 cm−2

- 30 and 60 keV
- Tact = 1200 ◦C, 10 min

- Ti/Al/Ni/Au
- Tann. = 870 ◦C, 30 s 2.66 × 10−8 Ωcm2 [179]

AGaN/GaN
- 1.5 × 1015 cm−2

- 30 and 60 keV at 200 ◦C
- Tact. = 1500 ◦C, 1 min

- Ti/Al/Ni/Au
- Tann. = 870 ◦C, 30 s 0.4 Ω mm [146]

AGaN/GaN
- 1.0 × 1016 cm−2

- 40 keV
- Tact. = 1150 ◦C, 30 s

- Ti/Al
- Tann. = 950 ◦C, 10 min 5.6 × 10−6 Ωcm2 [180]

AGaN/GaN
- 1.0 × 1016 cm−2

- 50 keV
- Tact. = 1260 ◦C, 30 s

- Ti/Au/Ni
- Non-alloyed 0.96 Ω mm [181]

AGaN/GaN
- 1.0 × 1015 cm−2

- 80 keV
- Tact. = 1200 ◦C, 2 min

- Ti/Al
- Tann. = 500 ◦C, 10 min 5.7 × 10−7 Ωcm2 [182]

9. Conclusions

In conclusion, the main features of selective ion implantation doping technology for
SiC and GaN devices were briefly reviewed, highlighting the similarities and differences of
these two materials.

In the case of SiC, ion implantation is nowadays a well-consolidated technique for
selective doping in power devices such as Schottky diodes and MOSFETs. “Hot implan-
tation” (400–500 ◦C) and high-temperature (>1500 ◦C) post-implantation annealing are
required to bring the n-type and p-type dopant species into the substitutional position and
optimize their electrical activation. For device fabrication, carbon-based capping layers
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can be used during the high-temperature post-implantation annealing steps, in order to
prevent the surface roughening caused by the silicon desorption.

In this context, the control of the degree of electrical activation of n-type and p-type
dopant species in SiC as well as the dopant depth profiles are very important due to the
relevant implications on several device parameters (e.g., resistance in Ohmic contacts,
threshold voltage and mobility in MOSFETs, etc.).

For the near future, the development and optimization of new ultra-rapid annealing
processes for the electrical activation of the dopant species in SiC (e.g., based on laser
annealing) can be promising routes to improve the crystalline quality of the implanted
layers and to better control the relevant device parameters.

In the case of GaN, while lower annealing temperatures are required to activate the
implanted dopants (>1000 ◦C), the thermal stability of GaN-based materials represents a
serious concern, since at temperatures of about 900 ◦C, near-surface decomposition of GaN
has already occurred. Hence, in order to protect the GaN surface during annealing, several
capping layers have been proposed (SiO2, Si3N4, AlN, AlN/SiOx, AlN/SiNx). In spite
of the promising results in terms of surface morphology, there remains no consolidated
solution for GaN surface protection.

In addition, it is worth noting that, unlike SiC, in the case of GaN, there is no clear
advantage of using “hot implantation” in the electrical activation up to temperatures of
700 ◦C. In this context, a major difference between SiC and GaN implantation doping
resides in the fact that the group IV dopants of III–V compounds are potentially amphoteric.
Hence, in GaN, small changes in the relative site occupation can have a significant impact on
the net electrical activation, in contrast to SiC, which does not possess amphoteric shallow
dopants. For these reasons, today, the use of ion implantation in GaN device technology
remains mainly limited to the isolation of the 2DEG and selective n-type doping to reduce
the specific contact resistance in source-drain in HEMT devices. However, according to
the recent literature, significant effort is still required in the next few years to develop new
rapid annealing processes and reliable capping layer solutions, in order to improve the
activation of the p-type implanted Mg-dopant, and to open the way to the fabrication of
edge terminations and p–n junctions in the material.
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