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Abstract: It is well known that ion implantation is one of the basic tools for semiconductor
device fabrication. The implantation process itself damages, however, the crystallographic lattice
of the semiconductor. Such damage can be removed by proper post-implantation annealing of the
implanted material. Annealing also allows electrical activation of the dopant and creates areas
of different electrical types in a semiconductor. However, such thermal treatment is particularly
challenging in the case of gallium nitride since it decomposes at relatively low temperature (~800 ◦C)
at atmospheric pressure. In order to remove the implantation damage in a GaN crystal structure, as
well as activate the implanted dopants at ultra-high pressure, annealing process is proposed. It will
be described in detail in this paper. P-type GaN implanted with magnesium will be briefly discussed.
A possibility to analyze diffusion of any dopant in GaN will be proposed and demonstrated on the
example of beryllium.

Keywords: ion implantation; gallium nitride; thermodynamics; ultra-high-pressure annealing;
diffusion; diffusion coefficients

1. Introduction

Electronic devices prepared by GaN-on-GaN technology are still at the beginning of their road
to commercialization. Two different technologies can be applied for preparing GaN-on-GaN vertical
devices (e.g., metal–oxide–semiconductor field-effect transistor (MOSFET)). The structure can be grown
by epitaxial techniques with some procedures, such as regrowth and/or etching, needed due to the
device architecture, or by ion implantation [1,2]. The latter approach seems to be much less demanding
and more perspective. The implantation process has been commonly applied in semiconductors for
selective area n- and p-type doping. Such approach allows one to reduce the device size and to control
the electric field configuration in devices. However, the implantation process destroys the crystal
structure of the material. In order to rebuild it, appropriate (for a given compound) temperature
treating is required. The temperature required to remove the damage is around 50–70% of the melting
temperature of a given compound [3]. Temperature treatment is also important in order to activate the
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implanted ions [4–6]. In case of Mg, the sole process of implantation of ions into GaN does not result in
p-type conductivity at room temperature [7]. The reason for this is not only the rather high ionization
energy of Mg in GaN. The implantation process results in introducing defects that compensate the
implanted dopant. It was assumed that they were nitrogen vacancies. Uedono et al. showed that
these defects were coupled gallium and nitrogen vacancies [8]. It was also presented that annealing at
temperature higher than 1100 ◦C allows one to decrease the defect density. It should be stressed that
GaN loses its thermal stability close to 800 ◦C at atmospheric pressure [9]. Therefore, annealing it at
higher temperature results in surface decomposition. It is possible to apply an AlN capping layer in
order to protect the surface. However, it was suggested that during annealing vacancy-type defects
agglomerate near the interface between the AlN cap and GaN [8]. Therefore, the best approach is to
avoid using a capping layer. One of the possible solutions is to anneal implanted GaN at much higher
temperature but, then, also at high nitrogen pressure. Such technology is called the ultra-high-pressure
annealing (UHPA). UHPA is strictly derived from the well-known high nitrogen pressure solution
(HNPS) growth technology of GaN [10]. First GaN monocrystals of the highest structural quality were
obtained by the HNPS method [11]. They were grown from a solution of atomic nitrogen in liquid
gallium (Ga) at temperature of the order of 1500 ◦C and nitrogen (N2) pressure of 1 GPa. If Ga is
removed from such a system, it is possible to anneal any material in the temperature and pressure
conditions described above. This is the foundation of the UHPA technology. Today, it serves to anneal
implanted GaN (see, e.g., [12–16]) as well as different kinds of glasses and foams (see, e.g., [17–21]).

In this paper, the basis of applying the UHPA technology only for GaN is described. At the
beginning, the thermodynamics of this process is briefly explained. Next, the UHPA configuration is
presented and analyzed. P-type GaN implanted with magnesium (Mg) is discussed based on recent
results obtained in cooperation with Nagoya University in Japan. Then, application of the UHPA
technology for analyzing the diffusion mechanism of beryllium (Be) in GaN is demonstrated. It is
treated as a case study since the presented approach allows one to examine the diffusion of any element
in GaN. A summary is given at the end of this paper.

2. Thermodynamic Basics

In 1984, Karpinski et al. [9] determined the pressure–temperature (p–T) equilibrium curve for the
GaN-Ga-N2 system. This curve is presented in Figure 1a. The p–T area where GaN exists is clearly seen.
Figure 1b shows the Gibbs free energy (G) as a function of temperature for GaN and its constituent,
N2 [11]. With increasing temperature, the G curves decrease. It happens faster in the case of N2. Thus,
at atmospheric pressure at around 800 ◦C, the G curves for GaN and N2 intersect and GaN loses its
thermodynamic stability. Increasing the N2 pressure shifts the Gibbs free energy of nitrogen into higher
ranges, according to the equation:

G = U + pV-TS (1)

where U represents the internal energy, V-volume, and S-entropy.
Then, the stability region of GaN is extended. Thus, high nitrogen pressure (in fact nitrogen

activity) stabilizes the existence of GaN at higher temperature. It should be, however, remembered
that GaN is a binary compound and at very high temperature Ga vapor pressure is also required to
secure GaN against decomposition.
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Figure 1. (a) Experimental p–T equilibrium curve for the GaN-Ga-N2 system [9]; (b) Gibbs free energy
(G) for GaN and N2; visible temperature shift of GaN stability area if N2 pressure is increased [11].

3. Ultra-High-Pressure Annealing Process

During the UHPA process, a GaN sample is placed in a crucible. The crucible is then positioned in
a resistive furnace and in a high-pressure reactor. In such a configuration, annealing of GaN at nitrogen
rich conditions can be performed. If no changes are introduced, the compound will only have contact
with the N2 gas phase. However, as already mentioned, Ga vapor might be needed for protecting GaN
against decomposition during annealing at relatively high temperature. The presence of Ga vapor can
be provided in two ways: (1) the GaN sample is covered by GaN powder; (2) the GaN sample is placed
close to a Ga droplet. The first solution bases on the assumption that the GaN powder decomposes
faster than the GaN sample and, therefore, Ga vapor is above the annealed sample. The second way is
more elegant and bases on the assumption that the Ga droplet evaporates and, therefore, Ga vapor
is close to the surface of the annealed sample. In this paper, examination of the three described
configurations: only in N2, with GaN powder, and with a Ga droplet, will be presented. They are
shown in Figure 2. For each UHPA process, two GaN samples of high structural quality were prepared:
one with the (0001) surface and the second one with the (000-1) surface prepared to an epi-ready state.
Figure 3 shows atomic force microscopy (AFM) images of the mentioned surfaces. In both cases, values
of the root mean square (RMS) were lower than 0.1 nm. GaN samples grown by halide vapor phase
epitaxy (HVPE-GaN) were used (for details see [22]). This material is characterized by high structural
quality with threading dislocation density of the order of 5 × 104 cm−2, flat crystallographic planes
(bowing radius higher than 20 m) as well as high purity (donor and acceptor concentration lower than
1017 cm−3).

Figure 2. Three configurations for annealing HVPE-GaN samples with exposed (0001) and (000-1)
surfaces: (a) in N2 rich conditions; samples have direct contact only with N2 (configuration A);
(b) covered by polycrystalline GaN powder (configuration B); (c) close to Ga droplet (configuration C);
the samples are placed in a crucible (represented by blue box in the figure), resistive heater and high
pressure autoclave (reactor).

Figure 4 demonstrates AFM images of the samples’ surfaces after annealing at 1400 ◦C under
N2 pressure of 0.7 GPa for 15 min. A lower value of RMS (of the order of 0.5 nm) was noted
for samples covered with GaN powder. Multiple atomic steps were clearly visible. The samples
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annealed at nitrogen rich conditions and placed close to the gallium droplet (configurations A and C
in Figure 2, respectively) demonstrated higher RMS close to 1 nm. In the case of samples annealed
in configuration A, Ga droplets and pinholes were detected. The samples annealed in configuration
C showed areas without steps but with small beads. These results showed that only annealing in
configuration B did not lead to GaN surface decomposition. Thus, this configuration was chosen for
annealing implanted GaN.

Figure 3. AFM images of HVPE-GaN surfaces: (a) (0001); (b) (000-1); RMS = 0.1 nm.

Figure 4. AFM images of the samples’ surfaces: (0001)—left column and (000-1)—right column,
respectively, annealed in three configurations presented in Figure 2; annealing: (a) configuration
A—only in N2; (b) configuration B—covered by GaN powder; (c) configuration C—with Ga droplet
close to the samples’ surfaces.
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4. P-Type GaN by Mg Implantation

As mentioned, the implantation process has been commonly applied for controlling the selective
area doping of both n- and p-type regions, which allow one to reduce the device size and control
the electric field configuration in devices. In the case of GaN, high n-type carrier concentration has
already been demonstrated by using a relatively large ion dosage [4,23]. Obtaining highly conductive
p-type after ion implantation still remains a challenge. Recently, a very effective activation by UHPA of
Mg-implanted p-type GaN has been announced [24]. Investigating Mg diffusion during the UHPA
process also started [25–27].

Magnesium was implanted into n-type GaN deposited by metalorganic vapor phase epitaxy (MOVPE).
The 2-µm-thick MOVPE layer was grown on an HVPE-GaN substrate. The ion implantation process
was performed at room temperature. A 300-nm-deep box-shaped profile with Mg concentration
of 1019 cm−3 was obtained. The UHPA process was performed at 1400 ◦C for 5 min under N2

pressure of 1 GPa. The sample was covered by polycrystalline GaN powder. Figure 5a shows Mg
profiles after implantation and after annealing. The diffusion of Mg into the sample (up to 1 µm)
was observed. The average Mg concentration in a 1-µm-thick layer was of the order of 1018 cm−3.
AC Hall measurements, described in detail in [24], demonstrated that the layer is p-type GaN with
hole concentration of 1017 cm−3 and mobility 25 cm2 V−1 s−1 at room temperature (see Figure 5b).
A comparison of electrical results between the p-type GaN resulting from implantation followed by
UHPA and an MOVPE-GaN layer doped with Mg [28] showed that the same results can be obtained
by both methods.

Figure 5. (a) Comparison of Mg profile after implantation and UHPA; (b) temperature-dependent hole
concentration for samples processed by Mg ion implantation and UHPA compared to MOVPE-GaN
doped with Mg; modified from Sakurai et al. [24] with permission of AIP Publishing.

No doubt, achieving efficient p-type conductivity in Mg-implanted GaN depends on
post-implantation annealing conditions. Up to now, p-type GaN with 70% activated Mg atoms
was obtained only by UHPA at 1400 ◦C [24]. Conventional annealing at atmospheric pressure and
1300 ◦C (with an AlN cup sputtered on GaN surface) allowed us to obtain activation of Mg atoms at
the level of 25% [2]. Additionally, atomic-resolution transmission electron microscopy analysis showed
that interstitial-type extended defects and inversion domains with Mg segregation formed during the
conventional annealing [29]. These defects are not observed in the samples treated by UHPA [26,27].

5. Diffusion Mechanism of Beryllium in GaN—Case Study

As can be remarked, the UHPA leads to diffusion of implanted dopants in GaN. It seems that
such experiments allow one to analyze the diffusion phenomenon in GaN and determine the diffusion
coefficients of any dopant. In what follows, we will analyze the diffusion of Be in GaN. Unintentionally
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doped HVPE-GaN layers deposited on ammonothermal GaN substrates [30] were used as samples
for ion implantation. Implantation of Be ions was performed with a dose of 2.9 × 1015 cm−2 at
energy of 200 keV, without the use of a through film and at room temperature. UHPA was applied as
post-implantation annealing. It was performed at nitrogen pressure of 1 GPa, temperature varying in
the range 1200–1400 ◦C and for two different times: 15 and 30 min.

Secondary ion mass spectrometry (SIMS) measurements allowed us to examine the depth profiles
of Be. Results for samples as-implanted and annealed for 15 and 30 min are presented in Figure 6.
Only Be profiles are shown. No significant changes were observed in the case of other elements.
Concentrations of oxygen and silicon in HVPE-GaN used for implantation were lower than 1017 cm−3.
It should be noted that all other elements apart from Be, especially atmospheric impurities like
hydrogen and carbon, were below the SIMS background level. The data presented in Figure 6 indicate
that: (1) the detection limit of Be is 1015 cm−3; (2) annealing at 1200 ◦C and 1400 ◦C changes the Be
profile; Be reaches the depth of 8 µm at 1400 ◦C; (3) diffusion profiles exhibit a characteristic kink
(marked in Figure 6); (4) in the sample annealed at 1400 ◦C, the Be reservoir remains at the depth of the
maximum concentration of the as-implanted sample; it indicates that the top of the layer, around 1 µm
from the surface, can be regarded as an infinite source of Be dopant for all annealing conditions.

Figure 6. Results of SIMS measurements. Be depth profiles for samples as-implanted and annealed in
the temperature range 1200 ◦C–1400 ◦C for: (a) 15 min; examples of the kink are marked, (b) 30 min;
gray curves are error function (erfc) function fitting; black dotted lines indicate the concentration level
of the kink in the profile.

If an infinite source of a species is used, the diffusion profiles (concentration C of the examined
species) are described by a complementary error function (erfc):

C(x, t) = CSer f c
(

x
√

4Dt

)
(2)

where CS is the maximum concentration of the diffused species, corresponding to the surface
concentration in the case of infinite source experiment; D is the diffusion coefficient; t is annealing time;
x is the depth from the source of the species. Fitting curves were determined based on the erfc function.
They are also presented in Figure 6. CS and D were used as fitting parameters. Magnitudes
of the diffusion coefficients obtained from the fitting of Equation (1) changed significantly from
4 × 10−12 cm2 s−1 to 6 × 10−11 cm2 s−1 for 1200 ◦C and 1400 ◦C, respectively. However, it is clearly
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seen that the erfc relation is well fitted only to the upper parts of the SIMS profiles (above the
characteristic kink). Therefore, the diffusion coefficients calculated in such a way are valid for
high Be concentration. A drop (kink) in the Be depth profile appears at a certain Be concentration.
This concentration increases when the annealing temperature rises. Such a deviation from the erfc
fitting in the profile indicates a change in the diffusion coefficient. For a system, in which D of a
species is concertation-dependent, the method described by Matano [31] is applied. According to this
approach the standard Fick’s law equation is transformed into:

∂C
∂t

=
∂
∂x

D
(
∂C
∂x

)
(3)

where t and x are time and depth variables, respectively.
A following variable: η = x/t1/2, can be applied if the boundary conditions are known. This results

in a dependence of concentration only on η instead of x and t. Then, the equation can be integrated
with respect to η between C = 0 and C = Cl, where Cl is a specific value of concentration. Since the
analyzed experimental profile is plotted for a specific diffusion time, t can be treated as constant when
η is replaced by x and t. For C equal to 0, dC/dx is also equal 0. Therefore, the final equation for the
diffusion coefficient is the following:

D
(
C1

)
= −

1
2t

(
dx
dC

)∣∣∣∣∣∣
C1

∫ C1

0
xdC (4)

This way, the diffusion coefficient for concentration C1 can be derived from a dopant depth profile
by transforming the plot from a C(x) to x(C) function and then integrating. Beryllium depth profiles
transformed using Equation (4) are presented in Figure 7a,b for 15-min and 30-min annealing processes,
respectively. The Matano method (also known as Boltzmann–Matano method [32]) allowed us to
determine the diffusion coefficients for lower concentrations of Be, where there is a divergence between
the erfc fit and the SIMS data. Values of the diffusion coefficients are indicated by lines in Figure 7.

Figure 7. Matano analysis of Be depth profiles according to Equation (3) for samples annealed for:
(a) 15 min and (b) 30 min; lines indicate the diffusion coefficients for low concentration of Be; two peaks
are visible for high Be concentrations; they may result from the departure from the Matano analysis at
the initial Be profile.
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The diffusion coefficients calculated from Equation (2), based on the erfc fit and the ones derived
from the Matano analysis for both annealing durations, are presented as a function of 1000/T in
Figure 8. A classical Arrhenius equation was used to fit the dependence of the diffusion coefficients on
inverse temperature:

D = D0exp
(
−EA
kT

)
(5)

Figure 8. Diffusion coefficients of Be atoms in GaN as a function of inverse temperature; Arrhenius
plot from erfc fitting (red filled triangles and line) and Matano analysis (black filled circles and line).

Results of such fitting, prepared for data from the erfc and Matano analysis, are also presented in
Figure 8.

The temperature-independent pre-exponent factor D0, as well as the activation energy for both
Be diffusion mechanisms, was determined from Equation (2) using the erfc fitting and the Matano
analysis. The results are presented in Table 1.

Table 1. Temperature-independent pre-exponent factor D0 and the activation energy for the Be diffusion.

Pre-Exponent Factor D0 (cm2 s−1) Activation Energy (eV)

Higher Be concentration (erfc fitting) 7.8 ± 1 × 10−3 2.73 ± 0.05
Lower Be concentration (Matano analysis) 1.8 ± 1 × 10−3 2.72 ± 0.05

All the results presented in the above suggest two mechanisms, fast and slow, of Be diffusion
in GaN. The first process is most probably a pure interstitial mechanism through octahedral lattice sites
(for details, see [33]). The slower one is an interstitial–substitutional diffusion mechanism involving
Ga vacancies and tetrahedral lattice sites. The ratio of atoms involved in both mechanisms depends on
the concentration of Ga vacancies. Such a result shows that controlling the Ga vacancy concentration
can influence the rate of diffusion of the Be dopant in GaN.

6. Summary

The UHPA technology and its application for GaN was presented. Different configurations
of the annealing process were studied in order to prevent GaN surface, both (0001) and (000-1),
from decomposition. The experiments performed at 1400 ◦C involved placing GaN samples in N2 rich
conditions, close to a Ga droplet, covered by polycrystalline GaN powder. Only the last configurations
resulted in surfaces with visible atomic steps. Therefore, UHPA can be successfully applied for GaN
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samples without the need to place a cap layer. The described annealing technology, preceded with
Mg ion implantation, results in p-type GaN with the dopant activation exceeding 70% and electrical
properties similar to those of MOVPE-doped GaN. This makes UHPA a very promising technology for
fabricating devices with selectively doped areas. The high temperature applied in UHPA allows one
to study the diffusion process of different elements in GaN. This was presented in the example of Be.
Both the diffusion coefficients, as well as two different mechanisms of diffusion, were determined.
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