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ABSTRACT

We demonstrate high p-type conductivity and hole concentrations >1018 cm�3 in Mg-implanted GaN. The implantation was performed at
room temperature and by post-implantation annealing at 1GPa of N2 and in a temperature range of 1200–1400 �C. The high pressure ther-
modynamically stabilized the GaN surface without the need of a capping layer. We introduce a “diffusion budget,” related to the diffusion
length, as a convenient engineering parameter for comparing samples annealed at different temperatures and for different times. Although
damage recovery, as measured by XRD, was achieved at relatively low diffusion budgets, these samples did not show p-type conductivity.
Further analyses showed heavy compensation by the implantation-induced defects. Higher diffusion budgets resulted in a low Mg ionization
energy (�115meV) and almost complete Mg activation. For even higher diffusion budgets, we observed significant loss of Mg to the surface
and a commensurate reduction in the hole conductivity. High compensation at low diffusion budgets and loss of Mg at high diffusion budg-
ets present a unique challenge for shallow implants. A direct control of the formation of compensating defects arising from the implantation
damage may be necessary to achieve both hole conductivity and low Mg diffusion.

Published under license by AIP Publishing. https://doi.org/10.1063/5.0038628

GaN-based high-power switches are a promising avenue toward
realizing low-loss power grids.1,2 Reduced power losses and higher
currents leading to higher efficiencies are expected in devices such as
vertical GaN current aperture vertical electron transistor (CAVET)
and junction field effect transistor (JFET) power switches.3–5

Controlling the selective area doping of both n- and p-regions is neces-
sary to realize these device structures. Although controlled p-type car-
rier concentrations and conductivities in GaN have been reproducibly
demonstrated by Mg doping during epitaxy, achieving p-type conduc-
tivity with selective area doping remains a challenge. Mg diffusion
studies into unintentionally doped GaN films have been attempted
with only limited success. Issues of high thermal diffusion tempera-
tures, degradation of the GaN surface, and a nonuniform Mg doping
profile have inhibited the adoption of this technique for selective area
p-doping in GaN.6–8 The technique of choice for selective area doping
in Si- and SiC-based technology is ion implantation.9,10 Despite early
success in n-type doping of GaN via ion implantation,11 p-type doping
via ion implantation in III-nitrides remains a challenge. The primary

challenge lies in GaN being thermodynamically unstable for
T>850 �C as ion implantation introduces significant lattice distortion
that is typically removed via a high temperature post-implantation
anneal (T� 1200 �C). In order to prevent surface decomposition dur-
ing annealing at these elevated temperatures, previous effort has
focused on the use of capping layers (e.g., AlN, Si3N4, and SiO2) and/
or complex annealing procedures. However, several challenges exist
including the introduction of impurities, alloying, and etch damage in
p-GaN during capping layer removal.12,13 In this work, we demon-
strate p-type conductivity in GaN films via room temperature Mg
implantation and a post-implantation anneal at a high pressure
(1GPa) that stabilized the GaN surface without the use of a capping
layer. Recent work by Sakurai et al. has shown the effectiveness of
annealing at high pressure at a temperature of 1400 �C with a dwell
time of 5min.14 In the present study, we have explored a series of
annealing temperatures and times to develop a model for Mg activa-
tion in GaN in terms of a diffusion budget (DB) that enables predic-
tion of hole sheet conductivity. These studies show the effects of
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annealing temperature and time, summarized in terms of a diffusion
budget, describing the correlation between the crystal lattice damage
recovery, dopant activation, dopant diffusion, and self-compensation.
Finally, we demonstrate a technologically relevant room temperature
p-type sheet carrier concentration greater than 1013 cm�2 via Mg ion
implantation and high-pressure annealing (1GPa) at temperatures
between 1200 �C and 1400 �C.

1.500 semi-insulating GaN wafers grown by the ammonothermal
method from IHPP PAS (formerly Ammono, S. A.) were used for
these studies. These wafers were compensated with Mn and had a
resistivity �109 X cm. They were free of macro-defects and had an
etch pit density (EPD) <5 � 104 cm�2. The FWHM of the (0 0 0 2)
x-ray rocking curve was �20 arc sec, indicating a dislocation density
on the order of 104 cm�2.

Unintentionally doped homoepitaxial GaN films (�2.5lm) were
grown by metal organic chemical vapor deposition (MOCVD) on
these wafers and then implanted with Mgþ ions. The implantation
parameters were determined via Stopping and Range of Ions in Matter
(SRIM)–Transport of Ions in Matter (TRIM) simulations in order to
achieve a shallow box profile (�50nm) of implanted Mg at a techno-
logically relevant concentration of �2 � 1019 cm�3. To realize the tar-
geted Mg profile, a two-step implantation process that included ion
energies of 50 and 20 keV with corresponding ion dosages of
1.0� 1014 and 4.0� 1013 cm�2 was used, respectively. All implanta-
tions were performed at room temperature with a tilt angle of 7�. Mg
and other impurity concentrations (C, O, Si, and H) were character-
ized by secondary ion mass spectroscopy (SIMS). Surface morphology
before and after annealing was analyzed using an Asylum Research
MFP-3D atomic force microscope (AFM). The ultrahigh pressure
annealing (UHPA) procedure was performed at�1GPa using a nitro-
gen (5N) atmosphere, where GaN is stable up to a temperature of
�1500 �C.15–17 Ultrahigh N2 pressure during the annealing process
thermodynamically stabilizes the GaN surface, which would, other-
wise, decompose at these annealing temperatures. During the activa-
tion anneals, the samples were held at the annealing temperature
(700 �C–1400 �C) for 10 or 100min. The ramp-up time was �20min,
and the ramp-down time to �700 �C was on the order of minutes.

Implantation damage and post-annealing recovery of crystallinity
were characterized by x-ray diffraction using a PANalytical X’Pert
MRD to record x-2h scans of symmetric reflections. The sheet con-
centration, mobility, and carrier type were determined using an 8400
series LakeShore AC/DC Hall measurement system. The AC Hall
measurements were performed using a magnetic field and excitation
field frequency of �0.62T and 100 mHz, respectively. The sheet car-
rier concentration and mobility were measured as a function of tem-
perature in the temperature range of 300–773K.

No surface degradation was observed on the annealed samples as
observed under AFM (Fig. 1), even though no capping layer was
employed to stabilize the surface.18 The surface of the homoepitaxial
GaN films had a smooth bilayer step structure (RMS �1nm) both as-
grown (not shown) and after implantation [Fig. 1(a)]. Even at the
maximum annealing temperature of 1400 �C, the bilayer step surface
was preserved [Fig. 1(b)]. There was no evidence of decomposition.
Hence, at all annealing temperatures �1400 �C, the 1GPa N2 pressure
was sufficient to stabilize the surface.

Mg implantation damage is assumed to consist of displaced Ga
and N matrix atoms from their lattice sites due to momentum transfer
during implantation. The damage manifests itself as a significant strain
profile in the implantation direction. After implantation, a series of
XRD peaks appeared at low angles in the x-2h profile of the symmet-
ric (0 0 0 2) reflection (Fig. 2). These peaks corresponded to the strain
profile of the implanted region.19 It is standard practice to anneal the
samples after implantation in order to recover crystallinity, reduce
implantation damage associated with point and extended defects, and
eliminate the resulting strain.19,20 Keeping the annealing time at
10min, with increasing annealing temperature, there was a significant
reduction in the intensity of the strain-related peaks, indicating a cor-
responding reduction of the implantation-induced damage, as shown
in Fig. 2. It is clear that a majority of strain relief occurred by annealing
at 1200 �C. After increasing the annealing time to 100min, or anneal-
ing at 1300 �C for 10min, recovery of the crystal lattice damage was
achieved, as demonstrated by XRD.

Further, the influence of annealing on the implanted Mg profile
was investigated by secondary ion mass spectroscopy (SIMS) (with an

FIG. 1. AFM scans of (a) as-implanted homoepitaxial GaN film and (b) GaN surface after annealing at 1400 �C and 1GPa N2, for 10min.
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Mg detection background of <1016 cm�3) in the as-implanted condi-
tion and after the activation anneals at various temperatures and for
different times, as shown in Fig. 3. The as-implanted Mg profile is
characterized by a peak Mg concentration of �2 � 1019 cm�3 with a
range of �40nm to �25nm of longitudinal straggle, consistent with
the TRIM simulations. No observable bulk diffusion occurred at
1200 �C and 10min. Annealing for higher temperatures and times
clearly resulted in bulk diffusion as evidenced by broadening of the
Gaussian profile with a decrease in the peak dopant concentration.
The peak Mg concentration was reduced to <2 � 1018 cm�3 after
annealing at 1300 �C for 100min, and a significant Mg concentration
(>7 � 1017 cm�3) was observed at depths >400nm. The XRD and
SIMS analyses demonstrated a clear contrast between crystal damage
recovery occurring for temperatures �1200 �C at 10min and the bulk
diffusion occurring at higher annealing temperatures and longer
annealing times. This indicated that the mechanism of damage recov-
ery was related to a fast and short-range diffusion with a lower activa-
tion energy that occurred before the onset of bulk diffusion.

The p-type conductivity of the implanted region is a function of
Mg activation, i.e., the concentration of substitutional MgGa (NA) and
total compensation, ND. Accordingly, to understand the influence of
the short-range diffusion associated with damage recovery and bulk
diffusion on the formation of MgGa and compensation, and hence
p-type conductivity, temperature-dependent AC Hall measurements
were performed for all samples. Interestingly, at 1200 �C and 10min,
where damage recovery was observed via XRD but no significant bulk
diffusion of Mg was observed via SIMS, the samples were highly resis-
tive, indicating either low Mg activation (unlikely) or high compensa-
tion in the implanted region. In contrast, all samples annealed at
higher temperatures or for longer times showed p-type conductivity
with high Mg activation, as shown in Fig. 4. All these samples also
showed different degrees of bulk diffusion of Mg, as shown in Fig. 3.
Using the SIMS data from Fig. 3, the Mg content after annealing is
reported in Table I. These values were obtained by taking the integral
of each SIMS curve and dividing the value by the initial Mg dose of
1.4� 1014 cm�2. By estimating the effective Mg doping thickness to be
�1lm (determined by SIMS), the maximum bulk hole concentration
and hole mobility for the sample annealed at 1300 �C for 100min
measured by AC Hall at room temperature were �1.1� 1018 cm�3 and
�18 cm2/Vs, respectively, demonstrating the capability of achieving
technologically important hole concentrations via Mg implantation in
GaN by high-temperature and high-pressure annealing.

In contrast to the present GaN study, previous work has shown
that annealing of Mg-implanted GaAs achieved Mg activation and
p-type conductivity without significant bulk diffusion, indicating that
the fast, short-range diffusion associated with damage recovery was
sufficient to produce the MgGa acceptor configuration without signifi-
cant compensation.21,22 Further, increasing the annealing times in
GaAs resulted in both bulk diffusion and increased resistivity. This
resistivity increase was attributed to Mg diffusion to the surface and
compensation.21 This is contrary to our observations in Mg:GaN,
which shows strong compensation upon initial damage recovery and
p-type conductivity only upon long-range diffusion of Mg atoms. At
the moment, it is not clear if there is a significant difference in the
p-type conductivities of the implanted and diffused regions upon
high-temperature annealing. Within a single layer model, we can
define an effective Mg activation ratio as the ratio between the maxi-
mum observed carrier concentration, i.e., (NA–ND) measured at high
temperature, where all activated but not compensated acceptors pro-
duce free holes, and the Mg implanted dose, as a figure of merit.
Although this is an established practice in characterization of semicon-
ductors, one needs to be aware that this method lumps together two
effects: (1) the actual Mg activation or positioning of the dopant on
the desired lattice site and (2) compensation by a donor point defect,
which can be extrinsic or intrinsic.

Further, we study the effective Mg activation ratio as a function
of Mg bulk diffusion, which is characterized by the diffusion length,

LD ¼ 2
ffiffiffiffiffi
Dt

p
; (1)

where t is the annealing time and D is the diffusion constant for Mg in
GaN at a given temperature. Since the diffusion constant depends
greatly on the sample condition (extended and point defects), the cal-
culated LD may significantly deviate from measurements. While LD
can be directly measured by SIMS, the process is time consuming and
can produce significant error in the concentration and depth.

FIG. 2. XRD x-2h profiles for a series of Mg-Implanted and annealed homoepitax-
ial GaN films.

FIG. 3. SIMS profile of Mg-implanted GaN films before and after a series of anneals
at 1 GPa of N2.
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Since both the diffusion constant and the bandgap are a function
of the bond strength, we introduce the diffusion budget, DB(T, t), in
the form of

DB ¼ Ae�T0=T t; (2)

where T0¼ Eg/2k, Eg is the material bandgap, k is the Boltzmann con-
stant, and A is a scaling parameter chosen to be 2 s�1. As defined,
DB(T, t) becomes a convenient engineering parameter for comparison
of samples annealed at different temperatures and for different times,
which is related to the diffusion length. Table I summarizes annealing
conditions, DB(T, t), and sheet carrier concentrations for various sam-
ples. A general trend evident in this table is that a certain DB budget is
needed to achieve p-type conductivity. However, when the depen-
dence of the sheet hole concentration and % of active Mg, (NA–ND)/
[Mg], on DB is plotted in Fig. 5(a), one can see that the hole concen-
tration reaches a maximum and drops off for lower and higher diffu-
sion budgets.

As discussed earlier, the sharp drop in the effective Mg activation
at very low diffusion budgets is due to compensation within the
implanted region. The source of compensation is implantation
damage-related defects such as VN or related complexes. At higher dif-
fusion budgets, the gradual decrease in effective Mg activation is likely
due to Mg segregating at the surface, as also observed in GaAs, i.e., a
net reduction of the Mg concentration in the bulk GaN, as evident

from the decreasing Mg content obtained from the SIMS data in Fig. 3
and reported in Table I.21

To further verify our hypothesis that lowered effective Mg activa-
tion is a consequence of compensation, we analyzed the temperature
dependence of the hole concentration based on the charge neutrality
expression given by

p pþ NDð Þ
NA � ND � p

¼ NV

g
exp � Ei

kBT

� �
; (3)

where p is the hole concentration, ND is the compensation by donors,
NA is the MgGa concentration, T is the temperature, NV is the effective
density of states in the valence band, and Ei is the acceptor level mea-
sured with respect to the valence band, i.e., the ionization energy of
Mg. From Eq. (3), it is clear that for samples with high compensation
(p� ND),

ln pð Þ / � Ei
kT

: (4)

Hence, the apparent carrier ionization energy Eapp obtained from
the semi-log plot of carrier concentration p as a function of 1/T
becomes Eapp � Ei. In contrast, for samples with low compensation
(p	 ND),

p2 / exp � Ei
kT

� �
; (5)

FIG. 4. (a) Sheet hole concentration, (b) hole mobility, and (c) sheet resistance of Mg-implanted homoepitaxial GaN as a function of temperature.

TABLE I. Annealing conditions, maximum sheet hole concentrations, apparent ionization energies, and Mg content after annealing for various diffusion budgets, DBs.

Diffusion
budget Anneal T (�C) Anneal t (min)

Max. sheet hole
conc. (cm�2)

Apparent ionization
energy (meV)

[Mg]/(1.4� 1014 cm�2)
(%)

0.04 1200 10 … … >90
0.12 1300 10 6.5 � 1013 277 >90
0.24 1400 10 1.4 � 1014 117 …
0.44 1200 100 1.2 � 1014 137 �80
1.10 1300 100 1.0 � 1014 160 �60
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and hence,

ln pð Þ / � Ei
2kT

: (6)

Hence, the apparent carrier ionization energy Eapp obtained from
the semi-log plot of carrier concentration p as a function of 1/T becomes
Eapp� Ei/2. Therefore, from Eqs. (4) and (6), we expect a higher appar-
ent carrier ionization energy for samples with higher compensation. The
dependence of the apparent carrier ionization energy, Eapp, as a function
of diffusion budget is shown in Fig. 5(b). From the correlation of the
change in Eapp and the effective Mg activation ratio, it is clear that com-
pensation is the primary cause of low effective Mg activation ratios in
samples annealed with low diffusion budgets. Accordingly, Eapp
decreased from 280meV for samples annealed at 1300 �C for 10min to
115meV for samples annealed at 1400 �C for 10min. Hence, we con-
clude that, while Mg may be activated at lower diffusion budgets
(1200 �C for 10min), i.e., reside on the Ga site, the compensation is very
high, likely due to point defects associated with implantation damage.
Reducing the point defects is necessary and requires an increase in the
diffusion budget. Interestingly, increasing the diffusion budget beyond
an optimal value also results in an increase in Eapp, as shown in Fig. 5(b).
This may be explained by the reduction in NA due to surface accumula-
tion of Mg, resulting in an increased compensation ratio ND/NA and,
hence, an increase in Eapp.

While larger diffusion budgets are necessary for reducing com-
pensation and an increased effective Mg activation, it is important to
note that arbitrarily increasing the diffusion budget presents challenges
in achieving shallow Mg implants due to the loss of Mg to the surface.
As such, direct control of the formation of compensating defects aris-
ing from the implantation damage is necessary to achieve Mg activa-
tion during short-range diffusion, where surface accumulation is
insignificant. Several point defect control techniques such as defect
quasi Fermi level control and co-implantation may need to be imple-
mented to produce shallow active Mg implants.23–26

We have demonstrated p-type conductivity in Mg-implanted
GaN. Post-implantation annealing at high N2 pressures (1GPa)

thermodynamically stabilized the GaN surface without the need of a
capping layer. We introduced diffusion budget as a convenient engi-
neering parameter for comparing samples annealed at different tem-
peratures and for different times. While damage recovery, as measured
by XRD strain, was achieved at relatively low diffusion budgets, these
samples remained insulating due to high compensation by the
implantation-induced defects. Higher diffusion budgets produced
sheet hole concentrations exceeding 1014 cm�2, at an ionization energy
as low as 115meV and an Mg activation as high as �100%. For high
diffusion budgets, we observed significant Mg loss to the surface and
commensurate reduction in the hole conductivity. Direct control of
the formation of compensating defects arising from the implantation
damage is necessary to achieve hole conductivity in Mg-implanted
GaN and control the diffusion length.
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(No. DE-AR0000873), AFOSR (Nos. FA-95501710225 and
FA9550-1910114), NSF (Nos. ECCS-1916800 and ECCS-1653383),
and Polish National Science Centre (No. 2018/29/B/ST5/00338).
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