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ABSTRACT

We demonstrate Si as a shallow donor in aluminum nitride (AlN) with an ionization energy of �70meV. The shallow state was achieved by
ion implantation of Si into homoepitaxial AlN and a low thermal budget damage recovery and activation process. These results demonstrate
that the DX formation may be a kinetically limited process, though being a non-equilibrium process, preventing the Si donor from relaxing
to the deep donor state. The room temperature conductivity was measured to be �0.05 X�1 cm�1, which is one order of magnitude higher
than what has been reported for the epitaxially doped or implanted AlN.

Published under license by AIP Publishing. https://doi.org/10.1063/1.5144080

Aluminum nitride (AlN) provides an attractive opportunity
for the development of short wavelength (UVC) optoelectronic and
next generation power electronic devices due to its ultra-wide
bandgap of 6.1 eV, Schottky barriers >2 eV, and large breakdown
field of 15 MV cm�1.1–6 In order to achieve highly conducting
regions for optoelectronics and low doped drift regions for power
electronics, the doping and compensation must be controlled over
several orders of magnitude. n-type AlN has typically been
attempted by introducing Si donor atoms during epitaxial growth.
However, the achievable free electron concentration in Si-doped
homoepitaxial AlN is currently limited to concentrations of
�1015 cm�3 at room temperature.7–11 AlN films are typically grown
on foreign substrates (e.g., sapphire) with dislocation densities
(DD) >109 cm�2.12–15 In contrast, AlN films grown by metal
organic chemical vapor deposition (MOCVD) on AlN single crystal
substrates have been shown to have DD <103 cm�2, making the
DD-related compensation negligible.16 Self-compensation by
vacancy-Si complexes11,17 and high concentrations of carbon (CN)
have been observed also in homoepitaxially grown AlN films.11 In
addition, the low free carrier concentration relative to the doping
concentration has been attributed to the formation of a presumed
Si DX center associated with off-site relaxation of SiAl that compen-
sates the free electrons.7,9,18,19 This self-compensation results in
the “pinning” of the bulk Fermi level and a significantly higher ioni-
zation energy (Ei �250–320meV) than that predicted by the

hydrogenic model (�75meV) and, hence, it is deemed responsible
for limiting the achievable free carrier concentration.7,9,20,21

Theoretical work (density functional theory) has predicted a large
lattice relaxation for Si in AlN, resulting in a DX center represented by
a �1/þ1 transition at �200meV.19 Interestingly, photoluminescence
studies have shown the presence of a shallow Si donor (d0/þ) in addi-
tion to the deep center (DX�).22,23 Furthermore, the work by Zeisel
et al. concluded that there should be an energy barrier between the
shallow donor state, d0/þ, and the deep acceptor state, DX�, which
should determine the population of each state according to the equilib-
rium conditions.7 Furthermore, since the incorporation of species dur-
ing growth is dominated by surface diffusion, and energy barriers at
the surface are significantly lower than in the bulk, the concentration
of Si atoms that relax into the DX� state should be high during epi-
taxy.9 However, in the case of a non-equilibrium process, such as ion
implantation, DX formation essentially occurs in the bulk and may be
kinetically inhibited and the occupancy distribution of each state may
deviate from the expected equilibrium distribution. Hence, doping via
ion implantation at low temperatures may significantly reduce the
concentration of Si atoms that relax into the DX� acceptor state,
ultimately allowing for realization of lower compensation and higher
free carrier concentrations.

In general, ion implantation is a basic semiconductor technology
used for the lateral control of doping and fabrication of planar elec-
tronic devices and integrated circuits. Its use is fundamental for power

Appl. Phys. Lett. 116, 172103 (2020); doi: 10.1063/1.5144080 116, 172103-1

Published under license by AIP Publishing

Applied Physics Letters ARTICLE scitation.org/journal/apl

https://doi.org/10.1063/1.5144080
https://doi.org/10.1063/1.5144080
https://www.scitation.org/action/showCitFormats?type=show&doi=10.1063/1.5144080
http://crossmark.crossref.org/dialog/?doi=10.1063/1.5144080&domain=pdf&date_stamp=2020-04-27
https://orcid.org/0000-0002-8738-5921
https://orcid.org/0000-0002-3530-1888
https://orcid.org/0000-0002-3601-125X
https://orcid.org/0000-0003-0074-0626
https://orcid.org/0000-0002-8556-1178
https://orcid.org/0000-0002-7385-0837
mailto:mhbrecke@ncsu.edu
https://doi.org/10.1063/1.5144080
https://scitation.org/journal/apl


devices and, as such, its development is a part of the essential techno-
logical toolbox for any semiconductor technology. In this work, we
investigate the hypothesis that a non-equilibrium process, such as Si
implantation, can be implemented to inhibit the formation of the DX�

state, providing for higher free carrier concentrations.
The challenge associated with ion implantation into the ultra-

wide bandgap materials is the creation of point defects (lattice damage)
that can lead to self-compensation24 and a negative impact on both
the electrical and optical properties of the material. High temperature
annealing is necessary to repair the lattice damage and activate the
dopant atoms. Kanechika and Kachi have demonstrated the ability to
recover a significant portion of the implantation damage in AlN films
grown on sapphire by annealing at 1400 �C.24 However, the observed
donor activation energy was characteristic of the DX� state and the
free electron concentrations measured by Hall were similar to those of
the epitaxially doped AlN, indicating that a similar equilibrium condi-
tion as during growth had been reached.24 In order to test the above
hypothesis, this work aims to achieve doping at lower damage levels
and lower thermal budgets where the system does not reach an
equilibrium.

For this work, AlN homoepitaxial films were grown via metal
organic chemical vapor deposition (MOCVD) on single crystal
AlN substrates25–27 at a temperature of 1100 �C and a total pressure
of 20Torr. The V/III ratio of 1000 was established by flowing
8.4lmol/min of trimethylaluminum (TMA) and 0.3 slm of ammonia
at a total flow rate of 10 slm with the hydrogen diluent. Further details
pertaining to AlN homoepitaxial growth are described else-
where.16,28,29 Si was implanted into the homoepitaxial AlN films at
room temperature with a dose of 1� 1014 atoms/cm2 and an accelera-
tion voltage of 100 keV. A tilt angle of 7� was used to reduce ion
channeling during implantation.

The implanted AlN films were characterized with secondary ion
mass spectrometry (SIMS) to determine the depth profile of the
implanted Si ions and background impurity concentration. The optical
properties of the AlN films were characterized by photoluminescence
spectroscopy (PL) at a temperature of 3K using a 193nm ArF excimer
laser with a pulse width of 5 ns and a repetition rate of 100Hz and a
power density of �5 kW/cm2. Optical spectra were collected with a
Princeton Instruments Acton SP2750 0.75 m high-resolution spectro-
graph with a 3200 grooves/mm optical grating and a PIXIS: 2KBUV
Peltier-cooled charge-coupled device camera, allowing for a spectra
resolution of �50 leV. This high spectra resolution is suitable to
record the sharp band edge emission associated with the high crystal-
line quality AlN homoepitaxy. The crystal quality and lattice damage
of each sample were assessed with the use of high-resolution x-ray dif-
fraction (HR-XRD) following growth, ion implantation, and high tem-
perature annealing. HR-XRD scans were recorded using a Philips
X’Pert Materials Research Diffractometer system. The Cu Ka x-rays
were conditioned in point focus with a four-bounce Ge [220] mono-
chromator. x-rocking curves were recorded on-axis in an open detec-
tor geometry. Two post-implantation annealing temperatures were
implemented in this work. One sample was annealed at 1200 �C, while
another was annealed at 1500 �C. Both annealing processes were per-
formed for 120min in a nitrogen atmosphere and at a pressure of
100Torr. For the electrical studies, approximately 80 nm of AlN was
reactive ion etched using BCl3/Cl2 chemistry in a Trion Technology
Minilock II to access peak Si concentration. V/Al/Ni/Au (30/100/70/

70 nm) contacts in the van der Pauw geometry were deposited onto
the etched surface by electron beam evaporation. Contacts were
annealed via rapid thermal annealing at 850 �C for 60 s. The carrier
type, concentration, and mobility at higher temperatures were deter-
mined using a 8400 series LakeShore AC/DC Hall measurement sys-
tem. Temperature dependent resistivity measurements were obtained
using a four-point probe setup in a temperature range of 300–750K.

The as-implanted Si SIMS depth profile is shown in Fig. 1. The
maximum Si concentration of approximately 9� 1018 cm�3 with a
range of approximately 120nm and a straggle of �50nm was
obtained. Higher than expected Si concentrations (�1� 1017 cm�3)
were observed past 600 nm in the c-direction, which may be due to
some channeling.

Prior to implantation, x-rocking curves were measured to
evaluate the crystallinity of the AlN films grown homoepitaxially via
MOCVD.30,31 Rocking curve full-width half maximum (FWHM)
values of the (0 0.2) reflection were 12–18 arc sec for all the as-grown
samples.32 Using symmetric x-2h scans, the progression from the
as-grown to damaged AlN film due to the implantation damage is
readily observed.32,33 The damage is characterized by the appearance
of an additional strain-related peak at lower angles, which appears as
additional diffracted intensity at low Qz in the reciprocal space map
(RSM) of the symmetric (0 0.2) reflection [Fig. 2(a)].34,35 Since the
implantation-induced lattice disorder has a negative influence upon
the electrical and optical properties of the implanted layer,36 an
annealing process is crucial to remove lattice disorder and electrically
activate the Si ions by thermally stimulating their transition to energet-
ically favorable lattice sites.37 XRD characterization of the implanted
homoepitaxial AlN films after annealing at 1200 �C for 120min
showed practically full recovery of the crystal lattice [Fig. 2(b)], as sig-
nified by the disappearance of the strain-related intensity at low Qz.
An RSM of the asymmetric (1 0 3) reflection (Fig. 3) showed that the
lattice damage was confined primarily to Qz, indicative of the damage
occurring in the direction parallel to the implantation. Thus, the main
impact on the crystallography of the film after ion implantation is the
c-lattice expansion. However, more detailed studies are required to
evaluate structural characteristics of the implantation and annealing
processes in detail.

FIG. 1. SIMS data showing the room temperature Si implantation profile for a Si
dose of 1� 1014 cm�2 and an ion energy of 100 keV.
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The implantation-induced damage and the subsequent recovery
of the AlN lattice were also characterized with PL. The as-grown AlN
films (Fig. 4, red curve) demonstrated free and donor bound exciton
emissions with narrow FWHMs of approximately 500 leV, indicative
of excellent crystalline quality.3 No defect-related mid gap lumines-
cence was observed for the as-grown samples. In contrast, the
as-implanted samples showed no luminescence (Fig. 4, blue curve),
confirming the presence of copious implantation-induced non-
radiative point defects. Following the annealing process, a recovery of
the excitonic emission (Fig. 4, black curve) was observed, indicative of
the restoration of the crystalline order. The excitonic emission was
broadened to a FWHM of approximately 2meV. Some broadening
was expected due to the relatively high Si concentration; however, at
this point it is not clear if any possible remnant lattice disorder con-
tributed to this broadening as well.

Following the annealing, electrical studies were performed. Both
the hot probe test at room temperature and the AC Hall effect mea-
surement performed at 400 �C confirmed that the annealed and Si
implanted samples were both n-type. Despite observing higher mar-
gins of error associated with the AC Hall at lower temperatures,
four-point-probe measurements confirmed that the samples were elec-
trically conductive at room temperature. In contrast, the as-grown,
unintentionally doped AlN films and as-implanted samples were elec-
trically insulating. The reported conductivity and free carrier concen-
trations were calculated using a Si doping thickness of 200nm
(estimated using the SIMS data from Fig. 1).

Figure 5 compares the conductivity as a function of temperature
for the epitaxially Si doped AlN (black triangles), previous reports of Si
implanted AlN films grown on sapphire (green squares),24 and the
two Si implanted homoepitaxially grown AlN samples from this work
annealed at 1200 �C (red squares) and 1500 �C (blue squares) for
120min. The room temperature electrical conductivity of �0.05 X�1

cm�1 was measured for our implanted sample that was annealed at
1200 �C, which is approximately one order of magnitude higher than
that of our epitaxially doped AlN, the Si implanted sample annealed at
1500 �C, and the literature reports on Si implantation. Using the AC

FIG. 2. (0 0.2) reciprocal space maps of the AlN homoepitaxial film (a) as implanted
and (b) after annealing for 120 min at 1200 �C in N2.

FIG. 3. (1 0.3) reciprocal space map of the AlN homoepitaxial film as implanted.

FIG. 4. Damage and recovery of the AlN crystal lattice as shown by the near band
edge photoluminescence spectra measured at T¼ 3 K. The spectra were shifted
vertically for better visibility. As grown AlN (red), after implantation (blue), and after
annealing at 1200 �C for 120min (black).
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Hall effect at 400 �C, we can report the free electron concentrations
and mobilities for both Si implanted samples annealed for 120min at
either 1200 �C or 1500 �C. For the sample annealed at 1200 �C, the
free electron concentration is �2� 1018 cm�3 and an electron mobil-
ity of �1 cm2/V s, whereas the sample annealed at 1500 �C, was
measured to have a free carrier concentration of �8� 1016 cm�3 and
a mobility of �32 cm2/V s. Interestingly, the free carrier concentration
for the lower temperature annealing condition (1200 �C) is more than
an order of magnitude higher than that of the Si implanted sample
annealed at 1500 �C and is attributed to DX inhibition and conse-
quently low activation energy as will be discussed in the following.

From the temperature dependent conductivity measurements,
we estimated the donor ionization energy (Ei) for all samples using38,39

r ¼ r0T
�2e

�Ei
kBT : (1)

The epitaxially doped AlN sample and the Si implanted AlN sample
annealed at 1500 �C had Si ionization energies of�250meV, in agree-
ment with previous reports,7,9 while our implanted and annealed
(1200 �C) AlN samples exhibited a significantly lower ionization
energy, Ei �70meV, which is in good agreement with the predicted
ionization energy using the hydrogenic model for a shallow donor in
AlN given by

Ei ¼
m�

e e
4

2 4pe�hð Þ2
¼ me

m�
e e

2
EH � 75meV; (2)

with e¼ 8.5, me
�/me¼ 0.4.40 The higher conductivity and lower impu-

rity ionization energy in the implanted sample using a lower annealing
temperature (1200 �C) suggest that a majority of the Si atoms were at
the shallow donor state and not in the relaxed deep acceptor DX�

state. By comparison, the implanted AlN:Si with damage recovery
annealing at 1400 �C (Ref. 24) had Ei �290meV, comparable to the
ionization energy reported for the epitaxially doped AlN. As shown in
Fig. 5, the slope for the sample annealed at 1500 �C is similar to the
slopes for the epitaxially doped sample and the work from Kanechika

and Kachi,24 indicating that the DX related compensation is present.
These results suggest that the annealing of highly disordered AlN sam-
ples at high temperatures brought the system closer to the equilibrium
and allowed it to relax into a DX-state, while the lower thermal budget
produced a desired and predicted shallow donor state. This validates
the hypothesis of kinetically inhibiting the formation of DX� states by
managing the kinetics of the annealing process.

Although the films annealed with a low thermal budget showed
almost one order of magnitude higher conductivity at room tempera-
ture compared to the implantation work in Ref. 24, the implanted
sample annealed at 1500 �C, and the epitaxially doped sample (Fig. 5),
at temperatures >500K, a lower conductivity was observed. This is
indicative of significant compensation, other than the DX, in the
implanted films.

In conclusion, Si implantation was realized in homoepitaxial AlN
films. Based on HR-XRD and PL results, the implantation-induced
damage was practically completely reduced already at 1200 �C.
Electrical measurements showed an order of magnitude higher n-type
conductivity (�0.05 X�1 cm�1) at room temperature in Si implanted
AlN films as compared to epitaxially doped ones, with an estimated
carrier concentration >1� 1017 cm�3 at room temperature. The ioni-
zation energy for the Si donor was estimated to be �70meV, which is
similar to the ionization energy predicted by the hydrogenic model.
These results suggest that ion implantation, as a non-equilibrium pro-
cess, may provide an avenue to manage the population distribution
between the two possible Si states in AlN, a shallow donor and a deep
acceptor state, and at the same time provide an avenue for selective n-
type doping in AlN.
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