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Abstract— AIN is an attractive material for UV
optoelectronics and high-power device applications; however,
obtaining high n-type conductivity is still a challenge. Ion
implantation may provide an avenue to realize electrical
conductivities suitable for device operation. A novel annealing
procedure to recover lattice damage is presented.
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I. INTRODUCTION

Aluminum nitride (AIN) is an attractive material for the
development of next generation power electronic and high
energy short wavelength (deep-UV) optoelectronic devices.
AIN has a wide bandgap of 6.03 eV, Schottky barriers > 2eV
and large breakdown field of 15 MVem! [1]-[5]. Controlling
the doping and the compensation over several orders of
magnitude are still technological challenges that need to be
addressed to realize highly conducting regions in
optoelectronics and low doped drift regions in power
electronics. Typically, AIN is n-type doped by introducing Si
donor atoms during epitaxial growth; however, the recorded
free electron concentrations in epitaxially grown doped AIN is
currently limited to concentrations <10'® c¢m3 at room
temperature [6], [7].

The reduction in free carrier concentrations may be
attributed to compensation due to the presence of high
threading dislocation densities [8], [9], self-compensation
likely by vacancy-Si complex formation [9], [10], and from the
formation of a Si DX center that compensates the free electrons
inside the material and results in high activation energies [6],
[11],[12]. AIN films grown on foreign substrates (e.g. sapphire
wafers) typically have high dislocation densities (DD) (> 108
cm?) despite various techniques to reduce DD [13]-[16]. In
contrast, homoepitaxial AIN films grown on single crystal AIN
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substrates have DD < 10* cm™ resulting in negligible DD based
compensation [17]. Further, the lowering of the DD by
growing on single crystal AIN substrates reduces self-
compensation due to vacancy formation [9]. However, the self-
compensation remains significant. Another form of
compensation to consider is due to high concentrations of
compensating carbon (Cy) observed in homoepitaxially grown
AIN films. Additionally, the DX center formation associated
with a large site relaxation of Sia; and “pinning” of the bulk
Fermi level resulting in a significantly higher binding energy
than predicted by the hydrogenic model. Hence, a high Si
activation energy (E, ~ 250-320 meV) is typically observed in
epitaxially doped AIN:Si which limits the overall free carrier
concentration to < 10'¢ cm? [6], [12], [18].

However, Zeisel et al. showed that there should be an
energy barrier between the shallow donor state, d0, and the
deep donor DX- state [6]. Doping during growth limits the
amount of bulk diffusion and surface kinetics dominate.
Typically, energy barriers at the surface are significantly lower
than at the bulk. Therefore, the concentration of Si atoms that
relax to the DX- should be relatively high during growth, as
observed experimentally. In the case of ion implantation, a
non-equilibrium process, DX formation essentially occurs in
the bulk and may be a more kinetically limited process. Hence,
doping via ion implantation at low temperatures may
significantly reduce the concentration of Si atoms that relax to
the DX acceptor level state, ultimately allowing for higher free
carriers to be realized.

Thus, compensating point defect control is the essential
task required for attaining greater free electron concentrations
in AIN films, making it possible to realize high-power and
deep-UV optoelectronic devices. This may be achieved by
either reducing the incorporation or generation of
compensating defects and/or by suppressing the formation of a



Si DX-center. Ion implantation is a well-known doping
technique that provides the ability to control the lateral/vertical
doping profile as well as the ability to implant with multiple
doping species that are currently unavailable for MOCVD
growth. In addition, ion implantation is not necessarily
constrained by the growth conditions of the material that lower
energetic barriers to the formation of compensating defects.
However, little is known about the effects of ion implantation
in AIN including the crystallographic damage and necessary
recovery procedures. In this work we have studied how Si
implantation parameters and activation annealing processes
influence the structural and electrical properties of AIN films.

II. EXPERIMENTAL SETUP

AIN substrates processed from AIN boules grown by
physical vapor transport (PVT) were used in this study. More
details of the AIN boule growth is described elsewhere [19]-
[21]. AIN homoepitaxial films were grown via metal organic
chemical vapor deposition (MOCVD) on single crystal AIN
substrates. The AIN homoepitaxial films were grown at a
temperature of 1100° C at a V/III ratio of 1000 and at a
pressure of 20 Torr. Further details pertaining to AIN
homoepitaxial growth are described elsewhere [22]. Using
SRIM simulations and experimental data from literature [23],
an acceleration voltage of 100 keV was chosen to achieve a Si
peak concentration at approximately 100 nm. The target
concentration was 1x10 cm™, thus a Si dose of 1x10'
atoms/cm? was implanted into the homoepitaxial AIN film at
room temperature at an angle of 7° (Fig. 1).

The implanted samples were characterized via secondary
ion mass spectroscopy (SIMS) to determine the doping profile
of the implanted Si atoms and confirm the background
concentrations of oxygen and carbon. The crystal quality and
lattice damage of each sample was assessed with the use of
high-resolution x-ray diffraction (HR-XRD) following growth,
ion implantation, and high temperature anneals. HR-XRD
scans were recorded using a Philips X Pert Materials Research
Diffractometer system. The Cu Ko X-Rays were conditioned in
point focus with a four-bounce Ge [220] monochromator. ®-
rocking curve measurements were performed in open detector
geometry. Post-implantation annealing conditions were 1200°C
for 120 minutes with a nitrogen atmosphere and pressure of
100 Torr. Low Si concentration was observed near the surface
via SIMS analysis, inhibiting any possibility of electrical
contacts. Thus, approximately 80 nm of low Si concentration
AIN was removed using an optimized BCl3/Cl, recipe on a
Trion Technology Minilock II reactive ion etcher (RIE). Two
metal stacks were deposited onto the surface of the samples in
a van der Pauw geometry using electron-beam evaporation.
The first stack consisted of Ti/Al/Ni/Au and the second metal
stack was V/Al/Ni/Au. Metal stacks were activated via a rapid
thermal annealing process at 850°C for 60 s. I-V measurements
were used to qualify the contacts. Then temperature dependent
resistivity measurements were obtained using a four-point
probe setup and a temperature range of 300-700 K.

III. RESULTS AND DISCUSSION

Prior to implantation, m-rocking curves were measured to
evaluate the crystallinity of the AIN films grown via MOCVD
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Fig. 1. Schematic of Si implantation into the surface of a MOCVD AIN
film grown on PVT-grown AIN substrate. The implantation was
perfomred at room temperature with a Si dose of 1x10' cm™ and ion
energy of 100 keV.

[24]. The measured rocking curve full-width half maximum
(FWHM) values of the (00.2) reflection of the grown AIN
homoepitaxy were 12-18 arcsecs, near the resolution limit of
the detector. These values indicate that crystal quality of the
AIN substrate was inherited by the AIN film. The doping
profile and background impurity concentrations were
characterized via SIMS analysis. A gaussian profile was
achieved with a Si peak concentration of 9x10'® cm™ and a
peak position of approximately 120 nm, as expected from
SRIM/TRIM  simulations. The oxygen and carbon
concentrations were measured to be 5x10'7 and 1x10"7 cm?,
respectively. XRD of the implanted sample showed a satellite
peak at a lower 20 angle than the primary AIN peak. The
appearance of a satellite peak at lower angles is indicative of
lattice distortion, implantation induced damage [25]. Upon
annealing in the MOCVD reactor at 1200°C for 120 minutes,
the satellite peak is no longer observed, indicating a reduction
of lattice damage.

To improve the metal contacts, the topmost 80 nm of AIN
was then removed using an optimized RIE BCl3/Cl; recipe. A
contact study was performed to determine a metal stack that
would be suitable for the following electrical characterization.
Two different metal contacts (V/Al/Ni/Au and Ti/Al/Ni/Au)
were deposited onto the sample surface in the van der Pauw
geometry. Both metal stacks were then activated using the
same optimized RTA process. I-V measurements between two
contact pads were used to compare the contacts (see Figure 2).
The current that was achieved using the V-based stack was
more than three orders of magnitude higher than the Ti-based
stack. Temperature dependent resistivity measurements were
then made to evaluate the electrical properties of the ion
implanted AIN film. We estimate that the doping region is
approximately 200 nm from the SIMS analysis, thus we used
this value when calculating the conductivity. The temperature
dependent conductivity is presented in Figure 3. We compare
the Si implanted AIN sample (red triangles) to previous Si
implanted AIN from literature (green squares) [23], and to
epitaxially doped AIN (black triangles). At room temperature,
the Si implanted AIN sample from this work has an order of
magnitude higher conductivity than both the epitaxially doped
sample and the implanted sample from literature. The Si
activation energy (Ep) for each curve was determined by
applying a linear fit and (1). The compensation in the ion
implanted sample was assumed to be high due to some residual
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Fig. 2. 1-V characteristics between two large contacts oriented in van der
Pauw geometry Ti/A/Ni/Au contacts (blue curve) and V/AIUNi/Au
contacts (red curve).
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Fig. 3. Temperature dependent conductivities for the implanted sample
after annealing at 1200°C for 120 minutes (red triangles), the epitaxially
doped AIN:Si (black triangles), and a previous report of Si implanted
AIN from literature [23] (green squares).

lattice damage being present and formation of vacancy
complexes to form after annealing.

Ep

oc=0,Te"" (1)
The epitaxially doped sample and the ion implanted sample
from literature were observed to have activation energies ~250
and ~290 meV, respectively. The ion implanted sample from
this work had a significantly lower activation energy (~70
meV). This value is comparable to the expected value (75
meV) as predicted by the hydrogenic model for a Si atom in
AIN. The higher conductivity and lower impurity ionization
energy suggests that a majority of the Si atoms were at the
shallow donor state compared to the relaxed DX state. We
expect the compensation from residual damage and/or the
formation of vacancy complexes are still a problem, thus
motivating the need to further study the annealing process.
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IV. CONCLUSION

In conclusion, we demonstrate the ability to use ion
implantation to achieve a uniform doping profile in AIN with a
peak depth of ~120 nm and a peak Si concentration of 9 x 10'®
cm. A novel annealing procedure was presented, allowing for
significant lattice damage recovery. V-based metal stacks were
observed to be superior n-type contacts compared to Ti-based
contacts. Ultimately, we observe one order of magnitude
increase in room temperature n-type conductivity compared to
previous Si implantation in AIN and epitaxially doped AIN
films. Low activation energy (~70 meV) was also observed for
the Si implanted AIN sample, thus suggesting the formation of
a DX-center was suppressed.
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