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ABSTRACT

Highly conductive Ge-doped AlN with conductivity of 0.3 (X cm)�1 and electron concentration of 2 � 1018 cm�3 was realized via a non-
equilibrium process comprising ion implantation and annealing at a moderate thermal budget. Similar to a previously demonstrated shallow
donor state in Si-implanted AlN, Ge implantation also showed a shallow donor behavior in AlN with an ionization energy �80meV. Ge
showed a 3� higher conductivity than its Si counterpart for a similar doping level. Photoluminescence spectroscopy indicated that higher
conductivity for Ge-doped AlN was achieved primarily due to lower compensation. This is the highest n-type conductivity reported for AlN
doped with Ge to date and demonstration of technologically useful conductivity in Ge-doped AlN.

Published under an exclusive license by AIP Publishing. https://doi.org/10.1063/5.0146439

AlN is an ultrawide bandgap semiconductor (6.1 eV) possessing
a high breakdown field (>15MV/cm) and high thermal conductivity.1

These intrinsic properties make it a candidate for deep UV optoelec-
tronics (emitting wavelength at 210nm), high-power and high-
frequency applications in which it can readily surpass GaN and SiC
and as a host for quantum hardware.2–4 However, controllable n- and
p-type doping from 1016 to 1020 cm�3 is necessary to provide high
mobility drift layers and highly conductive contact layers, essential for
AlN-based electronics and optoelectronics. The transition from shal-
low donors to deep states and dopant compensation, mainly via car-
bon, dislocations and VIII–donor complexes, have been identified as
the main limitations to controlled n-type doping in AlN.5–8 Group IV
dopants, such as Si and Ge, are expected to occupy the metal sites in
AlN (GeAl and SiAl), since their substitution on the nitrogen site is
associated with a high formation energy.9 Therefore, both Ge and Si
act as donors with an extra electron after substitution on the metal
site. In the shallow donor state, the ionization energy of Si and Ge is
expected to be around 75meV depending only on the host properties.5

However, the transition to a deep state upon relaxation of the donors
in Al site is expected to increase the ionization energy.10,11 The
increase in the ionization energy of donors in Al-rich AlGaN and AlN
to �250meV, resulting in orders of magnitude reduction in the free
carrier concentration, was originally attributed to the formation of

DX�1.5,12 DX�1 is a type of self-compensation that pins the Fermi
level at hundreds of meV below the conduction band and, hence,
significantly reduces carrier concentration and fundamentally
constrains the possibility of doping.13 However, a recent work by
Bagheri et al. provided a direct proof of single electron occupancy for
donors in AlGaN and AlN rather than DX formation.14 Consequently,
technologically relevant n-type conductivity in AlN can be achieved
via doping with either Si or Ge and simultaneous management of
compensating point defects via chemical potential control (CPC) and/
or defect quasi fermi level (dQFL) control methods.8,15,16 Interestingly,
non-equilibrium methods that inhibit donors from transitioning into
their equilibrium deep state are alternative pathways to achieve highly
conductive AlN.17–19 It was shown that Si implantation into AlN, fol-
lowed by a 1200 �C recovery annealing, effectively inhibited Si from
forming the stable deep donor state and exhibits low ionization energy
(�75meV), as predicted for a hydrogenic shallow donor in AlN.19 It
has been hypothesized that the use of non-equilibrium doping meth-
ods, such as ion implantation, can limit the formation of the donor
equilibrium state (deep donor), by kinetically stabilizing the donor in a
metastable state (shallow donor) during a judicious annealing process.
By controlling compensation of this donor via above bandgap illumi-
nation during the recovery annealing process, an n-type conductivity
of �3 (X cm)�1 and a free electron concentration of �5 � 1018 cm�3

Appl. Phys. Lett. 122, 142108 (2023); doi: 10.1063/5.0146439 122, 142108-1

Published under an exclusive license by AIP Publishing

Applied Physics Letters ARTICLE scitation.org/journal/apl

 29 February 2024 19:04:13

https://doi.org/10.1063/5.0146439
https://doi.org/10.1063/5.0146439
https://www.scitation.org/action/showCitFormats?type=show&doi=10.1063/5.0146439
http://crossmark.crossref.org/dialog/?doi=10.1063/5.0146439&domain=pdf&date_stamp=2023-04-05
https://orcid.org/0000-0002-1880-4811
https://orcid.org/0000-0001-9270-3747
https://orcid.org/0000-0002-8780-4583
https://orcid.org/0000-0003-2729-0194
https://orcid.org/0000-0003-0180-1398
https://orcid.org/0000-0002-8556-1178
https://orcid.org/0000-0002-2596-4450
https://orcid.org/0000-0002-5229-3824
https://orcid.org/0000-0002-7385-0837
mailto:pbagher@alumni.ncsu.edu
https://doi.org/10.1063/5.0146439
https://scitation.org/journal/apl


were achieved in AlN.18 Ge is another donor candidate in III-Ns, lead-
ing to n-type conductivity in AlGaN.20–23 While Ge showed promise
for lower Al molar fractions, where it resulted in higher maximum car-
rier concentrations than Si due to a relatively high formation energy of
VIII–nGeIII complexes,10,21 it transitioned to a deep donor state at
lower Al content than Si (0.5 vs 0.8 Al content), resulting in highly
resistive Al-rich AlGaN.13,24 Similar to Si, it is expected that the transi-
tion of Ge to a deep donor may be prevented by the use of a non-
equilibrium doping process, thus enabling n-doping of AlN by Ge.

In this work, we demonstrated highly conductive Ge-doped AlN
via a non-equilibrium doping process, which supports our hypothesis
that by non-equilibrium doping methods, the metastable dopant state
can be kinetically stabilized, leading to the control of the dopant distri-
bution between the shallow and deep states. Having demonstrated this
for both Ge- and Si-doped AlN supports the universality of this
hypothesis.

AlN homoepitaxial films were grown on AlN single crystal sub-
strates (dislocation density < 103 cm�3) in a vertical, low-pressure
(20Torr), RF-heated, cold-walled MOCVD reactor. Trimethylaluminum
(TMA) and ammonia were used as aluminum and nitrogen precursors,
respectively. Details on epitaxial growth on AlN substrates and its surface
preparation are explained somewhere else.25–27 A 2lm thick AlN (V/III
¼ 500), followed by a 500nm thick unintentionally doped (UID) AlN
(V/III¼ 1000) at 1100 �C, was grown with the intention of minimizing
the CN concentration (<5 � 1017 cm�3) in the film with a higher V/III
ratio. Si and Ge were implanted at room temperature into the top UID
AlN film, following a typical single step implantation (Gaussian) profile.
The implanted species (Si and Ge) are different in terms of mass and
ionic radius. While Si is smaller with about 26pm as ionic radius, Ge
(39pm) is larger than Si and as large as Al.28 Therefore, the dose and
energy were calculated accordingly to achieve similar implantation pro-
file for both species. Table I describes the implantation conditions. A tilt
angle of 7� was used to reduce ion channeling during implantation.

Post-implantation annealing for damage recovery was realized
under a N2 ambient at a pressure of 100Torr for 120min at a temper-
ature of 1200 �C. Further details on the optimal annealing conditions
are discussed elsewhere.19 As reported previously, the change in the
implantation profile by annealing with low thermal budget is negligi-
ble.29 Therefore, the depth profiles for both dopants are expected to
remain similar to the implantation profile after annealing at 1200 �C
for 120min. Both Ge- and Si-doped AlN films showed smooth surface
morphology with bilayer step structure with RMS roughness <1nm,
as observed by atomic force microscopy before and after implantation
and annealing. Damage recovery after post-implantation annealing
was investigated by high-resolution x-ray diffraction (XRD) measure-
ments using a Philips X’Pert materials research diffractometer with
a Cu anode. Electrical characterization was performed using
temperature-dependent Hall measurements (8400 series Lakeshore

AC/DC Hall system) in the van der Pauw configuration from RT to
700K. The contacts (2� 2mm2) were patterned at the corners of 1
� 1cm2 samples. Prior to the measurement, a contact stack consisting of
V/Al/Ni/Au (30/100/70/70nm) was deposited onto the etched surface by
electron beam evaporation. Contacts were annealed at 850 �C for 1 min
via rapid thermal annealing. Details on the surface etching and contacts
preparation were explained somewhere else.19 The Hall measurements
were performed in the current ranges�10 lA (voltage> 20 V) where the
contacts exhibited an Ohmic behavior. The resistivity values were mea-
sured at three different currents in the Ohmic regime (voltage> 20V)
yielding similar results (variation< 5%). Photoluminescence (PL) spec-
troscopy using a 193nm ArF excimer laser was implemented to identify
and track point defect formation resulting from the implantation and
annealing processes. A Princeton Instruments Acton SP2750 0.75 m high-
resolution monochromator, with a 3200 grooves/mm optical grating, and
a PIXIS: 2KBUV Peltier-cooled charge-coupled device camera were used
to acquire the PL spectra at room temperature.

Figure 1 shows symmetric 2h–x scans for as-implanted and
annealed AlN after Si and Ge implantation. Additional, strain-related
peaks were observed at lower angles from the Bragg peak. These peaks
are characteristics signature of damage after implantation.30,31 As-
implanted AlN was electrically resistive and optically dead (no lumi-
nescence was detected via PL). As such, post-implantation annealing
was essential to recover crystallinity and electrical and optical proper-
ties. Following the procedure described in a previous publication by
Breckenridge et al., the Ge- and Si-implanted AlN was annealed at
1200 �C for 120min.18 This was sufficient to recover the AlN crystal-
linity and to observe the shallow donor behavior for Si.18 Figure 1(b)
shows the 2h–x scans after annealing for 120min at 1200 �C. Full
recovery was observed for both Ge- and Si-doped samples, as evi-
denced by the disappearance of strain-related peaks.

Following the recovery of structural properties, electrical and
optical properties of Si- and Ge-implanted AlN were investigated.
Interestingly, after implantation and annealing at 1200 �C for 120min,
both Si and Ge showed n-type conductivity of 0.1 and 0.3 (X cm)�1 at
room temperature, respectively. This n-type conductivity in implanted
and annealed AlN is more than one order of magnitude higher than
the values reported for Si doping during epitaxy.8 It is worth mention-
ing that Ge-doped AlN by epitaxy results in highly resistive films with
no room temperature conductivity, as Ge transitions to the deep donor
state already at 50% Al in AlGaN.14,24 This work shows that following
a non-equilibrium process consisting of ion implantation and rela-
tively low thermal budget annealing,32 n-type conductivity via Ge dop-
ing in AlN can be achieved and results in a 3� higher conductivity
than that observed in Si-implanted and annealed films. Figure 2 shows
temperature-dependent conductivity measurements performed on
films with different implantation species. Both Ge and Si exhibit a
shallow donor behavior with an ionization energy of 806 10meV, as
extracted from temperature dependence of conductivity. Donor con-
centration (Nd) was considered to be 1019 cm�3 for both Si- and Ge-
doped AlN (as intended for the implantation) in the charge balance
model. Details on the charge balance model for conductivity and the
fitting parameters in n-type AlN can be found elsewhere.18 The obser-
vation of the shallow donor ionization energy for both donors sup-
ports the main hypothesis that by non-equilibrium doping methods
the metastable shallow dopant state can be kinetically stabilized. Both
donor species should have the same ionization energy in their

TABLE I. Si and Ge implantation conditions in AlN.

Species
Energy
(keV)

Dose
(cm�2)

Peak concentration
(cm�3)

Projected
range (nm)

Si 100 1014 �1019 100
Ge 210 1014 �1019 100
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hydrogenic shallow state as it depends only on the semiconductor
matrix (dielectric constant and effective mass). Temperature-
dependent Hall measurements were also performed on the Ge-
implanted AlN. As shown in Fig. 3, the carrier concentration at room
temperature was >1018 cm�3 (sheet concentration of 3 � 1013 cm�2)
while it saturated at low-1019 cm�3 (sheet concentration of low-
1014 cm�2) at higher temperatures, corresponding to full donor ioniza-
tion. The room temperature mobility was �0.4 cm2/V s; the mobility
was expected to be low due to the high ionized impurity scattering at
high (shallow) dopant concentrations, formation of point defects dur-
ing implantation, and Gaussian depth profile of the dopants in the
conductive layer.8,19 The ionization energy of Ge in AlN was estimated
to be�906 20meV based on charge balance fitting to Fig. 3(a) which
is in agreement with Fig. 2. It is worth noting that, for n-type AlN, the
charge balance model to extract compensation ratio is valid only when
the doping range does not favor the formation of VAl–nGeAl com-
plexes. In the self-compensation regime, Ge not only incorporates in
the donor state but also forms the complexes and, therefore, [Ge]total

6¼ [Ge]donor.
8 However, as shown in Fig. 3(a), the carrier concentration

at high temperature saturated close to the intended Ge concentration,
suggesting a low compensation ratio.

To further understand the differences between Si and Ge doping,
RT PL measurements were performed as shown in Fig. 4. Defect lumi-
nescence at around 3 eV (400nm) in AlN has been identified as
VIII–nSiIII/GeIII complexes.11,20,33 Strong luminescence at 400 nm
observed on Si-implanted AlN suggests the significant presence of
VIII–nSiIII-related complexes. No luminescence at 400nm was
observed for Ge-implanted AlN. As determined for AlGaN, Ge-related
complexes have a higher formation energy than their Si counterparts.
Moreover, Ge doping showed a very different “knee behavior” than Si,
corresponding to a different stability of the various charged complex
states as a function of Ge concentration.10,21 As such, two factors con-
tributed to the 3� higher n-type conductivity for Ge-doped AlN: (1)
Ge in the shallow donor state and (2) low concentration of compensat-
ing Ge-related complexes. Washiyama et al. observed 2X–3X higher
maximum electron concentration at RT for Ge-doped Al0.3Ga0.7N, as
compared to Si-doped Al0.3Ga0.7N, which is in agreement with our
observations in AlN.21 It is worth noting that the peak at 460 nm
(2.7 eV) in AlN is suggested to be related to a charged configuration of
VAl by previous DFT models.11,34 These metal vacancies are likely to
be generated in non-equilibrium concentrations during implantation.
A low thermal budget annealing (1200 �C) might not be sufficient to
eliminate these vacancies,35 as suggested by the PL results in Fig. 4.
Following our previous observations,18 the intensity of the 2.7 eV peak
can be reduced significantly using dQFL control. This suggests that the
incorporated metal vacancies are, indeed, in a charged configuration,
supporting the assignment previously discussed.

This report is not only the demonstration of n-type conductivity
in Ge-doped AlN but also the demonstration of the Ge shallow donor
state, resulting in technologically relevant conductivity in AlN. This
work further supports the predicted universality of using ion implanta-
tion coupled with low thermal budget recovery annealing and dopant

FIG. 1. High-resolution x-ray diffraction 2h–x scans for Si- and Ge-implanted AlN:
(a) as-implanted and (b) annealed. Strain-related peaks vanished after a 1200 �C
anneal for 120 min, signifying damage recovery.

FIG. 2. Temperature-dependent conductivity of Si- and Ge-implanted AlN after
annealing for 120 min at 1200 �C. Solid lines between the data points serve as the
guide to the eye.
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activation as a non-equilibrium doping method to achieve metastable
shallow donor states in AlN, enabling high n-type conductivity. This
approach could be expanded to other wide or ultrawide bandgap semi-
conductors, where the stable or most likely state for its dopants is a
deep state. As the shallow donor state is kinetically stabilized, the
annealing conditions as generalized in terms of thermal budget (tem-
perature and time) are important for the selection between the shallow
and deep donor states. As such, mapping of the energy-landscape of
these states to characterize the parameters that determine their occu-
pancy will provide information on the robustness of this doping pro-
cess. In general, the implementation of CPC and dQFL methods to
minimize point defects along with Ge implantation offers a possible
pathway to not only further reduce compensation but also to obtaining
a shallow donor behavior that would result in higher n-type conduc-
tivity and mobility in AlN.18,29

In this work, the electrical and optical properties of Si- and Ge-
implanted AlN were investigated. Both dopants showed a shallow
donor behavior with an ionization energy of �80meV and high n-
type conductivity at room temperature. Ge showed 3� higher conduc-
tivity than its Si counterpart with electron concentration as high as 2
� 1018 cm�3. PL indicated that this was primarily due to a lower com-
pensation in Ge-doped samples, which arose as a result of higher for-
mation energy of VIII–nGeIII complexes as compared their Si
counterparts. This demonstrates that Ge is a technologically viable
dopant in AlN if it is kinetically stabilized in the metastable shallow
donor states via a non-equilibrium doping process. The same method
could be expanded to other wide or ultrawide bandgap semiconduc-
tors, where the stable or most likely state for its dopants is a deep state,
to achieve useful doping.
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