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We report on the electrical characterization of Si-ion implanted AlN layers and the first 
demonstration of metal-semiconductor field-effect transistors (MESFETs) with an ion-
implanted AlN channel. The ion-implanted AlN layers with Si dose of 5×1014 cm-2 exhibit 
n-type characteristics after thermal annealing at 1230°C. The ion-implanted AlN MESFETs 
provide good drain current saturation and stable pinch-off operation even at 250°C. The off-
state breakdown voltage is 2370 V for drain-to-gate spacing of 25 µm. These results show 
the great potential of AlN-channel transistors for high-temperature and high-power 
applications. 
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1. Introduction 
AlN is an attractive material for high-temperature and high-power applications due to its 

high critical electric field (Ec), high thermal conductivity of 320 W/mK at room temperature, 
and a band-gap energy of 6.1 eV.1,2) Due to the limited availability of bulk AlN substrates, 
typical AlN layers are hetero-epitaxially grown by metal-organic chemical-vapor deposition 
(MOCVD) and molecular-beam epitaxy.3,4) The use of high-temperature growth systems has 
helped to significantly improve the quality of AlN hetero-epitaxial layers,5,6) which are now 
ready for device demonstration.  

Baliga’s figure of merit (FOM) is widely used to evaluate the suitability of 
semiconductor materials for power electronics. It is defined as εµEc3 / (εµEc3)Si, where ε the 
permittivity and µ the carrier mobility. Baliga’s FOM of AlN (=1.5×104) is more than one 
order of magnitude higher than SiC (=3.4×102) and GaN (=1.5×103) primarily due to the 
high Ec in AlN.7,8) Fig. 1 shows the theoretical limits for the specific on-resistance in unipolar 
power devices as a function of the breakdown voltage (Vbr) for the major wide band-gap 
semiconductors. AlN power devices allow much lower on resistance in comparison with SiC 
and GaN devices, leading to the great potential for high-power and high-efficiency 
applications.  

AlN has been used in barrier layers of GaN-based high-electron mobility transistors 
(HEMTs) in order to reduce AlGaN-alloy scattering and to increase two-dimensional 
electron-gas density and confinement.9,10) Recently, high Al-content AlGaN-channel 
HEMTs have been investigated for high-temperature and high-power applications.11,12) 
However, Schottky-barrier diodes and deep-ultraviolet light-emitting diodes are among the 
few AlN-channel devices reported in the literature so far.13,14) Due to the lack of suitable 
higher band-gap materials for hetero-structures, polarization induced doping cannot be 
utilized to generate electron conduction in AlN. Thus, the formation of an AlN channel 
requires impurity-doped AlN layers.  

The doping concentration in III-N semiconductors is controlled by impurity 
incorporation during crystal growth, thermal diffusion, and ion implantation. Direct doping 
during growth allows the semiconductors to keep high crystalline quality. Although Si is 
used as a n-type dopant in AlN, there are few reports on heavily Si-doped AlN growth.15-17) 
The n-type AlN epitaxial layers are still obtained with difficulty. On the other hand, ion 
implantation enables the impurity incorporation into unintentional doped (UID) AlN layers, 
which are commercially available. High-dose and high-energy ions have been used in the 
past in III-N semiconductors to obtain a high carrier concentration at some-hundred-nm 
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depth.18-20) This high-dose and high-energy ion implantation significantly damages the 
crystal lattice and introduces a high concentration of point defects, resulting in carrier 
compensation. Thermal annealing is helpful to heal the ion-implantation damage, although 
very high temperatures are typically required in wide band-gap semiconductors (e.g. 900-
1000°C for Ga2O3,21) 1000-1400°C for AlGaN,18-20,22) and 1400-1700°C for SiC23)) due to 
the high thermal stability of point defects. The Si-ion implantation damage in AlN can be 
healed by annealing for 1230-1600°C in a nitrogen ambient, showing n-type 
conductance.19,24) Still, there is no report on the detailed electrical properties of an ion-
implanted AlN layer. In this letter, we report on the electrical characterization of Si-ion 
implanted AlN layers and the demonstration of ion-implanted AlN metal-semiconductor 
field-effect transistors (MESFETs). 
 
2. Si-ion implantation to AlN 
2.1 Experimental procedure 
We used 1-µm-thick UID AlN templates grown on sapphire using MOCVD, which are 
supplied by DOWA Electronics Materials Co., Ltd. To form the transistor channel, Si ion 
was implanted on the as-grown wafer at room temperature. The amount and penetration 
depth of implanted ions are controlled by implantation dose and ion-beam energy, 
respectively. To create the desired box profile of dopants, the ion-beam energies of 90, 40, 
and 10 keV were chosen at a ratio of 64%, 24%, and 12% in total implantation dose, 
respectively. The Si implantations with various doses of 5×1014 -1×1016 cm-2 were performed 
for incident angles of 0 and 7° from [0001]. Under these implantation conditions, the SRIM 
(stopping and range of ions in matter) Monte-Carlo simulations show a resulting Si 
concentration, e.g., average Si concentration of 1×1020 cm-3 in a 200-nm-deep box profile 
for a total Si dose of 2×1015 cm-2. The Si concentration in the AlN layers was experimentally 
determined using secondary-ion mass spectrometry (SIMS) performed by EAG laboratories.  
2.2 Si-doping profile 
As shown in Fig. 2 (a), the AlN layers implanted at the incident angle of 0° had smaller Si 
concentration than what the SRIM simulation predicted and a 1-µm-deep tail of ~1019 cm-3. 
The discrepancy between the SIMS results and SRIM simulation is caused by the channeling 
effect, which allows some of implanted ions to travel without significant scattering along 
[0001].25) On the other hand, the AlN layers implanted at the incident angle of 7° exhibited 
a relatively uniform Si concentration in a 100-nm-deep box profile, as shown in Fig. 2 (b), 
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indicating that the channeling effect was suppressed. The remained discrepancy between the 
SIMS results (4×1019 cm-3) and SRIM simulation (2-3×1019 cm-3) could be removed by 
further controlling the incident angle.25) From the SIMS data, the concentration of hydrogen, 
carbon, and oxygen in the AlN layers were 2×1017, 1×1017, and 1×1018 cm-3, respectively. 
Additionally, the Si distribution in the ion-implanted AlN layers after the thermal annealing 
at the temperature of 1400°C for 30 min in a nitrogen ambient, which is performed by 
Nisshin Ion Equipment Co., Ltd., is shown in Fig. 2 (b). Very limited Si diffusion was 
observed in the AlN layer under the thermal-annealing condition. This is in contrast with the 
large Si diffusion observed in GaN and Ga2O3 layers for temperatures > 1100°C.21,22)  
2.3 Surface roughness 
To heal the ion-implantation damage in AlN, thermal annealing was performed at heater 
temperatures of 1100-1500°C for 30 min in a nitrogen ambient at 200 mbar using a high-
temperature MOCVD reactor. The wafer/sample surface temperature was monitored by an 
in-situ optical pyrometer, e.g., 1160±20°C and 1230±20°C for a heater temperature of 
1300°C and 1500°C, respectively. Using atomic force microscopy, we observed the surface 
morphologies of the ion-implanted AlN layers with Si dose of 5×1014 -1×1016 cm-2 before 
and after annealing at the surface temperature of 1230°C. All AlN surfaces before and after 
ion-implantation had root-mean-square (RMS) roughness with 0.5±0.2 and 0.6±0.1 nm, 
respectively, for a 10×10 µm2 scan.  

After thermal annealing, the RMS-surface roughness of the ion-implanted AlN layers 
with a Si dose of 2×1015 cm-2 was 0.7±0.1 nm, despite the fact that no cap layer was used to 
suppress the migration of surface atoms.26,27) This highlights the excellent thermal stability 
of AlN at 1230°C in a nitrogen ambient. On the other hand, the AlN layers implanted with a 
Si dose of 1×1016 cm-2, or average Si concentration of 8×1020 cm-3, showed an RMS-surface 
roughness of 13±2 nm after the thermal annealing. We believe that the high-dose 
implantation leads to broken Al-N bonds, which allowed more aluminum and nitrogen atoms 
to migrate to the surface during the thermal annealing, increasing surface roughness. Further 
investigations, such as transmission-electron microscopy and Rutherford backscattering 
spectroscopy, are necessary to clarify the detailed relation between the annealing 
temperature and ion-implantation damage in AlN.  
 
3. Electrical property of Si-ion implanted AlN 
3.1 Experimental procedures 
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Electrical properties of the ion-implanted AlN layers were investigated. After ion 
implantation and subsequent high temperature annealing, the fabrication process continued 
with an HCl dip for 1 min for surface cleaning. A Ti (20 nm)/Al (100 nm)/Ni (25 nm)/Au 
(50 nm) metal stack was deposited using an electron-beam evaporation for source/drain 
contacts, followed by annealing at 800°C for 30 s in a nitrogen ambient to form metal alloy. 
A 200-nm-deep mesa isolation was obtained by Cl2-based reactive-ion etching. Breakdown-
voltage measurements were performed using an Agilent B1505A power-device analyzer and 
a high-voltage Tesla probe station. During breakdown measurements, the devices were 
immersed in a Fluorinert FC-770 solution to avoid surface flashover.28,29) 
3.2 I-V characteristics 
Two Ti/Al/Ni/Au contacts separated by a 4-µm source-drain spacing (Lsd) were used for the 
measurements. We confirmed that the ion-implanted AlN layer was electrically isolated by 
the bottom UID AlN layer. We note that surface temperatures below 1160°C were not enough 
for electrical activation of the ion-implanted AlN layers, in good agreement with a previous 
report.19) 

The current-voltage characteristics of the ion-implanted AlN layer annealed at 1230°C 
are shown in Fig. 3 (a). The ion-implanted AlN layers with Si doses < 1×1015 cm-2 were 
electrically conductive at room temperature. The current showed a Schottky behavior due to 
high potential barrier at a metal-AlN interface, and was independent of Lsd, indicating the 
high contact resistivity. As the measurement temperature increases from room temperature 
to 250°C, the current significantly increased and showed the ohmic-like behavior at 250°C. 
We consider that thermally excited carrier tunnels through the effective thinner potential 
barrier at the metal/n-type AlN interface, reducing the contact resistance. To obtain an ohmic 
behavior, the elimination of surface oxidation and the further optimization of annealing 
temperature and metal-stack structures are necessary.24, 30, 31) 

The ion-implanted AlN layers with a high Si dose > 2×1015 cm-2 were not electrically 
conductive even after further high temperature annealing at 1700°C for 60 min in a nitrogen 
ambient using a face-to-face annealing methods.6) Previously the electrical activation ratio 
of ion-implanted GaN has been reported to increase with increasing Si dose because point 
defects and impurities incorporated during growth are dominant in carrier compensation.22) 
In contrast, the electrical activation ratio of ion-implanted Ga2O3 reduces with increasing Si 
dose due to increase of ion-implantation damages and limit of annealing temperature < 
1000°C.21) The low electrical activation of ion-implanted AlN may result from high thermal 
stability of point defects generated by the Si-ion implantation as well as the low thermal 
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diffusion of Si.  
3.3 Electrical activation ratio 

Hall-effect measurements at room temperature were performed on AlN samples, 
which were implanted with a Si dose of 5×1014 cm-2 at the incident angle of 7°, over an area 
of 200×200 µm2 using clover-leaf patterns. The electron mobility and sheet carrier 
concentration of the 100-nm-thick n-type AlN layer were 130 cm2/Vs and 6×108 cm-2, 
respectively. The electrical activation ratio, which is defined by the ratio of sheet-electron 
concentration to dopant dose, is 1×10-6. In a previous report,19) the electrical-activation ratio 
of Si-ion implanted AlN annealed at 1400°C for 10 min is estimated from the layer thickness 
of 200 nm, electron concentration of 2×1015 cm-3, and Si dose of 5×1015 cm-2 to be 8×10-6, 
which is slightly higher than our results due to higher temperature annealing. The above 
activation ratios do not take into account the ionization energy (Ed) of the donor. Wide 
bandgap semiconductors have a large difference between electron and donor concentrations 
due to the high Ed (AlN: 0.2-0.3 eV for Si).7,17,32) Despite low Si-donor concentration of 
3×1017 cm-3, the electron concentration in the AlN layers doped during growth is 7×1014 cm-
3 at room temeprature,7) which is higher than that in our Si-implanted AlN layers. This means 
that most of the Si atoms in the Si+-implanted AlN layers are not incorporated into the donor 
site or the implantation damage still remains. Higher annealing temperature and longer 
annealing time are expected to further increase the electron concentration.24) 
3.4 Two-terminal breakdown voltages 

In the 200-nm-deep recess structure, lateral Vbr of the UID AlN buffer layer was 
measured between the isolated source and drain contacts. The two-terminal Vbr for various 
Lsd at room temperature are shown in Fig. 3 (b). For Lsd < 10 µm, Vbr increased linearly with 
increasing Lsd. For Lsd > 10 µm, the breakdown saturated 2.5±0.3 kV. The effective critical 
electric field of the UID AlN buffer layer is 3.1 MV/cm, which is much higher than the one 
typically seen in the GaN and Al0.1Ga0.9N buffer layers.33,34) This experimentally shows that 
an AlN material has superior potential for high-power applications. 
 
4. AlN MESFETs 
4.1 Experimental procedures 
AlN MESFETs were fabricated using AlN layers implanted with a Si dose of 5×1014 cm-2 at 
an incident angle of 7°, i.e., average Si concentration of 4×1019 cm-3 in the 100-nm depth, 
and thermally annealed at 1230°C. The structure of the fabricated AlN MESFETs is shown 
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in Fig. 4 (a). In addition to the recess process mentioned above, a Ni (30 nm)/Au (200 nm) 
metal stack was deposited for the gate electrode. The MESFETs had a gate length (Lg) of 2 
µm and gate-source spacing (Lgs) of 2 µm.  
4.2 Output/transfer characteristics 
Output characteristics at room temperature for the MESFETs with Ldg of 4 µm are shown in 
Fig. 4 (b). The AlN MESFETs have a normally-on operation and pinch-off characteristics 
for gate voltage (Vgs) < -10 V. The subthreshold swing was 1.3 V/decade. Drain current (Id) 
is effectively modulated by Vgs and shows good saturation. The maximum Id was 8.7 µA/mm 
for Vgs = +8 V. Output characteristics of the AlN MESFETs at 250°C are shown in Fig. 4 
(c). Neither breakdown events nor other irreversible degradation was observed for Vds < +40 
V, suggesting a stable device operation in the whole temperature range from 25°C to 250°C. 
Both Id and gate current increased with measurement temperature.  

The transfer characteristics for the AlN MESFET with Lgd of 4 µm at a drain-voltage 
(Vds) = +40 V at room temperature and 250°C are shown in Fig. 4 (d). At room temperature, 
the off-state Id was 25 nA/mm, which is comparable with the gate current, indicating a 
negligibly-small leakage current through the UID AlN layers. The Id on/off ratio was above 
100. At 250°C, the off-state Id and the Id on/off ratio was 70 nA/mm and above 1000, 
respectively. The maximum transconductance at room temperature and 250°C was 0.7 and 
23 µS/mm, respectively. Although the saturation Id of typical Si and GaAs FETs reduce with 
increasing the measurement temperature due to the reduced mobility and saturation velocity, 
the performance of the AlN MESFETs significantly improved with increasing the 
temperature. We suggest that the limited Id on/off ratio and transconductance of the AlN 
MESFETs arise from the high source/drain contact resistances and the high ionization 
energy of a Si donor as well as the low carrier concentration in the Si-ion implanted AlN.  
4.3 Three-terminal breakdown voltages 
For the AlN MESFETs with Lgd of 4 µm, the three-terminal Vbr for Vgs = -30 V at room 
temperature and 250°C was 510 and 410 V, respectively. The three-terminal Vbr for various 
Lgd at room temperature are shown in Fig. 5 (a). Vbr increases linearly with increasing Lgd, 
achieving the maximum three-terminal Vbr of 2370 V at Lgd = 25 µm.  

The Vbr characteristics for the AlN MESFETs with Lgd of 25 µm at room 
temperature are shown in Fig. 5 (b). The leakage current of off-state Id was 60 nA/mm at -
2000 V, which is much smaller than that some µA/mm at -1000 V for GaN HEMTs.34,35) 
This small leakage current at a high reverse bias is advantageous for high-power applications. 
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For the ion-implanted AlN layer, the effective critical electric field of the three terminal Vbr 
is 1.0 MV/cm, which is higher than that of GaN HEMTs due to high Ec of AlN.28,33,34) AlGaN 
HEMTs with a field plate have shown an effective critical electric field as high as 1.7 MV/cm 
thanks to reduction of the peak electric field at a gate edge.36) Further high breakdown 
voltages of the AlN MESFETs are expected in devices with a field-plate structure. 

 
5. Conclusions 
We report on the electrical characteristics of Si-ion implanted AlN and demonstration of an 
ion-implanted AlN MESFETs. The ion-implanted AlN layers with Si dose of 5×1014 cm-2 
exhibited n-type characteristics after thermal annealing at 1230°C in a nitrogen ambient, 
showing the sheet carrier concentration of 6×108 cm-2 and the electron mobility of 130 
cm2/Vs. The ion-implanted AlN MESFETs with a gate length of 2 µm have a maximum 
drain current of 8.7 µA/mm for gate voltage of +8 V and an on/off current ratio over 100 at 
room temperature. The AlN MESFETs can be further improved by reduction of the 
source/drain contact resistances and increase of the carrier concentrations in the AlN channel 
layer. At 250°C, excellent transistor pinch-off is achieved without permanent degradation. 
The maximum three-terminal off-state breakdown voltage is 2370 V for drain-to-gate 
spacing of 25 µm. The AlN-channel transistors show promise as high-temperature and high-
power devices. 
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Figure Captions 
Fig. 1. Relation between specific on-resistance and breakdown voltage of major wide band-
gap semiconductors. The parameters used for these calculations are as follows. The 
permittivity ε are 11.8ε0 for Si, 9.7ε0 for SiC, 9.0ε0 for GaN, 10ε0 for Ga2O3, 9.2ε0 for AlN, 
and 5.5ε0 for diamond. The mobility µ are 1400 cm2/Vs for Si, 1000 cm2/Vs for SiC, 2000 
cm2/Vs for GaN, 300 cm2/Vs for Ga2O3, 425 cm2/Vs for AlN, and 2000 cm2/Vs for diamond. 
The critical electric field Ec are 0.3 MV/cm for Si, 2.5 MV/cm for SiC, 3.3 MV/cm for GaN, 
8.0 MV/cm for Ga2O3, 12 MV/cm for AlN, and 10 MV/cm for diamond.7,8) 
 
Fig. 2. SIMS profile of Si concentration in Si-ion implanted AlN before thermal annealing 
(black solid line) and after thermal annealing at 1400°C (red solid line). Total Si doses of (a) 
2×1015 cm-2 at incident angle of 0° and (b) 5×1014 cm-2 at incident angle of 7° were 
introduced using multiple-energy ion implantation. The results of the SRIM simulations are 
also shown (dash line). 
 
Fig. 3. (a) Current-voltage characteristics of ion-implanted AlN with a Si dose of 5×1014 cm-
2 (solid) and 1×1016 cm-2 (dash) between room temperature and 250°C. The inset shows the 
device pattern with contacts of 50 µm×100 µm rectangular shape. (b) Two-terminal buffer-
leakage breakdown voltage as a function of source-to-drain spacing. The inset shows the 
measurement configuration of 200-nm-deep recess. Black dash line is fitted within Lsd < 10 
µm for the two-terminal breakdown voltage for various source-to-drain spacing of ion-
implanted AlN on sapphire, while blue and purple dash lines are fitted within Lsd < 30 µm 
for that in Al0.1Ga0.9N on SiC and GaN on SiC.33,34) 
 
Fig. 4. (a) Schematic cross section of AlN MESFETs by Si-ion implantation. (b) DC output 
characteristics of ion-implanted AlN MESFET with gate length of 2 µm at room temperature 
for Vgs from -10 to +8 V. (c) DC output characteristics of ion-implanted AlN MESFET with 
gate length of 2 µm at 250°C for Vgs from -8 to +4 V. (d) Transfer characteristics at a drain 
voltage of +40 V at room temperature and 250°C. 
 
Fig. 5. (a) Off-state breakdown characteristics of ion-implanted AlN MESFET with drain-
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to-gate spacing of 25 µm at gate voltage of -30 V at room temperature. (b) Three-terminal 
off-state breakdown voltage as a function of gate-to-drain spacing at room temperature. 
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