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Abstract 

 GaN high electron mobility transistors (HEMTs) have 

shown the potential to be extremely tolerant of the space 

radiation environment.  AlGaN/GaN HEMT structures 

on three different substrates were exposed to proton 

irradiation at fluences up to 6x10
14

 cm
-2

, which resulted 

in a 30% reduction in mobility and saturation current 

density. Dynamic ON-resistance measurements 

demonstrated increased degradation by a factor of 10 

under off-state quiescent voltage stress conditions. High 

resolution transmission electron microscopy revealed a 

radiation-induced void under the gate metallization, 

indicative of a Kirkendall effect.  

 

INTRODUCTION 

     As a wide bandgap semiconductor, the GaN-based 

materials system is attractive for next-generation power 

devices, including RF amplifiers, high voltage power 

switches, and high breakdown voltage diodes. Such devices 

have a wide range of immediate Naval applications, such as 

high-power satellite communications and radar, unmanned 

underwater and aerial vehicles, ship drive components, and 

hybrid vehicle inverters. A fundamental understanding of the 

reliability and failure mechanisms in these devices is critical 

to further technology development and insertion. Of 

particular interest is the potential to be highly resistant to 

radiation damage, making them ideal for use in microwave 

power amplifiers and DC/DC converters in space-based 

applications [1-3]. To investigate the mechanisms of 

radiation-induced degradation in AlGaN/GaN HEMTs, 

2MeV protons were used to simulate the space radiation 

environment. 

 

EXPERIMENTAL 

     The basic mechanisms of displacement damage were 

probed by iteratively exposing devices to proton irradiation 

at incremental fluences starting at 1x10
12

 cm
-2

 and 

proceeding until the saturation current was substantially 

degraded, which occurred at 6x10
14

 cm
-2

. To intentionally 

introduce a range of starting epitaxial quality, material was 

procured on three substrates – SiC, Si, and Al2O3 - so that 

the role of inherent defects could be directly probed. HEMT 

structures grown by metal organic chemical vapor deposition 

(MOCVD) on Si and SiC substrates were procured from 

commercial sources while a HEMT on Al2O3 was grown in-

house, also by MOCVD. The heterostructure features were 

nominally identical, consisting of >1 µm UID GaN buffer 

with a 17-25 nm AlGaN barrier with aluminum mole 

fractions of 27-30%.  The samples were characterized by 

electron channeling contrast imaging (ECCI) to quantify the 

dislocation density, which ranged from 1x10
8
 cm

-2 
for the 

heterostructure on SiC to 1x10
9
 cm

-2
 for the heterostructures 

on Si and Al2O3. For each heterostructure a mesa etch was 

performed in a Cl2-based inductively coupled plasma (ICP), 

followed by lift-off of ohmic metal (Ti/Al/Ni/Au), rapid 

thermal anneal, and gate metal (Ni/Au). Finally, all samples 

received 100 nm PECVD SiNX passivation, a contact 

window etch in SF6-based reactive ion etch (RIE) tool, and 

thick overlay metal deposition (Ti/Au). By processing all 

HEMTs in a single fabrication lot, irradiating in a single 

batch, and testing under identical conditions a direct 

comparison can be performed.  

 

RESULTS 

     Before initiating the irradiation schedule, repeated testing 

was performed on control devices to verify that the test 

sweeps were not affecting device behavior. The Hall 

mobility and 2DEG density were measured on Van der Pauw 

structures before irradiation and at each dose, shown below 

in Figure 1.  The decrease in mobility can be attributed to 

increased carrier scattering in the 2DEG as a result of 

radiation-induced defects while the decrease in sheet carrier 

density is attributed to screening of the 2DEG from charged 

trap formation, mechanisms that should be independent of 

substrate material [4]. The magnitude of change in the 

2DEG density is the same for all substrate materials (1x10
12

 

cm
-2

), indicating that a similar density of traps was 

introduced into each HEMT structure, though the percent 

change varies due to different initial values. Note that 

mobility begins to degrade at lower fluence than sheet 

carrier density as radiation-induced roughening of the 

AlGaN/GaN interface occurs at relatively low fluence. 

Analysis of the FET I-V curves, shown representatively in 

Figure 2, indicated increased ON-resistance and decreased 16
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saturation current, consistent with the reduced mobility and 

sheet carrier density observed in the Hall measurements. The 

off-state leakage current decreased and threshold voltage 

was shifted slightly positive, as shown in Figure 1. Because 

this parameter is related directly to 2DEG density, this shift 

can be attributed to the reduction in sheet carrier density 

previously described. ON-resistance and transconductance 

are also degraded, mirroring the ID,MAX behavior. While it 

was expected that off-state leakage will decrease due to 

increased resistivity of the buffer layer [5], the decreased 

gate leakage shown in Figure 2 was unexpected. This was 

determined to be due to a reduction in gate area due to 

radiation-induced voids, discussed in detail below. All 

devices clearly exhibit the same trend, though there is a 

potential second order substrate-dependent effect as the 

HEMTs on sapphire, which was generally the poorest 

quality structure (low mobility and sheet density, high 

dislocation density) was also degraded the least while the 

highest performing epi layer was degraded the most.  

 

 
Figure 1. Change in Hall mobility and sheet carrier density (top), and FET 

current density and threshold voltage (bottom) as a function of proton 

fluence 

 

 

 

 
Figure 2. Representative FET I-V curves from HEMT on Si before and after 

irradiation 

 

     The trapping mechanisms were further probed using 

pulsed I-V measurements at varying quiescent bias 

conditions using a dynamic I-V analyzer (Accent DiVA 

D265EP) [6]. The HEMTs were held at various OFF-state 

quiescent voltages as the transfer characteristics were 

obtained by pulsing to the ON-state. The ON-state pulse 

width is 200 ns, with a pulse separation of 1 ms, yielding a 

quiescent point duty cycle of 99.98%.  During the pulsed 

measurements, the HEMT is biased at the quiescent point 

the majority of the measurement duration.  Therefore, 

trapping effects are primarily dependent on the quiescent 

bias.  While the dynamic ON-resistance degradation under 

quasistatic conditions (VG,Q = 0V, VD,Q = 0V) was consistent 

with DC measurements, the degradation under off-state 

stress conditions (VG,Q = -4V, VD,Q = 0-20V) initiated at a 

lower fluence, and a culminated with a 10X higher 
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degradation at the final fluence. Larger drain quiescent 

voltages increase the RON,DYN, due to electrons trapping in 

the access region, which depletes the 2DEG.  Under proton 

irradiation, RON,DYN increases, indicating displacement 

damage results in charge traps which degrade RON,DYN.  As 

shown in Figure 3, RON,DYN increases more for a high OFF-

state quiescent voltage than at an equilibrium quiescent 

voltage, as a function of radiation dose. This implies that 

dynamic ON-resistance, a parameter related to charge 

trapping, is much more sensitive to radiation than DC 

characteristics and must be considered when evaluating the 

radiation hardness of HEMT devices. 

 

 
 

 
Figure 3. Dynamic I-V sweeps under static, (VGQ=0V, VDQ=0V), and 

(VGQ=-4V, VDQ=20V)  pulse conditions (top). Dynamic ON-Resistance as a 

function of quiescent drain voltage and proton fluence (bottom) 

 

          Scanning transmission electron microscopy (STEM) 

imaging was employed to directly probe the mechanisms 

suggested by the electrical measurements. Samples that 

received 0 and  6x10
14

 cm
-2

 proton fluence were prepared for 

cross-sectional imaging using an all ion-mill focused ion 

beam (FIB) lift-out technique.  For the chemical analysis, a 

novel energy-dispersive X-ray spectroscopy (EDS) four-

detector system (Bruker) was used, which exhibits high 

sensitivity also for light elements. Due to limitations on 

equipment time and sample availability, this technique was 

only applied to the HEMTs on Si substrates. Process-

induced defects were visible in both reference and irradiated 

samples, notably an overflow of Au in the metal stack at the 

gate edge, possibly related to localized heating from RF 

coupling during the PECVD deposition of passivation 

layers. In addition a new, radiation-induced void at both 

edges of the gate in the Ni region of the Ni/Au gate 

metallization was revealed, as shown in Figure 4 [7].  EDS 

line scans taken through the dark region at the gate edge 

(left) indicate the absence of any material in the Ni layer and 

a Ni signal in the Au and AlGaN/GaN regions, whereas Ni is 

clearly visible as a discrete layer in the second line scan 

(right) taken further into the gate finger.  

 

Figure 4. TEM image (top) and EDS line scans (bottom) from two different 
points along the gate edge 

16
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Therefore it is suggested that, after radiation, the 20 nm Ni 

layer diffused up into the Au, and to a lesser extent, into the 

AlGaN, leaving voids protruding ~100-300 nm under the 

gate edges. Such a void was observed in 100% of the 

irradiated HEMTs that were imaged (5 devices) while no 

void was observed in 100% of the reference HEMTs that 

were imaged (>10 devices). The mechanism of the void 

formation shows all features of Ni/Au inter-diffusion 

through vacancy exchange, known as the Kirkendall effect 

[8].  The exact process is still under investigation, but the 

voids result in reduced gate area, which is responsible for the 

degraded off-state performance such as reduced gate 

leakage.  It is particularly rare that such pronounced 

diffusion occurs at room temperature.  Since the voids only 

occur at the gate edges, an additional electrochemical or 

strain-induced driving force is likely present. Therefore the 

role of the SiNx passivation layer, as well as strain, at the 

gate edge will be factor in this ongoing research. 
 

CONCLUSIONS 

 Ni/Au Schottky-gated AlGaN/GaN HEMTs on Al2O3, Si, 

and SiC substrates were subjected to a fluence of 6 x 10
14

 

H
+
/cm

2
 2 MeV protons at room temperature.  Electrical 

characterization indicates that the basic response of the 

devices to radiation damage is the same for all samples.  

Carrier scattering from radiation-induced defects in or near 

the 2DEG decreases mobility while induced defects 

elsewhere act as charged traps that screen the 2DEG and 

decrease the carrier concentration.  Radiation-induced 

changes in the other parameters follow from these effects, 

including a slight decoupling of µ2DEG from ns. Pulsed I-V 

measurements indicate that dynamic ON-resistance is much 

more sensitive to radiation than DC measurements. TEM 

analysis led to the discovery of a radiation-induced void in 

the Ni layer at the edges of the Ni/Au gate. Likely, vacancy-

assisted diffusion led to the formation of the voids.  The 

voids result in reduced gate area as well as degraded 

electrical performance. 
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