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Why	model	/	simulate?

• Predict	device	performance
• Optimize	device	performance
• Better	understand	underlying	physical	
mechanisms	
– Effect	of	radiation-induced	traps
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Proton Irradiation

AlGaN/GaN HEMT	Degradation	by	Point	Defects
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Ø Point	defects	create	traps
Ø Ionized	traps	create:	

Ø Reduction	in	electron	
mobility	(impurity	
scattering	model)

Ø Negative	trapped	charge
Ø ê 2DEG	density

quantitative model is still needed. The dependence of the car-
rier removal rate on starting donor density is not easily
explained by the classical Gossick model. The carrier removal
rate in neutron irradiated p-GaN is about 20 times higher than
for n-GaN, despite the much higher concentration of acceptors
in p-GaN than donors in n-GaN that should negate the effect
of increased barrier height in p-GaN DRs.64,65 The same asym-
metry of carrier removal rates was observed for proton
implanted p-GaN and n-GaN (Refs. 65, 77–81) and suggests
that interaction of primary defects with Mg could be a factor
in both cases.

Figure 4 summarizes the difference in carrier removal
rates in n-GaN and AlGaN/GaN HEMTs for different doses

of common radiation species. Protons create more traps than
electron irradiation of the same dose. Moreover, the initial
data shown in Fig. 5 show that for the same proton dose,
InAlN/GaN heterostructures suffer more degradation than
their AlGaN/GaN counterparts. This is consistent with the
average bond strengths in the Al-based materials.

C. Effect of irradiation on lifetime of nonequilibrium
charge carriers

It is a common practice to characterize the effect of radia-
tion damage on carrier lifetime by the lifetime degradation
constant Ks (Ref. 82)

Io=I ¼ 1þ KsF; (1)

FIG. 3. (Color online) Schematic of (a) perfect GaN lattice prior to irradia-
tion, (b) point defects created by ionizing radiation, and (c) Gossick zones
typical of neutron irradiation.

FIG. 4. Carrier removal rates in n-GaN films or AlGaN/GaN heterostructures
as a function of dose for different types of radiation.

FIG. 5. Carrier removal rates by protons in InAlN/GaN and AlGaN/GaN
HEMTs.
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Translation	to	Performance	Degradation

• Positive	threshold	voltage	shift
• Reduction	of	drain	current

• Reduction	of	peak	transconductance

• Reduction	of	Current	Gain
• Reduction	of	Cutoff	Frequency	
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ion energy loss as a function of proton penetration depth into
the HEMT structure grown on the SiC substrate. The major-
ity of the energy loss was through nuclear stopping deep in
the SiC substrate around 145 lm below the HEMT structure.
The simulated penetration depth of 5MeV protons was
around 150 lm, and Ohmic metal contact was too thin to
affect the penetration. Due to light mass of protons, the
nuclear energy loss was minimal in the HEMT surface
region, where energy loss was dominated by the electronic
stopping mechanism, as illustrated in Fig. 2(b). The 2DEG
region is located around 25–30 nm below the surface; thus,
there was no damage detected for RS until the proton dose
reached 2! 1013 cm"2. However, as illustrated in Fig. 2(c),
more energy loss was in the Ohmic metal stack region due to
nuclear stopping of protons with heavier-mass Au atoms in
the Au-based Ohmic metallization. Those scattered protons
from the collisions with Au atoms could damage nearby lat-
tices in the 2DEG region. Thus, RC and RT showed a tend-
ency to be more affected by high energy irradiation than RS.
To simplify the simulation, the scheme of the Ohmic metalli-
zation prior to the high temperature annealing was used.
After annealing, the top Au layer would diffuse to the metal/
AlGaN interface, which could induce more proton scattering
and create even more defects in the 2DEG channel.16

The changes of reverse gate leakage current, threshold
voltage, and extrinsic transconductance, gm, were within the
measurement errors for the HEMTs irradiated with a proton
dose less than 2! 1013 cm"2, as shown in Table I. Figure 3
illustrates drain and gate currents as well as the typical trans-
fer characteristics of HEMTs as a function of gate voltage
prior to and after 2! 1014 cm"2 proton irradiation, respec-
tively. These measurements were conducted at a fixed drain
voltage of þ5V. As shown in Fig. 3(a), the subthreshold
drain leakage current was dominated by the reverse gate
leakage current when the channel was pinched-off. There
was minimal change of reverse gate leakage current, while
there was a reduction of extrinsic transconductance (gm) of
10% and a positive shift of threshold voltage (VT) of 95mV
after irradiation, as shown in Fig. 3(b). These degradations
could be attributed to the displacement damage, resulting in
the reduction of carrier concentration and mobility.9

Figure 4 illustrates the drain I–V characteristics of
AlGaN/GaN HEMTs before and after proton irradiations
with different doses, measured with VG starting from 0V

with a step of "1V. The IDSS of HEMTs irradiated with a
dose less than 2! 1013 cm"2 showed minimal change; how-
ever, a degradation of 13% was observed when a higher dose
of 2! 1014 cm"2 was employed. Table II summarizes the
IDSS, the reduction of 2DEG mobility, sheet carrier concentra-
tion, and carrier removal rate as a function of proton irradia-
tion dose. Hall measurements were used to determine the
2DEG mobility, and sheet carrier concentrations were esti-
mated from these electron mobilities and the sheet resistances
measured with TLM. The carrier removal rates were defined
as the ratio of carrier concentration decrease divided by the
fluence of irradiated protons. There were no apparent changes
of mobility and sheet carrier concentration for those HEMTs
irradiated with low doses. The HEMTs irradiated with a dose
less than 2! 1013 cm"2 showed minimal changes of mobility
and sheet carrier concentration; however, decreases of 10%

FIG. 3. (Color online) (a) Drain and gate currents as a function of gate volt-
age. (b) Typical transfer characteristics of HEMTs before and after 5 MeV
proton irradiation.

TABLE I. Summary of threshold voltage shift, the reduction of extrinsic
transconductance, sheet carrier concentration and mobility, as well as carrier

removal rate of HEMTs prior to and post 5 MeV proton irradiation with var-
ious doses.

Irradiation

dose (cm"2) DVth (mV) Dgm (%)

Reverse gate leakage
at VG¼"5V and

VDS¼ 5V (lA/mm)

5! 109 0 0 3.6

5! 1010 0 0 3.8

2! 1012 0 0 3.5

2! 1013 10 5 5.6

2! 1014 95 10 8.1 FIG. 4. (Color online) Drain characteristics of HEMTs prior to and post
5 MeV proton irradiation with various doses.
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DC	Simulation

Small	Signal	AC	Simulation

AC	Simulation	- RF



Trapping	Mechanism
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• Extent	of	DC	performance	has	a	dependence	on	donor	
compensation

• Q.	What	is	the	dependence	of	donor	traps	(static	or	
dynamic)	to	RF	performance	degradation?

Simulation	Goals

Talk	Outline

1. Simulation	methodology

2. What	we	learned	from	DC	
simulation	studies

3. Small	signal	and	RF	simulation	
results:	Effect	of	static	and	
dynamic	donor	traps



Simulation	Methodology

Device	Equations

TCAD	Simulator:	FLOODS
(FLorida Object-Oriented	Device	Simulator)
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Simulation	Methodology
Treatment	of	donor	traps

Q22 ECS Journal of Solid State Science and Technology, 4 (3) Q21-Q25 (2015)

In Equation 1, ψ is electrostatic potential, q is charge, and ε is material
permittivity, n is the density of electrons, p is the hole density, N−

A
and N+

D are the ionized acceptor and donor densities. These terms
include the ionized acceptor or donor traps caused by the radiation
damage and any background doping. For the continuity (2) and cur-
rent density equations (3) – with ‘n’ representing electrons and ‘p’
representing holes- Jn and Jp are the current densities, µn and µp are
the carrier mobilities and φn and φp are the quasi-Fermi levels, which
can be related to the electrostatic potential through the Boltzmann
relation. Other analytical models for partial ionization and mobility,
for example, are also specified in FLOODS.24

Radiation damage generates deep trap levels in the material by
creating vacancies and interstitials (Frenkel-Pairs). When including
these defects, it is important to account for the partial ionization of the
trap depending on the trap level. The ionization function for a donor
trap is shown in Equation 4.

N+
D

ND
= 1

1 + 2e
EF −ET

kT

= FD (EF , ET ) , [4]

where ND is the donor trap concentration, N+
D is the ionized donors,

and EF and ET are the electron quasi-Fermi level and trap level respec-
tively. This equation leads to a steep function around the trap level that
plateaus on either side. Newton’s method uses the derivative of this
function with respect to the quasi-Fermi level and thus the iteration
scheme is prone to oscillation. The ionization changes from 90% to
10% over a 0.1V change in the Fermi Level, which is a typical step
size in the bias changes. Thus Newton’s method can become unstable.

To resolve the stability issue, the traps are distributed in energy
space in lieu of using an impulse function at a single energy level.
A Gaussian distribution relative to the center trap level, as seen in
Equation 5, represents the total number of traps.

N (E) = Ntot

∇E
√

2π
e− (E−ET )2

2∇E2 , [5]

in which Ntot represents the total trap concentration and ∇E represents
the spread of energy of the traps. The Full Width Half Max of the dis-
tribution is 2

√
2ln2∇E . N(E) is the concentration of traps (cm−3)/eV.

The integral over all energies of the trap distribution gives the total
trap concentration in cm−3.

Equation 6 is the full fractional occupancy, which is integrated
over the distributed trap energies:

N+
D

Ntot
=

∫ (
1

1 + 2e
EF −E

kT

)(
1

∇E
√

2π
e− (E−ET )2

2∇E2

)
d E . [6]

This equation does not have a closed form solution; however, we nu-
merically integrate the formula using the Gaussian-Hermite quadra-
ture using three quadrature points.11 These ionized trap terms, for both
donor and acceptor traps, are included in Poisson’s equation and the
equation for electron mobility described in the next section.
Mobility model.—The simulation incorporates a mobility model that
includes ionized impurity scattering.22 Farahmand et al. used Monte
Carlo simulation to extract a dependence of mobility on impurity
scattering. Their standard approach to describing mobility is seen in
Equation 7:

µ0 = µmin + µmax − µmin

1 +
(

N
Nref

)α , [7]

in which µmin, µmax, Nref and α are fitting parameters dependent on
the material. For GaN, the parameters are 295 cm2/Vs, 1406 cm2/Vs,
1017, and 0.66 respectively.22 N is the term for the ionized impurity
concentration. Included in this term are the ionized, donor and acceptor
trap concentrations and the background doping value.
Simulation calibration.—Simulation results for a pre-irradiation case
(proton fluence of 2 × 1014 cm−2 at 5 MeV) were calibrated from
data.14 Polarization charge and contact resistance were taken from ex-
perimentally derived values while the background doping value and

Schottky barrier height were refined to the best fit with the experimen-
tal data. The Al mole fraction was used to calculate a starting point for
the Schottky barrier height. The background doping in the GaN buffer
controlled the fit near the threshold voltage. A value of -2 × 1014 cm−3

fit well.19 The level of background doping - which includes as-grown
ionized defects - plays a role in the effect of the radiation damage
on the device characteristics.16 It is important to note that the relative
changes in device characteristics measured in this work are dependent
on a GaN doping value of -2 × 1014 cm−3. The bias voltages chosen
for the device simulations were low enough such that self-heating ef-
fects may be neglected; therefore a fixed lattice temperature of 300 K
was used for all the simulations. Studies have reported secondary
degradation modes due to the: degradation of the contacts, which in-
clude increases in both the Schottky gate barrier height and the source
and drain contact resistance.4,5,14 These secondary degradation modes
are more pronounced at high-level proton fluences (beyond 1015 cm2),
which will be neglected in this paper given our focus on lower-level
fluences.

Results and Discussion

Simulation results from a previous study19 achieved good fit to
post-irradiation experimental results by confining ionized GaN ac-
ceptor traps to within 30 nm of the AlGaN/GaN interface as shown in
Figure 2. Because of the necessity for spatial confinement for a good
fit, we assume that partial ionization of the traps play a big role in the
actual device. The simulation results presented in this paper isolate the
effect of acceptor and donor traps on device performance degradation
and explain the dependence of partial ionization. Additionally, the trap
concentration chosen for the simulation results in Figure 2 was taken
from TRIM (Transport of Ions in Matter) simulations23 of vacancy
defects. In this work we validate the use of TRIM for the estimation
of trap concentrations in two independent scenarios: by comparing
to a model for mobility reduction and simulation of DC performance
degradation. We first consider the mobility model.

Mobility.— Experimental data for mobility reduction due to pro-
ton irradiation is compared to the model for ionized impurity scat-
tering in Figure 3. Experimental data from Karmarkar et al., Kalava-
gunta et al., and Liu et al. quantify the amount of mobility reduction
for given amounts of proton irradiation as shown in the figure.5,6,14

Higher proton fluence elicits a larger drop in mobility. Karmarkar at
al., Kalavagunta et al., and Patrick et al. also quantify the concentra-
tion of displacement-related defects (Gallium and Nitrogen vacancies)
created by the proton irradiation via TRIM calculations.5,6,19 We as-
sume that only the acceptor-like Gallium vacancies (VGa) are ionized
near the two-dimensional electron gas (2DEG) since the Fermi level is

Figure 2. Experimental data and simulation results of drain current (Ids) as
a function of gate voltage (Vgs). The simulated IV curves show the effect of
confining ionized acceptor traps near the 2DEG within the GaN layer.
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Static Dynamic

Kf - capture	rate	dependent	 on	capture	lifetime

Kr- emission	rate	dependent	on	trap	energy	 level	

K f

Kr

=
2
Nc

e
ET

kT

τ =1/K f

Treating	traps	close	to	Fermi-
level	as	partially	ionized.	

Acceptor	traps	considerably	
below	quasi	Fermi-level,	can	also	
be	modeled	as	completely	ionized	
doping.



Simulation	Methodology

Small	Signal	AC	analysis

Sinusoidal	steady-state	analysis	(S3A) n = nDC + nSSe
jωt

J:	Jacobian at	DC	bias	point
D:	Diagonal	matrix	with	frequency	ω as	diagonal	elements
B:	Small-signal	boundary	conditions	 at	contacts		
XR,	XI :	Real	and	Imaginary	solution	variables

For	small-signal	AC	input,	device	response	assumed	to	be	linear	around	DC	
bias	point.

J+jDX=B 
for computation



Modeling	Radiation	(total	ionizing	dose)	effects	
on	AlGaN/GaN HEMTs

Overview

1. Simulation	methodology

2. What	did	we	learn	from	DC	
simulation	studies

3. Small	signal	and	RF	simulation	
results:	Effect	of	dynamic	donor	
traps



Radiation-induced	Defect	Estimation

TRIM	(Transport	of	
Ions	in	Matter)
simulation	results

VGA	– acceptor-like	
traps	(-)

VN – donor-like	traps	
(+)

Positive	VT shift	
needs	acceptor-
like	traps

*Patrick.	Et	al.,	IEEE	TRANS.	NUCL.	SCI.,	VOL.	60,	NO.	6,	2013

5	MeV	Proton	Radiation



Mobility	Reduction:	Ionized	Impurity	Scattering

µ0 = µmin +
µmax −µmin

1+ N
Nref
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&
''

α

*Farahmand et al., 2001

N – ionized dopant conc.

µmin=295 cm2/Vs
µmax=1406 cm2/Vs
Nref = 1x1017

a=0.66



Test	Effect	of	Donor	Compensation

• Radiation	case:
– 5M	eV Proton	radiation,	fluence=	2x1014 cm-2

• Ids	reduction	=	13%,	Vt shift	=	0.1	V	(3%)

– TRIM	/	Mobility	model	predict	~1017 cm-3	ionized	
acceptor	traps	near	2DEG

• Sensitivity	Analysis
– Donors

• Vary	trap	concentration
• Static	acceptor	concentration AlN

SiC

GaN

SiN SiN
AlGaN
Au/Ni Drain Source 



Ids Reduction	– Need	for	Donor	Compensation

40%

26%

8%
4%

Experimental	
reduction	(13%)16%

*Patrick,	et	al.,	ECS	JSS,	4	(3)	Q21-Q25	(2015)



Vt Shift-Need	for	Donor	Compensation

0.36 V

0.04 V .01 V0.1 V
0.19 V

Experimental	
Shift	=	0.1	V		(3%	diff)

*Patrick,	et	al.,	ECS	JSS,	4	(3)	Q21-Q25	(2015)



Negative	Space	Charge	Confinement
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1. Hypothesis	of	ionized	impurity	
scattering	as	mobility	reduction	
mechanism	is	confirmed

2. Performance	is	much	less	sensitive	to	
traps	in	AlGaN

3. Acceptor	traps	at	Ev+1	eV are	effectively	
ionized	throughout	GaN

4. Confinement	of	negative	trapped	
charge	near	2DEG	is	due	to	
compensation	of	Acceptor	traps	by	
Donor	è determines	amount	of	DC	
performance	degradation

Conclusions	From	DC	Simulation
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Modeling	Radiation	(total	ionizing	dose)	effects	
on	AlGaN/GaN HEMTs

Overview

1. Simulation	methodology

2. What	did	we	learn	from	DC	
simulation	studies

3. Small	signal	and	RF	simulation	
results:	Effect	of	dynamic	donor	
traps



AC	Simulation	Results

*Chen	et.	al.	IEEE	Trans.	Nucl.	Sci.,	vol 60,	no.	6,	2014	

*FLOODS	simulation	 results

Fluence
=2×1014 cm-2

Vds =	0.5	V



Role	of	Donor	Compensation	on	gm

Vds=	0.5	V
fAC =	100	Hz
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• Peak	gm stays	the	same,	curve	is	
shifted	because	Vt shifts
• as	expected,	mobility	in	channel	is	

not	affected	by	donor	
compensation



gmDependence	on	Acceptor	Trap	Concentration

Vds=	0.5	V
f =	100	Hz
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Role	of	Donor	Trap	Dynamics	on	Gm
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Current	Gain	v.	Frequency

Pre-irradiation

Slow	defects	(τ =	1-1 sec)

Fast	defects	(τ =	1-15 sec)

*Chen	et.	al.	IEEE	Trans.	Nucl.	Sci.,	vol 60,	no.	6,	2014	

Experimental:	11%	degradation	of	Current	Gain
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Degradation	in	Cutoff	Frequency,	fT
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Average	decrease	in	fT =	24%



• Incorporated	small	signal	and	RF	simulation	
capability	in	FLOODS

• Looked	at	the	role	of	donor	traps	in	the	GaN buffer	in	
AC	simulations

• Donor	traps	do	not	greatly	effect	peak	gm

• Dominant	effect	is	from	static	acceptor	traps

• Dynamic	donor	traps	also	do	not	greatly	affect	RF	
metrics

• RF	Experimental	results	are	well	captured	by	
including	static	acceptors	

• Future	work:	Explore	the	role	of	surface	traps	in	AC	
simulations	and	transient	Gate-lag	simulations

Conclusions


