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Why	model	/	simulate?

• Predict	device	performance
• Optimize	device	performance
• Better	understand	underlying	physical	
mechanisms
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Proton Irradiation

AlGaN/GaN HEMT	DC	Performance	Degradation
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• Reduction	in	mobility
• Positive	threshold	voltage	shift
• Reduction	of	drain	current
• Reduction	of	transconductance

Ø Point	defects	create	traps
Ø Ionized	traps	create:	

Ø Reductions	in	electron	
mobility

Ø Negative	trapped	charge
Ø ê 2DEG	density



Problem:	Understand	Mechanisms

Neg trap conc:
1×1017 cm-3

30 nm into GaN
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Partial	Ionization	and/or	Compensation?
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Modeling	Radiation	(total	ionizing	dose)	effects	
on	AlGaN/GaN HEMTs

1. Test	hypothesis	of	ionized	impurity	
scattering	as	mobility	reduction	
mechanism	(TRIM)

2. Determine	sensitivity	to	traps	in	
AlGaN or	GaN layers	(FLOODS)

3. Determine	effect	of	partial	trap	
ionization	(FLOODS)

4. Determine	effect	of	trap	
compensation	(FLOODS)

Overview

GaN

SiN SiN
AlGaN

Gate 

Au/Ni DS

e



Simulation	Methodology

Device	Equations

TCAD	Simulator:	FLOODS
(Florida	Object-Oriented	Device	Simulator)
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Simulation	Methodology

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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(cm-3)/eV.  The integral over all energies of the trap 
distribution gives the total trap concentration in cm-3.  

The full fractional occupancy is then an integral over the 
distributed trap energies: 
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This equation does not have a closed form solution. However, 
we can numerically integrate the formula using Gaussian-
Hermite Quadrature [14]. Three quadrature points are usually 
sufficient. Using this approach, a FWHM of the trap spread 
energy equal to 50mV results in a less steep ionization 
function as shown in Fig. 3.  

It is not sufficient to only include the partial ionized trap 
terms in the charge portion of Poisson’s equation.  At an 
Ohmic contact, charge neutrality is often assumed.  In III-V 
devices, partially ionized deep states can be the dominant form 
of fixed charge.  It then becomes necessary to account for 
these ionized states at the contacts. In addition, mobility 
models often depend on the presence of ionized charges, so 
these must be included in the mobility expressions. This turns 
out to be a critical component of modeling HEMT degradation 
accurately. 
 

 
Fig. 3. (Donor) Example ionzation function for a donor trap as described by 
(3).  The Fermi energy of electrons is varied with respect to the trap level and 
occupancy is plotted.  (Trap Spread) Ionization function for a donor trap 
energy spread of 50 mV as described by (5). 

 

III. CAPABILITIES AND EXAMPLES 

A. Total Dose Degradation in Oxides 
Total ionizing dose (TID) hardness assurance testing, for 

bipolar devices in particular, can be confounded by Enhanced 
Low Dose-Rate Sensitivity (ELDRS), or an observed 
increased in radiation-induced device degradation at low dose  
rates  (LDRs)  [15]. Fast, high dose rate (HDR) tests are 
desirable, but extrapolating these to natural conditions is difficult 
[16]. In addition, because LDR exposures require longer 
irradiation times than HDR irradiations to the same total  
dose,  distinguishing  between time-dependent effects (TDEs), 

such as slow proton transport, and true dose rate effects 
(TDREs), such as ELDRS, can also be difficult [17], [18]. 

Recent measurements on a specialized test structure de- 
signed to characterize ELDRS in susceptible bipolar devices 
observed different dose rate trends depending on the ambient 
molecular hydrogen environment of the devices [19]. 
Irradiations were all performed to the same total dose of 30 
krad. Devices saturated with H2, via soaking of the devices 
in a 100% H2 ambient, exhibited a negligible ELDRS effect, 
with HDR irradiations resulting in approximately the same 
high level of degradation as LDR irradiations. Devices 
soaked in 1% H2 exhibited some ELDRS, while devices 
irradiated in air, which has a very low H2  concentration, 
exhibited an order of magnitude less degradation due to HDR 
irradiation compared to LDR irradiations, or an enhancement 
factor of 10.  

Previous work presented a physics-based model [20], [21] 
that can quantitatively explain the different dose rate trends 
observed by [19] in different hydrogen environments. In this 
paper, we wish to spend time exploring the simulation 
approach and multi-scale physics that was employed to 
understand the physical phenomena.  

The oxide material was treated as very-wide band gap 
semiconductor, and (1) Scharfetter-Gummel was used to 
represent the hole and electron fluxes in the material in 
FLOORS. Poisson’s equation was used to compute the 
electrostatic potential and electric field. Modeling this 
phenomenon required us to simulate the motion of hydrogen, 
in all of its forms – proton, atomic, and molecular. Each of 
these mobile species was solved using (1) with an appropriate 
drift term dependent on charge. Geminate recombination was 
modeled using Y, or yield, as a simplified numerical 
parameter that can be varied between 0.0 and 1.0, to quantify 
the percent of electrons and holes surviving initial 
recombination. Based on the experimental results of 
Shaneyfelt, et al. [22] of MOS devices under different biases, 
the yield in our case (0 V on the gate) is 0.01. 

Accounting for dispersion of holes and protons is necessary 
to simulate TID effects in oxides. It has been approximated 
with the Multiple Trapping-Detrapping (MTD) model in 
which the particle hops between sub-bandtail states, which are 
characterized by a uniform spatial distribution and a 
continuous or quasi-continuous exponential distribution in 
energy [5]. Commercial tool, Silvaco Atlas, models dispersion 
similarly, however; the dispersion is limited to holes or 
electrons not other species such as protons [24]. Our work 
takes the approach of Hjalmarson et al. [7] and relies on 
results from Density Functional Theory (DFT) that identified 
the multiple possible reactions with irradiation-induced holes 
and electrons on various defects in the oxide [23]. This 
approach more explicitly accounts for hole and proton 
dispersion. Sentaurus Device also takes this approach and 
allows for incorporation of multiple reactions that model 
electron, hole and Hydrogen transport [25].  

The key mechanisms in accounting for degradation of the 
oxide are the capture of protons and cracking of hydrogen on 
oxygen vacancy defects !!!!and !!! ![17]. Simulating all of the 
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Modeling	Radiation	(total	ionizing	dose)	effects	
on	AlGaN/GaN HEMTs

1. Test	hypothesis	of	ionized	impurity	
scattering	as	mobility	reduction	
mechanism	(TRIM)

2. Determine	sensitivity	to	traps	in	
AlGaN or	GaN layers	(FLOODS)

3. Determine	effect	of	partial	trap	
ionization	(FLOODS)

4. Determine	effect	of	trap	
compensation	(FLOODS)
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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



Ionized	Impurity	Scattering	Hypothesis
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Modeling	Radiation	(total	ionizing	dose)	effects	
on	AlGaN/GaN HEMTs

1. Test	hypothesis	of	ionized	impurity	
scattering	as	mobility	reduction	
mechanism	(TRIM)

2. Determine	sensitivity	to	traps	in	
AlGaN or	GaN layers	(FLOODS)

3. Determine	effect	of	partial	trap	
ionization	(FLOODS)

4. Determine	effect	of	trap	
compensation	(FLOODS)

Overview

GaN

SiN SiN
AlGaN

Gate 

Au/Ni DS

e



Test	Acceptor	Concentration	and	Ionization

• 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
– Uniform	Acceptor	Doping

• Isolate	layer
• Vary	trap	concentration
• Vary	trap	energy	level	
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VGa (Ev+1	eV)	=	fully	ionized
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Traps	in	GaN

Traps	in	AlGaN

Experimental	
reduction	(13%)

Bias	conditions:
Vg=	0	V
Vds =	1	V

Simulation	Results:	Drain	Current	Reduction



Traps	in	GaN

Traps	in	AlGaN

Experimental	
Shift	=	0.1	V		(3%	diff)

Bias	conditions:
Vds =	1	V

Simulation	Results:	Threshold	Voltage	Shift



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

1. Test	hypothesis	of	ionized	impurity	
scattering	as	mobility	reduction	
mechanism	(TRIM)

2. Determine	sensitivity	to	traps	in	
AlGaN or	GaN layers	(FLOODS)

3. Determine	effect	of	partial	trap	
ionization	(FLOODS)

4. Determine	effect	of	trap	
compensation	(FLOODS)
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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	energy	level
• Vary	trap	concentration AlN
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• 1017/cm3 uniform	acceptor	doping	throughout	GaN
• ND=	1017/cm3	donor	compensation	in	GaNusing	partial	ionization
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Ids Reduction	– Simulation	Matches	Experimental
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Vt Shift- Simulation	Matches	Experimental

0.36 V

0.04 V .01 V0.1 V
0.19 V

Experimental	
Shift	=	0.1	V		(3%	diff)



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
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Future	Work

• Identify	donor	trap	lifetimes
• Simulate	RF	performance	degradation	due	to	
radiation


