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A fully coupled multi-dimensional continuum model of the thermoelectromechanics of GaN HEMTs

is presented and discussed. The governing equations are those of linear thermoelectroelasticity,

diffusion-drift transport theory, and heat conduction, with full coupling assumed, i.e., all mechanical,

electrical, and thermal variables are solved for simultaneously. Apart from the known strains induced

by epitaxy, plane-strain conditions are assumed, so that two-dimensional simulation suffices. Impor-

tant aspects of the model are that it incorporates “actual” device geometries and that it captures field/

stress concentrations that often occur near material discontinuities and especially at corners. The latter

are shown to be especially important with regards to understanding the mechanisms of both electrical

and mechanical degradation in GaN HEMTs. Various possible contributors to degradation are

discussed, including electron injection, the inverse piezoelectric effect, thermal stress, SiN intrinsic

stress, and device geometry. The possibilities of crack propagation and fracture of the AlGaN are also

analyzed. [http://dx.doi.org/10.1063/1.3698492]

I. INTRODUCTION

As is well known, in epitaxial semiconductor hetero-

structures, it is possible to obtain levels of elastic deformation

well beyond those achievable in conventional mechanical

testing, e.g., reaching strains of 2% or more. These extreme

elastic states are widely exploited to provide a variety of ben-

efits, such as mobility enhancement through band structure

distortion (e.g., in silicon1 or the antimonides2) or enhanced

channel charge via piezoelectrically induced polarization, as

in the nitrides.3 Of course, there are limits to how far such

strain-based strategies can be pushed before material failure

intercedes, with the primary restriction being that of the criti-

cal thickness at which the strained layer undergoes uniform,

irreversible relaxation. In the case of AlGaN strained layers

in conventional GaN HEMTs, there is another limit, observed

following sustained operation at high current/voltage levels,

wherein highly localized mechanical failures are seen to

occur (see Fig. 1).4,5 Localized mechanical stress/strain in the

AlGaN has also been implicated in the generation of traps in

GaN HEMTs that, in turn, produce electrical degradation.6,7

The precipitating cause(s) of these localized mechanical/

electrical degradation pathways has (have) yet to be defini-

tively established, and the question of their origin is the under-

lying motivation for the present work, in which we develop a

fully coupled, multi-dimensional thermoelectroelastic simula-

tor for GaN devices. We then use this code to explore the

thermoelectromechanics of GaN HEMTs to help understand

their modes of degradation. In addition, we illustrate the sim-

ulator’s potential value as a tool for designing new device

configurations with enhanced reliability.

Understanding electrical/mechanical degradation and

failure in GaN HEMTs is critical, because of the growing

technological importance of these devices for both power and

RF electronics. Indeed, a significant fraction of the overall

research and development (R&D) effort in GaN electronics is

devoted to understanding failure modes and to developing

more robust devices. From a reliability perspective, the portion

of a conventional GaN HEMT of most concern is the AlGaN

barrier layer that, being centrally located, highly strained,

and often sustaining large electric fields, tends to be most

vulnerable to electrical and mechanical degradation. Also of

concern is the SiN layer that is commonly added as a means

of partially passivating traps that can cause gate lag and loss

of power output.8 Of the many reliability studies of GaN

HEMTs, two sets of papers are most germane for our work.

The first, by Joh and del Alamo,6,7 focused on electrical dam-

age and found that electron traps were generated in the AlGaN

barriers of their GaN HEMTs, often preferentially on the drain

side and when the gate bias exceeded a critical value. The sec-

ond set of papers of interest used post-mortem TEM,4 AFM,5

or SEM5 (see Fig. 1) to show that electrical degradation/failure

in GaN HEMTs was often accompanied by mechanical/struc-

tural damage in the form of pits and/or cracks in the AlGaN

layer at the edge of the gate metal, and again preferentially on

the drain side. As to the trigger of the observed electrical and

mechanical degradation, all of these papers favored a mecha-

nism in which the localized piezoelectric stress induced by the

applied voltages raises the total stress in the AlGaN above that

needed to cause “lattice damage”, which in turn can serve as

electron traps; as paths for gate current, electromigration, or

chemical reactivity; and/or as initiators for pit/crack formation.

While certainly an intriguing idea, because of the complexity

of the overall situation, this piezoelectric failure mechanism

can hardly be regarded as definitively established.

Motivated by the aforementioned studies of highly

localized mechanical/electrical degradation in GaN HEMTs,

the present paper uses fully coupled numerical simulations

to explore in detail the thermoelectromechanical conditions

that prevail during electrical stressing, that could triggera)Electronic mail: ancona@estd.nrl.navy.mil.
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device failure, and that might be mitigated by appropriate

device design. Our theoretical approach is the conventional

one, based on linear electroelastic theory;3,9–11 however, in

contrast to most previous work, our treatment is not re-

stricted to one dimension, instead taking full account

(within a continuum framework) of the multi-dimensional

device geometry and of localized behaviors, such as elec-

tric field or mechanical stress concentrations that may be

crucial to understanding the observed damage. In addition,

we include the coupling between the electromechanics and

the electron transport (within the diffusion-drift approxi-

mation), as well as the effect of thermal stresses induced

by Joule heating. Although quite general, it is important to

recognize that these coupled continuum equations do not

provide direct representations of the failure, as they include

neither traps nor the possibility of stress-enhanced trap

generation, and they assume elastic behavior and so do not

encompass material failure. Given this, we proceed simply

by monitoring specific metrics in order to judge where and

when failure might be expected to occur. In particular, as

an electrical metric, we use the threshold electric field at

which significant Fowler-Nordheim injection into the

AlGaN barrier can be expected, and as a mechanical met-

ric, we use the size of the principal stresses as compared to

the AlGaN tensile strength. One could also postulate a

thermal metric for failure or conceivably even a chemical
metric, but this is not done in this paper.

For the present paper, three types of mechanical defor-

mations are of interest. First, there is the strain introduced by

the growth of the heterostructures using the epitaxial techni-

ques of MBE or metalorganic chemical vapor deposition

(MOCVD) (with the layer thicknesses assumed to be below

the critical value(s) at which relaxation occurs12). Such

strains, which, as already noted, tend to be quite high, exist

in three dimensions and consist of an in-plane biaxial strain

imposed by the epitaxial growth plus an elastic response in

the vertical direction associated with Poisson’s ratio. The

second type of deformation of interest enters when the

as-grown pre-stressed heterolayers are further processed,

e.g., when a silicon nitride passivation layer is added or

etched. Because the devices of interest tend to be much

wider than they are long, these additional strains are usually

2D plane-strains that are uniform across the width of the

device. Finally, the third type of deformation of concern

arises from the piezoelectric and thermoelastic nature of the

materials and occurs when voltages are applied to the con-

tacts of the device. Given the usual device configurations,

these strains are also typically 2D plane-strains.

The organization of the paper is as follows: In Sec. II,

we detail the equations of thermoelectroelasticity, upon

which our work is based, and outline the numerical approach

used for their solution. Following a brief discussion of verifi-

cation in Sec. III, we then use thermoelectromechanical

simulations in Sec. IV to examine GaN FETs under normal

operating conditions, to investigate certain GaN HEMT

failure scenarios under stress-bias conditions, and to study a

few possible mitigation strategies. A final section provides

some concluding remarks.

II. EQUATIONS OF THERMOELECTROELASTICITY

Our thermoelectromechanical model for AlGaN/GaN

heterostructure devices is based on the continuum theory

appropriate for piezoelectric semiconductors. It consists of

the fully coupled equations of electroelasticity, diffusion-drift

transport, and heat conduction, with steady-state conditions

assumed. This means that, inside semiconducting regions

(e.g., GaN), the governing equations are

r � D ¼ q N � nð Þ r � J ¼ 0 J ¼ qnlnr un � wð Þ
semiconductor½ �; (1a)

r � s ¼ 0 r � q ¼ gJ � r un � wð Þ; (1b)

where N is a possible bulk charge density (due to ionized

impurities or fixed charge), s is the mechanical stress tensor

(which, by convention, is positive when tensile and negative

when compressive), q is the heat flux vector, the right side

of (1a)2 being zero means we neglect electron generation-

recombination effects, and the right side of the last equation

in (1b)2 gives the Joule heating associated with the

diffusion-drift transport (with no contribution from recombi-

nation). The parameter g is an efficiency factor, normally

equal to one, that has been introduced in order to represent

the effect of RF output power delivery in one set of simula-

tions in Sec. IV. All other variables and parameters have

their usual meanings. Inside of solid insulators, which we

assume to include the AlGaN, the lack of appreciable

electron transport implies that the differential equations

reduce to

r � D ¼ qN r � s ¼ 0 r � q ¼ 0 insulator½ �: (1c)

Inside metals, the equations simplify even further to

r � s ¼ 0 r � q ¼ 0 metal½ �; (1d)

where it is assumed that the Joule heating is negligible.

Finally, within the space overtop the structure or inside

cracks, we ignore mass, momentum, and thermal transport,

and so the only equation to be solved is that of electrostatics,

r � D ¼ 0 air=vacuum½ �: (1e)

FIG. 1. SEM image of the AlGaN surface of a severely degraded GaN

HEMT from which the electrodes and SiN have been stripped. Similar

images appear in Ref. 5.
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The system of equations in Eq. (1) is completed by sup-

plying various constitutive equations that incorporate the spe-

cifics of material response. To represent the electroelastic

behavior, in all solid materials we need expressions for the

mechanical stress tensor s and (except in metals) for the elec-

tric displacement vector D. As noted earlier, we restrict our

treatment to linear theory, which means that we assume these

quantities depend only linearly on the electric field vector

E ¼ �rw and on the linearized strain tensor

S ¼ ruþruTð Þ=2, where u is the mechanical displacement

vector. In indicial notation (with the Einstein summation con-

vention), the appropriate constitutive equations are

sa ¼ s0
a þ cab Sb � ab T � Tp

� �� �
þ ekaw;k

Di ¼ P0
i þ eiaSa � eikw;k; (2a)

where the indices i, j, and k range over 1, 2, and 3 (corre-

sponding to the directions x, y, and z), the standard shorthand

indices a and b range from 1 to 6 (with the correspondences

to the indices ij being 1¼ 11, 2¼ 22, 3¼ 33, 4¼ 23 and 32,

5¼ 13 and 31, and 6¼ 12 and 21), and the comma-

subscripts denote partial differentiation. The quantities P0
i

form the spontaneous polarization vector, the s0
a account for

any intrinsic or built-in stress, the eik form the permittivity

tensor, the cab are the elastic constants, the aa are the thermal

expansion coefficients, the eia are the piezoelectric constants,

and Tp is the baseplate temperature. It should be noted that

we ignore the pyroelectric effect (i.e., temperature depend-

ence of the spontaneous polarization) in Eq. (2a), since it is

believed to be small in the nitrides over the temperature

range of interest.13 Consistent with the linear approximation

we also ignore Maxwell stresses which are readily shown to

always be less than about 100 MPa. The values for the vari-

ous material coefficients are listed in Table I,14–16 with

alloys treated by linear interpolation, except in the case of

the thermal conductivity of AlGaN that is known to be much

smaller than that for either of its constituent binaries.17

Finally, we note that the numbers given in Table I for

PECVD silicon nitride are “average” values.

Regarding the electron gas in the GaN, we assume a

Fermi-Dirac expression for the electron chemical potential

un ¼ unðnÞ, with temperature and strain dependences (that

would produce thermoelectric and piezoresistive effects18)

being neglected. Furthermore, we take the following form

for the (scalar) electron mobility ln that incorporates veloc-

ity saturation:

ln ¼ ln0

300K

T

� �3=2

1þ ln0 @w=@xj j
vsat

n

� �b
" #�1=b

; (2b)

where the x direction is the predominant current flow direc-

tion, ln0 is arbitrarily taken to be 1200 cm2/V-sec, the satura-

tion velocity is vsat
n � 2:3� 107 cm=sec, and b is assumed to

be one. The temperature dependence in Eq. (2b) is chosen to

represent the mix of polar optical phonon and piezoelectric

scattering believed to dominate,19 and any effects of anisot-

ropy and of strain19 have been neglected. Lastly, for the

thermal constitutive equation, we assume the Fourier law,

q ¼ �jrT; (2c)

with the thermal conductivity tensor j taken to be temperature-

dependent in each region and a scalar everywhere, but in the

SiC substrate.

The structures of interest are grown epitaxially, and as a

result these heterostructures are orthotropic in nature, being

composed of layers of AlxGa1-xN of various compositions,

all assumed to be below critical thickness. In addition, we

take all of these materials to be so-called Ga-face with wurt-

zite crystal symmetry and with the c-axis oriented in the

growth direction which, in our coordinate system is the z-

axis (see Fig. 2). Of the types of deformation that such struc-

tures can undergo (see Sec. I), the strains introduced by the

epitaxy are unique in being three-dimensional, while the

other deformations associated with materials processing and

with electrical biasing can be taken to be plane-strains resid-

ing in the x-z plane, since the devices of interest are much

wider than they are long. Because of this, it is convenient to

split off the in-plane portion of the epitaxial strain as

follows:

S ¼ �S
ðkÞ þ s; (3)

where �S
ðkÞ

contains the in-plane (x-y) components of the epi-

taxial strain field in the kth layer. Since this strain results

from the given layer accommodating itself to the unstrained

GaN substrate, we have

�S
ðkÞ ¼ S

ðkÞ
1 ;S

ðkÞ
1 ;0;0;0;0

� 	
; where S

ðkÞ
1 �

ak � asub

asub
; (4)

where ak and asub are the in-plane lattice constants of the kth

layer and the substrate, respectively. With the in-plane epi-

taxial strain taken care of, s (unlike S) will be a pure plane-

strain in the x-z plane. In response to the imposed epitaxial

strain, each overlayer will, of course, expand/contract in the

third (z) direction, but because this response will depend on

the material coefficients in Eq. (2), screening effects, etc.,

we simply include it in the overall calculation for s.

TABLE I. Selected material constants used in the simulations.

Material GaN AlN SiN Au W

Reference 3 3 14 15 16

a11 ¼ a22 (10–6K) 5.59 4.2 1.5 14.2 4.3

a33 (10–6K) 3.17 5.3 1.5 14.2 4.3

K (W/cm-K, 300 K) 1.38 2.85 0.15 3.18 1.73

C11 (GPa) 374 345 187 250 533

C12 (GPa) 106 125 69 181 204

C44 (GPa) 101 118 118 68 161

C13 (GPa) 70 120 69 181 204

C33 (GPa) 379 395 187 250 533

e11 ¼ e22 9.5 9.0 9.4 … …

e33 10.4 10.7 9.4 … …

e15 (C/m2) –0.3 –0.48 … … …

e31 (C/m2) –0.32 –0.38 … … …

e33 (C/m2) 0.63 1.29 … … …

P3 (C/m2) –0.029 –0.081 … … …
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Being under plane-strain conditions means that the electric

field component in the y-direction, the strain component in the

y-direction (apart from that in Eq. (4)), and any y-derivatives

will be negligible. Furthermore, the electric displacement and

stress components in the y-direction need not be computed,

since they are simply the “forces” that serve to maintain the

plane-strain. As a result, the only components in Eq. (2) of in-

terest are D1, D3, s1, s3, and s5, which, for our oriented wurt-

zite crystal symmetry, take the following forms in layer k:

D1 ¼ e15s5� e11w;1

D3 ¼ P0
3þ e31 s1þ 2S

ðkÞ
1

h i
þ e33s3� e33w;3;

s1 ¼ c11 s1þ S
ðkÞ
1 � a1 T�Tp

� �h i
þ c12 S

ðkÞ
1 � a1 T�Tp

� �h i
þ c13 s3� a3 T�Tp

� �� �
þ e31w;3;

s3 ¼ c13 s1þ 2S
ðkÞ
1 � 2a1 T�Tp

� �� 	
þ c33 s3� a3 T�Tp

� �� �
þ e33w;3

s5 ¼ c44S5þ e15w;1; (5)

where S
ðkÞ
1 is non-zero only for the AlGaN layer, P0

3 is the

only non-zero component of the spontaneous polarization,

and, for now, we ignore the possibility of intrinsic stress s0
a.

Inserting Eq. (5) into Eq. (1) then gives five differential equa-

tions to be solved for the unknown fields ux, uz, w, n, and T.

To formulate and solve boundary value problems

involving the foregoing differential equations, one must also

supply a consistent set of boundary conditions. For the most

part, these conditions are standard; however, a few deserve

further elaboration. One such condition is the ordinary elec-

trostatic one on the electric displacement, which at free

surfaces must include the additional charges that accumulate

from the air and that act to neutralize the polarization charge.

The interfaces between GaN (or AlGaN) and deposited SiN

are usually also taken to be electrically neutral (perhaps

because, prior to the SiN deposition, the GaN surfaces are

exposed to air). A second electrical boundary condition

worth mentioning is the one representing source/drain con-

tact resistance. Our approach is to take the contact resistance

to be independent of temperature20 and choose its value so

that the simulated drain current in the ON-state (with

VGS¼ 0 V and VDS¼ 5 V) is roughly 1 A/mm, so as to match

measurements on state-of-the-art devices. An alternative

approach not employed here would use the low-field mobil-

ity for this curve-fitting.

A more complicated boundary-related issue relates to

heat-sinking and to the conditions to be applied at the lateral

and bottom edges of the simulation region. In the actual de-

vice, the Joule heat is sunk largely through a metal baseplate

upon which the chip sits, with very little heat flowing out of

the topside contacts. Now, a complete treatment would entail

modeling not only the chip itself, but also its packaging, an

inherently three-dimensional problem. This is not pursued

here because, in addition to being computationally intensive,

it does not seem likely that such an analysis would yield new

insights into the thermomechanics of GaN devices. There-

fore, we simply ignore the 3D effects and, as discussed fur-

ther below, introduce a small substrate boundary resistance

in order to represent the effect of the packaging at the

backside.

As depicted in Fig. 2, the substrate/device design consid-

ered in this paper consists of a 100-lm-thick 4H-SiC wafer, on

top of which are grown a 0.1-lm-thick buffer layer of AlN, a

1-lm-thick GaN layer, and a 25-nm AlGaN layer, with the de-

vice defined in the latter two layers. To enhance power output,

the full device structure is configured to have multiple gate fin-

gers, each 125-lm-wide and spaced by 50 lm. Approximating

this by an array of infinitely wide devices, we can then reduce

FIG. 2. Schematic showing the structure of the GaN

HEMT simulated in this paper and the coordinate system

used in its representation. The dimensions are not to scale.
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our analysis to that of a single two-dimensional region that

includes the cross-section shown in Fig. 2, is approximately

50� 101 lm in size, and has periodic boundary conditions

applied to its lateral boundaries. But even this reduced problem

is computationally challenging if the fully coupled transport,

stress, and heat equations are solved throughout. To improve

efficiency, we therefore solve only for the thermal and me-

chanical variables in the full 50� 101 lm region and confine

the solution for the coupled electrostatic and electron transport

variables to just a small 1� 3-lm region that encompasses

the active device (see Fig. 8). For the electrical boundary

conditions on the small region, we employ “charge-neutral”

conditions at all semiconductor edges, with any error incurred

being unimportant, since these edges are electrostatically dis-

tant from the gate region.

In Secs. III and IV, we set up and solve boundary value

problems within the theory outlined above that allow us to

examine various aspects of GaN HEMT operation and

reliability. Because of the complexity of both the device

geometry and the governing differential equations, these

problems do not admit analytical solutions and our solution

approach is necessarily numerical. For this purpose, we

employ the finite element method on unstructured grids,

using the flexible implementation provided by the COM-

SOL software package.21

Although the foregoing equations encompass many im-

portant facets of GaN HEMT device physics, as noted in the

Introduction, they do not provide a direct representation of

electrical/mechanical degradation processes. For this reason,

we instead rely on certain metrics to judge when and where

one might expect traps to be generated and/or the material

to yield. In particular, we assume that the primary electrical
factor influencing degradation/failure is electron injection

into the AlGaN barrier and so use as our electrical metric

the threshold electric field at which significant Fowler-

Nordheim injection can be expected to occur. Assuming a

metal-AlGaN Schottky barrier height of 1.35 eV (Ref. 22)

and a “minimum” tunneling distance of �1.5-2 nm, the

threshold electric field (in the AlGaN directly beneath the

gate electrode) for injection is 7-9 MV/cm. Of course, use

of this metric ignores the questions of the type of damage

that is created and with what efficiency. Furthermore, it

seems likely that local strain and/or temperature would

accelerate the damage from electron injection, and these

synergistic factors are neglected by our simple metric-based

approach.

With respect to the mechanical aspects, we take the

primary factor affecting degradation/failure to be excessive

tensile stress and then use as a metric the size of the maximum

principal stress, as compared to AlGaN’s tensile strength.

Unfortunately, there seems no information in the literature on

the strength of AlGaN, and even data for the component

binaries is quite limited and inconclusive. To get a rough idea

of the value to expect, we briefly review several lines of evi-

dence, while keeping in mind that, for brittle materials there is

generally no single “correct” value, but rather a Weibull dis-

tribution with the strength of any particular sample depending

on its precise geometry, dislocation density, etc. First, a crude

theoretical estimate comes from noting that the energy

required to create two non-polar GaN surfaces (that would

form the faces of a crack) is about 2� 0.12 eV/Å2,23 and with

a lattice constant of about 3 Å, this means the energy density

needed to produce the break is about 80 meV/Å3 or 13 GPa.

Experimentally, nanoindentation tests by Nowak24 suggest a

similar value of �15 GPa for superb-quality GaN made by

high-pressure crystallization; as one might expect, lower val-

ues (<7.5 GPa) have been reported for GaN nanowires.25

Another experimental perspective is provided by the in-plane

stresses and strains that are generated in GaN/AlxGa1-xN het-

erostructures of varying composition, as plotted in Fig. 3 to-

gether with the experimentally estimated critical

thicknesses.12 In considering this plot, it is important to recall

that critical thickness failure is driven by the relief of epitaxial

strain energy (which grows with film thickness) and so surely

differs from the mechanism behind the failures of interest in

this paper, which, being localized, relieve very little of the

film’s strain energy. (It is for this reason that strain energy is

not a good metric for gauging the potential for pit/crack for-

mation in GaN HEMTs, though it has been used as such7).

Nevertheless, that good quality AlN layers of a few nano-

meters can be grown successfully on GaN26 indicates that

their yield strength is greater than �10 GPa. Finally, it is rea-

sonable to expect that the material would be weakened by

synergistic effects, such as those associated with elevated tem-

peratures and/or with damage induced by electron injection.

In this regard, Yonenaga27 reported significant loss of strength

in GaN (down to 100-200 MPa) for temperatures around

1000 	C; however, it is doubtful that much weakening would

occur at the temperatures of interest in operating GaN HEMTs

(<400 	C). Even more uncertain is the effect that mechanical

fatigue due to repeated stress cyclings might have.28 In any

event, as a nominal mechanical metric, we assume, on the ba-

sis of the foregoing, a conservative value of �10 GPa as the

tensile strength of AlGaN.

One final complication regarding the theory that

deserves mention is the fact that, just as in elasticity and

electrostatics, when corners/cracks are treated as

FIG. 3. The calculated stress and strain levels in an AlxGa1-xN layer grown

epitaxially on a GaN substrate as a function of the Al fraction. Also shown

is the critical thickness as estimated in Ref. 12.
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mathematically sharp (i.e., with vanishing radius of curva-

ture), the solutions to the equations will often develop singu-

larities. These infinities, which are of course spurious, come

from the continuum theory ignoring the material’s discrete-

ness at the atomic level. As in dislocation theory, a rigorous

analysis of the situation would join a continuum solution for

the “far field” with a microscopic representation of the

“core” region of the corner/crack. But because we do not

know the precise geometry anyway, such an elaborate treat-

ment seems unwarranted, and we instead simply ignore the

microscopics entirely, truncating the continuum solutions

with a cut-off distance of a few Angstroms. As illustration,

for a GaN HEMT structure like that of Fig. 2, we plot in Fig.

4 the electric field profile along the gate/AlGaN interface as

a function of the distance from the drain corner. The simula-

tion finds that the field maximum at the corner, as computed

numerically, grows without bound as the mesh is refined,

appearing to become singular as 1/x1/3. As seen in the figure,

the rapid increase in field is confined to positions within 1 Å

of the corner, and it is inside this region that the continuum

treatment is clearly invalid. Importantly, the electric field

value just outside this “core” region depends only weakly on

the choice of the cut-off distance (see Fig. 4), and this sug-

gests that the error incurred (e.g., when estimating the maxi-

mum electric field) both in using such a cut-off and in its

precise value will be small. On this basis, for this paper, we

take the cut-off distance to be 3 Å or about the size of the

unit cell.

III. VERIFICATION

Although the continuum theory set forth in Sec. II is the

accepted description of piezoelectric semiconductors, the

evidence for its applicability to GaN/AlGaN heterostructures

is not as strong as one would like. For example, one publica-

tion reported a discrepancy between simulation and micro-

Raman-based measurements of electric field of as much as a

factor of 10.29 One source of discrepancy could easily be

that there is significant error in some of the values of the ma-

terial constants for the ultra-thin layers of interest. More fun-

damentally, it may be that the linear constitutive theory on

which the theory is based is inadequate. In any event, in this

paper, we ignore all such issues and limit our attempts at

“verification” to three consistency checks.

The first such check concerns a heterostructure formed

of a GaN substrate with an epitaxial AlxGa1-xN overlayer. In

Fig. 5, we compare 1D analytical results from Ref. 3 (points)

for the piezoelectric charge and the total polarization charge

(piezoelectric plus spontaneous) at the AlGaN/GaN interface

with results obtained by solving the equations of Sec. II

numerically (dashed lines). Obviously, the agreement is

excellent, thus demonstrating consistency with the work of

Ref. 3.

The second check relates to the electrical characteristics

of the conventional GaN HEMT depicted in Fig. 2. By solv-

ing an appropriate boundary value problem, the equations of

Sec. II allow us to simulate the drain characteristics of the

device, as shown in Fig. 6, where VGS is stepped from 0 V to

–4 V. (See Sec. IV for additional simulation results for this

device). These characteristics are depletion-mode and look

very much like those seen experimentally,8 with an ID max of

about 1 A/mm (at VGS¼ 0), a threshold voltage of about

–4 V, and a slight drop in the current at high drain voltage

due to Joule heating. As discussed earlier, the overall magni-

tude of the current depends on the low-field mobility and the

contact resistance. The values used for these quantities in the

simulation were 1200 cm2/V-sec and� 0.7 X-mm, respec-

tively, both of which are quite representative of actual

devices.8

The final consistency check is one on temperature. An

industrial vendor supplied us with information confirmed by

micro-Raman measurements on the maximum temperatures

in GaN test devices under a variety of conditions. Their esti-

mated peak temperatures for a device like that of Fig. 2

when VDS is ramped from 0 to 20 V (and the baseplate is

at room temperature) are plotted in Fig. 7 (points). The

corresponding simulation results with the back of the chip

FIG. 4. Vertical profile along the AlGaN/gate interface just inside the drain

corner showing the highly localized singularity in the electric field solution

and justifying the choice of a cut-off distance of 3 Å.

FIG. 5. Piezoelectric and total charge densities at a Ga-face GaN/AlGaN

interface as computed using the equations in Sec. II and from Ref. 3.
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assumed to be at room temperature agree to within about

30 	C (not shown), and given the many uncertainties in both

the experiments and the modeling, this seems quite good.

To further improve the agreement, we introduce a small

thermal resistance at the substrate boundary that can be

regarded as representing the packaging material that exists

between the chip backside and the metal baseplate. Choos-

ing the resistance so as to match the experiment at 8 W/mm

gives the simulation result plotted in Fig. 7 (line). We

believe that the main discrepancy that remains—the greater

curvature in the simulated result, with deviations at the

highest temperatures—originates in our neglect of 3D heat-

sinking effects.

Obviously none of the consistency checks presented

here constitutes true verification. Nevertheless, we regard

them as sufficient justification for applying our thermoelec-

troelastic simulator to various GaN HEMT situations in

hopes of gaining insight into the failure physics.

IV. GaN HEMT SIMULATIONS

The GaN HEMT device examined in detail in this paper

(and simulated above in Figs. 4, 6, and 7) is a simplified

version of a transistor commonly used in various RF power

amplifier applications. The specific structure studied is that

shown in Fig. 2 with gold electrodes, a 25-nm barrier of

Al0.3Ga0.7N, a 50-nm passivating layer of SiN, a gate length

of 0.3 lm, a source-to-gate spacing of 0.5 lm, and a gate-to-

drain spacing of 1.6 lm. Also, for convenience in the simula-

tions, we dope the source and drain contact regions heavily

in order to avoid any non-physical contact effects. (Practical

devices differ further in including adhesion and diffusion

barriers in the metallization, alloyed source/drain contacts,

field plates, and packaging.) In the remainder of this section,

a variety of simulation results for this device are presented.

A. Normal operating conditions

Before analyzing the GaN HEMT’s response to electri-

cal stressing, we begin with a brief account of the thermo-

electromechanics of the transistor under normal operating

conditions. As seen in Sec. III, such simulations are useful

for verification. In addition, they provide a baseline under-

standing of the electric fields, stresses, strains, and tempera-

tures in a normally operating device for later comparison

with stressed devices.

Shown in Figs. 8(a)-8(e) are the simulated electron

density, the electric field magnitude, the maximum principal

stress, the in-plane strain, and the temperature in the ON-

state (VGS¼ 0 and VDS¼ 5). In these plots, Fig. 8(a) shows

the reduced-size electrical simulation region, while Fig. 8(e)

shows the full thermoelastic simulation region, with the inset

again showing where coupling to the electrical variables

occurs. All the other plots in Fig. 8 are close-ups of the

action occurring in the vicinity of the gate. Qualitatively, all

of these plots look as expected, with Fig. 8(a) clearly show-

ing the high electron density induced by the polarization in

the access regions as well as the existence of a channel under

the gate at zero bias. The maximum electric field of about

6.2 MV/cm, the maximum principal stress of about 3.6 GPa

(tensile), the maximum strain of about 0.78%, and the maxi-

mum temperature of 128 	C all occur in the AlGaN at the

drain-side corner of the gate. While these values are signifi-

cant, in conformity with ON-state experiments, they are not

so large as to make “rapid” device failure likely. For exam-

ple, the electric field under the gate produces a Fowler-

Nordheim injection barrier that is no thinner than �3.2 nm,

and so, at most, we can expect long-term degradation via

slow electron injection, with the temperature and stress

possibly being contributing factors.

B. Bias-stress conditions

In evaluating device reliability, it is common practice

to employ accelerated life-testing by operating the devices

at elevated voltage/current levels and/or baseplate tempera-

tures. Motivated by the intriguing proposal that piezoelec-

tric stresses/strains could be a triggering mechanism for

GaN HEMT degradation/failure, in this paper we focus on

FIG. 6. Fully coupled thermoelectromechanical simulation of the drain

characteristics of the GaN HEMT of Fig. 2.

FIG. 7. Comparison between GaN HEMT peak temperatures as character-

ized experimentally by an industrial vendor and as estimated by numerical

simulation with a small backside thermal resistance included.

074504-7 Ancona, Binari, and Meyer J. Appl. Phys. 111, 074504 (2012)

 [This article is copyrighted as indicated in the article. Reuse of AIP content is subject to the terms at: http://scitation.aip.org/termsconditions. Downloaded to ] IP:

132.250.22.11 On: Fri, 27 Dec 2013 17:51:30



electrical stressing and consider three basic stress-bias con-

ditions: (i) An isothermal OFF state (with VGS¼ –5 V and

VDS¼ 15 V) similar to that studied extensively by del

Alamo and co-workers;6,7 (ii) a dc high-power state with

VGS¼ 0 V, VDS¼ 20 V, dc power (PDC) of about 15 W/mm,

and the baseplate at room temperature; and (iii) an RF stress

state with VGS¼ –4.85 V, VDS¼ 30 V, Tp¼ 225 	C, and

with the power dissipated in the device reduced by RF

power conversion to about 3.5 W/mm. Of the three condi-

tions, the high-power state is clearly the most extreme and

is analyzed in the greatest detail.

Because of the high drain-to-gate bias, the electric field

in the OFF-state will be quite high in the vicinity of the

gate; indeed, as shown in the logarithmic contour plot in

Fig. 9, these fields reach values in excess of 10 MV/cm. To

be more quantitative, it is helpful to look at one-dimensional

FIG. 8. (a) Electron density (log scale), (b) electric field, (c) maximum principal stress, (d) in-plane strain, and (e) temperature in a GaN HEMT in the

ON-state (with VDS¼ 5 V and VGS¼ 0 V). The image in (e) shows the entire simulation region for the thermoelastic variables and, in the inset, the reduced

region in which the electrostatic and electron transport variables are coupled.
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cutline profiles. One such plot for the OFF-state situation is

presented in Fig. 10, where we show semi-log profiles of the

electron energy (with respect to the gate Fermi level), the

electric field, the maximum principal stress, and the contri-

bution of the inverse piezoelectric effect to the total stress.

The particular cut-line assumed in Fig. 10 is vertically

across the AlGaN barrier starting from a point 3 Å just

inside the gate corner in order to avoid the corner singular-

ity, as discussed in relation to Fig. 4. The maximum electric

field is seen to be about 12 MV/cm, and as the Figure indi-

cates, this produces a triangular barrier about 2-nm wide,

that assuredly means that the OFF-state biasing will induce

strong electron injection into the AlGaN layer. As seen in

the figure, the maximum stress is about 4 GPa, which,

although piezoelectrically enhanced by about 0.5 GPa over

that seen in the ON-state, is presumed to be still well short

of the level needed to trigger direct mechanical failure. But

it could easily be that this stress is high enough to augment

the rate of trap formation by injected electrons, as suggested

in Ref. 6, with the extra 13% provided by the biasing

through the inverse piezoelectric effect possibly being

significant. Obviously, temperature can play no role in

accelerating the OFF state degradation, since the situation is

isothermal.

Next, we consider the more complicated situations in

which the HEMT device is stressed with current flow and ele-

vated temperatures. In Fig. 11, we plot the drain current for

VGS¼ 0 V as VDS is ramped from zero up to the high-power

state with VDS¼ 20 V; also shown in the figure is the maxi-

mum channel temperature as generated by the current flow at

each bias. The fall-off in the saturation current at high bias is

again due to the drop in mobility that accompanies the Joule

heating and elevated temperatures via Eq. (2b). At the highest

drain voltage, the calculated maximum power dissipated in

the device is about 14.9 W/mm, and for a baseplate

temperature of 26 	C, this produces a simulated maximum

channel temperature of around 426 	C, with a temperature

distribution in the device region, as shown in Fig. 12. This

maximum is very high, and it is reasonable to suggest that it

might itself be sufficient to cause device degradation by acti-

vating “chemical” processes, such as impurity diffusion.30 To

better understand the electrical, mechanical, and thermal

fields that accompany the current stressing, we next examine

one-dimensional cutline profiles, much like those in Fig. 10.

In Fig. 13, we show semi-log profiles for the high-power state

of the electric field, the maximum principal stress, and the

piezoelectric contribution to the total stress along two cut-

lines, both transecting the AlGaN barrier, with one at the

drain corner of the gate as before (again starting at a point 3

Å just inside) and the other at the source corner of the gate.

Having the same value of VDG (20 V) as in the OFF-state, it

is no surprise (see Fig. 13, left axis) that the maximum elec-

tric field is roughly the same, with the peak electric field

around 12 MV/cm on the drain side; on the source side, the

FIG. 9. Logarithmic contour plot of the magnitude of the electric field in the

GaN HEMT in the OFF-state (VDS¼ 15 V and VGS¼ –5 V).

FIG. 10. Simulated profiles in the OFF-state (VDS¼ 15 V and VGS¼ –5 V)

across the AlGaN layer on a cutline starting at the drain-side corner of the

gate showing the maximum principal stress, the piezoelectric stress, the elec-

tric field magnitude, and the conduction band energy relative to the gate.

FIG. 11. Simulated drain characteristics and peak temperature in the GaN

HEMT as a function of VDS out to 20 V.
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field is much lower (�3.4 MV/cm). As in Fig. 10, the high

field at the drain side will produce a barrier about 2 nm wide,

and so we expect strong electron injection there as well. Fur-

thermore, through the inverse piezoelectric effect, the high

drain field will induce a larger piezoelectric stress at the drain

end of the gate (0.49 GPa) than at the source (0.14 GPa).

Interestingly however, Fig. 13 also shows that the difference

in the corresponding total stresses at these locations is even

larger with 4.7 GPa versus 3.9 GPa. So if stress were the ex-

planation for preferential structural failure at the drain end of

the gate, in the case modeled in Fig. 13, the piezoelectric

effect is providing only about half of that excess stress. As

discussed in more detail below, the other half of the stress

differential is thermal in origin. The thermal stresses are also

apparent in the rapid rise in the total stress across the AlGaN,

an increase that is clearly not explained by the smaller

increase in the piezoelectric component (see Fig. 13). Finally,

we observe that, even though the total stress level is elevated,

it seems insufficient to trigger direct structural pit/crack for-

mation (based on our discussion in Sec. II of the tensile

strength of the AlGaN), unless the very high operating tem-

perature and/or the strong electron injection are acting to

lower the threshold for material failure.

To introduce our approach to quantifying the thermal

stresses, it is useful to note that, in the case of the piezoelec-

tric stresses, because the peak electric field is located within

the most piezoelectric material in the HEMT structure

(namely, the AlGaN), the resulting stress contribution will

be generated almost entirely by the local electric field and so

is readily calculated. In contrast, thermal expansion acts on

all of the materials in the structure and is actually largest in

the Au gate metal, because it is both very hot and has a large

thermal expansion coefficient. Furthermore, the thermal

stress is generated not by the expansion itself, but by differ-
ential expansion. Hence, a local calculation is not sufficient

to estimate the total thermal stress in the AlGaN. (It is for

this reason that a proper calculation of the thermal stress

requires that the elastic variables be solved for in the full

50� 101-lm simulation region of Fig. 8(e) rather than just

in the restricted domain of the inset, where the electrical

problem is solved). The approach used in this paper to find

the total thermal stress is simply to subtract the results of

two calculations: one with all thermal expansion terms

included and the other with none included. As obtained in

this way, the in-plane and vertical components of the normal

thermal stress for the high-power state are shown in the con-

tour plots in Figs. 14(a) and 14(b), respectively. Away from

the gate region (and the S/D contacts, not shown), the basic

effect of the thermal expansion is simply to exert an in-plane

compressive stress on all layers, with less stress in the SiN,

as a result of its smaller thermal expansion coefficient, and

with no vertical component, because the layers are free to

expand upward. Thus, away from the gate region (but in

regions where the temperature is elevated), the presence of

thermal stress moderates the epitaxial stress in the AlGaN; in

particular, the average total in-plane stress (not shown) in

the AlGaN drops by about 0.45 GPa from �3.1 GPa to

�2.6 GPa. This also explains the drop in total stress near the

channel in Fig. 13 as compared with Fig. 10. As is evident

from Figs. 14(a) and 14(b), the thermal stresses in the vicinity

of the gate are much more inhomogeneous and complicated,

primarily because of the large thermal expansion of the gate

metal. This origin, and the fact that the gate is essentially iso-

thermal, means that the thermal stress distribution is fairly

symmetric about the midline of the gate (which is, of course,

not true of the piezoelectric stress). In the in-plane direction

(Fig. 14(a)), the gate tends to stretch the AlGaN and, to some

extent, the nearby channel region, thus reducing the compen-

sation of the AlGaN’s epitaxial stress and leaving the total

stress in the vicinity of the gate at about 3.1 GPa at the mid-

line. In the vertical direction, the main effect of the gate

expansion arises from its interaction with the adjacent SiN.

The mismatch in thermal expansion coefficients in this case

is far larger than with the AlGaN, and so the SiN sidewalls

are put strongly in tension (about þ1 GPa), while the gate

metal sidewalls are correspondingly strongly compressed (by

about –1 GPa). Finally, and most importantly for this paper,

is the action at the gate corners as emphasized by the insets in

FIG. 13. Simulated profiles in the high-power state (VDS¼ 20 V and

VGS¼ 0 V) across the AlGaN layer on cutlines at the source-side and drain-

side corners of the gate showing the maximum principal stress, the piezo-

electric stress, and the electric field magnitude.

FIG. 12. Simulated temperatures in the GaN HEMT under high-power

stressing conditions (VDS¼ 20 V and VGS¼ 0 V).
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Figs. 14(a) and 14(b) that magnify the drain corner regions.

The thermal stress in these regions is a complex resultant of

the in-plane and vertical effects already discussed. The small

region of tensile thermal stress at the drain corner visible in

both the in-plane (Fig. 14(a), inset) and vertical (Fig. 14(b),

inset) components is what accounts for the enhancement of

the total stress near the gate under high-power conditions, as

seen in Fig. 13. Lastly, we note that, at the drain corners, the

maximum shear stress (not shown) is quite high, reaching

about 2.5 GPa, of which the thermal component adds about 1

GPa. Whether this plays a role in failure is not known.

The final stressing condition we consider is one that

emulates a reliability test commonly applied to RF devices;

the damage seen in Fig. 1 was obtained under just such con-

ditions. For the simulation, we again treat the device of

Fig. 2, set the dc drain voltage high (VDS¼ 30 V), and

choose a gate voltage (VGS¼ –4.85V) so as to limit the dc

power to PDC ¼ 7.5 W/mm. In an experiment of this type,

an RF input is also applied, and the power added efficiency

(PAE) of the device results in only some fraction of the dc

power being dissipated; we assume a PAE of 50%. The

reduced power dissipation means the temperature rise is

also limited (�100 	C), and so for purposes of accelerated

life-testing, one typically applies heating to the baseplate;

for our example, we assume Tp¼ 225 	C. Also, since we

perform dc simulations only, we mimic the action of the RF

PAE by setting g ¼ 0:5 in (1b)2. With this assumption, we

find Tmax ffi 331 oC, which corresponds quite well with

measured values.

Profiles of the stresses and electron energy (relative to

the metal Fermi level) in the device are plotted in Fig. 15

along the usual cutline at the drain-side edge of the gate.

When compared with the similar profiles in Figs. 10 and 13, a

number of differences are apparent, none of which are

surprising. The higher voltage drop from gate to drain (VDG

¼ 34.8 V) leads to higher electric fields; indeed, the values

are unrealistically high, because our device (Fig. 2) lacks the

field plates that would be present in a practical RF device.

In any event, in our case, the result is a narrow Fowler-

Nordheim barrier of only about 1 nm, and so very strong elec-

tron injection from the gate would be expected. The higher

electric field also leads to larger piezoelectric stresses

(�0.7 GPa). That the temperature excursion is smaller than

for the high power case (106 	C versus 400 	C) results in sig-

nificantly reduced thermal stresses (� 0.1 GPa). As a result,

the overall maximum stress is somewhat smaller than in the

high-power case (4.3 GPa). Lastly, although the temperature

differences are smaller, having baseplate heating means the

peak temperatures are still quite high. Therefore, electron

injection and temperature would seem to be the principal fac-

tors triggering failure in the RF stressing situation.

C. Effect of gate metal

Although it is not clear from the discussion of Subsection

IV B that mechanical stress plays a critical role in GaN

HEMT failure, it is still of interest to note that one can influ-

ence these stresses through device design. Here, we examine

FIG. 15. Simulated profiles in the RF stress state (VDS¼ 30 V, VGS¼ –4.85 V,

Tp¼ 225 	C, and RF power conversion efficiency of 50%) across the AlGaN

layer on a cutline at the drain-side corner of the gate showing the maximum

principal stress, the piezoelectric stress, the thermal stress, and the conduction

band energy relative to the gate.

FIG. 14. Simulated (a) in-plane and (b) vertical components of the thermal

stress in the GaN HEMT under high-power stressing conditions (VDS¼ 20 V

and VGS¼ 0 V). The insets highlight the complicated stress fields in the vi-

cinity of the drain-side corner of the gate.
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the effect of changing the gate material, considering an alter-

native tungsten gate for which the thermal expansion coeffi-

cient is about three times lower than it is for gold (and with

elastic constants roughly doubled), as seen in Table I. A cut-

line plot across the AlGaN thickness (like that in Fig. 13) is

shown in Fig. 16 that contrasts the total maximum principal

stress and its piezoelectric and thermal components for

Au- and W-gated GaN FETs under high-power stressing con-

ditions. The two cases are quite similar on the channel side of

the AlGaN, but become markedly different as the gate inter-

face is approached, with the thermal stress for the Au gate

actually reversing in sign. The thermal stress levels (under

these high-power conditions) are roughly equal in magnitude

to the piezoelectric stress near the gate corner, but in the

case of the Au gate, the thermal contribution is additive and

so essentially doubles the piezoelectric effect, whereas for the

W gate, the two components nearly cancel. Consequently,

the total stress near the gate corner of the Au gate is about

þ1 GPa larger than that of the W gate, a large difference that

could be enough to make the tungsten gate device more reli-

able under accelerated life-testing conditions.

D. Effect of the gate shape

GaN HEMTs sometimes angle the SiN passivation so

that, when the gate electrode is evaporated, it forms an over-

hanging or “slant field” gate.31 A similar strategy commonly

used is to modify the gate shape to include field plates. Gener-

ally speaking, the rationale behind all of these gate designs is

to spread the electric field in the vicinity of the gate edge,

thereby raising the breakdown voltage, reducing the gate cur-

rent, and mitigating hot-carrier damage. In this paper, we do

not take up a full simulation study of the impact of gate shape

on the device thermoelectromechanics, but instead merely

illustrate the consequence of one specific design, namely, with

a slant field gate with a 45	 slant. In general, the simulations

meet expectation with the electric field at the drain-side gate

corner dropping from about 12 MV/cm to 8.5 MV/cm. This

reduction should significantly reduce the electron injection

from the gate and thereby has the potential to improve reliabil-

ity both with respect to trapped charge effects and perhaps

even crack initiation. With regards to the stress, the lowered

electric field does indeed reduce the piezoelectric stress (from

0.5 GPa to about 0.35 GPa), but because the thermal stress

(for a gold gate under high-power conditions) remains essen-

tially the same, the total stress at the gate corner improves

only a little, dropping from 4.6 GPa to about 4.45 GPa.

E. Effect of SiN intrinsic stress

A SiN layer situated on top of the AlGaN, as depicted in

Fig. 2, is a standard feature of GaN HEMTs that is included

in order to reduce electron trapping and associated transient

“gate-lag” effects.8 We have already seen that such a SiN

passivation layer plays a role in the understanding of thermal

stresses in GaN HEMTs. In this section, we consider a second

effect that SiN might have on the thermoelectromechanics of

GaN HEMTs through the possibility of it incorporating

intrinsic stresses. In other technological applications of SiN

films, it is well known that by appropriate processing one can

build in intrinsic stresses that can be either compressive or

tensile, and with magnitudes as high as 3 GPa.1 In order to

assess the role, such pre-stresses might have on GaN HEMT

reliability, we again study the high-power state and compare

results when the SiN has an intrinsic stress level of either

þ2 GPa (tensile) or –2 GPa (compressive).

Some results are shown in the semi-log plot in Fig. 17,

where, for high-power conditions, we show the profiles

across the AlGaN layer of the total stress and the piezoelec-

tric and thermal contributions for the cases of þ2 GPa and

–2 GPa intrinsic stress in the SiN. Clearly, the pre-stress in

the SiN can have significant impact on the AlGaN stress,

increasing its value at the drain corner of the gate from

4.6 GPa to 6.2 GPa in the tensile case or decreasing it to

3.3 GPa in the compressive case. As we have discussed else-

where, it is not clear that even a stress as high as 6.2 GPa

will directly fracture a pristine AlGaN layer, but it could

FIG. 17. Identical plot to Fig. 16, but comparing Au-gated GaN HEMTs, in

which the SiN passivation layer has an intrinsic stress level of either

þ2 GPa (tensile) or –2 GPa (compressive).

FIG. 16. Simulated profiles in the high-power state (VDS¼ 20 V and

VGS¼ 0 V) as in Fig. 13, but comparing the total, piezoelectric, and thermal

stresses for devices with gold and tungsten gates. The much lower thermal

expansion coefficient of the latter has a significant impact on the peak stress.
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well do so if the layer is weakened by injection-induced

defects and/or by Joule heating.

F. Fracture

When sufficient mechanical stress is exerted, a covalent

crystal, like AlGaN, will undergo brittle fracture. This phe-

nomenon is generally analyzed in terms of two sequential

steps, first crack initiation and then crack propagation, each

of which deserves discussion. Of the two, judging whether

and how crack initiation takes place is far more complicated

for many reasons already presented. As we have seen, the

actual stress levels in the AlGaN do not in themselves seem

sufficient to initiate a crack. We therefore have to look to

other factors, such as pre-existing material “flaws”, weaken-

ing due to defect generation or localized heating, and/or sen-

sitivity to electromigration or chemical reaction as possible

contributing mechanisms. But whatever the cause, it is an ex-

perimental fact that stressing under high-power conditions of-

ten results in the formation of pits and/or incipient cracks in

the AlGaN barrier layer.4,5

Regarding the crack propagation step of fracture, the

classical picture is that of Griffith,32 wherein an initial crack

of some critical size will extend itself if the gain in energy

from strain relief is greater than the cost of creating the two

new surfaces of the crack. As before, we base our approach

on comparing the maximum principal stress developed at the

crack tip with the tensile strength of the material with the

idea that crack propagation will occur so long as the stresses

at the tip stay high enough to cause continued rupture of the

lattice. For our analysis, we continue to use our 2D simula-

tor, which means we assume the initiating crack to be a

“groove” that extends across the width of the device (rather

than a localized “pit” or “string of pits”, as is seen initially in

AFM images like that of Fig. 1 (Ref. 5)) and the crack propa-

gation to be uniform across the device width.

A sample result from a 2D simulation of a “damaged”

GaN HEMT that has a 2�2 nm “pit” introduced at the drain-

side corner of the gate is shown in Fig. 18. The crack tip is

circular, and because its radius of curvature is finite (1 nm),

the continuum solution is not singular at its apex. Figure 18

shows the maximum principal stress, and we observe that the

peak stress, located at the apex, is now much higher (13 GPa

versus 4.7 GPa) than it was with no “pit” present (Fig. 13).

The increase in stress is due to the concentrating effect of the

“pit” and will be smaller if its radius is expanded. Based on

our earlier discussion, this level of stress is likely above the

tensile strength of the AlGaN, and so our analysis suggests

that this very small crack will propagate. And as the crack

deepens, simulation shows the stress continues to rise (to 35

GPa when the crack has almost fully traversed the AlGaN

layer), implying that the crack will continue to propagate and

will quickly traverse the AlGaN layer, as is seen most clearly

in TEM cross-sections.4

An important aspect of the simulations just described is

a decoupling of the mechanical and electrical fields that is

brought about by the crack formation. This can be seen in

the simple fact that the peak stress in Fig. 18 is essentially in-

dependent of the electrical biasing and thus the action of the

“pit” is entirely one of focusing epitaxial strain. Furthermore,

simulation shows that the presence of the initiating crack

leads to a separation between the point of maximum electric

field and maximum stress, which not only means that piezo-

electric stress is not being concentrated at the crack tip, but

it also implies that electron injection will not play a role in

the crack propagation. Thus, while the crack initiation can

potentially involve thermal, electrical, mechanical, and

chemical factors, the AlGaN crack propagation is a much

simpler and purely mechanical phenomenon.

A crucial question regarding the pits and cracks observed

in stressed GaN HEMTs is one of causality: Does the me-

chanical damage cause the device’s electrical degradation or

FIG. 18. Simulated maximum principal stresses in a GaN HEMT

with a 2 nm� 2 nm “pit” in the AlGaN layer and situated at the

drain-side corner of the gate. This “pit” acts to concentrate the epi-

taxial stress, raising the peak from 4.6 GPa to 13 GPa.
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does it merely accompany a separate electrical damage path-

way, e.g., via trap creation. Of course, there can be a syner-

gistic combination of mechanical and electrical mechanisms,

but as we have already discussed, the fact that the crack

moves away from the high field region means that, while they

might start together, their later evolution is essentially inde-

pendent. One aspect of this causality issue that is readily

explored with simulation is to ask to what extent the exis-

tence of the crack itself affects the device I-V characteristics.

For the analysis, we assume the crack to be an open space

and, because it is buried, that any polarization charges on its

free surface remain unneutralized. Simulated IDS-VDS curves

with VGS¼ 0 are plotted in Fig. 19, where we compare the

devices with no damage (as also appears in Fig. 6), with a

small crack, as in Fig. 18, and with a crack that extends

across the AlGaN layer. Clearly, the small crack has little

effect on the current, whereas the large crack has substantial

impact. This electrical degradation is produced by the polar-

ization fields generated around the large crack that induce an

electrostatic barrier in the channel (as may be seen in the

electron density plot in Fig. 20) and that, thereby, reduce the

current. Overall, the simulation of Fig. 19 demonstrates that

once initiation has occurred, the experimental data is at least

qualitatively consistent with a failure pathway in which the

mechanical damage causes the electrical degradation.

V. SUMMARY AND FINAL REMARKS

In general, understanding degradation and failure in

semiconductor devices like GaN HEMTs is very complicated

because of the mix of materials, the non-trivial device geo-

metries, and the many potential mechanisms. Further com-

plicating matters is the fact that one wants not only to know

what happened in the degradation/failure, but also to estab-

lish causality, i.e., what was the triggering mechanism(s).

Given this complexity, mathematical modeling can be no

more than one tool in the difficult process of reaching a full

understanding. Of the many processes involved in GaN

HEMT degradation, the most intractable from a modeling

perspective relates to chemical phenomena, such as atomic

diffusion that has been observed30 (though it is unknown

whether it is cause or consequence). For this reason, in this

work, we have focused on electrical and mechanical degra-

dation pathways and employed efficient continuum methods.

In particular, we developed and applied a fully coupled,

multi-dimensional thermoelectromechanical model that is

appropriate for piezoelectric semiconductors like GaN and

its alloys with aluminum. The continuum equations solved

were those of linear thermoelectroelasticity, linear heat con-

duction, and diffusion-drift transport with full coupling

assumed within the active region, i.e., all mechanical, electri-

cal, and thermal variables were solved for simultaneously.

By treating, analytically, the out-of-plane strain induced by

the epitaxy, we showed that the rest of the problem reduces

to one of plane-strain so that two-dimensional numerical

simulation sufficed. We also discussed the important issue of

FIG. 19. Simulated drain characteristics of GaN HEMTs, comparing the sit-

uations with no damage (also plotted in Fig. 6) with the small “pit” shown in

Fig. 18 and with a large crack that extends almost entirely across the AlGaN

layer. Significant electrical degradation is seen only in the case of the large

crack.

FIG. 20. Simulated electron density in a GaN HEMT with a large

crack at the drain-corner of the gate and biased with VDS¼ 3 V and

VGS¼ 0 V. The electrostatic perturbation on the channel carriers

induced by the polarization charges associated with the crack is

what is responsible for the I-V degradation seen in Fig. 19.
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mathematical singularities that can appear at corners in the

solutions and a simple procedure involving a cut-off distance

for handling them. Finally, because of the limitations of the

theory with respect to electron trapping and fracture mechan-

ics, we introduced some simple “failure” metrics, namely,

the threshold electric field for significant electron injection

and the size of the maximal principal stress as compared to

the yield strength of the material.

The specific simulations performed in this paper com-

pared the normal ON state of a conventional GaN HEMT

with its behavior under the high-bias conditions that are often

used for accelerated life-testing. Not surprisingly, under the

high-bias conditions, one saw considerable electron injection

into the AlGaN, with obvious potential for creating traps and

directly degrading the device. The stress/strain fields seen

under these conditions were more complicated and include an

appreciable piezoelectric contribution. Depending on the gate

structure and composition, the thermal stresses induced when

the device is ON and at high drain bias can easily exceed the

piezoelectric stress. Pre-stress in the SiN can also have a large

effect on the AlGaN stress/strain. However, in all cases, the

stress levels seemed well below the expected tensile strength

at room temperature. As a result, we expect direct mechanical/

structural failure to be initiated only if there is synergistic

weakening of the material by the injection-produced damage

and/or by the Joule heating. By contrast, once failure has

begun with the formation of a small “pit”, we showed that the

stress concentrating effect of the “pit” could readily lead to

crack propagation and fracture of the AlGaN in a purely me-

chanical fashion.

Lastly, this work suggested several avenues for improv-

ing the reliability/robustness of GaN HEMTs. These strategies

all related to the layers deposited on top of the III-N hetero-

structure. It is well known that gate shape modifications

(including field plates) can be beneficial by spreading the elec-

tric field and thereby reducing its peak value. We showed that

the gate shape, its material composition, and its abutting

layers (e.g., SiN) can also be helpful in reducing the thermal

stresses that develop under high-power conditions. One final

design modification considered related to SiN pre-stress that,

if compressive, can significantly mitigate the stress levels in

the AlGaN. Given that it is still uncertain whether mechanical

stress plays an important role in GaN HEMT reliability, at the

very least, such design changes could provide an experimental

path for investigating this basic question.
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