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Abstract— A fully selfconsistent, coupled electrothermo-mechanical model for nitride-based devices is
presented and applied to a high-power AlGaN/GaN
High Electron Mobility Transistor (HEMT). The influence of converse piezoelectric effect, thermal stress
and of the selfconsistent coupling on the static device
characteristics and on the stress distribution in the
device is studied.

S IMULATION M ODEL
Our simulation model is based on the selfconsistent solution of the mutually coupled equations of the drift-diffusion/Poisson model for electronic transport (1)-(3), the Fourier model for heat
transport (4) and the equations of linear elasticity (5)
given by the set of conservation laws (using index
notation and Einstein summing convention)

I NTRODUCTION
During the last years AlGaN/GaN High Electron
Mobility Transistors (HEMTs) have been studied
extensively for the use in high power microwave
applications. The reliability of GaN-based HEMTs,
however, still remains a major issue, which is
usually assumed to be associated with strain- and
temperature-related effects [1], [2], [3]. Simulation
models including these effects are therefore of high
interest for the understanding of device reliability.
Traditionally, simulation of GaN-based HEMTs
has been based on the drift-diffusion or hydrodynamic model coupled to a thermal model, usually based on the Fourier model. Several coupled
electro-mechanical simulation models for HEMTs
have been proposed in the last years, too [4], [5].
A coupled electro-thermo-mechanical model has
been reported in [6] and is based on a matlabimplemented strain calculation following a selfconsistent thermoelectric TCAD simulation.
During the last year, increasing interest has been
devoted to coupled electro-thermo-mechanical models [7], [8], [9]. In this work we present a fully
selfconsistent, coupled electro-thermo-mechanical
simulation model implemented in one single device
simulation software [10].
G. Romano is now with the Department of Materials Science
and Engineering, Massachusetts Institute of Technology
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where ∂i ≡ ∂/∂xi , εij is the permittivity, Pi is the
total electric polarization, e the elementary charge,
and p, n and C are the hole, electron and net ionized
doping or trap densities, respectively. µn and µp are
the carrier mobilities, S n and S p the thermoelectric powers (Seebeck coefficients) for electrons and
holes, respectively, and R is the net recombination
rate. κij is the total thermal conductivity, T the
lattice temperature and H the total heat source
originating from carrier transport [11]. Cijkl is the
elasticity tensor, uk the displacement field and fj
a body force describing any source of mechanical
stress. We assume small deformations such that
strain can be written as ǫij = 21 (∂j ui + ∂i uj ), and
Hooke’s law can be used to linearly connect stress
to strain by σij = Cijkl ǫkl .
The three models are mutually coupled as shown
schematically in Fig. 1. The strain ǫjk obtained from
the linear elasticity model induces a piezoelectric
polarization field Pipz = ei,jk ǫjk that enters the
Poisson equation together with the spontaneous
polarization, ei,jk being the piezoelectric tensor.

(1)

(2)

Fig. 2.
Fig. 1. The models and interactions involved in an electrothermo-mechanical simulation.

S IMULATION

RESULTS AND DISCUSSION

We apply the model to an unpassivated
Al0.28 Ga0.72 N/GaN HEMT with GaN cap layer
(Fig. 2), comparing the results of selfconsistent electro-thermal (ET, neglecting coupling 2 in
Fig. 1), electro-mechanical (EM, neglecting coupling 1 in Fig. 1) and fully selfconsistent electrothermo-mechanical (ETM) simulations. For the
thermal model we assumed an effective thermal resistivity of 8×10−8 m2 W/K such that the simulation
reproduces reasonable peak temperatures. For the
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The electric field Ei in turn induces a mechanical
stress σjk = ei,jk Ei due to converse piezoelectric
effect [12]. The transport model provides the heat
source for the thermal model due to Joule and
Thompson effect, whereas the temperature profile
enters in the transport model by means of temperature dependent parameters and the Seebeck
effect. The temperature profile also enters into the
mechanical model due to the thermal expansion
of the semiconductor lattice. This is modeled by
introducing a thermally induced additional strain
ǫth
ij = −αij (T − T0 ), where the αij are the thermal
expansion coefficients and T0 a reference temperature.
The lattice mismatch induced strain is treated
following Ref. [13]. The total effective body
force due to lattice mismatch, thermal stress and
converse piezoelectric
effect is then given by

fj = −∂i el,ij El + Cijkl ǫ0kl − αkl (T − T0 ) ,
where ǫ0kl is the lattice matching strain.
The three models are solved iteratively for every
operating point until appropriate convergence criteria are reached. The implementation is modular as
shown in in Fig. 1, which allows single models to
be substituted with different implementations.

The simulated GaN/Al0.28 Ga0.72 N/GaN HEMT.
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Fig. 3. Transfer (a, Vd = 10 V) and output (b) characteristics
for the different model couplings. The dashed lines (DD) are
results of a pure drift-diffusion simulation.

strain calculations we take as reference lattice the
one of GaN at T0 = 300 K, and for simplicity we
keep this reference also under high power operating
conditions. Elastic and piezoelectric constants are
taken from [14].
Fig. 3 shows the transfer and output characteristics for the different model couplings. Apart from
the well known thermal rollover, the strongest effect
on electrical behaviour is due to converse piezoelectric effect, causing a slight positive shift of threshold
voltage since the selfconsistent polarization field is
smaller.
The selfconsistent temperature map for a power
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Fig. 5.
Vertical electric field component Ey and lattice
temperature along x-direction at the top end of the AlGaN
barrier (ETM model).

dissipation of ∼ 11 W/mm can be seen in Fig. 4,
showing a highly inhomogeneous temperature distribution in the device with the characteristic peak
at the drain side of the gate.
Fig. 5 presents the vertical electric field Ex and
the temperature along the x-direction at the top end
of the AlGaN barrier, where electric field and strain
are highest, for an operating point of Vd = 50 V, Vg
= -3 V (Pdiss ∼ 11 W/mm) and Vd = 25 V, Vg =
-3 V (Pdiss ∼ 5 W/mm), respectively, for the fully
coupled ETM model. Due to the high peak electric
field and the temperature peak and its gradient at
the drain edge of the gate, the biggest impact of
converse piezoelectric and thermal stress occur in
the vicinity of the gate.
Fig. 6 shows planar stress and vertical strain
components along the same cutline for the different model couplings for the 11 W/mm and 5
W/mm operating points. Converse piezoelectric ef-
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Fig. 4. Temperature map at Vd = 50 V, Vg = -3 V, Pdiss = 11
W/mm.
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Fig. 6. Planar stress and vertical strain components at Pdiss
= 11 W/mm (a) Pdiss = 5 W/mm (b), Vg = -3 V. Drain bias is
50 V and 25 V, respectively, for the ETM model and 43.5 V
and 21.5 V, respectively, for the ET model.

fect leads to an increase of in-plane tensile stress
and to a decrease of the compressive strain along
growth direction. Thermal stress can be seen to
have only minor effect on vertical strain, however
it greatly reduces planar stress especially at high
power levels, compensating therefore partially the
influence of converse piezoelectric effect. This thermally induced reduction of mechanical stress has
been observed experimentally [15] and is indeed
compatible with the experimental finding that devices in on-state may suffer less or different type of
degradation [16]. Moreover, whereas the converse
piezoelectric stress is approximately isotropic in the
xz-plane, thermal stress is highly unisotropic due to
the different temperature gradients along x and z
directions. Such unisotropic stress leads to resolved
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Fig. 7. Elastic energy density calculated as
W/mm (top) and 5 W/mm (bottom).

shear stresses of several 100 MPa on certain slip
planes, which potentially could induce dislocation
motion [17]. The principle stresses themselves seem
to be too small to directly lead to mechanical failure,
since yield strength in GaN is reported to be 10 –
15 GPa [18].
Fig. 7 shows the elastic energy at the top end of
the AlGaN barrier along the x-direction. Thermal
stress reduces the elastic energy density by a considerable amount at high power dissipation. This leads
to lower planar elastic energy densities (obtained by
integrating the elastic energy density along growth
direction), decreasing the risk of arriving at critical values where inelastic strain relaxation by e.g.
dislocation formation may set in [5].
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