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TCAD accurate modeling of trap-induced effects in GaN HEMTs
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Abstract—In this work we demonstrate an accurate Technology
Computer Aided Design (TCAD) modeling approach for the
analysis of trap effects on the electrical features of AlGaN/GaN
HEMT devices for microwave applications. The physical device
model includes the discretized coupled drift -diffusion and trap
rate equations system, implemented into an in-house mixed-
mode TCAD simulator, and solved in dynamic conditions with
the Harmonic Balance (HB) algorithm. The TCAD allows a
seamless assessment of the DC, small-signal AC and periodic
large-signal (LS) behavior of GaN HEMTs as a function of the
trap properties. A test-case addresses the analysis of 29 GHz class
B power amplifier based on a Fe-doped 150 nm GaN HEMT as
a function of the Fe trap energy, showing that, despite a marked
signature on the AC parameters dispersion, traps have a mild
impact on single-tone LS behavior even in strongly non-linear
operation.

Index Terms—GaN HEMTs; nonlinear device models; TCAD
simulations; trap rate equations; DC, AC and large-signal
parameters

I. INTRODUCTION

Currently, relatively mature commercial 150 nm gate-length
AlGaN/GaN HEMT technologies (see [1]-[3] for SiC-based
devices, [4] for Si substrate) are available, with a variety of
products covering applications for microwave power up to
40 GHz, including space, satcom, radars and base transceiver
stations for 5G. Technology covers the entire range between
die-level FETs and full MMIC amplifiers and circuits, however
reliability, cost and material quality still need to improve. In
particular, the presence of traps and defects [5], [6], both in
the bulk and at interfaces, is a technological issue still to be
solved.

According to [7]-[10], a main responsible for the device
low-frequency dispersion is the buffer doping with C or Fe
atoms to reduce the layer conductivity. These dopants surely
act as traps, which slow dynamic behavior is responsible for
dispersion, but the details of their behavior is greatly debated,
since literature shows a wide spread of reported values both
for the exact trap energy location and for the electron and hole
lifetimes.

This uncertainty calls for the development of accurate
and physically sound models to assist the extraction of
trap parameters. TCAD simulations play a major role in
the identification of GaN traps [11], as providing a direct
connection between the spatially distributed traps and the
device terminal features. Traditionally, TCAD simulations are
limited to time-domain solutions [12], [13], while frequency-
domain approaches are much less exploited [14] and, in the vast

majority of cases, limited to small-signal analysis. Hence, a
unique environment allowing for the seamless analysis from DC
to LS operation and the mixed-mode simulation of microwave
circuits in the frequency domain is still missing.

In this contribution, we discuss a novel TCAD tool, imple-
menting the drift-diffusion model self-consistently coupled to
the dynamic trap rate equations, solved in the frequency domain
by means of the Harmonic Balance formulation. The simulator
implements a mixed-mode device analysis in LS periodic and
quasi-periodic conditions. To demonstrate the TCAD capability
we address a 29 GHz class B power amplifier analysis, based
on a 150 nm GaN HEMT.

II. THE PHYSICAL MODEL

The physical model is implemented into an in-house TCAD
tool where the two-dimensional drift-diffusion model is solved
coupled to a trap rate equation for each considered trap:
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where ¢ is the electrostatic potential, n, p the electron and hole
densities, J {n,p} the drift-diffusion current density, and Np and
N 4 the ionized doping concentrations. N j represents the total
concentration of the k-th trap, while nr is the corresponding
concentration of occupied traps. Finally, g is the elementary
charge and e the material permittivity. The Kronecker ¢y is
0 for acceptor-like traps and 1 for donor traps. Ry, ;; » and
G (n,p}, are the recombination and generation rates due to the
electron and hole trap mechanism for the k-th trap, expressed
according to the Shockley-Read-Hall formulation [14]. Traps
are considered non interacting in terms of energy transitions
and with local trap rate equations.

From a numerical standpoint, the model equations (1)-(4) are
discretized and converted into a system of algebraic equations



compactly expressed as
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where a@ = ¢ refers to the Poisson equation (1), @ = n,p
to the electron and hole continuity equations (2)-(3), and
a = nr to the trap rate equation (4) (we consider here
k = 1 for simplicity). Vector o represents the collection of
the model parameters such as e.g. trap energy, cross section,
total concentration. Vector x collects the nodal values of the
system unknowns, while e represents the set of the external
electrical generators applied to device contacts. D(®) is a
diagonal matrix accounting for the system memory through
the time-derivatives x, while F' is the memory-less part [15].
For transient TCAD analysis, (5) is further discretized in the
time domain and solved with generic time-varying sources e.
However, with periodic external sources, frequency domain
analysis through Harmonic Balance (HB) is better suited to
describe the device. In TCAD HB analysis, the external sources
e correspond to the superposition of DC plus harmonic stimuli
with fundamental frequency wy, thereby forcing the device in
periodic large-signal operation. System (5) is converted into
the frequency domain yielding the HB system [15]

D@OX = FF(O‘)(I‘AX, E;o) a=g@,n,p,nr (6)

where X and E are the collection of the harmonic amplitudes of
x(t) and e(t), respectively. £ is an operator representing time
derivation in the frequency domain, and I'"! is the operator
implementing the discrete Fourier transform.

1II. EXAMPLE

To demonstrate the capability of the developed software for
a comprehensive LS analysis of GaN HEMTs, we address
the simulation of a AlGaN/GaN HEMT from the 150 nm
technology, whose cross section is reported in Fig. 1. The
polarization charge was calculated with the models presented in
[14], the Al model fraction is 25% and the polarization charge
activation is 90%. The device is characterized by a buffer
deep acceptor Fe doping with a concentration Nt = 10'®
cm™3, and energy Fr = Ec — AEr (i.e., AET below the
conduction band). The deep acceptor acts as a trap with electron
and hole capture cross-sections o, = g, = 3 x 10716 c¢m?,
inducing a low-frequency dynamics. All the other charges
(residual donor Np = 10'% cm™3 doping and superficial charge
Oint/q = —2 X 102 cm~2 at the passivation interface) are
considered as fixed. Here we present the simulation results
varying the trap level, namely AEt = [0.3,0.4,0.5] eV.

DC simulations are carried out with the three energy levels,
showing that increasing trap distance from the conduction
band, the number of trapped electrons increases and the drain
current reduces. As a result, the saturation drain current is
reduced while the threshold voltage increases. Partial results
of the DC simulation campaign are reported in Fig. 2 (output
characteristics at Vi = 0, i.e. the saturation current) and Fig. 3
(transcharacteristic at Vp = 10 V). The threshold ranges from
Vi=-21VtoVpr=-19WV.
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Fig. 1. Cross-section of the analysed structure.
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Fig. 2. DC (dashed) and dynamic (solid) drain current in the output
characteristic plane and varying trap energy. Red: Ag, = 0.3 eV ;
blue: Ag, = 0.4 eV; black: Ag,, = 0.5 eV. The operating frequency
is 29 GHz. The three dynamic curves correspond to input available
power of 5, 15 and 22.5 dBm.

Focusing on a possible application of a near class B power
amplifier, we carry out AC and LS simulations with the three
selected trap energy levels. To make the results comparable,
despite the different DC behavior, we select the bias point
with a gate bias voltage that ensures the same DC bias current
Ipyp = 85 mA (= 10% Ipss). This effectively corresponds to
the same gate overdrive. The drain voltage is set to Vp = 10 V.

AC simulations are reported with frequency ranging from
1 kHz to 10 GHz. The output conductance is the parameter
where the trap dynamic induces significant frequency dispersion
both in the real and the imaginary parts. These are reported
in Figures 4 and 5. As expected [16], the real part shows
an increasing trend of the Y5, element of the AC Y matrix,
associated with the well known degradation of the output
resistance and the increased power loss of power amplifiers
in dynamic conditions with respect to quasi-static operation.
Correspondingly, the imaginary parts exhibits a clear peak in
the lower frequency range. The trap energy determines the
peak frequency (imaginary part) or the transition frequency
(real part) which ranges from less than 1 KHz to 750 kHz.
At microwave frequencies, the three devices become identical
since the traps are entirely frozen.

Turning to the LS case, we carry out an analysis akin to a
class B amplifier with tuned load at 29 GHz. The device gate
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Fig. 3. DC (dashed) and dynamic (solid) drain current in the
transcharacteristic plane. Red: Ap. = 0.3 eV ; blue: Ap,. = 04
eV; black: Ag, = 0.5 eV. The operating frequency is 29 GHz. The
three dynamic curves correspond to input available power of 5, 15
and 22.5 dBm.

10°

Imag(Y22), S/mm

107°
10° 10° 107 10° 10"
Frequency, Hz
Fig. 4. Imaginary part of the Y22 element of the admittance matrix.
Same color notation as previous figures.

periphery is 1 mm. In this preliminary analysis the fundamental
load Z1, = (15 + j6) € has been extracted from a simplified
approach rather than from load-pull simulations. The real part
is calculated with the load line approach. The imaginary part
is calculated to tune out the device output capacitance at the
operating frequency. Figures. 2 and 3 show the dynamic load
lines at three input powers showing significant LS distortion.
As expected the three curves are nearly identical when reported
in the output characteristic plane (Fig. 2), while the different
choice of the gate bias voltage is clearly seen when reported in
the transfer characteristic case (Fig. 3). Some difference in the
dynamic behavior can be observed at higher input power, where
the nonlinearities start to play the major role and, in particular,
when a significant self-bias is present. Concerning the power
performance, Fig. 6 shows the transducer gain as a function
of the input power. The gain compression is already close to 1
dB in the analyzed power range. Turning to trap dispersion, it
is interesting to analyze if self-bias can be affected by the trap
low frequency behavior. As reported in Fig. 7 the simulations
suggest that traps play a limited role, since the three analysed
cases behave quite similarly.
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Fig. 5. Real part of the Y22 element of the admittance matrix. Same
color notation as previous figures.
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Fig. 6. Transducer gain as a function of the available input power.
Same color notation as previous figures.

IV. CONCLUSION

We presented a comprehensive environment to simulated
HEMT devices even in presence of trap dynamics. Despite
traps insert distinctive frequency coloring in the AC parameters,
they play a limited role in single frequency LS operation,
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Fig. 7. DC component of the drain current under LS operation as a
function of the available input power. Same color notation as previous
figures.



even in presence of harsh nonlinearities induced by the class
B operation. More investigation will be carried out using
multitone inputs and with harsh compression. Additionally, the
TCAD software allows for a seamless temperature-dependent
trap analysis [17].
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