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Abstract: We present a novel and numerically efficient approach to analyse the sensitivity of AC
parameters to variations of traps in GaN HEMTs. The approach exploits an in-house TCAD sim-
ulator implementing the drift-diffusion model self-consistently coupled with trap rate equations,
solved in dynamic conditions with the Harmonic Balance algorithm. The capability of the model is
demonstrated studying the low-frequency dispersion of a 150 nm gate-length AlGaN/GaN HEMT
output admittance YDD as a function of the trap energy of Fe-induced buffer traps. The real part of
YDD exhibits strong frequency dispersion and an important degradation of the output resistance at
high frequency. The imaginary part is characterized by a peak at a frequency decreasing with trap
energy deeper in the gap, in agreement with experimental data on similar structures. Distributed
local sources show that YDD is most sensitive to trap energy variations localized in the buffer region
under the gate, peaking under the unsaturated portion of channel towards the source. Trap variations
affect the output admittance when localized in depth into the buffer up to a 100 nm distance from
the channel.

Keywords: GaN HEMTs; nonlinear device models; TCAD simulations; trap rate equations; AC
parameter dispersion

1. Introduction

GaN HEMT technology is appealing for high-frequency power applications thanks
to the GaN material properties, including wide bandgap and high breakdown field, good
thermal management and high electron mobility [1,2]. Advanced GaN foundries on
SiC [3–5] or Si [6] currently offer relatively mature 150 nm gate-length HEMT technologies
with a portfolio of products ranging from die-level FETs to full MMIC amplifiers and circuits
for microwave power applications up to 40 GHz, including space, satcom, radars and base
transceiver stations for 5G. On the other hand, the development of GaN technology is still
challenging in terms of reliability, cost and material quality. The multiple interfaces and
material layers are still characterized by traps and defects [7,8], which ultimately limit the
device performance. For example, carbon or iron buffer doping leads to acceptor-type
traps [9], responsible for unwanted low-frequency dispersion of the device characteristics
due to the slow trap dynamics. Such effects can be investigated with a wide range of
characterization methods. Time-domain measurements are aimed at linking the trap
occupation to the gate/drain current delay in response to specific stimuli such as voltage
steps or pulses [10,11]. In the frequency domain, small-signal parameters [12], noise [13] or
pulsed S-parameters [14,15] are used to assess the trap-related dispersion of AC and RF
parameters. These techniques date back to the 1960s when silicon technology development
was assisted by the AC characterization of the MOS structure in the presence of interface
traps [16,17]. In experimental characterization though, it is difficult to avoid the concurrent
low-frequency thermal effects due to device self-heating or to trace the detailed distribution
of the traps in the device volume.
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Technology CAD (TCAD) simulations have proven essential to complement mea-
surements for the identification of GaN traps [18]. Unlike experimental characterization,
TCAD simulations provide a direct link between the device terminal characteristics and the
internal trap distribution and physical parameters. Furthermore, they are also important to
assist the development of large signal HEMT compact models including trap dynamics,
e.g., the ASM-HEMT [19], which are urgently needed to develop reliable design kits for
microwave design.

It is therefore important to develop TCAD approaches that can provide fast and
accurate analysis of the device performance in the presence of traps, e.g., calculating the
device sensitivity to trap parameter variations. While TCAD time-domain analysis has
been extensively used [2,10], frequency domain TCAD is still relatively less exploited and
limited to the small-signal case.

In this contribution, we propose a novel TCAD approach, implementing the drift-
diffusion model self-consistently coupled to the trap rate equations, solved in the frequency
domain by means of the Harmonic Balance formulation. The simulator, extending [20,21],
allows for mixed-mode device analysis in large-signal periodic and quasi-periodic con-
ditions. A unique feature of the proposed software is that it allows for the calculation
of the device Conversion Green’s Functions [22], that are used to (1) calculate the device
parametric sensitivity and variability starting from a nominal “reference” device without
the need for time-consuming repeated simulations with varying parameters; (2) extract
the “distributed local sensitivity” to variations, i.e., a map of the internal regions of the
device where variations of physical parameters most impact the device characteristics. To
the author’s knowledge, this is the first demonstration of HB TCAD analysis including
trap dynamics.

The capability of the model is demonstrated studying the low-frequency dispersion of
a 150 nm gate-length AlGaN/GaN HEMT, varying the trap energy of Fe-induced buffer
traps in the range 0.44 ÷ 0.46 eV below the conduction band. In particular, we focus
on the frequency dispersion of the output impedance, which is known to be: (1) directly
linked to trap dynamics and thus used for material characterization [12,18,23]; (2) especially
detrimental for microwave applications in terms of higher loss, difficult matching and
signal distortion in RF/baseband conversion. Both the real and imaginary parts of YDD are
analysed as a function of frequency and found to be in overall agreement with experimental
data on similar structures [24]. The real part of YDD exhibits strong frequency dispersion
and an important degradation of the output resistance at high frequency. The imaginary
part is characterized by a peak whose frequency decreases with increasing distance of the
trap energy from the conduction band (i.e., moving deeper in the gap). We show that YDD
is most sensitive to trap energy variations localized in the buffer region below the gate,
peaking under the unsaturated portion of the channel towards the source. Trap variations
affect the output admittance when localized in depth into the buffer up to a 100 nm distance
from the channel.

2. Trap Dynamic Model Implementation

The in-house TCAD implements the conventional drift-diffusion model coupled to a
trap rate equation for each analysed trap:

∇ · (ε∇ϕ) = −q ·
(

p− n + ND − NA −∑
k

nT,k + ∑
k

δk NT,k

)
(1)

∂n
∂t

=
1
q
∇ · Jn −∑

k
(Rn,k − Gn,k) (2)

∂p
∂t

= −1
q
∇ · Jp −∑

k

(
Rp,k − Gp,k

)
(3)

∂nT,k

∂t
= (Rn,k − Gn,k)−

(
Rp,k − Gp,k

)
(4)



Electronics 2023, 12, 2457 3 of 13

where ϕ is the electrostatic potential, n, p the electron and hole densities, J{n,p} the drift-
diffusion current densities, and ND and NA the ionized doping concentrations. NT,k
represents the total concentration of the k-th trap, while nT,k is the corresponding concen-
tration of occupied traps. The Kronecker δk is 0 for acceptor-like traps and 1 for donor traps.
R{n,p},k and G{n,p},k are the recombination and generation rates due to the electron and
hole trap mechanism for the k-th trap. According to the Shockley—Read—Hall theory, they
are expressed as a function of the trap energy (we drop here the trap index for the sake
of simplicity).

Rn =
(

NT − nT

)
cn

C Gn = nT en
C (5)

Rp = nT cp
V Gp =

(
NT − nT

)
ep

V (6)

while the capture and emission rates are:

cn
C = σnvn

thn ; en
C = σnvn

thn1 (7)

cp
V = σpvp

th p ; ep
V = σpvp

th p1 (8)

In the above expression, σn and σp are the trap cross sections, and vn
th and vp

th are the
thermal velocities. The emission rates depend on the concentrations

n1 = NC exp[(ET − EC)/kBT] (9)

and
p1 = NV exp[(EV − ET)/kBT] (10)

where ET is the trap energy level. Fermi Dirac statics can be accounted for by simple
modifications of the above expressions [25].

In the current TCAD implementation, traps are assumed to be non-interacting in
terms of energy transitions and the trap rate equations are local. The extension to locally
interacting traps is straightforward, defining mutual trap rates accounting for the carrier
exchange among different traps [26]. Other GR mechanisms, despite being implemented in
the continuity Equations (2) and (3), are not considered in this paper.

The system (1)–(4) allows to self-consistently model the effect of trap dynamics on
the device electrical features. For local trap mechanisms and steady-state conditions
(∂nT/∂t = 0), the trap occupied density nT may be found as an analytic solution of (4),
and back-substituted in the original drift-diffusion model. Despite the fact that this seems
appealing from the numerical standpoint, it can be applied only in static conditions, while
the substitution is not possible in many realistic device operating conditions, especially
in nonlinear dynamic operation. Therefore, our TCAD tool explicitly implements the
additional trap rate equations allowing for the following advantages:

1. Analysis of nonlinear dynamic operation, and in particular large-signal periodic (in
our implementation through the Harmonic Balance method);

2. Straightforward extension to non-local trap mechanisms;
3. Availability of the Green’s Functions of the trap rate equations, that are useful for

numerically efficient sensitivity analysis.

For a TCAD implementation, the physical model Equations (1)–(4) are discretized
and converted into a system of algebraic equations which can be represented in compact
form as

D(α)ẋ = F(α)(x, e; σσσ) α = ϕ, n, p, nT (11)

where α = ϕ refers to the Poisson Equation (1), α = n, p to the electron and hole continuity
Equations (2) and (3), and α = nT to the trap rate Equation (4) (we consider here one trap
only. The generalization to several traps is straightforward). Vector σσσ represents the collec-
tion of the model parameters such as, e.g., trap energy, cross section, total concentration.
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Vector x collects the nodal values of the system unknowns (i.e., the discretized values of ϕ,
n, p and nT), while e represents the set of the external stimuli applied to device contacts,
e.g., voltage or current sources. D(α) is a diagonal matrix accounting for the system memory
through the time-derivatives ẋ, while F is the memory-less part [22]. For time-varying
external sources, the memory becomes important to assess the device dynamic response.
For transient TCAD analysis, (11) is further discretized in the time domain and solved with
generic time-varying sources e (e.g., pulses or voltage steps), but with periodic external
sources, that are more adherent to the typical operating conditions in microwave stages,
frequency domain analysis is better suited to describe the device. The Harmonic Balance
(HB) approach was specifically developed to solve nonlinear circuits in periodic conditions,
and was extended to physics-based TCAD simulations in [27]. In the TCAD HB analysis,
the external sources e correspond to the superposition of DC plus harmonic stimuli with
fundamental frequency ω0, thereby forcing the device in periodic large-signal operation. In
our in-house implementation, the HB TCAD solver is further extended with the calculation
of the Conversion Green’s Functions (CGFs) [22,28], allowing for fast and accurate sensitiv-
ity analysis of the device DC, AC and large-signal characteristics, along with the calculation
of the corresponding local distributed variation source. We exploit this capability to carry
out the sensitivity analysis of HEMT AC parameters (Y matrix) as a function of varying
trap parameters.

The procedure is summarized in three steps, as illustrated in Figure 1.

Figure 1. Graphic representation of the sensitivity analysis through Conversion Green’s Functions.
Left: step 1. Middle: step 2. Right: step 3.

1. The system (11) is converted into the frequency domain, yielding the HB system [22]

D(α)ΩΩΩX = ΓΓΓF(α)(ΓΓΓ−1X, E; σσσ) α = ϕ, n, p, nT (12)

where X and E are the collection of the harmonic amplitudes of x(t) and e(t), respec-
tively. ΩΩΩ is an operator representing time derivation in the frequency domain, and
ΓΓΓ−1 is the operator implementing the discrete Fourier transform between phasors and
time samples. In this contribution, concurrent DC and AC analyses are carried out by
applying a DC voltage and a small-amplitude tone to the contacts, and calculating the
corresponding phasors of the terminal currents, see Figure 1 (left). The simulation is
fast, since the spectrum can be truncated to DC plus the fundamental frequency. The
AC Y matrix is then recovered as

Yq,r =
I(q)1

V(r)
1

(13)
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where V(r)
1 and I(q)1 are the phasors of voltage at terminal r and of current at terminal q,

respectively (see Figure 1, left). Notice that the admittance matrix is not based on any
equivalent circuit, but rather directly stems from the solution of the physical model.

2. System (12) is linearized and the CGFs are computed with negligible numerical effort
using the algorithms detailed in [22,28]. Furthermore, assuming a static parameter
variation ∆σσσ, the microscopic local sources Sα,l(r) are computed as the residual of
(12) evaluated with the nominal solution and σσσ = σσσ0 + ∆σσσ [20]. Since the parameter
variation is static, the varied residual is characterized by the same spectrum of the
nominal solution, as shown in Figure 1 (middle).

3. The variation of the AC terminal currents due to ∆σσσ is recovered by the convolution
integral

∆I(q)1 = ∑
α

∫
Ω

∑
l=−1,0,+1

(
G(q)

α (r)
)
(1,l)

Sα,l(r) dr (14)

where (G(q)
α (r))(1,l) is the (1, l) element of the Conversion Green’s Function.

A graphic interpretation of the convolution is sketched in Figure 1 (right), where it is
evident that (14) can be split into three individual contributions accounting for the
frequency conversion effects towards the fundamental frequency. In particular, the
(1, 0) element of the Green’s Function accounts for the conversion from DC.

According to (13) and (14), the variation of the (q, r) element of the Y matrix is

∆Yq,r =
∆I(q)1

V(r)
1

=
1

V(r)
1

∑
α

∫
Ω

∑
l=−1,0,+1

(
G(q)

α (r)
)
(1,l)

Sα,l(r) dr (15)

The integrand function of (15), K(q)
α (r), represents the “distributed variation source”

for ∆Yq,r

K(q,r)
α (r) =

1

V(r)
1

∑
l=−1,0,+1

(
G(q)

α (r)
)
(1,l)

Sα,l(r). (16)

In the following, we analyse the output conductance of a GaN HEMT; therefore, we
will consider the particular case q = r = D, where “D” denotes the drain contact.

3. HEMT Device Structure

We consider the HEMT structure in Figure 2. The dimensions are set in line with
the up-to-date technologies [23]. The gate length is 150 nm, the source-gate spacing
0.8µm and the drain-gate distance 2µm. The AlGaN barrier layer is 15 nm thick with
25% Al mole fraction, while the GaN channel region, not intentionally doped, is 5 nm
thick. The 2µm deep GaN buffer is characterized by a residual donor doping of 1015 cm−3

and a Fe-induced deep acceptor-like trap concentration NT = 1018 cm−3, nominal trap
energy ET = EC − 0.45 eV (being EC the conduction band edge), and electron and hole
capture cross-sections σn = σp = 3× 10−16 cm2. A fixed interface negative charge σint
with σint/q = −2× 1012 cm−2 is added at the barrier/passivation interface to account for
surface traps. Other details of the structure are reported in Figure 2.

The structure is simulated with the in-house TCAD software. The polarization model
implemented for the GaN material system is the same as the Synopsys “Simplified strain
model” [25]. GaN spontaneous polarization and both AlGaN spontaneous and piezoelectric
polarization have been taken into account. The resulting net polarization charge σpol at
the AlGaN/GaN interface is such that σpol/q = 1.34× 1013 cm−2, while the polarization
charge at the interface between contacts and passivation layers is supposed to be exactly
compensated. The activation is set to 90% in all reported simulations.

The mobility is implemented as a function of lattice temperature (here 300 K) and
total doping, according to the Sentaurus Synopsys standard models for GaN. Velocity
saturation is described by the Caughey–Thomas model with vn,sat = 2.5× 107 cm/s for
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both AlGaN and GaN. All other material properties are in general implemented according
to the standard GaN models of Sentaurus Synopsys.

Thickness Length
Si3N4 100 nm Gate 150 nm
AlGaN barrier 15 nm Gate-Source 800 nm
GaN channel 5 nm Gate-Drain 2000 nm
GaN buffer 2000 nm

Figure 2. Simulated HEMT structure.

First, DC output characteristics are simulated as reported in Figure 3 (left, solid lines).
The device threshold voltage is found to be Vth = −2.5 V and the saturation current at
VD = 10 V is IDss = 1.3 A/mm. For the AC analysis, we select a typical bias point used
in a class AB power amplifier, i.e., with a quiescent current of 10% IDss, corresponding
to VG = −2.22 V (red mark in Figure 3). The simulated AC YDD parameter is shown in
Figure 4 vs. frequencies varying from DC to 1 MHz: a dispersion effect is observed due to
trap dynamics. This dispersion is a typical trap effect as it is due to the electrons trapped in
the buffer layer, which in turn modulate the pattern of the electric field in the high field
gate-drain region. This pattern is known to have an impact on the output FET resistance:
at higher frequency, the trap occupancy is frozen and the output resistance differs from
the low-frequency limit. The characteristic time for this phenomenon is related to the trap
electron emission time τn. The overall effect on YDD can be recovered by an equivalent
circuit [29] that predicts a Lorentzian low-frequency behavior, whose corner frequency is
related to 1/τn [18].

Figure 3. (Left) static (solid) and pulsed (dotted) output characteristics. Black lines correspond to
VG from varying from −2.5 V to 0 V with 0.5 V step. The red line corresponds to VG = −2.2 V. The
quiescent bias point used for pulsed simulations is shown by the red dot. (Right) occupied trap
density in the bias point.
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Figure 4. Real (left) and Imaginary (right) part of YDD with nominal energy ET = EC − 0.45 eV and
bias point shown in Figure 3.

The real part of YDD is characterized by a significant increase at high frequency,
corresponding to a reduction of the device output resistance Rout = 1/Real(YDD). The
dispersion of the output resistance can be also observed in the simulated pulsed output
characteristics, reported in Figure 3 (left, dotted lines), that show a marked change of the
current slope in the saturation region. Pulsed DC simulations are readily carried out in the
implemented TCAD by replacing (4) with

nT = nT0 (17)

in each node, being nT0 the frozen trap concentration of the quiescent bias point. For the
pulsed DC curves of Figure 3, it corresponds to the same DC bias point selected for the AC
analysis. The frozen trap concentration for the bias condition VD = 10 V, VG = −2.22 V is
shown in Figure 3 (right). The slope of the pulsed DC curves matches the value of the real
part YDD at high frequency, while the slope of the static characteristics matches Real (YDD)
at low frequency. Table 1 summarizes the results obtained.

Table 1. Summary of Rout calculation.

Real (YDD) [S/cm] Rout [Ω cm]

Static DC 8.2× 10−3 122

AC Real (YDD) (low frequency) 8.1× 10−3 124

Pulsed DC 0.17 6

AC Real (YDD) (high frequency) 0.17 6

The trap signature can also be found in the imaginary part of YDD. It exhibits a positive
frequency peak at 2.15 kHz, traced back to the effect of buffer traps. The position of the
peak is often investigated to identify the kind of trap and the energy level [24].

4. Sensitivity of Real (YDD)

As a demonstration of the potential of the implemented TCAD platform, we investi-
gate the variation of YDD with the trap energy, a parameter still subject to investigation as
different values can be found in the literature, according to the technology and characteriza-
tion method [18]. Starting from the nominal solution of the device with ET = EC − 0.45 eV,
we exploit the Green’s Function approach to: (1) calculate YDD with varying ECT = EC− ET
in the interval [0.44, 0.46] eV (i.e., ±10 meV) with negligible numerical effort with respect
to the nominal case; (2) extract the distributed variation source (16) at each varied energy
for a further insight on the impact of trap dynamics.

Figure 5 shows the real part of YDD as a function of frequency. In order to validate
the implemented approach, the GF analysis is compared to the Y parameters directly
obtained from repeated AC analyses of (1)–(4) with varying trap energy (incremental
method, INC). The accuracy is excellent and the saving in simulation time with the GF



Electronics 2023, 12, 2457 8 of 13

approach is remarkable (roughly 50% of the INC analysis) [30]. The values of Rout at
low and high frequency are practically unchanged with varying trap energy, while the
frequency at which the transition occurs shifts to lower values with increasing ECT . Notice
that larger ECT corresponds to a deeper trap level, hence a lower emission rate (see (7) and
(8)) and, in general, higher trap occupancy.

Figure 5. Real part of YDD with varying trap energy levels. Lines: AC analysis from (1)–(4). Symbols:
GF approach.

In order to grasp the mechanism giving rise to this change in the output conductance,
we examine the distributed variation source (16) for a trap energy level ECT = 0.46 eV
(+10 meV variation with respect to the nominal value). A preliminary inspection of the
distributed local sources K(q,r)

α (r) shows that the dominant one is for α = nT , i.e., only
the source in the trap rate equation contributes significantly to the overall variation of
YDD. Figure 6 reports the real part of K(D,D)

nT (r) at fpeak = 2.15 kHz, corresponding to
the frequency peak of Figure 4. Globally, the major contribution is localized below the
gate, displaced approximately 10 nm from the AlGaN/GaN interface. In general, we
observe that the distributed source stems from the region where trap occupation varies
from fully to partially occupied. In fact, when occupancy is not complete, the occupied trap
concentration nT is most affected by the variations of the trap energy. To fix the ideas on
the trap occupancy portrait in the device, refer to nT with nominal ET reported in Figure 3
(right): traps are fully occupied close to the channel region, while deeper in the buffer the
trap occupation drops to 1015 cm−3, i.e., to the value of the residual donor concentration.
Below the last portion of the channel, traps are fully occupied more in depth by the injection
of electrons towards the substrate due to the highly 2D pattern of the electric field, while
the trap occupancy has a notch towards the drain at the exit of the saturated region of the
channel. Turning back to Figure 6, the distributed variation source is found to be mainly
localized below the portion of the channel extending from the source to mid-channel,
where the electron velocity starts to saturate. In addition, the gate-drain regions show a
contribution, being despite more limited.

As explained in Section 2, K(D,D)
nT (r) can be further split into three terms as in (16),

each one composed of the product of an element of the CGF and of the local microscopic
source. A detailed inspection demonstrates that the main contribution to Real(K(D,D)

nT (r)) is

given by the product of the (1,0) element
(

G(D)
α (r)

)
(1,0)

and of the DC component SnT ,0(r).

We recall that SnT ,0(r), shown in Figure 7, is the DC component of the trap rate equation
residual and essentially corresponds to the net recombination rate (5) at varied energy.
Only the generation rate Gn explicitly depends on ET through the emission rate (7), and
it decreases with growing ET distance from the conduction band. On the contrary, the
recombination rate Rn is unchanged; hence, the microscopic source essentially equals the
variation of the net recombination rate (5), which is, in turn, linearly dependent on the trap
concentration. As a consequence, Figure 7 closely resembles the portrait of nT reported in
Figure 3. On the contrary, Figure 8 shows the (1,0) component of the trap rate equation GF,
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which is localized under the gate, extending from source to mid-channel and approximately
40 nm in depth. Despite the fact that the velocity-saturated portion of the channel is known
to affect most of the output resistance, our results show that in the presence of traps, the
situation is more smeared: the last portion of the channel is not affecting YDD significantly,
but rather the source end of the channel region provides a larger contribution.

Figure 6. (Left) 3D plot of the real part of the distributed variation source K(D,D)
nT (r) at

fpeak = 2.15 kHz. (Right) zoom on the dotted region under gate.

Figure 7. (Left) 3D plot of the real part of the DC microscopic local source SnT ,0(r) at fpeak = 2.15 kHz.
(Right) zoom on the dotted region under gate.

Figure 8. (Left) 3D plot of the (1,0) component of the trap rate equation Green’s Function(
G(D)

nT (r)
)
(1,0)

(real part) at fpeak = 2.15 kHz. (Right) zoom on the dotted region under gate.

5. Sensitivity of Imag (YDD)

Figure 9 shows that Fe-doped traps are responsible for a positive peak at fpeak ≈ 2 kHz
in the imaginary part of YDD. With decreasing ET , the peak is shifted towards higher-
frequency values and Imag(YDD) slightly increases. Figures 10 and 11 show the imaginary
part of the distributed variation source K(D,D)

nT (r) for ECT = 0.46 eV for the two frequencies
f1 < fpeak and f2 > fpeak defined in Figure 9. Notice that the sensitivity to ECT variations
is higher at f1 and f2 than at the peak frequency. Similarly to the real part, the source
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is significant only in the buffer region below the gate. At lower frequency, the source
is more concentrated at the source side of the channel and assumes positive values. At
higher frequency, the local variation extends more towards the drain contact and becomes
negative. Overall the portrait of Imag(K(D,D)

nT (r)) shows that the effect of traps on the
drain current (channel) is still significant when traps are located as far as 100 nm from the
AlGaN/GaN interface. The highest contribution to the distributed variation is again found
in the conversion from DC to AC. The DC microscopic variation source is the same reported
in Figure 7. The relevant Green’s Function propagating the microscopic variations to the
drain contact is the imaginary part of the (1,0) element of the trap equation GF, shown in
Figure 12 for the two selected frequencies. The spatial distribution is similar to the real part
case, reported in Figure 8, but is found to be more extended towards the source and deeper
into the substrate at f2. This accounts for the extension of the local source more in depth
(up to 100 nm from the channel) in the imaginary part of the output admittance.

Figure 9. Imaginary part of YDD at different trap levels. Lines: INC approach. Symbols: GF approach.

Figure 10. (Left) 3D plot of the imaginary part of distributed variation source K(D,D)
nT (r) at f1 = 464 Hz.

(Right) zoom on the dotted region under gate.

Figure 11. (Left) 3D plot of the imaginary part of the distributed variation source K(D,D)
nT (r) at

f2 = 10 kHz. (Right) zoom on the dotted region under gate.
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Figure 12. 2D plot of the (1,0) component of the trap rate equation Green’s Function
(

G(D)
nT (r)

)
(1,0)

(imaginary part). (Left) f1 = 464 Hz. (Right) f2 = 10 kHz.

6. Conclusions

We presented an in-house TCAD simulator implementing the trap rate equations
coupled to the drift-diffusion physical model and solved in the frequency domain through
the Harmonic Balance algorithm. Trap equations are solved explicitly, allowing for the
extraction of the corresponding Conversion Green’s Functions, which have been presented
for the time since they are not available in any commercial software.

A 150 nm gate-length Fe-doped AlGaN/GaN HEMT with buffer trap concentration of
1018 cm−3 was used to demonstrate the software capability in the analysis of AC parameter
frequency dispersion along with their dependency on the trap energy. Distributed local
sources are demonstrated as valuable tools for technology optimizations, since they show
the regions of the device where traps are most detrimental to the device operation.

Due to the numerical efficiency of the GF approach, the novel code opens the way to
GaN HEMT variability analysis (e.g., by randomization of individual trap position, energy
and cross section) without the need of computationally intensive Monte Carlo analysis.

The presented AC analysis can also be readily extended to the dynamic large-signal
case with no further code variations. In particular, despite the fact that the model was
presented in the case of strictly periodic inputs, the extension to the quasi-periodic case with
multiple input tones at uncorrelated frequencies is straightforward. Multiple-tone analysis
is the ideal framework to highlight the effect of low-frequency dispersion in microwave
stages. Hence, the effect of parameter variations can be linked directly to the microwave
performance of nonlinear stages in realistic operating conditions. This will be the object of
future investigations.
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