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Abstract. In this paper we exploit numerically efficient physical simu-
lations to investigate the link between GaN HEMT low-frequency disper-
sion and the concentration of Fe induced buffer traps. We demonstrate
that the sensitivity of the AC output conductance to trap concentration
shows markedly different behavior according to the bias point, either in
saturation or in the linear region at the HEMT knee voltage. The fre-
quency dependency and the sensitivity of AC parameters in multiple bias
points yield a deeper understanding of trap behavior and allow for easier
identification of buffer trap signature in characterization data.
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1 Introduction

TCAD (Technological CAD) can effectively link the fabrication process to semi-
conductor device performances in the very operating conditions within an in-
tegrated circuit. As such, TCAD represents one of the enabling modeling tools
for Design Technology Co-Optimization (DTCQO) [1-5]. Complementing exper-
imental characterization, it provides advantages in terms of lower cost, faster
generation of (synthetic) datasets, and a deep insight into the physical mech-
anisms underlying device operation, hence allowing for device optimization. In
microwave integrated circuits (ICs), TCAD tools must include non conventional
analyses (e.g., harmonic distortion, nonlinear behavior) and require, in partic-
ular for the emerging GaN ICs’, advanced physical phenomena to be included
in the simulation, namely the trap dynamic behavior, that can limit the device
performance and reliability [6]. Typical effects of traps are the pronounced device
long-term nonlinear memory, e.g., the gate and drain lag [7,8] and the Y pa-
rameters low-frequency dispersion [9-11]. On the other hand, it is often difficult
to identify each trap (e.g., buffer, surface, interface) from the characterization
of the overall device electrical behavior only.

In this scenario, it is important to develop numerically efficient TCAD codes
that can simulate the device sensitivity to trap parameters as well as position.
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An in-house software has been recently demonstrated [12,13] that explicitly im-
plements the trap rate equations coupled to the drift-diffusion model. The model
is solved in the frequency domain through the Harmonic Balance formalism, al-
lowing for the investigation of both conversion effects and frequency dispersion
due to traps. Such dispersion is especially important in the design of power am-
plifiers, since these effects are responsible for the frequency dependence of the
output resistance and of the knee voltage [14]. To overcome the numerical burden
of TCAD simulations, our implementation exploits a Green’s Function approach
for the fast calculation of device sensitivity starting from the “nominal” trap
values. Furthermore, the technique concurrently makes available the local sen-
sitivity for DC and AC parameters, thus allowing to identify the regions of the
device where the trap parameter variations impact more the terminal electrical
characteristics.

In this paper we demonstrate that the sensitivity of AC output admittance
towards Fe-induced buffer trap concentration shows markedly different trends as
a function of the DC operating conditions, whether it is chosen in the saturation
region or at the knee voltage. In particular we show that the output admittance
close to the knee voltage is especially sensitive to the trap density and both the
real and imaginary parts can be used to identify the presence of buffer traps. The
frequency behavior of the drain admittance Ypp with varying trap concentration
and bias can be used e.g., to complement measured data, to assess the presence
of buffer traps and their density. It may also prove useful to provide the bias
dependency of trap cut-off frequency in RC equivalent compact models.
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Fig. 1. Left: simulated HEMT structure. Right: static characteristics with nominal
parameters varying the gate voltage from —2.5 V to 0 V with 0.5 V step. Markers
denote the knee (WPypee) and saturation (WPsat) working points.
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2 Device structure

We simulate the 150 nm gate length HEMT shown in Fig. 1 (left), made of an
AlGaN barrier with 25% Al mole fraction, and of a GaN layer with a residual
donor doping of 10'® cm™3. The channel region, 5 nm thick, is placed above a
2 pm deep buffer characterized by Fe-induced deep acceptor-like traps with con-
centration Ny = 10'® em ™3, nominal energy 0.45 eV below the conduction band
edge, and electron and hole capture cross-sections o, = g, = 3 x 10716 ecm=3.
Fe-induced traps are simulated explicitly adding the trap rate equation and cou-
pling it to the drift-diffusion physical model [12].

A fixed negative charge oin/q = —2 x 102 cm=2 is added at the bar-
rier /passivation interface. GaN spontaneous polarization and both AlGaN spon-
taneous and piezoelectric polarizations are included. The net polarization charge
at the AlGaN/GaN interface is opo1/q = 1.34 x 10'3 cm™2 with 90% activation.
The in-house software implements the same polarization model as the Synop-
sys “Simplified strain model” [15]. Other details on the simulation settings are
reported in [12].
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Fig. 2. Left: static (solid) and pulsed (dashed) output characteristics in the knee region
and varying Np. Right: zoom of the output characteristics in the knee region. The
quiescent bias point used for pulsed simulations is set by Vp = 3.2 Vand Vg =0V,
shown by the circle marker.

3 Multibias analysis of trap dynamics

First, the DC output characteristics are simulated for the nominal device, as
shown in Fig. 1 (right). The device is characterized by the threshold voltage
Vin = —2.5 V and Ipg = 13 A/cm saturation current. We investigate how Fe-
induced buffer traps impact the AC parameters in the two bias points reported
in Fig. 1. The first working point selected in the knee region WPy e is set to
Vp =3.2 Vand Vg = 0 V, while the second one WPy, is chosen in saturation
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conditions at Vp = 10 V and Vg = —2.22 V. We now consider the effect of the
variation of the buffer trap concentration in the range £25%Np. Fig. 2 (left)
shows the static drain current at Vg = 0 V resulting from either static and
pulsed DC TCAD analyses. We notice that with increasing Np, the selected
working point corresponding to Vp = 3.2 V gradually shifts from the linear to
the saturation region, as shown in Fig. 2 (right): hence we expect that the output
conductance exhibits a reduction with increasing Np. Furthermore, the pulsed
IV curves, also presented in Fig. 2, demonstrate that the trap dynamics affect
only the saturation region, whereas the linear region is nearly insensitive to trap
variations. Hence, a higher frequency dispersion can be expected in the output
admittance in the saturation region, corresponding to the highest Ny value. On
the other hand, the output characteristics at Vg = —2.22 V are reported in
Fig. 3 for three Np values, and they are compared to the corresponding pulsed
DC analysis with quiescent bias of Vp = 10 V, i.e. the same WP, shown in
Fig. 1 (right). The device operating condition is always in saturation for all the
analyzed Nt values, despite it is evident that frequency dispersion induces a
noticeable variation of the threshold voltage implying the varied shape of the
characteristics [12]. The output conductance is nearly insensitive to N, but
exhibits a very strong frequency dispersion, as shown by the different slopes
between static and pulsed DC curves.
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Fig. 3. Left: static (solid) and pulsed (dashed) output characteristics in saturation and
varying Nr. Right: zoom of the output characteristics in the saturation region. The
quiescent bias point used for pulsed simulations is set by Vp = 10 V and Vg = —2.22
V, shown by the circle marker.

In order to confirm such expectation, we carry out the AC analysis sweep-
ing the frequency from DC to 1 MHz. At each frequency, the variation of the
output admittance AYpp is calculated varying the buffer trap concentration in
the range +25% Nt using the fast GF analysis. Fig. 4 shows the real part of the
simulated Ypp parameter as a function of frequency and buffer trap concentra-
tion, both in the knee bias point (left) and at saturation (right). As expected,
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Fig. 4. Real part of Ypp as a function of frequency and trap concentration. Left: knee
region. Right: saturation region.
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Fig. 5. Imaginary part of Ypp as a function of frequency and trap concentration. Left:
knee region. Right: saturation region.

Real(Ypp) is directly connected to the slope of the static output characteristics
at low frequency and of the pulsed curves at high frequency, see Fig. 2 for the
knee and Fig. 3 for the saturation case, respectively. It is clear that the knee
condition makes the trap signature more evident in terms of the output con-
ductance variation. Moreover, the frequency dispersion behavior slightly affects
Real(Ypp) in the knee region, but represents a signature of traps in saturation
despite the Nt dependence is not clearly detected.

Trap signature becomes even more evident inspecting the imaginary part of
the output admittance, reported in Fig. 5 as a function of both frequency and
buffer trap concentration. The frequency behavior clearly shows a peak related to
the trap dynamics at 750 Hz in the knee region and at 2.15 kHz in the saturation
region. This frequency trend is well known to be a signature of traps dynamics,
as reported, e.g., in [11]. Notice, though, that while the knee bias peak frequency
shifts very mildly towards lower values with increasing trap concentration, the
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Fig. 6. Local source for the real part of Ypp corresponding to +25% N variation at
the peak frequency of Fig. 4. Left: knee region. Right: saturation region.

peak height shows instead a significant sensitivity to Np. On the contrary, the
imaginary part is nearly insensitive to Np in saturation.

Overall, the combined analysis of real and imaginary parts shows that the
knee bias condition is more apt at identifying the trap concentration.

Our approach based on GFs allows for an even deeper insight of the trap
impact on AC parameters through the local variation sources. In fact, the local
variation source of Ypp yields, once integrated over the device cross section, the
variation of the Ypp parameter with respect to the nominal value [12]. Fig. 6
shows the distributed source for the real part of Ypp at peak frequency for a
variation of +25%Nr. At the knee bias, the local source is distributed under
the whole gate contact and assumes negative values, leading to a reduction of
Real(Ypp). Moreover, it shows a strongly negative peak towards the drain con-
tact. A different behavior can be noticed in saturation region, where the local
source shows a negative peak towards the source and a positive peak in the mid-
channel region. The saturated portion of the channel towards the drain does not
affect the variation of Real(Ypp). The local variation source of the imaginary
part of Ypp is reported in Fig. 7 at peak frequency for a variation of +25%Nr.
The local source is different for the two bias points, and markedly shifted to-
wards the drain at the knee voltage, while more at the source in saturation.
Furthermore, a compensation of negative and positive peaks results in a nearly
null variation of Ypp in saturation. On the contrary, the local source is always
positive at the knee bias, giving a positive variation of Imag(Ypp).

4 Conclusions

We have exploited an in-house simulator implementing the drift-diffusion model
coupled to the trap rate equations to investigate the sensitivity of the AC out-
put admittance to the Fe-induced buffer trap concentration variations in an
AlGaN/GaN HEMT device at different bias points. We have demonstrated that
the concurrent analysis of real and imaginary parts of Ypp at the knee voltage
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Fig. 7. Local source for the imaginary part of Ypp corresponding to +25% N variation

at

the peak frequency of Fig. 5. Left: knee region. Right: saturation region.

can be used to identify both the trap concentration and the frequency dispersion.
The effect of traps on the AC parameters is investigated also at the microscopic
level using the local variation sources. Despite in this work we have analyzed only
frequency dispersion due to traps, the implemented code can address other dis-
persion effects, e.g., thermal [16], concurrently with traps dynamics. This makes

it

possible to develop compact models, e.g. extending X-parameters [17], to be

used in a technology aware microwave stage design.
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