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We investigate the injection of hot electrons in the passivation layer above the drift region of GaN HEMTs
by means of Monte-Carlo transport simulations. We find that the lateral component of the electric field in
the AlGaN layer delivers a non-negligible kinetic energy to the electrons, thus enhancing injection in the
passivation at the top, an effect that is not captured by the standard hot-carrier injection models developed

for Si devices that requires the development of ad-hoc hot-carrier injection models for GaN devices. The
implications of our calculations for the understanding of reliability and dynamic-R,, are also briefly discussed.

1. Introduction

Gallium-Nitride (GaN) HEMTs are strong contenders in the area
of power electronics, thanks to the large breakdown field and high
mobility [1,2] offered to device designers. They exploit the polarization
charge at the interface between the GaN and AlGaN layers to create
a large electron sheet charge density and achieve a low on-resistance
(R,,). However, electron trapping in the carbon-doped GaN buffer,
and in the passivation layer above the AlGaN, induces detrimental
dynamic-R,, effects [3-6]. While the former effect has been analyzed
in detail [7-10], this work focuses on the much less studied injection of
hot electrons in the passivation layer at the top of the AlGaN. This effect
may become especially critical in hard-switching applications when the
HEMT experiences simultaneously a large drain-source voltage and a
large drain current.

Since the vertical component of the electric field in the AlGaN layer
repels electrons toward the two-dimensional electron gas (2DEG), only
hot electrons can diffuse uphill and get trapped in the passivation
layer, possibly causing drifts and device instabilities [11,12]. Therefore,
far-from-equilibrium transport simulations (e.g., by the Monte Carlo
method) are mandatory to accurately predict the flux of carriers im-
pinging on the passivation/AlGaN interface, which is not captured by
standard drift-diffusion models used for this kind of investigation [3,
13,14]. Monte Carlo simulations of electron transport in GaN have

been presented in the literature, e.g. in [15-19]. However, they mostly
focus on band structures, scattering rate calculations and simulation of
uniform transport in bulk GaN.

In this work, we employ an in-house Monte Carlo simulator with
analytical bands to solve the Boltzmann transport equation in a tem-
plate vertical slice representative of the drift region of a GaN HEMT and
compute the flux of electrons injected into the passivation to assess how
it depends on the vertical and lateral electric field and on the various
energy barriers. The simulator is described in Section 2. Results are
reported in Section 3. Conclusive remarks and future perspectives are
given in Section 4.

2. The Monte Carlo simulator

The left panel in Fig. 1 sketches the cross section of a GaN HEMT. To
gain physical insights on the functional dependence of the hot-electron
flux into the passivation (@) on the vertical and lateral electric field
components, we restrict our analysis to a single template slice in the
drift region. This is reasonable since the electric field in the drift region
varies slowly along x compared to the mean free path, which is in the
nm range for hot-electrons, so that the electron distribution function,
f(E), depends uniquely on the local electric field, F. In the simulated
slice, we set a given constant lateral field, F,, and assume a vertical
component of the electric field, F,, with constant but different values in
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Fig. 1. (left) Sketch of a GaN/AlGaN HEMT, and (right) conduction band diagram along the vertical dashed line in the drift region. The red horizontal dashed
line denotes the 2DEG. We consider only the upmost top layers, e.g. the undoped GaN and AlGaN layers. The substrate (Si, SiC, other) and the different buffer
layers connecting it with the top GaN are not included in the model, so that results are not specific to a substrate material.

GaN and AlGaN, due to the polarization charge at the interface. These
fields are taken as parameters and varied in a realistic range consistent
with TCAD simulations of realistic devices featuring field-plates. The
result are thus general, and apply to power devices of different voltage
classes, bias conditions and design.

Notice that the field component F, g,y (see the right panel of Fig. 1)
pushes the electrons toward the GaN/AlGaN interface. Some electrons
can overcome the conduction band discontinuity AE. and enter the Al-
GaN, where the repulsive F, i,y pushes them back toward the GaN. A
fraction of these electrons can reach the AlGaN/passivation boundary,
where trapping into interface states, and/or thermionic emission above
the E,, barrier and subsequent trapping into bulk states, can lead to
charge accumulation and drift of the device characteristics. The value
of E,, is taken as a free parameter without a direct link to specific
passivation materials and processes, that can result in a wide range of
possible barriers for electron injection.

Although full-band simulators for GaN have been presented by
many authors (e.g. [19-21]), the dominant I'} valley retains a non-
parabolic energy dispersion up to high energies close to 2 eV, where
satellite valleys come into play. Scattering rates from full-band cal-
culations do not significantly differ from the ones using analytical
bands, see [19]. This supports our choice to adopt analytical non-
parabolic spherical bands for the I'|, I';, and U valleys. The U-I'; band
offset is set to 2 eV. Polar and non-polar, acoustic and optical phonon
scattering, and alloy scattering in the Al ,Gag gN layer are included in
the calculation.

Piezo-electric and Coulomb scattering are implemented too. They
significantly impact the mobility, which goes from 1900 cm?/(Vs) when
only phonons are included, to 1500 cm?/(Vs) and 800 cm?/(Vs) for
doping levels of 10> cm~3 and 10'7 cm~3, respectively, consistently
with the MC results in [17] and literature data therein. On the other
hand, they play a modest role in the analysis of hot-electrons: we have
verified that the flux of injected electrons changes by less than 1% when
these mechanisms are included, which is in the order of the statistical
error of the MC procedure.

The band and scattering rate parameters (Table 1) are taken from
various works on Monte Carlo simulations of bulk GaN and GaN-based
devices [15-19].

In addition to the assumptions listed above (single slice with fixed
and constant electric fields and E, taken as parameters), two other
main assumptions are discussed below. Electron quantization in the
2DEG is not included. We are indeed analyzing conditions where the
lateral electric field is large and heats the electrons, so that most of
them are outside the quantum well at the GaN/AlGaN interface. The
simulator thus considers a single electron free to move in the real space.
For the same reason, we do not enforce Pauli’s exclusion principle
(that would imply checking the availability of an empty state-after-
scattering), since the electron population is spread over a large energy
range, keeping the state occupation well below 1. Not enforcing Pauli’s
exclusion principle makes the quantities provided by the MC algorithm
to scale linearly with the electron sheet density N,p.

Table 1

GaN model parameters of the Monte Carlo transport simulator. The energy
offsets AE; and AE,, are relative to the global minimum of the conduction
band, i.e. the bottom of the I'| valley.

Symbol Meaning Value Units
€ Low freq. permittivity 8.9
€ High freq. permittivity 5.35
@y, Opt. phonon energy 91 [meV]
D,, Coupl. optical ph. 3.10" [eV/m]
D, Coupl. acoustic phonon 8.3 [eV]
mpy Eff. mass. I'l valley 0.2 [m,]
ar Non parab. I'l valley 0.2 [ev!]
mps Eff. mass. I'3 valley 0.28 [my]
ars Non parab. I'3 valley 0.2 [ev~!]
AE 5 Energy offset I'3 valley 2.2 [eV]
my Eff. mass. U valleys 0.33 [m,]
ay Non parab. U valleys 0.2 [ev1]
AEy, Energy offset U valleys 2.0 [eV]
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Fig. 2. Flux density of electrons into the passivation at the interface with
AlGaN, @, normalized to the volumetric concentration in GaN at the interface
with AlGaN, n;;, vs. the lateral electric field for different values of the vertical
electric field in the GaN layer.

3. Results

Fig. 2 reports the electron flux density into the passivation at
the interface with AlGaN, &, normalized to the volumetric electron
density in the GaN at the interface with AlGaN, n;rp, as a function
of the lateral electric field. According to Gauss’s Law F, is the same
in the GaN and AlGaN layers. @/n;;r has units of a velocity and,
remarkably, is independent of the vertical field in the GaN meaning
that the injected flux is proportional to the volume density n;; at the
interface, as in standard thermionic emission theory. When we change
F, g, we modify n;rp (a larger field makes charges getting closer to

Z.
the interface) but the injected flux changes by the same amount.
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Fig. 3. Distribution function of electrons in the I' valley at the GaN/AlGaN
interface. Dashed line: bottom of the U valleys. Distributions are normalized
to be ‘1’ at the bottom of the conduction band. The energy reference E = 0eV
is the bottom of the I'l valley. As discussed in Section 2 Pauli’s exclusion
principle is not enforced and the actual distribution scales linearly with the
assumed sheet density.

The flattening of the flux/concentration curves in Fig. 2 at large
lateral field can be understood by examining Fig. 3, which shows
f(E) (the electron concentration per unit energy divided by the den-
sity of states) at the GaN side of the AlGaN/GaN interface. For |F,|
> 500 kV/cm, the occupation function is essentially flat below 2 eV,
since below that energy, electrons are confined within the I} valley,
where, due to the relatively low density of states, the energy loss
rate is relatively low. Above this threshold, I'}-U intervalley scattering
sets in, and electrons are transferred to the U valleys; due to the
large availability of final states, net kinetic energy gain becomes more
difficult, and the distribution function decreases rapidly for increasing
energy. This explains why the curves in Fig. 2 (where the total barrier
for injection in the passivation is 1.27 eV!) are essentially flat for
lateral fields above ~500kV/cm. The inter-valley scattering between
I'l and the single I'3 valley, on the other hand, is much smaller than
the one between I'l and the six equivalent U valleys, and we have
verified that the inclusion of the I'3 valley has a limited impact on the
injected flux.

So far, we have shown in Fig. 2 the ratio between the electron flux
density @ injected into the passivation and the electron concentration
nyrp at the AlGaN/GaN interface. To assess the magnitude of the
flux itself one needs to evaluate the electron concentration. A few
concentration profiles along the vertical direction are shown in Fig. 4.
The concentration is the highest at the AlGaN/GaN interface, and its
decay in the vertical direction above and below the interface is a result
of the balance between the vertical field in GaN and AlGaN, that oppose
diffusion out of the potential well, and the lateral field that heats the
electrons.

This latter aspect can be observed in Fig. 5, that plots the peak
concentration as a function of the lateral electric field for given vertical
fields. The values are below the effective density of states in the
conduction band (2.3 - 10'8e¢m™3), that validates our choice to neglect
degeneracy effect, i.e. to not enforce Pauli’s exclusion principle. Note
that in these simulations, F, g,y and F, 5 g,y are treated as separate
parameters, whereas in reality they are linked by the polarization
charge.

Fig. 6 shows the ratio @/n;rp for different AlGaN thicknesses and
E,. The vertical electric field in the AlGaN is set to a typical value
of 1 MV/cm, corresponding to a total barrier increase of 1 eV every
10 nm of ,;g,n- We observe that increasing 7,;g,n from 10 nm to 20 nm

! The sum of AE. = 0.27 eV and the product between 7,,g,y and |F. xganl-
As we will see in at the end of this section, the effective barrier is even lower
than that due to the effect of |F,|.
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Fig. 4. Electron distribution along the vertical direction for different values
of the electric field in AlGaN and GaN, for a 2DEG sheet concentration of N,
=102 cem™2. |F, ygon] = 1MV/cm.
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Fig. 5. Electron concentration at the GaN side of the AlGaN/GaN interface
as a function of the lateral electric field, for a 2DEG sheet concentration of
102 cm=2 (same as in Fig. 4). F, yigx = 1MV/em. F, g,y = 0.5MV/cm.
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Fig. 6. Electron flux into the passivation @ normalized to the concentration
n;rp in the GaN at the interface with AlGaN, for different AlGaN thicknesses
and energy barriers at the passivation interface.

and 30 nm, does not decrease the injected flux as much as increasing
the barrier E,, by steps of leV. This is because the electrons are
heated by the lateral field in the AlGaN, and the kinetic energy initially
gained along the x direction, is then redistributed in all directions
by the isotropic and elastic alloy scattering. The effect is enhanced
by increasing f,;g.n. This point is analyzed with the help of Fig. 7:
we see that the injection probability for given total energy barrier
(AEc + | F; p1gan| - taiGan) is much higher for large 75,6,y compared to a
case when the whole energy step is associated to AE.
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Fig. 7. ®/n;;p for |F,| = 500 kV/cm (left) and |F,| = 1000 kV/cm (rigth).
The x-axis is the total energy barrier AE¢ + | F, oG |?aiGan- In the blue curves
no AlGaN layer is present and AE is varied as a parameters. In the red curves,
instead, #,g,y is varied while keeping | F, 55,x| = 1MV/cm to increase the total
barrier (keeping AE. = 0.27 eV).

4. Discussion and conclusions

The results in Fig. 6 suggest that engineering the passivation to
increase Ej is a more efficient way than increasing the AlGaN thickness
to contain carrier injection in the passivation layer. However, for a full
assessment of the trapping, one should consider the product between
@ /n;rp (plotted in Figs. 2 and 6) and n;pp itself. Considering as a
relevant example E,, = 2 eV, ®/n;r; ~ 10> cm/s in Fig. 6 multiplied
by a typical n;7p ~ 10'7 cm=3 (see Fig. 5), gives a flux of ~10%° cm~2
s~1. This shows that the theoretically calculated injection rates are
extremely high. However, the analysis proposed here provides the flux
injected into the passivation: if the electric field therein is repulsive,
most of the electrons will bounce back into the AlGaN, and only a
fraction will get trapped. This implies that, to quantitatively predict
the amount of charge trapped in the passivation, and the resulting
dynamic-R,,, full-device simulations, as well as a model for the cap-
ture/release of hot electrons, in the passivation is needed. As future
perspective, the model proposed here is currently being extended to
perform full device simulations with realistic electric field profiles.
Results will be presented in a future work accompanied by comparison
with experimental dynamic R, data.
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