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Abstract— A model considering different leakage paths for
describing the reverse gate-leakage in mesa-isolated polar GaN-
channel heterostructure field-effect transistors (HFET) is
presented. For AlIGaN/GaN HFETSs, it is illustrated that for small
negative values of gate-source bias, gate-leakage happens from
the gate-covered mesa sidewalls to the 2-D electron gas (2-DEG).
The bias- and temperature-dependences of the gate-current show
that the sidewall path to the 2-DEG is associated with the Poole-
Frenkel electron emission. As the gate-source bias becomes more
negative, electrons choose a different path to the 2-DEG. In this
case, results corroborate that the gate-leakage is dominated by
the Fowler-Nordheim (FN) direct tunneling process through the
I11-Nitride barrier. The novel contribution of the present analysis
is that it postulates that in absence of absolute uniformity, FN
tunneling takes place through only a small portion of the surface
of the barrier, which boasts the highest electric field or the
smallest Schottky barrier height. By applying this hypothesis, the
origin of the inconsistencies inherent to the previously presented
models in selecting the value of the electron effective mass can be
explained.

Index Terms—III-Nitride heterojunction field-effect transistor
(HFET), gate-leakage, leakage at mesa sidewalls, Fowler-
Nordheim, Poole-Frenkel.

I. INTRODUCTION

U NDRESTANTDING the origin of the excessive reverse gate-
current in  GaN-channel heterostructure field-effect
transistors (HFETS) has been considered to be of enormous
importance to the development of these devices [1].
Considering numerous electron transport mechanisms, thus far
several models have been developed to explain this device
characteristic. When the electric field across the barrier is
weak, transport mechanisms which rely on the existence of
traps, such as trap-assisted tunneling [2], and Poole-Frenkel
(PF) emission [3], [4], are more likely to become dominant.
However, the dominance of Fowler-Nordheim (FN) tunneling,
as a direct tunneling process, is correlated with the presence of

Manuscript revised May 26, 2018. This work was supported by the Natural
Sciences and Engineering Research Council of Canada Discovery Grant
Program. The authors are with the Department of Electrical and Computer
Engineering, Concordia University, Montreal, QC H3G 1M8, Canada (e-mail:

p.valizadeh@ieee.org).

a strong electric field across the barrier [5]. In addition to
when a sizable bias is applied between the gate and the source
contact, this condition is easily satisfied in polar IlI-Nitride
HFETSs enjoying large spontaneous/piezoelectric polarization
at the hetero-interface (e.g., in AlxGa;.xN/GaN HFETs with
high aluminum mole fraction or ternary lattice-matched
Ino.17Alo.ssN/GaN HFETS) [5]-[7]. Thermionic field emission
can also challenge the other competitors when electron
temperature is sufficiently elevated [1], [2].

In addition to the various transport mechanisms, different
leakage paths have also been proven to be worthy of
consideration in the evaluation of the gate-leakage of IlI-
Nitride HFETs [8]-[13]. Although conduction through the
Al(In)(Ga)N barriers has been widely considered to be the
main leakage path, evidence of the existence of a leaking path
between the gate-covered mesa-sidewalls and the 2-D electron
gas (2-DEG) has been also presented [8].

In the present study, in an attempt to outline a model with
realistic set of assumptions for describing the reverse gate-
current of GaN-channel HFETSs, in addition to the leakage
taking place through the IlI-Nitride barrier, the path via the
mesa sidewalls is considered. To assess the validity of the
assumptions, and to determine the dominant electron transport
mechanism in each identified path, temperature- and bias-
dependence of the assumed electron transport processes are
analyzed. In case of FN, the previously reported
inconsistencies in adopting the constants of the model are also
thoroughly discussed [3].

Section Il provides the background on the presence of
competing paths for gate-leakage in AlGaN/GaN HFETSs.
Sections 111 and 1V present the discussion on the determination
of the dominant electron transport mechanism in each
recognized leakage paths. Conclusion is presented in section
V.

Il. LEAKAGE VIA THE BARRIER AND CONDUCTION THROUGH
THE MESA-SIDEWALLS

As outlined in [8], based on the study of three groups of
polar Alp3Gao7N/GaN HFETs of different isolation-feature
geometry (known as fin, 7-island, and 14-island) built on a
common layer structure, the authors have already presented
evidence on the existence of a leakage path between the
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Fig. 1. (a) Gate-dissected cross-sectional view of an island-isolated HFET.
The schematic depicts only two of the islands. In case of fin-isolated HFET,
the isolation feature is a narrow continues mesa. The two leakage paths
discussed in this study are also illustrated. (b) Measured Ig versus Vgs for the
fin-, 7-island, and 14-island AlGaN/GaN HFET varieties. Measurements
were performed at room temperature and drain-source voltage (Vps) of 0 V.

sidewall covering gate-electrode and the 2-DEG. In the
present study, using these structures, it has been attempted to
model the observed gate-leakage characteristics of
AlGaN/GaN HFETSs in presence of a number of gate-covered
mesa sidewalls. Details of the layer structure and the
fabrication process have been reported in [14]. The etched
sidewalls of the isolation-features have not been passivated.
With the exception of the structure of the isolation-feature,
there has been no difference in the fabrication recipe of these
transistors. All of the considered device varieties effectively
present the same gate-width of about 100 um and mesa height
of 300 nm. Whereas among the fin-isolated devices the
isolation-feature is a continuous mesa, in case of the 7-island
and the 14-island varieties the total gate-width is divided into
7 and 14 mesas of respectively smaller width. As a result,
among these devices the gate electrode covers 2, 14, and 28
sidewalls, respectively. The gate-length among all these
devices, unless indicated otherwise, is 0.5 um. Figure 1(a)
illustrates the gate-dissected cross-sectional view of a typical
island-isolated HFET. While in the present manuscript these
HFETSs are employed as test structures for the analysis of gate
current, it has been shown that the implementation of GaN-
channel HFETS on array of very small size isolation-features,
instead of a continuous mesa, is capable of offering
enhancement-mode characteristics and a reduced degree of
self-heating [15], [16].

Figure 1(b) depicts plots of the room temperature measured
gate-current (Ig) for the aforementioned groups of transistors.
As mentioned in [8], a correlation between the number of

gate-covered sidewalls and lg is only observed for smaller
gate-source biases. For gate-source voltages (Ves) where there
is no tangible difference among the reported values of Ig, the
common phenomenon of leakage through the equally wide
barrier is expected to be responsible for the gate current.
Furthermore, as discussed in [8], whereas the HFETSs built on
similar isolation-feature geometries with different drain and
source access regions demonstrate identical lg, the surface
leakage from the gate to the drain and source is not deemed
dominant among the explored devices.

Formulating a gate-current model, considering the two
aforementioned paths for leakage, requires the identification
of the dominant transport mechanism across each path. In the
next two sections, relying on the experimental data from the
devices mentioned in this section, and a few published sets of
data, it is attempted to present a realistic assessment of the
dominant transport processes.

I1l. THE DOMINANT LEAKAGE MECHANISM THROUGH THE
POLAR III-NITRIDE BARRIER

For large negative values of Vgs, due to the presence of
strong electric field across the barrier, the Fowler-Nordheim
(FN) tunneling process through the barrier has been deemed
the most probable contributor to I [5]-[8]. While there is
consensus on this matter, often in formulating the current
density according to this process unrealistic assumptions about
certain constants seem inevitable. The FN current density is
given by [3], [17]

3hE

Jen = AE%exp (— i T §/2> 1)

2 *
for A = %ﬁn”)in which, q is the fundamental electronic
b

charge, h is Planck’s constant, mo is the free-electron mass,
my, is the conduction-band effective mass in the barrier layer,
q¢y is the Schottky barrier height, and E is the electric field
across the barrier. Assuming a triangular approximation for
the shape of the polar IlI-Nitride barrier, electric field E is
approximately given by [2],

E = Pp—Ves—APpc+or

Aparrier

for Vgs>Vin (2)

in which, gA¢, is the conduction-band discontinuity at the
barrier/channel hetero-interface, q¢ is the difference between
fermi energy level and conduction-band edge at the GaN side,
darrier 1S the barrier thickness, and Vi, is the threshold-voltage
of the HFET. For the fin variety of the AlGaN/GaN HFETs
discussed in section Il, Vi is about -4.5 V [14]. Due to
depletion of the 2-DEG at gate-source biases lower than the
threshold-voltage, the electric field across the barrier becomes
almost independent of Vgs. While in here for Vgs smaller than
Vin the electric field is assumed constant, such an assumption
limits the accuracy of the model for Ves<<Vu. Although ¢ is
a function of Vgs [18], for values of Vgs close to Vi (when the
higher subbands are not populated) it can be assumed to
remain unchanged with bias. Coincidently, as marked in Fig. 1
for the group of polar AlGaN/GaN HFETS, this is the regime
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Fig. 2. (), (b), and (c), show the In(Jc/E?) vs. 1/E data collected from [3],
[6], [7], respectively. The data from the fin-isolated devices of the present
study are given in (d). Symbols represent the experimentally acquired data
points and the dotted lines illustrate the linear interpolation among these
points.

where leakage through the barrier becomes dominant.
According to (1), the linear dependence of In(J/E?) vs. 1/E
is counted as an evidence of the dominant presence of FN
tunneling [3], [5]-[7], [17]. Therefore, the slope of this linear
characteristic is expected to be proportional to \/m_n 2/2,
while its intercept with the vertical axis is defined in terms of
m;,¢,. However, for both polar AIGaN/GaN and InAIN/GaN
HFETs extraction of the values of m; and ¢, through
modeling the experimentally recorded FN-dominated gate-
current has resulted in evident inconsistencies [3], [6], [7],

[19], [20]. In order to assess the cause(s) of this problem, in
addition to the data gathered from the fin variety of the
devices identified in section 11, measurements reported in three
representative studies on FN-dominated I in AIGaN/GaN and
lattice-matched INAIN/GaN HFETs are scrutinized [3], [6],
[7]. Figure 2 presents the linear region of In(Je/E?) vs. 1/E for
the mentioned studies, where Jc is the gate-current density.
Specifications of the barrier layer in each of these studies,
along with the extracted (or adopted) values of m;, and q¢,
from Fig. 2 are presented in Table I. The extractions have been
carried out based on the slope of the characteristics
demonstrated in Fig. 2.

While as indicated in Table I, the values of the adopted
parameters into each model are not drastically different from
the expected values from literature, the calculated amount of
gate leakage, expressed in terms of the ratio of the extracted

value of A in (1) to the calculated value of

2 *

1 "o/Tne g:z;m”), is commonly observed to be many orders of
b

magnitude different from what is experimentally recorded. In
addition, it is observed that among the extracted and the
expected values of m;, and ¢, quite often a difference is
present. Among these, the worst example is the controversially
small value of my, reported in [3].

Among these data, Ganguly et al. have argued that the
lower than expected extracted value of g¢p, = 0.7¢V, in the
case of a lattice-matched Ing17AlogsN/GaN HFET [7], is due
to microscopic In-composition fluctuations in the InAIN
barrier [24], [25]. Accordingly, as long as the expected Jg is
greater than the measured value (i.e. unlike [6]), this
observation can be attributed to the possibility of a relatively
small fraction of the surface of the barrier (associated with
high In-composition) being responsible for the FN tunneling.

In each of the cases highlighted in Table I, there exists a
similar correlation between the two observed discrepancies
(i.e. of the vertical axis intercept and the required value of the
effective mass or the Schottky barrier height). A seemingly
reasonable explanation for these observations lies in the
presence of the exponential term in (1). While Jen
dramatically changes with q¢, and E, the presence of a degree
of non-uniformity across the surface allows the electric field
and the Schottky barrier height to be position dependent.
Accordingly, the FN tunneling through a part of barrier which

TABLE |
BARRIER STRUCTURE AND THE ADOPTED/EXTRACTED PARAMETERS FOR THE OBSERVED FN LEAKAGE THROUGH THE BARRIER.

Ratio of the extracted value of A in (1)

Barrier Structure qd, (V) m; /mo to the calculated value of &@mo/mw) Ref.

8mwhop
A|0_256a0_75N 1.17(3) 0.0016(e) 6 O4X10'11 [3]
25nm agreeing with [21] for Ni  widely different from 0.4 reported in [22] '
In.17Alo g3N/AIN 2.56® larger than 1.46 0.4®@ 1.15x10° [6]
10nm/1nm reported in [23] for Ni slightly over the accepted range [22] '
In.17Alo g3N/AIN 0.7 smaller than 1.46 0.2® 1.74x107 7]
7.5nm/1nm reported in [23] for Ni within the accepted range [22] ’
Alo_3Gﬁo_7N/A|N 1‘23(a) 0.0593(6) 4 . 1
20nm/1nm agreeing with [21] for Ni widely different from 0.4 reported in [22] 3.80~10 This study
A|0_3Gﬁo_7N/A|N 1‘23(a) 0.4(a) 4 . 2
20nm/1nm agreeing with [21] for Ni  within the accepted range [22] 3.80~10 This study

1Considering E as estimated by (2).
2Considering E as 2.60 times of the value estimated by (2).
Superscripts (a) and (e) stand for adopted and extracted, respectively.
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Fig. 3. In(lc/E?) vs. E over wide range of temperature and when FN is
dominant. Symbols represent experimental data points. Curves present the
calculated values on the assumption of (5). Vps is equal to 0 V.

boasts smaller q¢, and/or larger E can dominate the total
current density. This portion of the surface of the barrier,
corresponding to what has been also reported in case of GaN
Schottky diodes [26], can be referred to as “FN leakage
zone”. Here, it is suggested that the FN leakage zone occupies
only a portion of the gated area of the top surface of the
barrier, given by the ratio of the extracted A to the calculated

2 *
value of %{;‘”). While the proportion of the total area
b

responsible for FN gate-leakage presents a chance for
explaining the smaller than 1 values of the ratio of the

2 *
extracted value of A in (1) to the calculated value of %an)
b

(presented in Table 1), the corresponding number greater than
1 which was reported from [6] remains puzzling. Table | also
presents an example on the role of E in assessing the effective
electron mass in case of the devices mentioned in section II.
According to the data presented on the final row of this table,

for both q¢,, and m;, to take realistic values, the electric field
needs to be almost 2.6 times as strong as the value calculated
by (2). In the remainder of the manuscript, this ratio is
expressed by y. In this case, if the FN leakage zone of stronger
electric field takes on only 0.038 percent of the gated surface
area, not only the discrepancy on the effective mass but also
on the readout of the y-intercept will be eliminated.

In an attempt to substantiate the proposal on the existence
of a FN leakage zone, the gate-currents among two groups of
devices with the gate length of 0.5 and 1 um have been
compared. Both groups shared the same value of gate width,
as indicated in section Il. Both groups of HFETs presented
almost the same amount of gate-leakage (i.e. independent of
100 percent increase in the area of the gate electrode). This
observation corroborates the proposed hypothesis of the
existence of a FN leakage zone, according to which the whole
gate area is not considered to be involved in the FN process.
Since the area of the proposed FN leakage zone does not
change considerably with the 100 percent increase of the total
gate area, in correlation with a negligible increase in the
perimeter of this gate covered area, the expected region of
higher E can be attributed to this periphery. Barrier thinning
due to the presence of surface defects can be one of the
reasons for the generation of FN leakage zone [27].

TABLE Il
PARAMETERS USED IN EXPRESSING THE FOWLER NORDHEIM TUNNELING
CURRENT THROUGH THE BARRIER OF ALUMINUM COMPOSITION OF 0.3
ACCORDING TO (4) AND (5).

Sym. Definition Value Ref.

¢b at . . .
Ni/barrier Schottky barrier

T=300K,  height y 123eV [21]

E=0V/m

m Conduction-band effective 0.4 [22]

n mass in Aly3Gag 7N x9.11x103 kg

(24 Varshni empirical constant 1.4 meV/K [30], [31]
Constant defined in

p association with the 860 K [30], [31]
Debye temperature

& relative dielectric constant ~ 10.31 [21]
Magnification of E across

4 the FN leakage zone 1.8039 Extracted

Sen FN leaking zone area 6.02x10 m? Extracted

While the hypothesis on the existence of a FN leakage zone
provides reasonable evidence on the dominance of FN process
(i.e. when a large negative Vgs is applied) without any need
for invoking unreasonable assumptions, the dominance of FN
is still needed to be substantiated via studying the temperature
dependence of the Ig. In spite of the temperature independence
of quantum tunneling, the temperature dependence of the
concentration of impinging charge carriers is still responsible
for making the FN process a function of temperature [17].
This effect is modeled by incorporating a multiplicative term
of mckT /sin(rckT) in (1), in which k is the Boltzmann
constant, T is the temperature in Kelvin and ¢ is defined as:

c= 4—1‘[1/2‘m;‘1¢bl (3)

hE

The existence of E in the definition of ¢ has a negligible
impact on the linear characteristics reported in Fig. 2.
Considering the effect of temperature on q¢, and the barrier-
lowering due to presence of image forces at the metal-barrier
contact, q¢, can be represented by [28], [29]

T2 q3E

a®» = qdno _;?_

(4)

ATTErEQ

in which, « is the Varshni empirical constant, # is a constant
defined in close association with the Debye temperature, and
¢dpo 1S selected in a way that at T = 300K and zero E, q¢,
reaches the typical value mentioned in [21] as a function of the
Al composition. g, is the permittivity of vacuum, and ¢, is the
relative permittivity of the barrier. Applying these factors, in
order to explain the temperature dependence of the FN
process, (1) is modified to,

q*(my/m;) mckT (EY?
8mhe, sin(mckT) 4
X exp <— Smy2maq 3/2) (5)

3hYE b

Ipy = Spn



where Sgn stands for the area of the FN leakage zone.

Figure 3 presents In(Ic/E?) vs. 1/E for the AlGaN/GaN
HFETs identified in section Il over a wide range of
temperature. The room-temperature value of the parameters
taken into account for presenting the data points of Fig. 3 in
term of (5) are summarized in Table Il. As shown in Fig. 3,
these same values have been proven to be well suited to
express the value of Ig at other temperatures from 150 to 470
K.

IV. DOMINANT LEAKAGE MECHANISM AT GATE-COVERED
MESA SIDEWALLS

Whereas the FN based model presented in the previous
section seems capable of accurately forecasting the amount of
gate-leakage for more negative values of Vgs, as highlighted in
Fig. 1 for values of Vgs closer to 0 V existence of a certain
correlation with the number of gate-covered sidewalls rules
out the dominance of FN across the barrier [8]. For this latter
range of Vs, the study of temperature dependence of Pool-
Frenkel (PF) electron emission taking place between the gate-
covering mesa sidewall and the 2-DEG, among the
AlGaN/GaN HFETs mentioned in section Il seems to provide
sufficient evidence on the dominance of this mechanism. It
must be highlighted that due to the presence of Fermi-level
pinning at the non-polar I1I-Nitride surfaces [32], and also
barrier thinning at these sidewalls (caused by the inevitable
deviation from vertical etching of the sidewall), at these
positions the gate electrode cannot be in direct contact with
the 2-DEG.

In order to formulate the PF process at the mesa sidewall,
the electron emission is in here assumed to take place from a
trap state close to the gate metal at the mesa-sidewall into a
continuum of states in GaN. It is then through this continuum
of states that electrons reach the 2-DEG [9], [33]. The damage
caused by inductively-coupled plasma etching (ICP), which is
used to form the isolation-features, contributes to the
formation of the aforementioned traps close to the sidewalls.
The PF current density is presented by [3], [33],

_ Q(¢t—\/quidewall/nfogs)) (6)

Jpr = CPFEsidewallexp( p
in which, in addition to the aforementioned parameters, &g is
the relative high frequency permittivity of GaN, q¢, is the
barrier height for electron emission from the trap state, and
Cer is a constant.

In (6), Esidewan is the electric field defined in terms of the
potential difference between gate and the 2-DEG. This electric
field depends on several parameters including the slope of the
sidewall and the strain relaxation in the vicinity of the mesa
edge. The maximum Esigewan is defined where the gate metal
covering the mesa sidewall and 2-DEG are at the minimum
distance. Considering the exponential dependence of PF on the
electric field, Esigewan is estimated as a one-dimensional electric
field defined at the depth of the 2-DEG channel. However,
when considering the Fermi-level pinning at the less than

vertically defined sidewalls, assuming the linear definition of
this one-dimensional electric field in terms of Vgs poses
considerable challenge on accurate evaluation of the length of
the region across which this bias is applied. In the present
study, assuming vertical sidewalls and negligible dopant
concentration in the channel, the following first order
assumption is used for calculation of Esigewan,,
Esigewau = MppVgs ~ for Ves>Vin )
in which, mpe is the proportionality factor that is used as the
only fitting parameter. This equation is deemed approximately
valid for the gate-source biases larger than the threshold-
voltage. In the absence of a strong 2DEG when Vgs<V, the
leakage path discussed in this section is no longer dominant.
According to (6), in the presence of PF emission, In(Jpr/
Esidewan) is @ linear function of / E;zewan, Where the slope and
the vertical axis intercept are functions of T, respectively
presented as,

a(T) = k"—T /EL (8)

b(T) = =12 4 In Gy 9)

When (6) is applicable, according to (8) the plot of a(T) vs.
1/T should present a straight line with a slope capable of
providing the value of &, which is projected to 0 at very high
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island AlGaN/GaN HFET varieties mentioned in section Il. Symbols
represent experimental data points. Dash line is the calculated FN component
through the AlGaN barrier (lgy) discussed in section I11. Dash-dot line is the
calculated PF at the gate-covered mesa sidewalls (lpg) discussed in section
IV for the fin-isolated device. Three solid lines are Ign+lpr, Ien+7%1pg, and
Ien+14%1pe, Which present the total gate leakage calculated for the fin-, 7-
island, and 14-island device varieties, respectively. Vps is equal to 0 V and
gate-length is 0.5 pm.

temperatures. In addition, the slope of b(t) vs. 1/T should be

capable of forecasting q¢,. Although several studies have

claimed the observation of PF emission in GaN-channel

HFETSs, only a few of them have presented the temperature

dependence of these factors [3], [7].

For the experimental data from the fin-variety of the devices
indicated in section Il, Fig. 4(a) shows the linear dependence

of In(I6/Esidewalt) VS. +/ Egigewau» While Figs. 4(b) and (c) depict
the variation of a(T) and b(T) with temperature. On these
graphs, since the leakage area corresponding to the gate-
leakage at gate-covered mesa sidewalls cannot be exactly
defined, I has been studied instead of Je. This will only affect
the proportionality constant Cpr. While the data presented in
Fig. 4 across a wide range of temperature satisfies the
aforementioned expectations of when the PF process is
dominant, the accordingly projected values of & and q¢, are
respectively equal to 5.35 and 0.31 eV. These values are quite
acceptable [3]. As mentioned earlier, mpe is the only fitting
parameter employed for the superbly matched model
presented in Fig. 5 in terms of the dash lines. In here, the value
for mpe has been taken as 2.44x10m™,

It is worth re-emphasizing that the slope of mesa sidewall
can affect the sidewall leakage in different ways. The damage
introduced on the mesa sidewalls by the ICP etching, and the
contributed trap profile, can be functions of the steepness of
the sidewalls. It is also expected that in HFETs of steeper
sidewalls, in absence of reduction in polarization-induced
2DEG concentration in the periphery of the tapered sidewalls,
larger Esidewan develops as the physical distance between the
2DEG and the gate metal at the mesa sidewall becomes
smaller. Reduction in the steepness of mesa sidewall is also
expected to affect the degree of strain relaxation in the vicinity
of mesa sidewall. As a result, in addition to scaling of the PF-
contributed sidewall leakage with device dimensions such as
gate length, process-dependent parameters such as sidewall
slope are deemed capable of modifying the amount of sidewall
leakage from transistor to transistor.

Further to these studies, the authors have also attempted to
explain the leakage at the mesa-sidewall using other electron
transport mechanisms such as field emission, thermionic field
emission, Ohmic conduction, and trap assisted tunneling.
However, none of these mechanisms were successful in terms
of predicting the observed trends. The relatively smooth
voltage dependence of Ig under the dominance of leakage at
the mesa-sidewalls contradicts the plausibility of field
emission. Similar observation at low temperature (i.e. 150K)
discards the chance of thermionic field emission at room
temperature. Whereas in this case the plausibility of Ohmic
conduction has been also investigated, the non-liner behavior
of I-V rejects this possibility.

V. CONCLUSION

Applying the model described in the previous two sections,
the calculated I over a wide range of values for Vgs, for the
fin, 7-island, and 14-island variety of AlGaN/GaN HFETs
presented in section Il of the manuscript, is provided in Fig. 5.
In this figure, the PF leakage component at the isolation-
feature sidewall is calculated for the fin-isolated HFET. The
PF component for the 7-island, and 14-island HFETs are
considered to be 7 and 14 times larger, respectively. Superb
matching between the model and the experimental data
(highlighting the turning point between the two dominant
processes) suggest the accuracy of the presented model.
According to this model, while for small negative values of
Ves, le is dominated by PF electron emission taking place
between the gate-covered mesa sidewalls and the 2-DEG, as
the gate-source bias gets more negative FN through the
AlGaN barrier becomes dominant. Evidence shows that the
FN component occurs only in a small portion of barrier (here
referred to as FN leakage zone).
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