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ABSTRACT In this work, we propose a simple and yet accurate physical model to describe the figures-
of-merit (FOMs) of lateral GaN power devices. While the performance limit of vertical devices is
well understood, the FOMs of lateral devices are not properly described by current models. This work
investigates the specific characteristics of the depletion in lateral devices, particularly focusing on the sub-
stantial potential of Polarization Super Junctions (PSJs) compared to conventional High-Electron-Mobility
Transistors (HEMTs). Our results show that PSJs can result in more than a 10-fold decrease in specific
on-resistance for the same breakdown voltage compared to HEMTs, which can be further improved by the
use of multi-channel heterostructures. In addition, we demonstrate that PSJs lead to a significant reduction
of the Roy x Eqs figure-of-merit, both in the case of negligible and dominating parasitic contributions.
This model enables a proper evaluation of the main figures-of-merit of lateral GaN power devices and
shows the potential of PSJs to reduce both the DC and switching losses in power devices.

INDEX TERMS Gallium Nitride, polarization super junction, HEMT, off-state modeling.

I. INTRODUCTION

GaN-on-Si lateral devices have shown outstanding potential
for power conversion applications and a substantial improve-
ment in their performance has been achieved in recent
years [1], [2]. Yet, the performance of current GaN High-
Electron-Mobility Transistors (HEMTs) is still far below
what is thought to be the limit for such devices [3]. In partic-
ular, their lateral architecture combined with the large density
of the two-dimensional electron gas (2DEG) results in a
peaked off-state electric field at the gate edge, which severely
reduces the maximum achievable breakdown voltage (VgRr).
To address this limitation, polarization super junctions (PSJs)
have been proposed [4]-[9], which take advantage of the
polarization fields naturally formed in GaN heterostructures
to achieve charge balance. This approach enables to over-
come the challenging GaN p-doping, which is necessary
to achieve charge matching in conventional doping-based
super junctions, by relying instead on polarization charges to

induce a two-dimensional hole gas (2DHG). In PSJ devices,
the charge compensation between electrons in the 2DEG and
holes in the 2DHG (Fig. 1) results in an overall neutral drift
region and thus in a flat off-state electric field profile.
Although PSJ devices have been experimentally
demonstrated [10]-[14] and a flat electric field profile
intuitively results in improved blocking capabilities, a quan-
titative analysis of the performance improvement enabled by
PSJs with respect to conventional HEMTs is lacking, with
current comparisons limited to the case of uniformly doped
power devices [4]. This is due to two main reasons. On
the one hand, while the on-resistance versus Vgr material
limit is often used to show the potential of GaN compared
to Si or SiC, such an approach cannot be used to accu-
rately compare GaN HEMT and PSJ devices. In particular,
while a uniform off-state field profile is typically assumed
to extract the material limit [3], this assumption is not valid
for HEMTs which, similarly to doped devices, present fixed
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FIGURE 1. (a) Schematic of conventional HEMT device and (b) of a
Polarization Super Junction HEMT.

charges in the depleted drift region (Fig. 1) [15], [16].
On the other hand, the lack of simple analytical mod-
els describing the off-state of PSJs and HEMTs does not
allow easily comparing the performance of these devices
and thus show the potential of polarization super junc-
tions. In addition, an accurate investigation of PSJ switching
performance is yet to be reported and some concerns are
present due to the large charge depletion that is achieved
in such devices, which could hinder their high-frequency
operation.

In this work, we provide a detailed analysis and com-
parison of the main figures-of-merit describing the DC and
switching performance of HEMT and PSJ devices. We pro-
pose a simple analytical model to describe the off-state
behavior of HEMTs and PSJs based on the different carrier
depletion mechanisms involved in such devices. From these
results, we compare the Ron,sp vs VBr performance of PSJs
and HEMTs and show that a more than 10-time decrease in
Ron,sp for the same Vgr can be achieved by PSJs with sheet
resistance (Rgp) of 300 €2/sq, which can be further improved
by the use of multi-channel heterostructures to reduce Rgp
down to ~80 2/sq [17]-[22]. In addition, we compare the
switching losses of PSJs and HEMTs showing that a signif-
icant improvement in the Ron X Egs figure-of-merit, where
Eos 1s the energy stored in the device output capacitance,
is achieved by PSJ devices both in the case of negligible
and dominating parasitic contributions. This model enables
a proper evaluation of the main figures-of-merit of lateral
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FIGURE 2. Carrier depletion during the off-state in a HEMT device.

GaN power devices and shows the potential of PSJs to reduce
both the DC and switching losses in power devices.

Il. MODELING

The main difference in the off-state behavior between PSJs
and HEMTs comes from the origin of the 2DEG. In conven-
tional GaN HEMTs, in which no GaN cap (or at most a thin
cap of a few nanometers) is present on top of the AlGaN
barrier, the source of electrons in the 2DEG are donor states
at the interface [15], [16] (Fig. 1 (a)). These states are ion-
ized by the polarization field, donating their electrons to
the 2DEG and being left with a positive fixed charge with
the same magnitude of 2DEG carrier concentration (Ny),
similarly to what occurs in usual n-type doped semiconduc-
tors. On the contrary, in the case of PSJs, the thick GaN
cap enables the formation of a 2DHG at the top AlGaN
barrier interface having the same carrier concentration of
the 2DEG [23], [24] (Fig. 1 (b)). The 2DHG provides the
electrons to the 2DEG, without requiring the ionization of
the donor states at the top interface. The key difference with
respect to conventional HEMTS lies in the fact that the holes
in the 2DHG are mobile and thus can be depleted in the
off-state (if a proper ohmic contact between the gate/anode
and the 2DHG is provided), while ionized donors are fixed
charges that affect the off-state electric field profile accord-
ing to the Poisson equation. This results in a neutral drift
region in the off-state for PSJs, while positive fixed charges
still remain in the case of HEMTs (Fig. 2).

To model such behaviors, the carrier depletion mecha-
nisms for the two kinds of devices need to be investigated.
Figure 3 (a) shows the simulated carrier depletion width
(Wpep1) (see Fig. 2) as a function of the off-state voltage
(Vp) for the drift region of a PSJ and HEMT device. It
should be noted that the off-state depletion of the drift region
of a diode and a transistor are equivalent, which enables
employing the same general model for both devices. An
intrinsic, 4 pwm-thick buffer on an insulating substrate was
considered to avoid any early breakdown through the buffer
layer and provide a fair comparison between the two archi-
tectures. Throughout the manuscript, dashed lines represent
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FIGURE 3. (a) Simulated carrier depletion width calculated fromthe gate
edge (Wnepl) as a function of the off-state voltage for PSJs and HEMTs
having the same drift region length. (b) Simulated off-state electric field
profile in the 2DEG region along Lp for a PSJ and a HEMT device. All the
simulation results presented in this work were obtained by employing the
Atlas Silvaco software and using its built-in material parameters [52]. The
polarization scale has been set to 0.92.

simulated results while solid lines are used for the analytical
model. Blue lines are employed for PSJs while red is used
for HEMTs.

PSJ devices show a complete carrier depletion of the
whole drift region length (Lp) for Vp of only a few volts
(Fig. 3 (a)). Such a depletion occurs for both electrons and
holes, resulting in a neutral drift region. HEMTs present,
instead, a smaller Wpep, which requires much larger Vp
values to grow and more closely resembles the case of
doped semiconductors. The two different depletion mecha-
nisms are directly linked to the off-state electric field profile
in such devices. The efficient carrier depletion and the neu-
tral drift region of PSJs result in a flat electric field profile
in the whole Lp while the smaller Wpep along with the
presence of fixed positive charges in the depletion region
lead to a non-uniform electric field profile with a peaked
shape for HEMTs (Fig. 3 (b)). While based on these results
PSJ devices intuitively should present improved off-state
performance, an analytical model describing these devices
is necessary to draw more quantitative conclusions while
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maintaining a detailed understanding of the physical mech-
anisms involved. In addition, this would enable determining
the upper-performance limit of HEMTs and PSJs and prop-
erly estimating their potential and figures-of-merit for power
conversion applications.

The off-state electric field profile for a HEMT is in general
a complicated function due to the device’s two-dimensional
architecture (Fig. 2). Indeed, while a uniformly-doped semi-
conductor can be considered as a 1D problem, the presence
of a sheet charge requires a two-dimensional treatment.
Typical mathematical methods to address this problem are
based on conformal mapping methods [25]-[29], which
however result in very complicated and non-analytical solu-
tions. Here, we propose a simplified approach that results
in an analytical solution enabling direct comparison with
PSJs, while still accurately describing the physical mech-
anisms that determine the device operation. In particular,
the HEMT off-state electric field (Ex gemt) along the drift
region direction (x) in the 2DEG region is approximated
by a linear function having Wpep as x-axis intercept and a
slope such that the voltage drop in the depleted region is
conserved (Fig. 4 (a)). The resulting expression is:

qNs HEMT
———(x — Wpepl
popa pl)

Ex HEMT = ey
where ¢ is the magnitude of the electronic charge, Ng HEMT
is the 2DEG concentration in the HEMT device and ¢ is GaN
dielectric constant. feff iS a geometrical parameter (in cm)
which accounts for the electric field extension in the vertical
direction due to its 2D distribution between the gate elec-
trode and the undepleted 2DEG. This model enables us to
treat a HEMT similarly to a conventional 1D doped device,
greatly simplifying the mathematical expressions. It should
be noted that the assumption of a linear field overestimates
the breakdown voltage of HEMT devices, which in reality
presents a more peaked electric field profile. However, since
the goal of this work is to present the potential of PSJs
with respect to conventional HEMT structures, this assump-
tion only results in an underestimation of the performance
improvement brought by PSJ. Besides, this model represents
an improvement compared to previous works, in which the
Ey profile of HEMTs is assumed to be flat in the whole
drift region [3]. Such a hypothesis is not physically accurate
due to the presence of ionized donor states with a posi-
tive charge and actually describes the case of PSJ devices,
preventing a fair comparison between the two device archi-
tectures. The geometrical parameter f.¢ accounts for the 2D
distribution of the electric field between the gate electrode
and the edge of the undepleted 2DEG. For this reason, it
only depends on the device’s geometrical parameters, such
as the gate metal thickness and the dielectric constant of the
passivation layer, and the depletion width, i.e. the separation
between the gate electrode and the undepleted 2DEG. In
particular, z.fr increases as Wpep) grows due to the more 2D
shape of the electric field (Fig. 4 (b)). fefr is instead inde-
pendent of the specific combination of Ny and Vp that was
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FIGURE 4. (a) Simulated off-state electric field (E,s(i“‘) along Lp in the
2DEG region for a HEMT device and corresponding approximated linear
field profile (E,E(") assumed in the model (b) £.¢ as a function of the
depletion width extracted from the device simulation.

required to achieve a certain depletion width. Indeed, such
a combination only influences the magnitude of the electric
field but not its distribution. While a mathematical formula
for t.¢r is challenging to obtain, its value can be determined
from simulation by extracting the Wpep for a certain off-state
voltage Vp (Fig. 3 (a)) and using the expression:

qNs,HEMTW]%epl

feff = T oevn 2
which is derived from eq. (1). Figure 4 (b) shows f.f as a
function of the depletion width for a HEMT with a 30 nm-
thick Algo5GaN barrier, 100 nm-thick gate contact, and
200 nm-thick SizNy4 passivation layer. Since the field distri-
bution, and thus f., depends on the exact device structure,
slight adjustments to zeff may be required in case a very dif-
ferent device architecture is used. However, for conventional
device architectures, variations of f. well below 10 % are
expected.

To model the off-state behavior of PSJs, the carrier
depletion in these devices needs to be properly described.
Figure 5 (a) shows the Ny as a function of the off-state volt-
age for different Algo5GaN barrier thicknesses (#,). While
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FIGURE 5. (a) Simulated carrier concentration Ns as a function of Vp for
different Alg 25GaN barrier thicknesses. Ns was extracted by integrating
the electron concentration in the 2DEG region along the vertical direction.
A cut in the middle of the device’s drift region was taken to avoid any
possible carrier depletion from the contacts. (b) Barrier capacitance (Cp)
and PSJ pinch off voltage (Vp), extracted from Figure 5 (a), as a function of
the barrier thickness. The bottom-right inset shows a schematic of the
simplified parallel plate capacitor model used to describe carrier depletion
in PSJ devices.

the Ny value at equilibrium (Vp = 0 V) increases for larger
1y, the carrier depletion varies linearly with the off-state volt-
age for all barrier thicknesses, which can be described by
introducing an effective barrier capacitance (Cp) from the
linear fit of the Ny vs Vp curve. Figure 5 (b) shows that
Cy, extracted from Fig. 5 (a), increases linearly with the
inverse of the barrier thickness (z, 1), with a slope equal to
the dielectric constant of the AlGaN barrier. This behavior
allows us to model the carrier depletion in PSJs with a sim-
ple parallel plate capacitor having the barrier as the insulator
between the sheet charges of the 2DHG and 2DEG, with the
gate providing an ohmic contact to the 2DHG and the drain
to the 2DEG (Fig. 5 (b) inset). The 2DHG can be seen as
acting similarly to a usual gate that forms a parallel-plate
capacitor and uniformly depletes the 2DEG over the whole
drift region, with a threshold voltage comparable to that of a
typical Schottky gate. It should be noted that such a model
is valid because of the small pinch-off voltage (V) required
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to completely deplete PSJ devices (Fig. 5 (b)) and the large
Schottky barrier present between the drain metal and the
2DHG. In this condition, the conventional lateral depletion
at the edges of the electrodes is negligible with respect to
the drift region length and no significant leakage is present
through the Schottky barrier. Besides, the barrier thickness
is much smaller than Lp, which allows neglecting the para-
sitic capacitance between the two electrodes. The pinch-off
voltage is only a few Volts for any realistic value of AlGaN
barrier thickness (Fig. 5 (b)) and could be further reduced
by employing higher polarization materials in the barrier,
such as InAIN or AIN, which enable reducing #, for a given
N. Thanks to the small value of V, compared to the break-
down voltage values considered in this work, the off-state
electric field profile can be considered approximately flat in
the whole PSJ drift region (Lp psy) and be given by:

Vb
Lp psy

EX,SJ = - (3)
I1l. STATIC FIGURE-OF-MERIT COMPARISON

Based on the electric field profiles for HEMTs and PSJs
described in eqgs. (1) and (3), we can compare the DC
performance of the devices. It should be noticed that TCAD
simulation was only employed to extract the f.ff parameter
and to show the different physical mechanisms involved. The
following analysis on the device figure-of-merit is entirely
based on an analytical treatment. The breakdown voltage
is typically obtained by considering the onset of avalanche
breakdown by impact ionization, with the ionization inte-
gral being simplified by using Fulop’s power law [3], [30].
Solving the resulting ionization integral using eqgs. (1) and (3)
and considering a complete depletion of the drift region, as
in the case of a well-designed power device, one obtains a
relation between Vpr and the drift region length for both
device types, as described in [3]:

Vr.psy [V] = 0.94 x 10° L) o [em] (4)
Veruemt [V] = 0.63 x 10° LY ey [eml. (5)

These expressions, which depend only on the Ex profile
and not on the carrier concentration, set an important link
between the drift region length of PSJs and HEMTs. In
particular, for a given VR, Lp ps; = 0.67 X Lp gEmT, Which
means that PSJ devices can have a shorter drift region to hold
the same voltage thanks to the improved off-state electric
field profile. Besides, one obtains also a relation between
Vgr and N for HEMTs

—3/4
Var HEMTIV] = 2.5 x 101x (Ns,HEMTI:Cmiz]/teff[CmD (6)

while, thanks to the very small value of V), for any realistic
carrier concentration, in a first approximation Vgr does not
depend on Ny in PSJs.
For a lateral device, the specific on-resistance (RoN,sp) is
given by:
L3
quNs

)

Ron,sp =

1070

with p the electron mobility. By inserting eq. (4) (for a PSJ)
and eq. (5-6) (for a HEMT) in eq. (7), one can extract the
expression of the device minimum Ron,sp achievable for a
certain VR, which represents the main figure-of-merit to
assess the upper-performance limit of power devices:

5.2 x 10716

R [Q X cmz] = V11/3 V1 (8
ON,sp, HEMT p[om?/Vs]r_fem] PR [VI(®)
Rosppsy [ 2 x et | = 115 1071 x Ra [0V TV]

€))

where Ry, is the heterostructure sheet resistance (Ryp, =
1/quNs). To obtain fefr as a function of Vpgr, one can apply
eq. (5) to Fig. 4 (b) in order to link Wpep to Vpr since,
for a well-designed power HEMT, Wpep| corresponds to Lp
at the breakdown. Fig 6 (a) shows the dependence of e
on VpRr, which can be inserted in eq. (8) to plot HEMTs’
specific on-resistance (Fig. 6 (b)). To further simplify eq. (8)
and obtain a more general expression, one can approximate
teff as a linear function of Vpr (Fig. 6 (a)). In addition,
eq. (9) can be expressed as a function of Ny to offer a direct
comparison between RoN,sp,HEMT and RoN,sp,PsI:

R ) 7 x 107 8/3
ON,sp,HEMT[Q X cm ] = WVBR [V] (10)
2]

2 0.7 x 105 7/3
Row.sppsi 2 x em? | = [ ViVl (1)

2
] 2 |V [em2]
Finally, the reduction in the specific on-resistance for PSJs
compared to HEMTs can be derived considering the ratio
between eqs. (11) and (10) and assuming the same mobility
for the two devices:
RoN,sp,ps1 1

R N 132 |yL/3 (12)
ONSpHEMT — Ny[x 10'em ™ |V [V]

A significant improvement in the Ron,sp vs Vpr limit
can be achieved by PSJs using conventional AlGaN/GaN
single-channel heterostructures. For instance, Ron,sp,psy can
be reduced up to 10 times compared to RoN,SPHEMT
for typical heterostructures having Ry, ~ 300 /sq (or
Ns ~ 1 x 103 cm™2) for a breakdown voltage of 1000 V
(Fig. 6 (b)), with a further reduction when devices with
larger VR are considered (eq. (12)). It should be noted that
often the electric field profile of HEMT devices is approxi-
mated to be flat in the whole Lp, which however erroneously
results in the same Ron,sp vs Vpr limit as for PSJ devices.
Nevertheless, as previously discussed, such an assumption is
not physically accurate and leads to an overestimation of the
potential of HEMT devices. This explains why real HEMTs
present performance very far from this limit, which is instead
properly described by the proposed model (Fig. 6 (b)).

In addition, we observe that for HEMTs, the Vgr depends
on N (see eq. (6)) and thus the carrier concentration does
not appear in eqs. (8) and (10). This is the usual sit-
uation for conventional semiconductor devices for which
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there is a trade-off between the carrier concentration and
the blocking capabilities. On the contrary, Ry, (and thus
Ns) does not affect the off-state electric field (eq. (3)) and
the breakdown voltage for PSJs (egs. (9) and (11)), which
allows increasing the device conductivity without degrad-
ing its blocking performance. While, one could achieve
a low sheet resistance in conventional single-channel het-
erostructures by proper design of an AIN or AlInN barrier,
a more effective way to significantly reduce the heterostruc-
ture Ry, is by using multiple parallel channels, which enable
to increase the carrier concentration without degrading the
mobility [17], [18], [31]. Besides, the growth of the multi-
channel structure typically requires only a small increase in
the growth time compared to the rest of the heterostruc-
ture, thus providing a cost-effective solution to significantly
reduce the on-resistance in power devices. Following this
approach, AlGaN/GaN multi-channel heterostructures with
Ry ~ 80 Q/sq have been shown experimentally, both
with doped and undoped barrier layers, and power devices
based on these structures have been demonstrated [17]-[21],
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revealing the feasibility in achieving high voltages in such
high conductivity structures. Further increase in the number
of channels and higher polarization barrier materials (such
as lattice-matched InAIN [32] and AIN [33]) have resulted
in structures with Ry value down to ~30 2/sq. As shown
in Fig. 6 (b), the reduced sheet resistance of multi-channel
PSJ devices would enable a considerable improvement in
the Ron,sp vs Vpr trade-off, resulting in a decrease of the
device resistance without affecting its off-state behavior.

IV. SWITCHING LOSSES COMPARISON

The different carrier depletion mechanisms in HEMTs and
PSJs directly affect the device output capacitance (Coss),
which largely determines its switching losses. In particular,
during hard switching, the energy stored in Cogs (Eoss) iS
dissipated at each switching cycle, resulting in the following
expression for the hard-switching losses [34]-[36] (where
losses during the turn-off are typically negligible for GaN
devices and thus not considered [37], [38]):

Psw :onss + Pry

where f is the operating frequency and Pry is a term related
to the current-voltage overlap during the switching transition.

The device Coss can be modeled as the sum of a
first term describing the carrier depletion in the drift
region [25], [39], [40] (which depends on Vp), and a sec-
ond contribution (Cp) related to the device geometry and
the parasitic capacitance terms (which is independent on
voltage) [25], [41]. According to the previous analysis on
the carrier depletion (Figs. (4-5)), we can approximate Cogs
as a step function for PSJs and as an increasing function
~ 1/4/Vp for HEMTs:

13)

_ | GoLppsy + Cp, for Vp <V,
Coss,PSJ = { va for VD - Vp (14)
eteitN
Coss, HEMT = | B SHEMT | oo (15)

2Vp

By integrating eqs. (14) and (15) with respect to Vp,
the device output charge Qs is obtained, and a second
integration results in Eog:

E [ 1/2CyV3Lppsy + 1/2C, V3, for Vp <V,
P8I 172G, V2Lp psy + 1/2Cp V3, for Vp > Vi,
(16)
,/quN’HEMTt ff 3/ 1
Eoss HEMT > ~——————_ =, /24 - pV]% a7

3 )
where the > sign in eq. (17) results from assuming fef
to be an increasing function with Vp, which is verified in
Fig. 4 (b) and Fig. 6 (a). In order to analyze this result,
two different cases will be considered, i.e. the situation in
which the carrier depletion is the main term in Coss (Cp
negligible) and the case in which C;, is instead the dominant
term. The relative magnitude of the two terms can strongly
depend on the device structure and its packaging strategy,
making it useful to consider both cases. Besides, to compare

1071



ELECTRON DEVICES SOCIETY

NELA et al.: FIGURES-OF-MERIT OF LATERAL GaN POWER DEVICES: MODELING AND COMPARISON OF HEMTs AND PSJs

150p - | Full L, depletion 1
3

E100p¢ ——PSJ ]

% ——HEMT

8

O 50p+t+ T

Gradual depletion
0 r / -

0 400

800
(a) Vy (V)
—PSJ  Ly,=15um
—— HEMT
4nf 9
€
S
3
g2nr :
w
% 400 800
b
(b) Vo (V)

FIGURE 7. (a) Qoss and (b) Eoss as a function of Vp for HEMT and PS)
devices in the case of negligible Cp calculated from eqs. (16) and (17).

devices having the same VpR, egs. (4), (5) and (6) will be
considered, which impose Lp psy = 0.67 X Lp ugmt and set
a relation between the HEMT carrier density and its VpR.
The output charge for a negligible C, is shown in Fig. 7 (a).
Since Qo directly depends on the depletion width, a similar
behavior as in Fig. 3 (a) is observed, with the PSJ output
charge increasing sharply with Vp until the full drift region
depletion at Vp = V,, and with the HEMT Qg gradually
rising over the whole Vp range. These differences in the
Qoss Vs Vp profile result in an Eqg value that is larger for
PSJs at low operating voltages but becomes much smaller
than that of HEMTs when large Vp values are considered
(Fig. 7 (b)). In particular, comparing the important switching
figure-of-merit (FOM) Ron X Eqss at the device rated voltage
for PSJs and HEMTs, an important relationship is obtained:

Ron,psy X Eoss psy V.
: il =0.67—> for
RoNHEMT X Eoss HEMT BR

Cp=0 (18)

Since the PSJs pinch-off voltage V/, is much smaller than the
breakdown voltage of typical power devices (Fig. 5 (b)), PSJs
enable to achieve a significant reduction in the Ron X Eogss
FOM, which increases as devices with larger voltage ratings
are considered.

In real power devices, parasitic capacitance contributions
to Coss related to the device geometry rather than the drift
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parasitic capacitance contribution calculated from eqs. (16) and (17). Cp
was set to 1 pF/cm for PSJs and 0.66 pF/cm for HEMTs, which reflects the
different Lp required by the two devices to achieve the same Vgg.

region depletion can become significant depending on the
device architecture. While an exact estimation requires the
precise knowledge of the device structure, here a C, of
1 pF/cm for Lppsy of 10 pwm is assumed, which is a
typical value for multi-finger scaled-up devices [25], [27].
Besides, we consider C, ~ 1/Lp, resulting in a C, value
of 0.66 pF/cm for Lpugmt of 15 pm. This assump-
tion is favorable for HEMTs as parasitic terms usually
have a weaker dependence on Lp for typical device
dimensions [25], [27], [42].

Figure 8 (a) presents Qyss as a function of Vp for non-
negligible Cp. As a result of the parasitic contributions, an
increase of Qs is observed, which is larger for PSJs due to
the shorter drift region length. The corresponding Eqos Vs Vp
curves are presented in Fig. 8 (b), which shows a dominant
contribution from the Cp, term with respect to the depletion
contribution. In this situation, PSJs present a larger Eqg
value, due to their shorter Lp. However, a fair comparison
between the two devices requires considering the Ron X
Eoss FOM:

. 3.4 x 1020 x tefr[cm] (19)

RON.HEMT X Eoss HEMT NS’PSJ[cm—Z]Vl‘;{f [V]

RoN,psy X Eoss psy
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which can be further simplified in case the linear fit of feft
vs Vpr (Fig. 6 (a)) is used:

Ron,psy X Eoss,ps1 2.5
RONHEMT X Eoss HEMT N, pgj[x 1013cm_2]Vé§[V]
(20)

The decoupling of Ny from the off-state performance for
PSJ devices results in a better Ron X Eoss FOM, which
improves as the device VpRr increases (Fig. 9). Besides, by
employing multi-channel structures with larger Ny it is pos-
sible to further reduce Ron X Eoss to values 10 times lower
than for HEMT devices.

Finally, for what concerns the Py contribution in eq. (13),
this term is proportional to the external load current and is
linked to the time required to discharge Coyg through the
device channel. This time is usually determined by the cir-
cuit operation and by the addition of an external gate resistor
to control the dV/dt. In these conditions, HEMTSs and PSJs
would exhibit similar Pry as this term is entirely controlled
by the external circuit. However, in the absence of a gate
resistor or in the case of very low gate-path resistance,
the transition speed depends only on the device proper-
ties. In this case, the strong non-linearity of Cyg for PSJ
devices (see eq. (14)) results in a reduced overlap term at
high voltages with respect to HEMTs. This is due to the
efficient carrier depletion in PSJs, which leads to a very
low C,s value for off-state voltages above the pinch-off
and translates in a reduction of the Pry overlap term com-
pared to HEMTs, similarly to what has been reported for
Si devices [43]. Thus, since for PSJ devices the Pry term is
smaller or equal than for HEMTs while the E.s contribu-
tion is much-reduced for any condition, we can conclude that
PSJs result in a significant decrease of the overall switching
losses.
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V. MODEL BOUNDARIES

GaN lateral devices typically present a large density of
traps at the heterostructure top interface. Electrons trapped
in these surface states during the off-state partly deplete
the 2DEG close to the gate edge and alleviate the elec-
tric field peak, resulting in an improvement of the device
breakdown voltage [44]-[47] through a virtual gate effect.
Yet, this mechanism is highly undesirable as it degrades the
device resistance in the on-state, resulting in current col-
lapse phenomena [48], [49]. A similar reasoning can also
be applied to trap states in the buffer layer, which are often
introduced to increase its resistivity but can act as trapping
centers for electrons in the 2DEG. Thus, a more meaning-
ful indicator of the device performance is represented by
the dynamic on-resistance rather than the DC Ry, which
does not take into account trapping effects. In this work, the
presence of trap states has not been considered as the exact
estimation of their density and energy level is highly depen-
dent on the device design and passivation strategy. However,
all the analyses here reported remain valid by simply replac-
ing Ron with the dynamic on-resistance (Ron,dyn) measured
for experimental devices.

GaN layers also present a certain concentration of unin-
tentional impurities (e.g., Si or O) due to contaminations
during the growth, which can act as fixed net charges and
affect the electric field profile. Nevertheless, recent advances
in MOCVD growth have enabled impurity concentrations as
low as 3x 10" cm™3 [50], [51], preventing significant effects
on the device’s off-state behavior. In this work, the role of
impurities has not been included since their concentration
can vary significantly depending on the growth technique
and parameters, which prevents drawing any general con-
clusion. However, in the case of a significant presence of
impurities, this can be readily accounted for in the presented
equations by including an additional fixed net charge term.

Finally, GaN HEMTs usually also have few field plate (FP)
structures. While the analytical treatment of field plates is
rather straightforward [25], [28], their design varies signifi-
cantly from device to device making it difficult to provide a
general model. Yet, some considerations can be drawn. One
of the main goals of FPs is to reduce the electric field peak
at the gate edge. While the field profile in the FPs region dif-
fers from the one here presented, FPs typically extend only
for a few microns and the majority of the off-state voltage
falls on the portion of the drift region without FP. This situ-
ation is well described by the proposed model, which can be
extended to include the presence of FPs [25], [28] once the
precise device structure under investigation is known. Finally,
the use of FPs results in an increased Cqgg parasitic contri-
bution (Cp) due to the reduced distance between electrodes,
which increases the switching losses and poses an additional
trade-off between E,g and the blocking performance. The
proposed model and analysis offer precious general insights
into the operation mechanisms of two investigated devices
and can be easily adapted to a specific device architecture,
once its precise structure is known.
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VI. CONCLUSION

In this work, we provided a detailed analysis and comparison
of the main figures-of-merit describing the DC and switch-
ing performance of HEMT and PSJ devices. We proposed
a simple analytical model to describe the off-state behavior
of HEMTs and PSJs based on the different carrier deple-
tion mechanisms involved in such devices. Based on these
results, we showed that a 10-time decrease in Ron,sp for the
same VR can be achieved by single-channel PSJs, which
can be further improved by the use of multi-channel het-
erostructures to reduce the sheet resistance. In addition, we
compared the switching losses of PSJs and HEMTs show-
ing that PSJ devices result in a significant improvement in
the Ron X Eoss figure-of-merit both in the case of negligible
and dominating parasitic contributions. This model enables
a proper evaluation of the main figures-of-merit of lateral
GaN power devices and shows the potential of PSJs to reduce
both the DC and switching losses in power devices.
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