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ABSTRACT We present a simple but accurate 1-D methodology of modeling for AlGaN/GaN High
Electron Mobility Transistors (HEMTs), and by which means study its Reduced Surface Field (RESURF)
effect. By using the Effective Concentration Profile Concept, the proposed methodology accounts the
interactions between each layer and electric field crowding induced by gate/drain electrodes simultaneously
without introducing any simulation results and correction factors. The proposed model indicates that same
as that in silicon-based lateral power devices, the RESURF effect is also present in AlGaN/GaN HEMTs.
Thus, the channel layer doping of AIGaN/GaN HEMTs plays a leading role in determining the devices’
off-state characteristics. Owing to the veracity and simplicity of the proposed model, in this paper, the
devices’ breakdown voltage and RESUREF criterion are analytically obtained via a 1-D approach for the
first time. The good agreements between the analytical model, experimental results, and 2-D simulations

verify the validity of the proposed methodology.

INDEX TERMS AIGaN/GaN HEMTs, RESURF principle, 1-D analytical model, breakdown voltage.

I. INTRODUCTION

The most notable feature of power devices is the ability to
block high voltage when operates in off-state [1]-[6]. Due to
the polarization-induced free carriers and wide-bandgap that
gallium nitride material has, the GaN-based transistor bene-
fits from its excellent electron transport capability and high
breakdown voltage making it favorable in the power semi-
conductor realm [1]-[4], [7]. Much effort has been devoted
to the developing of new device structures to meet the
unceasing demand for reducing the On-Resistance (Ron) and
keeping a high breakdown voltage (BV) [7]-[10]. Among
them, the most direct method is to introduce the pre-
existing techniques that originally applied to silicon-based
power devices into the AIGaN/GaN High Electron Mobility
Transistors (HEMTs) [1]-[3], [11]. By using the carefully

designed structure parameters, these techniques enable power
devices to achieve a better off-state characteristic via reshap-
ing the electric field [5]-[6], [12]-[14]. These breakdown
techniques are mostly considered as an improvement on
the basis of the Reduced Surface Field (RESURF) tech-
nique. However, the application and optimization of these
techniques on GaN-based devices are limited and difficult
due to the lack of effective physics-based analysis. What’s
more, the researches on AIGaN/GaN HEMTs at present are
mostly conducted through simulation tools or experiments
[7]1-[14]. The structure optimization is almost impossible
as both these approaches are time-consuming and costly.
Therefore, despite over two decades of development, some
rather ubiquitous features of the breakdown mechanism of
AlGaN/GaN HEMTs are still not well understood. One
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primary example is the relations between impurities dose,
depletion, and breakdown voltage [13]-[15].

Understanding the off-state breakdown behavior in
AlGaN/GaN HEMTs is of crucial importance to design and
realize better techniques and to improve device performance.
Due to the sophisticated nature and stacked vertical structure
of AlGaN/GaN HEMTs, to date, analytical models are estab-
lished by solving 2-D Poisson’s equation and the introduction
of artificial correction factors or even simulation results are
usually required [13]-[17]. Moreover, due to the distinctive
structure of AlIGaN/GaN HEMTs, the electric field crowding
inevitably appears near the Drain and Gate electrodes. Such
a curvature-induced effect further adds the modeling diffi-
culty due to its irregular boundary conditions. To avoid such
difficulties, to date analytical models are usually only focus-
ing on the structure employed field plates [13]-[16]. The
particularity of these 2-D methods limits their application
scenarios.

In this paper, a general-purpose 1-D modeling approach is
proposed to explore the off-state performance of AlIGaN/GaN
HEMTs with the help of the Effective Concentration Profile
Concept. So that the electric field profile and BV can be
obtained by solving 1-D Poisson’s equation which greatly
drops the analysis difficulties. The proposed 1-D model not
only can depict the off-state characteristic of AlGaN/GaN
HEMTs but also indicates that the GaN-channel layer dop-
ing dose (Qcn = Ny X top) takes a significant role in
optimizing the device’s off-state breakdown behavior. The
effectiveness and correctness of the proposed methodology
are well verified by the good comparison between 2-D simu-
lation results obtained by Sentaurus, a Synopsys technology
computer-aided design (TCAD) tool, experimental results,
and analytical results obtained by the proposed model. The
physics model and math setting used for simulation are in
accordance with Sentaurus Workbench template. The use
of this Effective Concentration Profile (ECP) concept that
originally proposed for silicon-based power devices on the
modeling of GaN-based HEMTSs, and with its outcomes
achieve a good agreement between modeled, simulated and
measured results further prove the universality and effective-
ness of the proposed methodology in exploring the off-state
breakdown characteristics of lateral power devices.

Il. MODELING METHODOLOGY

A typical AlGaN/GaN HEMT is constituted by a stacked
structure which from top to bottom is SizNy passivation
layer, AlGaN barrier layer, GaN channel layer, GaN buffer
layer, and substrate [1], [2], [7]-[10]. As shown in Fig. 1 (a),
for the modeling and simulation simplicity, a depletion-
model (D-model) device structure is adopted in this paper.
Hence, a negative gate voltage is employed to maintain the
off-state in simulations. As shown in Fig. 1 (b), when the
device operates on off-state, the depletion region forms both
laterally and vertically to sustain the applied voltage. The
potential function in each layer satisfies the 2-D Poisson’s
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FIGURE 1. (a). 3-D view of the AlGaN/GaN HEMT and (b). 2-D cross-section
of the AlGaN/GaN HEMT with silicon substrate for modeling (x-y plane).

equation, which yields:

82 AGS 82 i\As N
g y) ey aNi sy

dx2 0y2 &
where the ¢; and N; are the dielectric constant and doping
concentration of each layer, respectively. In this paper, if
not otherwise stated, the intrinsic background carrier con-
centration of the channel layer is Ny = 1 x 105ecm™3. To
solving Eq. (1), a set of boundary conditions is required.
In this paper, to simplify the derivation process as much as
possible, a mathematical transformation ought to be applied.
Thus, the influence of impurities (or part of them) on 2-D
Poisson’s equation can be equivalent to an extra bound-
ary condition. Hence, in this case, the influence caused by
the polarization charge at the AlGaN/GaN interface can be
transformed into a virtual boundary condition, which yields:

t
o1(x, —1p) = —Vaprg = —ClQeﬁ (2)

where Q. is the polarization charge density whom a strong
function of Al composition x in the AlGaN material. Based
on the polarization effect theory, the polarization charge
density in this paper is determined by:

Qe = |Ppe(AlyGay_xN) + Psp(AlyGa1xN) — Psp(GaN)|
3)

where Ppp and Pgp are the piezoelectric and spontaneous
polarization charge density, respectively. In this paper, the
Al composition in the AlGaN material is 0.2. Thus, for sim-
plicity, the Q, = 1.0 x 10"3cm~2. Therefore, the upper and
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lower boundary conditions of each layer can be obtained by
using electric displacement and electric potential continuous
conditions at both its interfaces. The boundary conditions at
the top and bottom of the device satisfy:

dp1(x,y) _ 0p4(x, )

=0 4
ay yzf(fp‘i’tpax) ay

Y=teh+tp+tsup

So far, the boundary conditions for modeling are obtained
properly. The effect of two-dimensional electron gas (2DEG)
on channel potential is equivalent to a virtual potential on
the surface of barrier layer. By submitting electric displace-
ment and potential continuous conditions, into Eq. (2) and
Eq. (1), a general differential equation for the potential dis-
tribution function of each layer can be obtained. Since the
lateral breakdown occurs at the AlGaN/GaN heterojunction,
the breakdown characteristic of the GaN channel layer is in
great importance. Accordingly, its surface electric potential
can be expressed as:

Ppr(x,0)  ¢2(x,0) _ (qN2 N3\ (Kzatsupts + 1
x2 12 & &3 212

gN (Kiatsupty+; N VapEG
€] 212 tpas
y <K14tsub+2tp+2K12tch+2Kl3tb)
212

®)

where Kj; = ¢;/¢; represents the dielectric constant ratio of
layer i and j, t = [0.5(ty + tep)? + 0.5K34ts (tp + 1)1 is
the characteristic thickness of the stacked vertical structure,
fpas> tps Ich, tp and tg, being the thickness of passivation
layer, barrier layer, channel layer, buffer layer, and substrate
depletion region, respectively. A more detailed derivation
process of Eq. (5) is provided in the Appendix for ref-
erence. Furthermore, due to rigorousness in mathematical
derivation, the proposed method can also be applicable to
the AlGaN/GaN HEMTs with field plates in theory. The
channel layer between the gate and drain region is the main
structure that sustains reverse-applied voltage in the lateral.
In this paper, for simplicity, such a region is considered
as a drift region that has the length of L; and thickness
of t.,. Especially, since the AlGaN barrier layer is usually
a very thin layer (¢, = 3 — 20nm in this paper), its doping
and thickness have a trivial impact in Eq. (5). Thus, the N;
and #, are therefore neglected in subsequent modeling and
discussions. By applying the Effective Concentration Profile
Concept to Eq. (5), The ECP that indicates the influence of
stacked structure and applied voltage can be obtained, which
yields [4], [6], [12], [18]:

“ L;—x\? 26,V a
eren ) (2] 242

where a = 2L/t being the drift region shape factor, Ny
indicates the influence of stacked structure, especially the

532

2DEG, on ECP, which yields:

Ksataty + 1
Nge = (N2 — K23N3) (—b

212

&V Kiatsup + 2K 12tcn + 2K 138
N ( 2 2DEG)( 148 sub 21; h 13 b) o

qlpas

It is worth to be noted that due to the deep-level impurities
that within, the buffer layer, in fact, behaves as a P-type
region [16], [17]. Accordingly, the N3 being the equiva-
lent P-type doping concentration that induced by impurities
and traps. In this paper, for simplicity, intrinsic back-
ground carrier concentration of the buffer layer satisfies
N3 =5.0x 1013¢m™3. Meanwhile, in this work, the passiva-
tion layer and substrate layer are defaults as 7,4 = 0.2um,
P = 2.0x 10cm—3. Moreover, as shown in Fig. 1 (a), the
right angle of the gate and drain electrodes induces intense
electric field crowding which shall significantly reshape the
electric field profile in the channel layer, especially the areas
near point A and B. By employing the similar method that
reported in REF [6], the equivalent curvature effect induced
ECP increment can be given as:

&2 | E2(Lg, 0) At E»(0,0)
Nerow(x) = _|: : 7~
q 2 (Lg + At —x) 2
« L} (8)
(x+ Af)?

where At = (tpq5 +1,) being the approximate radius of cur-
vature, E>(0,0), E»(Ly4,0) is the surface electric field peak at
x = 0 and Ly, respectively. As point A and B in Fig. 1 (a) that
shows, the lateral breakdown may occur at the two ends of
the drift region on the surface. Such method reckons the right
angle of the electrodes as a ring-like region for modeling
simplicity. Apparently, this approximation is not mathemati-
cally rigorous. Nevertheless, the proposed method is proven
to be accurate and effective [6]. Therefore, since the sophis-
ticated 2-D structure is equivalent to a 1-D graded junction,
thus the overall ECP of the GaN channel layer (Ngy) in
an AlGaN/GaN HEMT can be obtained by using the semi-
conductor compensation principle, namely summing Eq. (7)
and (8), which yields:

Negr(x) = Neoup(x) + Nerow (X) )

By using the proposed method, when considering other
effects or structures (such as field plates), the model is still
valid. In which case the overall impact of different effects
on devices’ off-state breakdown characteristics can be easily
considered by simply adding the effective doping concen-
tration increments of each effect to Eq. (9) [6]. However,
the field plate structure is not considered in this paper. So
far, by using N4, the influence of stacked structure, 2DEG
and electrode-induced crowding effect are converted to the
variation of Effective Concentration Profile. Therefore, the
surface electric field of channel layer (E(x) = E»(x, 0)) can
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be easily obtained by simply using 1-D Poisson’s equation:

_EO)( At E(Ly) At
Ew == <x+At+1>+ 2 (Ld+At—x)

quet X a+1 Ld —x a+1 o
2&o Ly Ly
v X a+1
+ —"(—) .
t \Lg

1il. VERIFICATION AND DISCUSSIONS

A. SURFACE ELECTRIC FIELD PROFILE

For the AIGaN/GaN HEMTs that shown in Fig. 1, three pos-
sible breakdown points are point A, B, and C. According to
the physics of avalanche breakdown, once one electric field
peak at point A, B, C reaches the critical field of breakdown,
the onset of significant current flow occurs and avalanche
breakdown happens. Among them, the electric field peaks at
point A and B determine the lateral breakdown. To quanti-
tatively and qualitatively explore the breakdown mechanism
of AlGaN/GaN HEMTs and further provide designing guid-
ance, the proper analysis on the surface electric field profile
is in great importance. As shown in Fig. 2, the analyti-
cal and numerical surface electric field profile agrees well
under various biases and structure parameters since both
the electrode-induced field crowding and the whole stacked
vertical structure are taken into the model’s consideration.
Although a limited range of applied voltage from 800V
to 1400V is given in Fig. 2, the model is still accurate
beyond this range as long as the full-depletion condition of
the channel and buffer layer can be fulfilled.

As Fig. 2 (a) and (b) indicate, the surface electric field
profile of GaN-channel layer is a strong function of its
doping dose (Qcn = Nep X tep). Same as that in silicon-
based lateral power devices, the surface electric field peak
near the Drain region raises and drops with the increas-
ing and decreasing of doping dose, respectively. Namely,
the Reduced Surfaced Electric Field (RESURF) principle is
also in effect for AIGaN/GaN HEMTs. The electric field
peaks at A and B are formed by the combined effect of
RESUREF effect, 2DEG, and electrode-induced field crowd-
ing. Especially, when the channel layer doping dose has
a relative low value, it only has a limited influence on the
surface electric field profile which can be understood by
using Eq. (7). As Eq. (7) indicates, when the channel layer
doping is lightly doped, the equivalent channel layer doping
concentration (Ng.) is mainly determined by 2DEG. Fig. 2
(c) and (d) indicate that the surface electric field as a func-
tion of drift region length and applied voltage shows the
same regularity as silicon-based lateral power devices. Same
as that in conventional silicon-based lateral power devices,
by using the ECP concept, the 2-D drift region of the chan-
nel layer can be equivalent to a 1-D graded junction whose
doping concentration is determined by Eq. (9). As shown in
Fig. 3, as the device operates on off-state, the 2-D depletion
between lateral and vertical direction results in an N(x)P(x)-
type drift region. Hence, an NP-type 1-D equivalent structure

(10)
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FIGURE 2. Simulated and calculated surface electric field profiles for
various (a) Channel layer doping concentration (Vgpp = 1200V,

tp = 0.3um, Ly = 4.0um), (b) Channel layer thickness (Vapp = 1200V,

Ny =1.0 x 10'°cm=3, Ly = 4.0m), (¢) Drift region length (Vgpp = 1200V,
Ny =5.0 x 10'%ecm—3, t;, = 0.3um), and (d) Applied drain voltage

(N2 =1.0 x 10'%cm 3, £, = 0.3um, Ly = 4.0pm) with tpas = 0.2um,

tp = 0.02um, tp, +tp = 5.0um, Pgyp = 2.0 x 10'4ecm=3,

is therefore formed creating a reverse-biased junction at both
ends of drift region (equivalent PN junction and NNV junc-
tion) along with a forward-biased junction in between. Such
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P| Nx) N'

FIGURE 3. Effective lateral structure of channel layer and its electric field
profile and Effective Concentration Profile. (RB: Reverse-Biased, FB:
Forward-Biased).

an equivalent 1-D structure explained the basin-shaped sur-
face electric field of the drift region in the channel layer
(41, [5], [12].

B. BREAKDOWN VOLTAGE

As discussed above, the device’s breakdown occurs when
one of these three possible breakdown points reaches its
critical electric field (E¢). Therefore, three possible break-
down location exists. Among them, the lateral full-depletion
breakdown voltage can be obtained by submitting Eq. (10)
into 1-D Poisson’s equation, which yields:

Nyt \ (Lg + At

BVIPN = (Eery — 4% d + o (11)
& t— Atefy
Nget® Ly + At,

BVIW = (EcLy + % d ¥ Al )9
& t+2Lg + Aty

where Aty = Afln(Ly/At + 1) being the equivalent radius
of curvature for the lateral depletion. The critical electric
field of GaN(E¢g) and silicon (E¢s) material is determined
by Ecg = 4.0 x 10°(V/cm) and Ecs = 3.5 x 10*(V/em),
respectively. According to the avalanche breakdown theory,
when avalanche breakdown occurs, the impact ionization is
a multiplicative phenomenon leading to a significant cur-
rent flow through the depletion region. Therefore, when the
breakdown condition has been fulfilled, the current rapidly
increases with the increase of applied voltage. Meanwhile,
the simulated/measured breakdown voltage is obtained under
the condition when the leakage current reaches ImA/mm.
Thus, the deviation between the two methods of determin-
ing breakdown voltage is acceptable. Considering the charges
induced by deep-level impurities, traps, etc., the Ecg used in
this paper is much lower than the theoretical critical electric
field of GaN. For the same reason, the derivation of verti-
cal breakdown voltage is much more difficult as in which
case the conventional assumption of 1-D planer junction no
longer feasible. In fact, for the vertical structure, its electric
field profile and breakdown mechanism has not been fully
understood [14]-[17]. Especially, the experimental and theo-
retical analysis on the extra positive charges that in both the
buffer layer and the buffer-substrate interface has not been
presented yet. Therefore, we propose an empirical doping
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FIGURE 4. Simulated, calculated and measured breakdown voltage for
various (a) Drift region length (Ng = 1.0 x 10"3cm=3, ¢, = 0.15um,

tp = 3.0nm), (b) Channel layer doping concentration (f, = 2.0.m,

tp = 3.0nm, Ly = 5.0um), and (c) Buffer layer thickness

(N2 =1.0 x 10'5cm 3, ¢, = 0.15um, £p = 3.0nm) with tpgs = 0.2um,
Pgyp =2.0 x 10'%cm—3,

dose Quaa = 3 X 1013¢cm=2 in the buffer layer. So that,
as shown in Fig. 4, the analytically obtained vertical break-
down voltage can be well-matched with the experimental and
2-D TCAD simulation results in various devices parameters.
Correspondingly, the breakdown voltage of the vertically
stacked structure can be obtained by treating it as a con-
ventional 1-D planer junction with extra charge Q.44 in the
buffer layer, which yields:

tsub
BVyer = Ecs [K43 (tp + ten) + 7]

VOLUME 8, 2020



ZHANG AND GUO: RESURF PRINCIPLE IN AlGaN/GaN HEMTs

ELECTRON DEVICES SOCIETY

13)

No 12 Nitp +
gt + q(N3 bgz Qudd) (s + 1a1)

2&o

The substrate material, quality, and biases also have a con-
siderable effect on the device vertical BV. The substrate
layer mainly affects the vertical breakdown voltage of the
device. Meanwhile, for a too thick buffer layer (¢, > 20um),
the buffer layer does not satisfy the full-depletion condi-
tion. In this case, the Eq (13) is no longer effective. In this
paper, the defects in each layer and interface between dif-
ferent materials introduced in fabrication are considered by
using deep-level impurities as traps during TCAD simula-
tions. So far, the Al1GaN/GaN HEMTSs’ lateral and vertical
breakdown voltage has been analytically obtained using the
proposed 1-D methodology. Thus, the breakdown voltage
of the device can be easily determined by using the lowest
between BV, and BV,,,, which yields:

BV = Min[BV 4, BVyer] (14)

As shown in Fig. 4, the correctness and effectiveness of
the proposed 1-D modeling method and simulation approach
used in this paper are well-verified by the agreement between
analytical, simulation and experimental results. The struc-
tural parameters for the modeled/simulated device and the
devices in REF [7]-[10] are not exactly the same. The
structure differences between each fabricated device and
the modeled one contribute to the deviation between the
measured and modeled results. Nevertheless, the consistency
between modeled, simulated, experimental results, and the
common trends of these independently obtained results ver-
ify the correctness of the proposed method. Worthy of note
is that the simulations on AlGaN/GaN HEMTSs’ breakdown
voltage is very time-consuming. In this paper, the simulation
results are obtained by the TCAD tool Sentaurus on a Linux
server with 24-core 3.4 GHz CPU. To obtain the breakdown
voltage under a set of specified structure parameters, the total
CPU times of 9-24 hours and 12 — 17 x 10* mesh points are
normally required. Not to mention the time costs generated
by the convergence-related issues of the TCAD tool. The
proposed methodology demonstrates its indispensable value
as it can remarkably reduce time costs during the design
phase [19]. Moreover, as Fig. 4 intuitively shows, the BV
curves of GaN-based devices have a similar pattern as that in
silicon-based lateral power devices [4]-[6], [13], [14], [18].
Namely, the existence of the RESURF effect in AlIGaN/GaN
HEMTs is theoretically validated for the first time by using
the proposed 1-D ECP model.

IV. RESURF EFFECT IN ALGAN/GAN HEMTS
The RESURF principle indicates that the reduction of the
surface electric field became considerable when a strong
2-D coupling effect between the lateral and vertical deple-
tion exists. The RESURF effect in GaN-based and Si-based
devices differ widely in their relation to the structure
parameters and the device’s breakdown.

The RESUREF effect induced ECP component (Ncoyp(x))
and overall ECP (Ney(x)) vary widely against the actual
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FIGURE 5. RESURF effect induced ECP(Ncoup(x)) and overall ECP(N gz (x))
for various (a) Buffer layer thickness (Ny = 1.0 x 10'3ecm=3, ¢, = 0.4um,
tp = 3.0nm, Ly = 4.0um), (b) Channel layer doping concentration

(tp = 1.0um, t.p = 0.4um, tp = 3.0nm, Ly = 4.0pm), and (c) Channel layer
thickness (Ny = 2.0 x 10'cm~3, £, = 1.0um, tp = 3.0nm, Ly = 4.0zm)
with pas = 0.2um, Pgyp = 2.0 x 10'4em=3,Vqpp = 400V.

doping concentration of the channel layer. As Fig. 5 clearly
shows, the Nge = Neoup(0) and Ny(0) are one and two
orders of magnitude higher than N, respectively, thus further
explaining the steep surface electric field profile of Fig. 2.
As a result of the RESUREF effect, the Neyp(x) changes from
equivalent N-type to P-type as x varies from O to L. The
curvature effect, on the other hand, has a significant impact
on enlarging the ECP near both ends of the drift region and
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thus causing a boost in surface electric field peaks. Moreover,
as Fig. 5 illustrates, to realize a high lateral breakdown
voltage and avoid pre-mature breakdown caused by curvature
effect, it is desirable to have the surface electric field be
symmetric along the middle line of the drift region. Same as
that in silicon-based lateral power devices, the Ncqyp(x) ought
to satisfies Neoup(0) = —Neoup(La) and Neoyp(La/2) = 0
when the lateral breakdown occurs. In which case, the lateral
breakdown reaches its maximum, and the optimized Ny _opr
can be obtained by using Eq. (11) and (6), which yields:

g2EcLy (1 — Ate
qt? Ly + At

Nie_opr = (15)

The correspondent maximum lateral breakdown voltage
BVi4_max can be also given by using Eq. (11), which yields:

Lg+ Aty La+ Atey (16)
I — Atoy Lo+ At )

BViu max = Ech<

V. RESURF CRITERION

RESUREF criterion is an optimization window to maximize
the device’s breakdown voltage, thus providing a crucial tool
for designing [4]-[6], [18]. Same as that in silicon-based lat-
eral power devices, the optimized drift region/channel layer
effective doping dose(Qcn_opr = (N2 — N3) X to) can be
obtained by submitting Eq. (15) into Eq. (7), which yields:

2e2Ec (l‘ — Ateﬁr)tch
q | Katasty + 13

B 282V2DEG|:

Och_orPT =

ten + tp)t,
( ch + b) ch2 (17)
Kiataupty + 13,

Moreover, since the thickness of the depletion region in the
substrate normally satisfies #y,, = 2(tc; + 1), by submitting
Ecg =4 x 10°V/em, N3 =0 and Q. = 1 x 10"3cm~2 into
Eq. (17), a simplified RESUREF criterion for the Al1GaN/GaN
HEMTs can be obtained as:

qlpas

Och_orr = Na X top < 1.6 x 102 x (te /tp)em™  (18)

Therefore, according to Eq.(18), the upper limit of the
channel layer doping concentration can be given by:
1.6 x 108 4

Ny opr < ————cm (19)
_ t
Obviously, as shown in Fig. 4, all the simulated and exper-
imental results that the breakdown occurs at equivalent NN
junction or vertical structure fall under this upper limit.
Therefore, Eq. (18) and (19) provide a simple method to
adjust channel layer doping dose/concentration, such a cri-
terion ensures a considerable RESURF effect can be granted

to achieve a desirable surface electric field.

VI. CONCLUSION

For the first time, in order to explore the RESURF effect of
the AlIGaN/GaN HEMTs and to provide effective and feasi-
ble guidance for the device’s structural parameters designing,
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a novel 1-D analytical model is proposed in this paper using
the Effective Concentration Profile concept. The proposed
1-D model converts the collective effects of structure param-
eters, 2DEG and electric field crowding on the device’s
BV characteristic to a superimposed ECP. Thus, a compli-
cated 2-D problem with irregular boundary conditions can be
easily analyzed by solving 1-D Poisson’s equation. The cor-
rectness and effectiveness of the proposed 1-D ECP model
are validated as the modeled results are found to be suf-
ficiently accurate as compared both to TCAD simulation
and to experimental results. Meanwhile, there are no fitting
parameters used in the model. Due to the proper combina-
tion of the veracity and simplicity, for the first time, the
proposed 1-D methodology provides a simple but accurate
means to analyze devices’ off-state breakdown characteris-
tics. By using the proposed analytical model, the RESURF
effect in AlGaN/GaN HEMTs is theoretically validated.
Thus, a RESURF criterion is obtained for the first time,
which provides a simple and effective tool for optimizing
the structure parameters. Compare to the conventional TCAD
tool, the proposed method has efficient accuracy and sig-
nificant advantages in time and cost, thus may capable of
reducing the designing cost.

APPENDIX
1. The mathematical derivation of a general differential
equation for the surface potential of channel layer (Eq. (5)).
By using the Taylor series expansion on each semiconduc-
tor layer including AlGaN-barrier layer, GaN-channel layer,
GaN buffer layer, and the silicon substrate layer, the electric
potential in each layer can be given as:
Layer I: AlGaN-barrier layer: (—t, <y <0)

a )
P1(x, ) = ¢1(x, —1p) + w (v +1)
y y=—1p
) 2
ay y=—Ip 2

Layer II: GaN-channel layer: (0 <y <)

dg2(x, y) 3¢ (x, ) v
P y) = (6, 0) + 2Ty SR
3y ly=o ay y=0 2
(A2)
Layer III: GaN-buffer layer: (f;, <y < te + 1p)
@3 (x, y)
03(x,y) = @3(x, ten) + ——— (¥ = fen)
ay Y=lch
9%p3(x,y) v — ten)?
2 - (A3)
ay Y=tch 2

Layer 1V: Si-substrate layer: (toh 41 <y < ten + 1 + tsup)

dpa(x, y)
©4(x,y) = @4(x, tep + 1p) + ——— <y = ten — 1)
3y Y=tch+1tp
920a(x, —to — 1)
n <.04(2 y) O —ten — 1) (Ad)
ay Y=tch+1p 2
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The corresponding boundary conditions for each layer can
be given by:
Layer I: The virtual boundary conditions:

Ip
o1(x, —1,) = —Vapre = _qu; (AS5)

0 , V.

P1(x, ) _ Vopes (A6)
dy y=—t, tpas
The electric potential continuous conditions:
dp1(x, y) I (x, y)
el———| =a——/——| , ¢1(x,0) =¢(x,0)
ay y=0 ay y=0

(A7)

Here, although the passivation layer does have an electric
field that exists within, when the device operates in off-state,
the potential difference mainly exists between the Gate and
Drain electrodes, namely in lateral direction. On the contrary,
since no field plate structure is considered in this work, the
actual (not virtual) vertical electric field that resulted in the
potential difference between the upper and lower boundary
of the passivation layer is ignorable. As long as no apparent
vertical electric field exists in the passivation layer, the lateral
electric field within the passivation layer won’t have effects
on the model and its derivation process. Moreover, the effects
of interface defects of the gate (x = 0) and drain (x =
Lg) on breakdown voltage can be considered by lowering
the critical electric field. It is worthy to be noted that this
approach to estimate the defects induced BV lowering is
not mathematically rigorous. Yet, from the perspective of
physics, this approach is reasonable. The good agreement
between modeled, simulated, and experimental results also
indicate the effectiveness of this estimation method.

Layer III:

b , 2
s (x. ) = —K34—@3(x, tp + tch) (AB)
dy y=tcp+1p Lsub
0pa(x,y) dp3(x,y)
&) —— =& —— » ©2(x, ten) = @3(x, ten)
ay y=tch ay Y=tch
(A9)
Layer 1V:
a ,
palx.y) = 0. @ux. teh + 1+ tap) =0 (AL0)
ay y=tch+tp+tsub
dg3(x, y) _0ga(x,y)
&3 ————= =& — ,
ay y=tch+1p ay y=tch+tp

©3(X, teh + 1p) = @4(x, tep + 1py) (A11)

For the layer I and II, by subsisting Eq. (Al), Eq. (A6),
Eq. (A7) to Eq. (1), the ¢2(x,0) can be given as:

VobEG
»(x,0) = ¢ (-xa _tp) + “lp
pas
3201 (x, r
n sm(;c ) i (A12)
W= =y, 2
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Vopeg . 0%@1(x,y)
Ipas ayZ

@2 (x, y)
ay y=0

=Kj» - Koty
y=—Ip

(A13)

The Eq. (A12) and (A13) can be therefore treated as two
boundary conditions for the channel layer. For the layer 11
and III, by subsisting Eq. (A12) and (A13) to Eq. (A2) and
Eq. (1), the ¢3(x,0) can be given as:

321 (x,y)
9y?

VapEG

903(-)6» tch) = ¢ (-x’ _tp) + “ip

tpas y=— tp

X

2

ﬁ

2

( Vaec 82015, y)
2

. K12Ip> feh
y==1Ip

Ipas dy
Pt |ty (AL4)
=0 2
0p3(x, y) — ki3 Vapec n 3p1(x,y) o
o tpas e, 7
o (x,
IS0 ) B (A15)
3y ly=o

Also, the Eq.(A14) and (A15) can be used as boundary

conditions for the layer III and IV. Meanwhile, for the silicon
substrate, its vertical depletion satisfies:

dp4(x,y)

dy Y=lch+1tp

For the layer IIl, by subsisting Eq. (Al4), (Al5), and
(A16) to Eq. (1) and Eq. (A4), the @3(x,y)-related terms can
be replaced by ¢1(x,y) and ¢>(x,y)-related terms. Therefore,
the Eq. (A14) can be further simplified, which yields:

_ (LNZ _ qN3)
y=0 &2 &3

(K3atsupty + 13)
[t + ten)? + K3atsup (tp + ten) ]

_ (@)
tpas
5 (K1atsub + 2tp + 2K12th + 2K1315)
[t + ten)* + K3atsup (tp + ten) ]

—2¢1 (x, —tp)
y__fp>

_ ( 3p1(x,y)
(K14tsuhtp + t,% + 2K 12tenty + 2K34fbfp)

9y2
[t + ten)? + Kaatsup(ty + ten) ]
(A17)

. qPsup
Es

* Tsub (A 1 6)

3pa(x,y)
9y2

Here, same as that in conventional derivation process of
silicon lateral power device, a characteristic thickness ¢ =
[0.5(tp +1cn) +0.5K34t 5 (th +1c1) 1> can be defined to sim-
plify the following derivation process. Further, by subsisting
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Eq. (A7) to Eq. (Al) and (A2), respectively, the following
equation can be obtained accordingly:
gN1 | gN2

=1 4+ 1= (A18)
£1 &

%01 (x, y) Py
8)72 y=—tp ay2 y=0

By using the Eq. (A18) and (A17), the Eq. (A1) can be
re-written as:

2¢1 (x, —tp)

%@ (x, ) B
Kuatsupty + 15 + 2K1otenty + 2K3atpty

y=—Ip

o)

Iy + K3atptsup
Kuatsupty + 15 + 2K1atenty + 2K3atpty

|
N —
<

Kuatsupty + 15 + 2K1otenty + 2K3atpty

Kiatsup + 2ty + 2K 2tcn + 2K131p
Kuatsupty + 13 + 2K1atenty + 2Kzatpty

VapEG )
pas
(A19)

Since the 1, is relatively small compared to the chan-
nel or buffer layer thickness and N; is also negligible
when compared to the charge density of 2DEG, it is rea-
sonable to recognize that the barrier layer itself scarcely
contributes to the devices’ off-state breakdown characteris-
tics. The simulation results indicate the same conclusion.
Therefore, in the proposed model, by neglecting the N1 and
fp, the 2-D Poisson equation in channel layer can be further
simplified as:

Foi(x, —1,)  92pa(x,y)
a2 gy
X y y=0

By subsisting Eq. (A18), (A12) and (A7) to (A20), a general
differential equation for the surface potential of the chan-
nel layer, namely Eq. (5) can be therefore obtained. Worthy
of note is that the derivation of Eq. (5) in the Appendix
only provides the main steps. The idea of derivation is to
use the transitivity of boundary conditions and Poisson’s
equation to gain enough boundary conditions for each
semiconductor layer for modeling, especially the channel
layer.

2. The physics model and setting of traps in each layer
and interface used in Sentaurus simulation:

N
:—q—z, y:O
&

(A20)

For both the buffer, channel and AlGaN layers,
the physics models for recombination are SRH and
Radiative.

For the buffer layer, the traps are set as acceptor whose
concentration is 1.0 x 10'7cm™3. The energy location of
traps is 0.6eV above the middle of bandgap. The traps at
GaN/Silicon interface are set as acceptor whose concen-
tration is 5.0 x 10'3cm™3. The energy location of traps is
1.2eV above the middle of the bandgap. For the channel
layer, the traps are set as acceptor whose concentration is
1.0x 10'%cm™3. The energy location of traps is 0.4eV above
the middle of the bandgap. For the AlGaN layer, the traps
are set as acceptor whose concentration is 1.0 x 10!7em=3.
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The energy location of traps is 0.4eV above the middle
of the bandgap. The traps at AlGaN/Si3N, interface are
set as donor whose concentration is 5.0 x 103cm™3. The
energy location of traps is 0.4eV under the middle of
bandgap.
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