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ABSTRACT The breakdown voltage model of Si-substrated AIGaN/GaN HEMTs with gate and drain
field plates is proposed in this work. The silicon substrate and GaN buffer are considered as the depletion
region in the modeling process. The analytical model shows great simplicity and veracity. It gives physical
insights into the breakdown characteristics of the AIGaN/GaN HEMTs. The avalanche breakdown occurs at
the field plate’s edge in lateral structure or at the interface in vertical structure. According to the analytical
model, the relationship between the lateral breakdown and the vertical breakdown is demonstrated in this
work. The breakdown location is affected by the variation of the structure parameters, including gate-to-
drain distance, buffer thickness and field plates’ lengths. With the aid of the analytical model, effective
guidance for device optimization to achieve high performance can be obtained.

INDEX TERMS AlGaN/GaN HEMTs, gate and drain field plates, analytical model, breakdown voltage.

I. INTRODUCTION

Wide-Bandgap material GaN is gaining increasing atten-
tion for its attractive performance in high frequency
and high power applications arising from its material
properties [1]-[4]. Owing to the inherent polarization effect,
two-dimension electron gas (2DEG) is induced at the
AlGaN/GaN heterojunction interface. With high electron
density and high electron mobility, the 2DEG gives rise to
the extraordinary performance of AlGaN/GaN high electron
mobility transistors (HEMTs) [5], [6].

Until now, many published works have investigated mate-
rial quality, structure simulation, choice of substrate and
processing techniques. Fewer efforts have been put on
the analytical model of breakdown voltage, leaving room

for further exploration. At present, most of the numeri-
cal simulations of AlGaN/GaN HEMTs are based on the
TCAD tool, Synopsys Sentaurus. This consumes plenty
of time and computing resources. Meanwhile, the fabrica-
tions and experiments of AlGaN/GaN HEMTs are costly
and time consuming. Hence, exploration in the analytical
model is essential, because it can provide physical insights
in AlGaN/GaN HEMTs with simple approaches and reli-
able results. In 2005, Karmalkar proposed an analytical
approach for GaN-based heterostructure field-effect transis-
tors (HFETs) for the first time [7]. In 2006 they further
explored the dependence of the electric field (E-Field) on
applied drain voltage [8]. These models can offer guidance
for device optimization. However, they are based on the curve
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fitting of numerical simulations rather than the analytical
solution of Poisson equations. By this approach, modeling
complex device structures are challengeable and simulation
results need to be obtained before modeling. After that,
by solving Poisson equations, Mao et al. and Chen et al.
proposed analytical models for AlGaN/GaN HEMTSs oper-
ating in partial depletion mode [9], [10]. The potential and
E-Field distributions can be obtained with a combination
of two hypotheses introduced as boundary conditions at the
passivation layer surface. Yang et al. proposed an analytical
model for AlIGaN/GaN HEMTs with partial silicon doping.
Well fitted analytical results and simulation results can be
obtained via this model [11]. As AlIGaN/GaN HEMTSs’ wide
application in high power region, its capacity to undertake
high blocking voltage in off-state is a crucial parameter,
evaluated as the breakdown voltage (BV). These models can
obtain the potential and E-Field distributions at the hetero-
junction interface. However, there exist some challenges for
them to predict BV due to the limitations of the models they
proposed. To obtain the BV model, Mourad demonstrated
an analytical approach for AlIGaN/GaN HEMTs, by assum-
ing that the potential distribution at the passivation surface
as a proportional function with gate-to-drain distance [12].
In the modeling process, the passivation layer and barrier
layer are considered. However, the channel layer, the buffer
layer and the substrate are not involved. Demonstrated in the
model is the breakdown at the heterojunction interface. The
vertical breakdown is not considered, which is important in
devices’ breakdown characteristics, thus leaving room for
further exploration. So far, no analytical model with con-
sideration of buffer and substrate layers as depletion region
has been proposed to investigate the E-Filed distribution
and breakdown characteristics of AIGaN/GaN HEMTs with
gate and drain field plates (GD-FPs), which deserves further
exploration.

A two-dimension (2D) analytical model of AlGaN/GaN
HEMTs on Si-substrate with GD-FPs based on the equiva-
lent potential method (EPM) [13] is proposed in this work.
The model is fully analytical without introducing simulation
results as boundary conditions. Considering the GaN buffer
layer and the silicon substrate in the modeling process, we
can obtain a more complete analytical model. The potential
and E-Field distributions for devices with various struc-
ture parameters can be obtained from the analytical model.
Moreover, the BV model for Si-substrated AlGaN/GaN
HEMTs with GD-FPs is proposed in this work, which gives
physical insights into BV’s variation with different device
structures.

Il. DEVICE STRUCTURE AND ANALYTICAL MODEL

The schematic cross-section of the AlGaN/GaN HEMTs
with GD-FPs is shown in Fig. 1. The region of the AlGaN
barrier layer under the gate electrode is recessed so that
the AlGaN/GaN HEMTs can operate in enhancement-mode
(E-mode). Metal-Insulator-Semiconductor (MIS) is widely
used in AlGaN/GaN HEMTs gate structure engineering for
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FIGURE 1. The schematic cross-section of the AlGaN/GaN HEMTs with
GD-FPs.

its capacity to achieve low gate leakage current. Besides,
Si3N4 material is employed as the gate dielectric and passi-
vation layer [14], [15]. It is generally known that the E-Field
peak at the gate or drain edge is the significant cause of
the device’s avalanche breakdown. So the FP structure is
employed both at the gate and drain electrodes [16], [17].
The original E-Field peaks at the gate and drain edge
are mitigated and new E-Field peaks come into being at
the edge of gate FP (G-FP) and drain FP (D-FP), lead-
ing to more uniform potential and E-Field distributions.
Although the D-FP has not been widely used in commer-
cial AlIGaN/GaN HEMTs, the D-FP structure leads to better
performance in power applications [16]—[18], thus deserving
further exploration.

When the device is biased in off-state (Vs = 0V,
Vgs = 0V, Vps > 0V), the barrier layer, the channel layer,
the buffer layer and part of the substrate are depleted. The
buffer layer can be seen as a p-type layer owing to the
existence of the acceptor-type traps [19]-[21]. The potential
distribution in the depletion region can be derived from 2D
Poisson equations. To obtain the potential distribution, the
depletion region can be divided into nine regions. Here, x
measures the lateral distance relative to the right edge of
the gate electrode and y measures the vertical distance rela-
tive to the AlGaN/GaN heterojunction interface. Besides, the
point of the heterojunction interface at the gate right edge
is set as zero. The depletion region consists of four layers,
including the AlGaN barrier layer, GaN channel layer, Semi-
Insulating GaN buffer layer and part of the silicon substrate.
Owing to the existence of the GD-FPs, each layer can be
divided into three regions in the lateral direction mathemat-
ically. The boundaries of them are denoted as Loy, Li, L»
and L3 respectively. Where Ly = 0 and L3 = Lgp. The
thickness of the SizN4 passivation layer is denoted as 7ps.
The thickness of the AlGaN barrier layer, GaN channel layer
and Semi-Insulating GaN buffer layer are denoted as 7, >
and 3 respectively. As shown in Fig. 1, the depletion region
in the substrate could be seen as a triangle, and the max
thickness of the region is denoted as fmax. To simplify the
modeling approach, the substrate depletion region is equiv-
alent to a rectangle region. The equivalent thickness of the

VOLUME 8, 2020



LIU et al.: ANALYTICAL STUDY ON BREAKDOWN CHARACTERISTICS OF Si-SUBSTRATED AlGaN/GaN HEMTs

ELECTRON DEVICES SOCIETY

3.0 T T ,
@ E, E, Simulation
8 25¢ I::’/Channel Schematic==="= 1
> 1 “
= 20p 1N
~ 1 “’/ Buffer
5 Ispb N
LS L0 BarEier “‘ E,
5 Eol: %7 Es Substrate
Lo" 0.5 1 has E
o3 El " ey °

0.0 - : - -

2 4 6
y (um)

FIGURE 2. The vertical E-Field along the cutline (blue dash line shown
in Fig. 1).

substrate depletion region is denoted as fy,;,, which could be
derived from #gyp, = fmax/2. The vertical E-Field along the
cutline is shown in Fig. 2. The potential difference along the
cutline is the integral of the E-Field in the vertical direction.
Hence, the area of the yellow region under the red dash line
equals to the applied voltage. Meanwhile, the E-Field at the
boundary of the substrate depletion region equals to zero.
Thus, #gy, could be derived from the conditions above, yield-
ing as Eq. (1). This is a common method used in analytical
mode [22]. The feff and fefr9 are shown in the APPENDIX.

0.5
Toup = ((lgﬁ + tgﬂO) - teﬁ) /2 (D

N1 and ¢ are the intrinsic background carrier concentration
and dielectric constant of the AlGaN barrier layer; ¢; is the
dielectric constant of GaN channel layer and GaN buffer
layer; N> is the intrinsic background carrier concentration
of GaN channel layer; P is the equivalent concentration of
GaN buffer layer. The positive charge density in the GaN
buffer layer is assumed to be invariable in the modeling
process in this work, denoted as Q(2 x 103cm™2). So
P is a parameter relevant to the GaN buffer thickness,
which can be expressed as P = Q/t3. Pgyp and ggyp are
the doping concentration and dielectric constant of the sil-
icon substrate. The polarization charge density o}, can be
derived from the Al composition x and the thickness of
the AlGaN barrier layer, based on polarization effect theory
given by o, = |Ppg(AlxGaj_xN) + Psp(AlyGa(j_x)N) — Psp
(GaN) [6], [9]-[11]. The physical models used in the
simulation include basic Poisson, drift-diffusion and current-
continuity equations. The physical parameter models contain
Shockley-Read-Hall for recombination, impact ionization for
generation, high field-dependent mobility models, polariza-
tion model and carrier statistic model. The 2D potential
function are denoted as ¢;j(x,»)(Li—1 < x < Lj,di-1 <
y <d,i=1,2,3,j =1,2,3) in Region I to Region IX.
And I} = Li,bh = L, — L, Iz = L3y — Lp,dy = —1y,
di = 0,d» = b, d3 = 1 + t3. Considering the fact that
the current in the device is neglectable before the break-
down, the charges considered in the depletion region are the
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ionized fixed charges in each layer [12], [23], [24]. The 2D
potential functions could be obtained by solving the Poisson
equations:

o) ey _aM

j=12,3 2)

x2 9y2 £
Perjx,y)  ea(x,y)  gN>
: : =1 3i=1,2,3 3
dx2 + 0y2 & ! (3)
3203 i(x, 3203 i(x, P
¢3,(x. y) 93,0y _ L
x2 ay? &

To simplify the modeling process, the charge in the deple-
tion region can be divided into two parts. The depletion
region above the AlGaN/GaN interface is denoted as the top
region. The depletion region below the AIGaN/GaN interface
is denoted as the bottom region. By applying EPM, charges
in the depletion region can be equivalent to the potentials at
the passivation surface and the substrate as boundary con-
ditions. Then the depletion region can be seen as neutral
mathematically [13]. The modeling process is greatly sim-
plified via the method. Hereby, the charges in the top region
and the bottom region are equivalent to the potentials at
passivation surface and substrate, denoted as Viop and Vi
respectively.

n Ipas t% Hipas
Vtop =qop| —+ +gNi1| — + — &)
&1 Epas 2¢e1 Epas
2 2
t ot 1, L 13sub
VsuhquZ 2 + 23+ 2tsub —qP 3 + 3lsu
20 &2 Ew 2e1 g
2,
— qPsup zsu (6)
Esub

According to EPM, the depletion region can be equiva-
lent as neutral semiconductor mathematically. Thus, Laplace
equations can be given out as Eq. (7).

%¢ij(x.y) | 0%¢ij(x.y)
ox2 9y2

The GaN channel layer and GaN buffer layer are the
same semiconductor material. So, these two layers can
be seen as an integral GaN layer for simplicity. The 2D
potential function in the integral GaN layer is denoted as
04, y)(Lj—1 <x < Lj,0 <y <13,j=1,2,3) and can be
expressed as Eq. (8).

=0, i=1,23j=123 (7

82 i(x, 82 (A,
Gaj0)) | VP g ®)
9x2 3)72

To solve the Laplace equations, boundary conditions need
to be employed in the modeling process. According to elec-
tric flux continuity at AlGaN/SizNy passivation interface in
the vertical direction, boundary condition yields as:

Viop+¢r (X)—¢1 j(x,—11)
Ipas

,1=1,3
i=2
€))
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Here, ¢(x) = Vg, Lo < x < L1; ¢r(x) = Vps, Lo <x <
L3 When L; < x < L, the vertical E-Field can be evaluated
as zero. The potential and the electric flux at the interface
of AlGaN/GaN heterojunction are continuous in the vertical
direction, leading to the formulas:

1 01,j(x,y) 0¢4j(x,y)

ay ay
@1,j(x, 0) = @4,(x,0), j=1,2,3

i=1,2,3 (10)
(11)

\y:() =—é |y:0'

Meanwhile, Eq. (12) can be obtained according to the
concentration continuous at the heterojunction interface with
EPM employed.

91, (x, y)| _ 0%g4(x,y)
3y2 y=0 ay2

ly=0, j=1,2,3 (12)

According to the electric flux continuity at the interface
of the GaN buffer layer and the silicon substrate, we can
obtain Eq. (13).

. 3904,]()@ y) |x=t3 = £t 904,/(961 13) — Vsup =123
ay Tsub

(13)

The potential function ¢;;(x,y) can be simplified as
parabolic functions as shown in Eq. (14) based on Taylor’s
formula.

0ij(y) = aijFbijx4cipx’, i=1,4, j=1,2,3 (14)

So far, the vertical boundary conditions have been obtained
via Eq. (9) to (13). By substituting them into Eq. (14), we
can obtain the relationship between ay j and ¢ ; yielding as:

1
2c1; = F(—al,j + V]) (15)

J

where T; (j = 1,2,3) is the characteristic thickness of the
device determined by device structure parameters, which can
be expressed as Eq. (16). Since Region I and Region III are
close to the edge of the gate and drain electrodes, a is
a correction factor to take the edge effect into account [10].
Here, the parameters used in the modeling process are shown
in the APPENDIX, including ki, k2, B1, B2, B3, Vi, V2
and V3.

((t%/z“!‘kltltpas)+,Bj(d§/2+k2d3[sub)) 1 3
T- _ 1+ﬂ, 9 )
J (kit1tpas+B2 (d3 /2+kodstsun))
B2 ’
By substituting Eq. (15) and (16) into Eq. (7) at y=0, the
partial differential function can be derived as Eq. (17).

Ppix,0) @0 Y

2 2 T 2
T

16)

j=2

i=1,23 (17)

The 2D potential distribution at AlGaN/GaN hetero-
junction interface is derived as ¢j(x,0) = ¢1;x,0) =
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©4,j(x,0),j = 1,2, 3. So, the potential distribution function
at the heterojunction interface can be expressed as Eq. (18).

Vi sinh%l + Vi3 sinh L‘T_x +VI, Ly<x<lL
V>1 sinh x;2L1 + Vp sinh ZT;x + Vo, Li<x<lLy
V31 sinh % + V35 sinh Li—x Vi, L <x<lLj

T3
(18)

p(x0) =

The gate electrode and the heterojunction interface is close
enough that the potential drop across the gate dielectric
is neglectable. Hence, the potential at the left boundary
of Region I is V. Owing to the full depletion mode of
AlGaN/GaN HEMTs, the potential at the right boundary of
Region III can be evaluated as Vps.

¢1(0,0) = Vi, ¢3(L2,0) = Vps

The electric flux and potential at AIGaN/GaN heterojunction
interface are continuous in the lateral direction, which yields:

19)

d¢;(x, 0) 0pj+1(x,0) .
Tbc:L,— = T|x=Lj’ j=12 (20)
(L, 0) = ¢j41(L;. 0), j=1,2 @n

By substituting Eq. (18) into Eq. (19)-(21), the values of
the parameters, Vi1, Vi2, Va1, V2o, V31 and V3p can be
derived out, which are shown in the APPENDIX.

So far, based on EPM, the 2D potential distribution at
the heterojunction interface is obtained in this section. The
analytical approach is fully analytical without employing
simulation results as boundary conditions. Therefore, it has
the capacity to develop BV models for AIGaN/GaN HEMTs
with GD-FPs.

IIl. E-FIELD AT THE HETEROJUNCTION INTERFACE

Based on the 2D potential distribution, we can obtain the
E-Field distribution at the heterojunction interface, which
has a significant impact on device’s characteristics. For the
AlGaN/GaN HEMTs with GD-FPs, the avalanche breakdown
is triggered by the excessive E-Field peaks. To explore the
breakdown mechanism of the devices, it is essential to ana-
lyze the E-Field distribution at the heterojunction interface.
When the device operates in the full depletion mode, the
E-Field distribution between the gate and drain electrodes
can be derived from Eq. (18) by derivation, which yields:

(Vn cosh % — V12 cosh L‘fo)/T], Ly <x<L;

E(x) = { (V2] cosh ";ZL' — V cosh LZT;" JTr, Ly <x <L
V31 cosh X2 — Vay cosh B2 ) /T, Ly < x < L3

(22)

Fig. 3 illustrates the potential and E-Field distributions at
the heterojunction interface based on the analytical model
and numerical simulation. As shown in Fig. 3, the analytical
results are found out to be consistent with the simulation
results obtained from Sentaurus. As illustrated in Fig. 3(a),
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FIGURE 3. Analytical and numerical results of the E-Field distribution (a)
and the potential distribution (b) at the heterojunction interface with
various Vps (LGFP = Lppp =2um, Lgp = 10um, {5 = 0.3um, tpas = 100nm,
Ny =Ny =1x10"5cm=3, Vg = 0v).

Simulation Model Simulation Model
~2.0}p=100nm  © 400¢,,=100nm
E7 |fus150m o — =1500m @ ——
2 1,=200nm @ — 9 It 2s=200nm @ —_—
Z 1.5 Z300(™
é 1.5 =
1.0 5200
A =
-2
£0.5 100
8
84}
0'00 2 4 6 8 10 00 2 4 6 8 10
(@) Lgp (um) (b) Lgp (um)

FIGURE 4. Analytical and numerical results of the E-Field distribution (a)
and the potential distribution (b) at the heterojunction interface with
various passivation layer thickness (Lggp = Lpgp = 2um, Lgp = 10pum,

ty = 0.3um, Vg = OV, Vpg = 400V, Ny = Ny = 1 x 10'5cm—3).

E-Field peaks can be found at the gate electrode and the drain
electrode of conventional AlGaN/GaN HEMTs which can be
denoted as Eg and Ep respectively. With G-FP and D-FP
been employed, the distribution of the E-Field is reshaped
and two E-Field peaks form at the edges of the G-FP and
D-FP denoted as Egpp and Eppp respectively. The origi-
nal E-Field peaks, Eg and Ep, are mitigated. New E-Field
peaks, Egrp and Eppp, generate at the E-Field valley leading
to a more uniform E-Field distribution. With the increased
Vps, Eg, Egrp and Ep increase slightly. However, Epgp
increases significantly. As the potential at the heterojunc-
tion interface is the integral of lateral E-Field, it is obvious
that the increased voltage almost sustained by the region
near the edge of D-FP. Hence, the edge of the D-FP is
the most possible location where breakdown could occur in
the lateral structure. As illustrated in Fig. 3(b), significant
increments of the potential exist at the edge of the gate
and drain electrodes of the conventional HEMTs. This is in
accordance with the high Eg and Ep as shown in Fig. 3(a).
Meanwhile, the potential is nearly invariable at the E-Field
valley for conventional HEMTs, indicating that the region
can hardly undertake the applied voltage. For AIGaN/GaN
HEMTs with GD-FPs, the E-Field at the valley is enhanced
leading to a more uniform potential distribution.
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FIGURE 5. Analytical and numerical results of E-Field distribution (a) and
the potential distribution (b) at the heterojunction interface with various
FP lengths (Lgp = 10um, t; = 0.3um, tpas = 100nm, Vg = 0V, Vpg = 400V,
Ny =Ny =1x10"%cm3).

Fig. 4(a) illustrates the E-Field distribution of Al1GaN/GaN
HEMTs with different passivation layer thickness. With the
decrease of the passivation layer thickness, Eg and Ep drop
slightly, yet Egpp and Eppp increase significantly. This is
for the reason that the spacing between the GD-FPs and het-
erojunction interface decreases with the thinner passivation
layer. Hence, the FP has more significant modulation effects
on the E-Field distribution. Fig. 4(b) shows the potential
distribution of AIGaN/GaN HEMTs with different passiva-
tion layer thickness. The accuracy of the analytical results
is well verified by the numerical simulations. Fig. 5 shows
the E-Field and potential distributions of the HEMTs with
various GD-FPs. The lengths of the G-FP and D-FP are
chosen as the four sets, 2pum/2um, 2pm/4pm, 4pm/2pm
and 4pum/4pum respectively. As shown in Fig. 5(a), the loca-
tions of the Egpp and Eppp vary with different GD-FPs. The
applied voltage is almost undertaken by the region between
the G-FP and D-FP, which is also indicated in Fig. 5(b). The
effective region to sustain the Vpg decreases with the exten-
sion of the GD-FPs. Therefore, the lengths of the GD-FPs
need to be optimized for better performance.

IV. BREAKDOWN VOLTAGE

For power devices, the BV is limited by the most vulnera-
ble points with high E-Field peaks. For the lateral structure
of the AlGaN/GaN HEMTs with GD-FPs, there are two
possible breakdown points at x = L; and x = L; respec-
tively. In analytical models, the breakdown can be defined
by the E-Field reaching the critical E-Field [12], [23], [24].
By substituting Eq. (22) into E(x, 0) = E¢, the lateral BV
model can be obtained, which yields:

BVgrp = EanT1+V12)/ cosh(ly /T1)—y

0y
_ EganTi+y, cosh(3/T1)—y3
BVprp = 03—0, cosh(l3/T1)

where 601, 02, 63, y, y3 are shown in the APPENDIX. For the
lateral breakdown, BV gpp and BVpgp indicate the breakdown
occurs at the edge of G-FP and D-FP respectively. And
the lateral breakdown voltage (BViy) is the minimum value
between them.

BVj4s = min{BVgrp, BVprp}

(23)

(24)
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For the vertical structure, the Ec of Silicon (Es;) is one
order lower than the Ec of GaN (EgaN). Owing to the electric
flux continuity at the GaN/Si interface, the breakdown could
occur at the silicon side of the GaN/Si interface before the
E-Field of the GaN buffer reaches Eg,N. Hence, the GaN/Si
interface under the drain electrode is one possible breakdown
location in the vertical structure. As shown in Fig. 2, the E-
Field at the silicon side of the GaN/Si interface is denoted as
Es5.The BV can be obtained as Eq. (25) by using Es < FEg;.

e t h+t
BVg = 2E2, 3 4 2Esl-asub(—1 +2 3)
quuh €1 &2
n 2t) + 13 I3l
o 220)
€1 2en £1

- Nm(’—l + t—2>) (25)
g1 2&

As illustrated in Fig. 2, the max E-Field peak exists at the
AlGaN/GaN interface. This is another possible breakdown
location in the vertical structure. By substituting £3 < Egan,
we can obtain the BV at the AlGaN/GaN interface yielding
as Eq. (26).

(e2EGan — qP13)*

BV, =
GaN 2quub
11(2(Ptzop — Natr) — Nity)
d 2%,
Pi? — d3(Naty — 2P13)
= — Pr3tey
2ko

+ &2EGaNtef (26)

The vertical breakdown is determined by the minimum
between BVs; and BVgaN yielding as Eq. (27).

BVyer = min{BVgan, BVsi} (27

In this article, the EgaN and Es; are set around 3 x 10°V/cm
and 3 x 10°V/cm respectively [25]-[28]. The BV of the
AlGaN/GaN HEMTs with GD-FPs is limited by the mini-
mum BV between BV, and BV, which can be given by:

BV = min[BVi4:, BVyer] (28)

To verify the credibility and reliability of the analyt-
ical solution and numerical approach in this work, the
results of the published experiments are shown in Fig. 6(a)
and (b) [29], [30]. When [/; and /3 are set to zero, the
analytical model of AlGaN/GaN HEMTs with GD-FPs can
degenerate into the model of conventional HEMTs. As shown
in Fig. 6(a), the analytical model and numerical simula-
tions are in accordance with the experiments demonstrated
in the published works. The analytical results of the relation-
ship between on-resistance (Ron.sp) and Lgp are illustrated
in Fig. 6 (b) based on the Eq. (29).

(LsG + L + Lgp)?
qinOp

+ RCO}’Z (29)

Ron,sp =

1036

2500 Experiment Simulation Model 10 Experiment
13=2.0 um o o _— Simulation
2000f3=55um © ° — 8} Model
1500 s ?, 6
Z G
Ny =
2q 1000 ~ 4
500 <2
0 0
0 10 20 30 40 0 10 20 30 40
(a) Lgp (pm) (b) Lgp (um)

FIGURE 6. The BV (a) and Ron,sp (b) of conventional AlGaN/GaN HEMTs
with various gate-to-drain distance. (tpas = 100nm, t; = 0.3.m,
Ny =Ny =1x10"5cm3, Vg =ov).

13=1pm, 1.5um, 2um, 3um

13=lpm, 1.5um, 2um, 3um
1500 Simulation LA 4 2500 Simulation ; ! li Ho
Model — | ~ Model [
1250 e 220000,
S -7 3
1000 : £1500 .
= A 4
=1000} ¥ ’
750 2 5
59
500 500/
[ Br4 0
4 6 8 10 12 14 4 6 8 10 12 14
(a) Lgp (um) (b) Lgp (um)

FIGURE 7. The BV (a) and FOM (b) of AIGaN/GaN HEMTs with GD-FPs with
various gate-to-drain distance. (Lggp = Lppp = 21m, fpas = 100nm,
ty =0.3um, Ny =Ny =1 x 10'5ecm =3, Vg = ov).

where Lgg and Lg are the lengths of the source-to-gate
region and the length of the channel under the gate elec-
trode respectively. Rcon is the contact resistance of the source
and drain electrodes. As shown in Fig. 6, analytical results
and numerical simulations are in good agreement with the
experiment results, which is a valid proof for the reliability
of the analytical approach and numerical simulations.

As shown in Fig. 7(a), BV increases with the increment
of Lgp and saturates with a specific gate-to-drain distance.
The trend of the BV versus Lgp is in agreement with pub-
lished works [29], [30]. When the buffer layer is thin, the
breakdown tends to happen in the vertical structure. Hence,
the BV is invariable with further increased Lgp. As illus-
trated in Fig. 7(a), AIGaN/GaN HEMTs with 1.0 pm and
1.5wm GaN buffer break down in vertical structure at 470V
and 645V respectively. It indicates that the thicker GaN
buffer layer can undertake higher BV. With further increased
buffer thickness, the vertical breakdown is hard to happen
and the breakdown tends to happen in the lateral structure.
The BV increases linearly with the increment of Lgp, and
also saturate at a specific value. This is for the reason that
when the Lgp is long enough, the middle part of the gate
to drain region can hardly undertake the applied voltage.
As shown in Fig. 7(a), the BV of AlGaN/GaN HEMTs
with 2.0 pm and 3.0 pm GaN buffer saturate at 800V and
1060V respectively. With the simple and accurate breakdown
voltage model, the figure of merit (FOM) can be obtained
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from FOM:BVZ/ROH,SP. Although slight imperfections can be
found at the peaks of the FOM, the trend of the FOM ver-
sus Lgp shows good agreements between analytical results
and numerical simulations. As is illustrated in Fig. 7(b), the
FOM’s peaks can be achieved at Lgp = 4.9um, 5.8um,
6.2um and 7.1pum respectively with different buffer thick-
nesses. The corresponding Lgp to obtain the FOM peaks
increase with the increment of buffer thickness. The val-
ues of the FOM peaks also increase with the thicker buffer
layer. As mentioned before, the BV saturate with contin-
uously increased Lgp. Yet the on-resistance would further
increase with the increment of Lgp. Hence, the FOM of the
devices decrease apparently after reaching the peak. Hence,
to make full use of the wafer area and achieve higher BV,
well-matched Lgp and buffer thickness should be cautiously
chosen. The optimized Lgp and buffer thickness can be
chosen where the FOM peaks occur.

As shown in Fig. 8, the BV of AIGaN/GaN HEMTS varies
with different FP parameters. In Fig. 8(a), when the GaN
buffer is thin, at 1-2um, breakdown occurs in the vertical
structure. Hence, the BV is invariable with increased Lggp.
When the GaN buffer is thick enough, BV would slightly
drop with increased Lgpp. It is because that when the device
is in full depletion mode, the breakdown can hardly happen at
the edge of the G-FP. Meanwhile, the region under the G-FP
barely undertakes the applied voltage. Hence, the increment
of the Lgrp only decreases the distance to sustain the applied
voltage. This is equivalent to that the Lgp decreases with
Lgrp and Lppp kept invariable. Moreover, when the Lgpp is
long enough, nearly reaching Lgp, the BV drop significantly.
As illustrated in Fig. 8(b), when the buffer is thick enough, at
3wm, the BV significantly increases with the increased Lppp.
This indicates that when the device is in full depletion mode,
the edge of the D-FP is the most possible location to break
down in the lateral structure. With D-FP introduced, the Ep
is mitigated and the E-Field distribution becomes uniform,
leading to higher BV. After that, the BV begins to drop
significantly with further increased Lppp. This is also due
to that the distance to sustain the applied voltage decreases
with overlarge Lppp. When the buffer is thin enough, at
1-2pum as shown in Fig. 8(b), the BV is determined by the
vertical breakdown. Hence, the BV barely increases with the
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increment of Lppp. To achieve high BV, the length of D-FP
should be optimized according to buffer thickness. As shown
in Fig. 8(b), when the GaN buffer is 3um, Lppp should be
chosen as 1.2pum.

V. CONCLUSION

By solving Laplace equations, we can obtain the analyt-
ical model of the potential and E-Field distributions of
AlGaN/GaN HEMTs on Si-substrate with GD-FPs. The
analytical results are in good agreement with numerical
simulations. Moreover, the breakdown voltage model of
AlGaN/GaN HEMTs with GD-FPs is proposed in this work,
which shows good simplicity and accuracy. Considering
the GaN buffer layer and the silicon substrate in the
modeling approach, a more complete analytical model can
be obtained in this work. The breakdown voltage model
provides clear physical insights into the breakdown charac-
teristics of AlIGaN/GaN HEMTs, which is determined by the
lateral breakdown and vertical breakdown simultaneously.
When the GaN buffer is thin enough, the breakdown tends
to happen in the vertical structure, and the BV is invariable
with further increased gate-to-drain distance. Therefore, it is
difficult to achieve high BV with a thin GaN buffer layer.
With thicker GaN buffer, the vertical breakdown is hard to
happen, and the BV is determined by the lateral breakdown.
To achieve better performance, the well-matched gate-to-
drain distance, buffer thickness and FPs’ lengths can be
obtained according to the analytical model. Therefore, accu-
rate prediction and effective guidance can be offered by the
breakdown voltage model, which are of great importance for
devices’ optimization.

APPENDIX
e = t1/k1 + (2 +13) [k
tZﬁ‘O = (2Vps/q + t1(N1ty — 2(Pt30p — N212)) /k1

+ ds(Naty = 2P13) ko + P k2 /Py
T=T,/Ti, k=c¢1/e2, k1 = 81/8pa.?7 ko = &2/&sup
B1 = B3 = (kitpas — d1)a/ (k(katsup + d3)),
,32 = kltpas/(k(kﬂsub + dS))
Vi = V3 = (¢r(x) + @rop + Biosun) /(1 + B1),
Vo = (@top + ,32‘Psub)/(1 + B2)
Vi1 = (w1 + V31T — (V2 — V3)Tcoth(l3/T1)/T1) /w2
Vi2 = (Vg — V1) /sinh(l/T1)
Vo1 = Viit(Tcosh(l1/T1) + sinh(l1/T1)coth(l/T?))
+ (Vi — Va)coth(l,/Tr) — V12T
Voo = (Visinh(ly/Th) + (Vi — V2)) /sinh(l2/T2)
V31 = (Vps — V3)/sinh(l3/T1)
V32 = (Vaisinh(ly/T2) + V2 — V3) /sinh(l3/T1)
01 = T(B1/sinh(l3/T1) + coth(l3/T1)) /(w2 (1 + B1))
0 = (O1sinh(l2/T2) — 1/((1 + B1)))/sinh(l3/T1)
03 = (Vos — (Viep+B1 Vsub + Vps) /(1 + B1))/sinh(l3/T1)
Yy = w3/wn
y1 = y(Tcosh(l1/Ty) + sinh(l1 /T1)coth(l2/T>))
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+ (Vi = Vo)coth(l/T2) — V1T

v2 = (nisinh(l2/T2) + Va — (Viep+B1 Vsun) /(1 + B1))/

sinh(l3/Ty)

y3 = Bisinh(l3/T1)Vps/(1 + B1)
w1 = (cosh(ly/T2) + Tcoth(l3/T)sinh(l,/T2)) (V1 — V2)

x ViaTcoth(ly/Ts)
+ (Vi = V2)/sinh(l2/T>)

wy = T*cosh(ly /Ty)sinh(ly/T>)coth(l3/Tt)

— sinh(l1/Ty)/sinh(l»/T>)

+ cosh(l>/T>)

X (Tsinh(l1/Ty)coth(l3/Ty) + sinh(l1 /T1)coth(l2/T>)
+ Tcosh(l1/T1))

w3 = o1 — ((Viep + B1Vsuv) /sinh(I3/T1) + coth(l3/T)

X (Vlap + ﬁl Vsub))T/(l + ,31)
— VyTeoth(l3)T).
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