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Abstract

In this paper, we present a two-dimensional (2D) analytical modelling of a high electron mobility transistor (HEMT) with
a p-layer in the barrier layer. In this model, the channel potential and electric field distributions are derived based on 2D
Laplace equation, with Equivalent Potential Method (EPM) and appropriate boundary conditions, and under two
assumptions of complete depletion/incomplete depletion. The EPM indicates that charges in the depletion region can be
equated to a potential at passivation surface layer. This analytical model shows great simplicity and accuracy. It gives
physical insights into the breakdown characteristics of the AlIGaN/GaN HEMT with a p-layer in the barrier. This structure
reduces the peak electric field at the gate corner near the drain and a new electric field peak is introduced by electric field
modulation, which makes the electric field distribution of channel more uniform and, consequently increases the
breakdown voltage of the device. The dependence of the channel potential and electric field distributions on length and
thickness of the p-layer are investigated. The validity of this model is demonstrated by comparison with the numerical

simulations using Silvaco-Atlas device simulator.
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1. Introduction

High electron mobility transistors (HEMTs) with high
breakdown voltage, high carrier mobility, reduced
impurity scattering, and superior thermal conductivity has
become a dominant choice among transistors to be used
in high temperature, high-frequency and high-power
applications [1]. Wide-bandgap semiconductor materials
exhibit many attractive properties far beyond the
capabilities of silicon, such as high critical breakdown
electric field strength, carrier drift velocity, high thermal
conductivity, and large carrier mobility. These features
result in increased breakdown voltage, large current
density, and enhanced power density [2]. Gallium nitride
(GaN) is one of the wide-bandgap semiconductor
materials with good properties such as wide bandgap
(>3.4 eV), high breakdown field (3.5 MV/cm), high
electron saturation speed (>2x107 cm/s) and high thermal
conductivity which is suitable for power devices,
especially AlGaN/GaN HEMTs [3], GaN power
amplifiers [44] and GaN light-emitting diode [45]. High
channel electron concentration (>1x10'* ¢cm) and high
mobility (1000-2000 cm?/V. s) 2D-electron gas (2DEG)
at the AIGaN/GaN hetero-interface are generated by the
spontaneous and piezoelectric polarization effects [4-10].
It can be found that in reverse bias, as the drain voltage
increases, a high electric field peak appears at the gate
edge of the drain side of an AlGaN/GaN HEMT, and the
device breaks down when the electric field peak reaches
the critical breakdown electric field of GaN material.
Reducing the peak of the electric field at the edge of the
gate, improving the breakdown voltage (BV) of the device
and enhancing the nonuniform electric field distribution
of AlGaN/GaN HEMTs are crucial. Based on the electric
field modulation effect some techniques and methods are
applied to get a high BV and high power density such as
field plate [11-22], proton implantation [23], reduced-

surface-field AlGaN/GaN with a double low-density drain
and a positively charged region near the drain [24], partial
silicon doping [25], partial GaN cap layer [26, 27] and so
on [28-33]. All structures in [11-33] have been fabricated
or numerically simulated, which cannot directly manifest
the intrinsic mechanism to get a high BV characteristic of
the device. By the way, the fabrications and experiments
of AlGaN/GaN HEMTs are costly and time consuming
[34]. It is known that the analytical method is an effective
way to gain a physical insight into the breakdown
characteristic of the device [35]. Some researchers have
been  proposed analytical models based on
Poisson/Laplace equations for the potential and electric
field distributions of AlIGaN/GaN HEMT with field-plate
[34, 36-39], partial silicon doping [40], GaN cap layer
[41], and reduced-surface-field (RESURF) AlGaN/GaN
HEMT [35], etched AlGaN layer [3].

Solving Poisson equation is difficult because of various
charges in the device interfaces and the need for iterative
calculation of a set of partial differential equations.
Equivalent Potential Method (EPM) simplifies the
modelling procedure of an AlGaN/GaN HEMT. By
replacing both depletion charge layer and interface fixed
charge layer by an equivalent voltage at passivation
surface, depletion region can be modelled as a neutral
region. Hence, Poisson equation can degenerate into
Laplace equation [39].

In this paper, for an AlIGaN/GaN HEMT with a p-layer in
the barrier [42], an analytical model for the channel
potential and electric field distributions is obtained. Under
two assumptions of strong depletion (all the region
between the gate edge of the source side and the drain
region is depleted) and weak depletion (the region under
the gate and the p-layer is depleted), the 2D Laplace
equation with appropriate boundary conditions is solved.
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The new electric field peak introduced by the p-layer is
confirmed by the analytical model, which convincingly
illustrates the electric field modification. The high electric
field peak near the gate edge is efficiently reduced, and
the electric field is more uniformly redistributed from the
gate to the drain drift regions. As a consequence,
breakdown voltage (BV) is improved from 90 V for the
conventional AIGaN/GaN HEMTs (Con-HEMT) to 190
V for AlGaN/GaN HEMT with p-layer (p-HEMT). In
addition, the variations of channel potential and electric
field distributions with p-layer length (L,) and thickness
(Tp) are analysed. analytical model results are consistent
with the simulated results using Silvaco software.

2. Device structure and analytical model

The schematic cross sectional view of AlGaN/GaN
HEMT with a p-layer in the barrier layer is shown in Fig.
1, where x measures the horizontal position relative to the
left edge of the gate while y measures the vertical position
relative to the AlGaN layer. The epitaxial structure
consists of a Si3N4 passivation layer, an AlGaN barrier
layer, and GaN channel layer. We express the thicknesses
of AlGaN, GaN and SisN4 layers as di, d», and ds
respectively. The dielectric constant of the AlGaN, GaN
and Si3Ny layers are €1=€o&;1, £2= €o€r2 and €3= €o&s3, With
&1, &o and &3 being the relative dielectric constant of
AlGaN, GaN and SisN4, respectively and & the vacuum
permittivity. In this paper, m is used to express the molar
fraction of Al in the AlGaN barrier layer. The dimensions
of the device and symbols used in our model are listed in
Table I. The L, represents the gate length; L,-Lidenotes
the length of the p-layer in the AlGaN barrier layer; L3
indicates the distance from the gate edge near the source
to the boundary of depletion region obtained from
numerical results. The Ny, N are the donor concentrations
in the AlGaN barrier layer and the GaN channel layer, and
op is the polarization charge density.

The physical models Shockley-Read-Hall for
recombination, impact ionization for generation, high
field dependent mobility models, polarization model and
Fermi-Dirac model are used in simulations with Silvaco
software. The Vps and Vgs are the bias voltages of the
drain and gate, respectively. The device is biased in off-
state to analyse the E-field distribution and potential
distribution. The E-field in the source-side gate edge to
the source region is negligible.

Hence, the AlIGaN/GaN HEMT is divided into six regions,
from the source-side gate edge to the depletion region
boundary, which are denoted as I, II, III, IV, V, VI. The
boundaries of the six regions are located at x=0, L1, L, L,
y=0, di, di+d,, respectively.

Table 1. symbols definition in analytical model and values in TCAD

simulation.

Symbol Definition Value Unit
Ls source length 0.5 pm
Lo gate length 0.5 pm
Lp Drain length 0.5 pm
Lgs Gate to source 1 pm

distance
Lop Gate to drain 1.5 pm
distance
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Lp p-layer length 0.4, 0.8 and um
1
T, p-layer thickness 5,10 and 15 nm
d; AlGaN barrier 22 nm
thickness
d> GaN channel 0.25 pm
thickness
d; Si3Ny passivation 10 nm
layer thickness
€0 Vacuum dielectric 88x1072  F/m
constant
€ AlGaN relative 8.87
dielectric constant
€0 GaN relative 8.9
dielectric constant
€3 Si3Ny relative 7.5
dielectric constant
N, doping density of 2x 108 cm™3
AlGaN layer
N, Background doping 1x 105 cm™3
density of GaN
m aluminium mole 0.3
fraction of Al,,Ga;.
mN
% €3 (0.0 Si3N4 —x
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Fig.1. Schematic cross section of AlIGaN/GaN HEMT with p-layer

When the device is biased in off-state, the charge in the
depletion region can be classified into three parts: ionized
donors fixed positive charge in AlGaN layer, interface
fixed positive polarization charge along heterojunction
interface in AlGaN layer and ionized fixed positive
charges in GaN layer. Charge in the depletion region can
be divided into differential charge layers of yo, dy; and
dy», respectively (yo=di, 0<yi<d: and di<y,<d;+d»). We
defined the y; and y; axes to obtain the capacitors C(y)
and C(y2).

The doping profile in every layer is uniform, so the doping
concentration N(y1), N(y2) can be denoted as Nj, N,
respectively. Hence, the charge quantity of differential
charge layers obtains as dQo(yo) = qop, dQi(y1) =q N(y1)
dy1, dQ2(y2) =q N(y2) dy», Op (Polarization charge density
at the interface of AlGaN/GaN). yo is an inherent
differential charge layer introduced to model the
polarization effect. The polarization effect of an AlIGaN
layer grown on a GaN buffer induces positive polarization
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charge at the AIlGaN/GaN interface and negative
polarization charge at the top of the AlGaN layer. Thus,
an electric field is formed within the AlGaN layer. It is
reasonable to regard the AlGaN surface and the
AlGaN/GaN interface as two charged planes, in other
words, the negative polarization charge at the top of the
AlGaN layer and the positive polarization charge at the
interface forms a planar plate capacitor, which generates
no electric field outside its planes. Similarly, the GaN part,
together with its counterpart at the bottom of the GaN
layer, generates a uniform electric field pointing from the
bottom of the GaN layer toward the AIGaN/GaN interface.
Under the force of the electric field, conducting electrons
(note that the AlGaN layer is n-doped) in AlGaN move to
the channel, and form 2DEG in the channel [46].
Therefore differential charge layers and passivation layer
surface can be evaluated as plates of differential
capacitances [39]. The value of the differential
capacitance in region I can be evaluated as capacitance of
different layers connected in series yielding as:

2
()

The value of the differential capacitance in regions II and
IIT are:

co0 = () o = (2) com = (&+

Com) = (2+2)”

d3)‘1
€3

E§+X%_1
€3 €2

Coo) = (2 +

— (%
Co2) = (2+ (2)
By using parallel plate capacitance theory, the differential
charge layers can be equivalent to the differential
potential applied at passivation layer surface. Since the

differential equivalent potential has been derived by dv =
& , the total equivalent potential at passivation layer

surface can be obtained by integrating the differential
equivalent potential. In region I:

=, (21)

Vs = f qN1(Y1)( )dY1 = qN1((d1) )

— 9 0o)
C(Yo)

(3)

01

(4)

di+d d
Vy = _f ! Zqu(YZ) (E_i"‘z_j)dh =
d1d2 (d2)2+2d1d2
—qN (A 4 R (5)

Vequl =Vor + Vi1 +Vpy (6)

In region II:

d;  d
Voz = qu(g_ll + g_:) (7)

(dl) (Tp)

— (% 1
Vi = pr qN: (y1) (81
dz(d1—Tp)

€3 )

+ Z_:) dy; = qN,(————
(8)
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dq+d d

Voz = — fdll “qN, (v2) ( +2 4 E_:) dy, =

did, . (dg)%+2dyd, | dsd
N, (e 4 (2t f) )
Vequz =Vo, +Vip + V5, (10)
In region III:
Vos = Vo2 (11)

d (d )2 d d
Viz = fo "qN, (1) ( )d% = qu( . 23 5

(12)

Voz = Vo (13)
Vequz = Voz + Viz + Vo3 (14)

Thus, through EPM, all charges in depletion region are
transferred to the potential at passivation layer surface
which can be utilized as boundary conditions for
modelling, therefor six 2D potential functions are
introduced to describe the potential distribution in six
regions shown in Fig. 1. which are ¢11(x, y) (in region I for
0<x<Ly,0<y<di), d12(X, y) (inregion II for L; < x <L,
0<y<di), d13(x,y) (in region IIT for L, <x<L3,0<y<
d1), ¢21(x, y) (in region IV for 0 <x <L;, di <y < di+d),
022(x,y) (inregion V for L <x <L, d; <y < di+da), d23(x,
y) (in region VI for L, <x <L3, d; <y <d;+d>) respectively.
By using EPM, the depletion region can be assumed as
neutral, thus Poisson equations can be degenerated into
Laplace equations ((15) in Appendix) [34].

The potential function ¢;j (X, y) in the vertical direction
can be approximated by a simple parabolic function [43]
that is shown in the Appendix with relation (16). In this
relation, the potential at the heterojunction interface is
0i(x)= b1 (x, di) = ¢ (X, di1). bjj and c;; are the unknown
coefficients, which need to be solved [40].

The Laplace equations (15) are solved using the following
boundary conditions. Heterojunction potential at the right
boundary of region III is assumed to be Vps and the left
boundary of region I can be evaluated as Vy; as shown in
Appendix, where Vy,; is built in voltages [36].

The potentials at the AlGaN/GaN interface are continuous
in vertical direction ((19)-(21) in Appendix) [35].

Electric displacement at the AlGaN/GaN interface is
continuous ((22)-(24) in Appendix), so by EPM the
depletion region can be as a neutral region and
consequently the charge quantity at the heterojunction
interface is eliminated [34].

Electric field at the bottom of GaN layer minimized ((25)
in Appendix) [41]. Which is due to the fact that the
thickness of GaN layer d; is large enough, i.e. d,=0.2 um.

Electric displacement at the interface between the
passivation layer and AlGaN layer is continuous [34, 39].

forj = 2,3
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Vf(x)"'vequj_‘ﬂlj(xro)
ds

9¢1j(xy) |
dy

—& y=0 = €3 (26)
Vi(x) is the potential at the surface of SizN4 passivation
layer. Two approximations were used for Vi(x) in regions

IT and III (L, <x<Ls) [37-39].

1. For a strong depletion, Vi(X) in regions II and
IIT (L <x<L3) linearly increases from Vgs to Vps
((27) in Appendix).

For a weak depletion, Vi (x) in regions II and 111
(L1 <x<L3) is given by (28) in Appendix.

In general, Vi(x) ((29) in Appendix) can be modeled as
the combination of Vg(x) and Vi(x) by a coefficient n
determined by the Vps and device structure parameters,
for n=0 weak depletion, n=1 strong depletion and 0<n<1
between two depletion modes [39].

Potential at the interface between the gate and the AlGaN
layer is

©11(x,0) = Vgs = Veg + Vequa =V (30)

Vg is the flat band voltage, Vis=@ms=0m-0s, Om is the
metal gate work function and the semiconductor (AlnGa,.
mN) work function @s is given by (31) in the Appendix
[43]. Where E, is the AlnGai.mN band gap, yq is the
electron affinity of AlmGai.mN, @=(KT/q) In (N/Ny), K is
the Boltzmann constant, N is the effective density of
states in conduction band in AlGaN layer and T=300 K.

The electric field and potential continuity at the interface
of each region in the AlGaN layer and the GaN layer
represented as (32) and (33) in the Appendix [41].

The polarization charge density o, is determined by the Al
composition in the AIGaN material and the thickness of
the AlGaN layer. Based on the polarization theories [36,
37], op at the AlGaN/GaN heterojunction interface in
AlGaN layer due to the piezoelectric and spontaneous
polarizations are given by (34) in the Appendix [36, 37].
Where Psp(Al,,Gay_,,N) — Psp(GaN) , is the interface
charge due to the spontaneous polarization at AlGaN/GaN
heterostructure, and Ppg is the interface charge due to the
variation of the strain induced piezoelectric polarization
((35) in the Appendix) at AlGaN/GaN heterostructure,
r(m) is the degree of strain relaxation of the AlnGai.mN
layer, agan and aaigan(m) are the crystal lattice constants
for GaN and AlnGa.mN, respectively; ci3(m) and c33 (m)
are the elastic constants; e3j(m) and es33(m) are the
piezoelectric constants. All the parameters in Eqgs. (34)
and (35) can be found in Ref. [36].

Substituting Eq. (16) into Eq. (15) yields

%p;j(x)

dx2

+2¢;=0 i=12 j=123 (36)

According to the boundary conditions (19)-(31), the
coefficient c; (i=1, 2 j=I, 2, 3) could be represented by
@;j(x) and therefore equation (36) could be simplified into
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e1(x) 10 _ Vg

ax? L (7
20a(x)  @a(x) _ Vi®)+Vequa

ax? tz2 t3 (38)
P23(x)  @3(x) _ Vi(x)+Vequs

ox? 2 t3 (39)

The specific parameters are shown below (40)-(41)

d?  dqdyey i
t =G+ 151252)2 (40)
2 1
t,=t;3=t= (% + gli:d3 + dijlzfz + 52‘:‘13)5 (41)

Based on the above equations, the potential at the
heterojunction interface is ¢j(x)= ¢1;(x)=d2i(x) (j=1,2,3).

@11(x,d;) = A; sinh (tx—l) + A, sinh (Ll_") +

ty
V, 0<x<lL (42)
12(x,d;) = Bysinh () + Bysinh (25) + Vigy, +
Ve (x) Li<x<L, (43)
13(x,d;) = Cysinh ((=2) + Cysinh (25) + Vigys +
Ve (x) L, <x<Lg (44)
@,1(x,d;) = Dy sinh (rx_l) + D, sinh (th:x) +
v, 0<x<lL (45)
022(x,dy) = Eysinh (55 + Epsinh (22) + Vg, +
Vo (%) L <x<L, (46)
023(x,dy) = Fysinh () + Fysinh (25) + Vg +
Vo (%) L, <x<lLs 47)
By substituting (17-18), (32-33) into (42)-(47),

coefficients can be computed and are shown in the
Appendix, including ai, by, c1, di, €1, fi, g1, A1, Az, Bi, Ba,
C1, Cz, D1, Dz, E1, Ez, F1 and Fz.

therefore, the potential distribution along the
heterointerface of AlGaN/GaN for the two depletion
modes can be modeled by a linear combination of

®1j(x,dy) and @,;(x,d;) as (48) [39].

@j(x) = ngq;(x,dy) + (1 —n)e,;(x,dy)
1,2,3

j —
(48)

Where 1 is the weight factor and is determined to be 0.2 ~
0.7.

91(0) = (nA; + (1 = Dy)sinh () + (A + (1 =
)D,)sinh (27 + (49)

@2 (x) = (nB; + (1 — n)Ey)sinh (

. Ly—
WE,)sinh (25) + Veguz +

0<x<L

=+ (B, + (1 -
WVps—Ves)(x~Ls)

Lz—Ly

+
(50)
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@3(x) = (nC; + (1 — nFy)sinh (x_th) + (G, + (1 -
. Ly S L

)F,)sinh (Z; %) + Vogqus + % n

Vbs L, <x<lLs (51)

The AlGaN/GaN heterostructure channel electric field
Ej(x) distribution can be obtained by differentiating
potential distribution in (52)-(54).

Ei(x) = (nd; + (1~ )Dy) -cosh () — (nd, + (1 -

n)D,) - cosh (25 0<x<lI, (52)

1 1

Ey(x) = (nBy + (1 — )E;) 7 cosh (52) — (nB, +
1 Ly— (Vps—Vgs)

(1 - )E;) ; cosh (27 +“$Tl“ Li<x<

L, (53)

-L

E3(x) = (nC1 + (1 = )F;) 5 cosh (52) — (nC, +
1 L3— Vps—=V

(1 - F,)cosh (%) + % L,<x<

Ly (54)

3. Results and discussion

Based on the above analytical model, the potential and the
lateral electric field distributions along the AIGaN/GaN
hetero-structure channel could be obtained. In order to
verify the proposed model, the 2D device numerical
simulations are performed using Silvaco-Atlas device
simulator. In the simulated device structure, doping
concentration of the p-layer is the same as the n-type
doping in the barrier layer. Nickel is chosen for the gate
Schottky contact with a work function 5.1 eV. In the
following figures, the symbols with different shapes
represent the analytical model results; whereas, the solid
lines signify the simulation results.

Fig. 2 shows the comparison of the surface potential
distribution and surface electric field of conventional
AlGaN/GaN HEMT (Con-HEMT) and AlGaN/GaN
HEMT with p-layer in the barrier (P-HEMT),
respectively. The analytical model is in good agreement
with the simulation results, and the validity of the model
is verified.

For Con-HEMT, the high-density 2DEG at the
heterojunction interface is uniformly distributed and
cannot be completely depleted in the drift region. The
depletion region is narrow (approximately 1.08 pm).
therefore, the electric potential increases within the 1.08
pum spacing and remains unchanged. The highest electric
field is on the drain side of the gate edge, and the electric
field rapidly decreases along the drift region. For the p-
HEMT, the 2DEG density near the gate edge reduces due
to the p-layer in the barrier. The lower 2DEG
concentration contributes to the depletion region
extension. We observe that when T, is 15 nm and L is 0.8
um, the drift region is more depleted (approximately 1.4
pm). Therefore, the electric potential gradually increases
within the 1.4 um spacing along the depleted drift region
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and remains unchanged beyond 1.4 pm. Meanwhile, a
new electric field peak is introduced by the p-layer. The
presence of the new electric field peak effectively reduces
the electric field peak at the drain side gate edge.
Consequently, the electric field distribution becomes
more uniform. BV of the device improves from 90 V for
the Con-HEMT to 190 V for the p-HEMT with T,=15 nm
and L,=0.8 um. The surface electric field can be modified
to improve the breakdown voltage by the electric field
modulation based on changing the charge distribution
inside the device [3].

100
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simulated simulated
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Fig.2. Comparison of P-HEMTSs and Con-HEMTs. (a) Electric
potential, (b) Electric field distributions.

The main parameters that affect BV of the AIGaN/GaN p-
HEMT are T, and L,. At a fixed L, of 0.8 um, the 2DEG
density decreases and tends to saturate when T, increases.
The depletion region is extended in the drift region at high
Vps voltages. Upon increasing T, from 5nm to 10 nm and
15 nm, the drift region is more depleted. Hence, the
electric potential smoothly increases along the depleted
drift region. The maximum potential value increases with
increasing Tp, as shown in Fig. 3 (a). In other words,
device BV improves, i.e. the BV for the P-HEMT
structure with T, 5, 10, and 15 nm at a fixed L, (0.8 um)
are about 110 V, 145 V and 190 V, respectively.
Simultaneously, the new electric field peak that arises
from the p-layer in the barrier increases. As shown in Fig.
3 (b) the high electric field peak near the gate edge is
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effectively reduced because the electric field modulation
effect strengthens.

100
Lp=0.8 pm
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Fig.3. Electric potential (a), Electric field (b) of the P-HEMT with
different TP

Ata fixed T, of 15 nm, with increasing L, the low-density
2DEG region and the depletion region lengths become
longer. As shown in Fig. 4 (a), at L, 0of 0.4, 0.8, and 1 pm,
the drift region is incompletely depleted. Thus, the electric
potential increases within depleted region and remain
constant in region 2DEG.
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Fig.4. Electric potential distributions (a), Electric field
distributions (b) of the P-HEMT with different Lp

The new electric field peak, which results from the p-layer
in the barrier, increases and shifts toward the drain
electrode, which causes the high electric field peak near
the gate edge on the drain side to decrease and
consequently, the BV to increase. The BV of the P-HEMT
structure with L, 0.4, 0.8, and 1 um at a fixed Tp, (15 nm)
are about 150 V, 190 V and 210 V, respectively.

4. Conclusions

In this paper, a 2D analytical model for the channel
potential and electric field distributions of AlGaN/GaN
HEMT with a p-layer in the barrier is presented. The
effect of various p-layer thicknesses and lengths on the
channel potential and electric field distributions are
discussed in detail. When the p-layer thickness and length
increase, potential distribution is modified which reduces
the high electric field peak near the drain side of the gate
edge and therefore increases BV. The BV of the device
improves from 90 V for the Con-HEMT to 190 V for the
HEMT with L,=0.8 pm and T,=15 nm. The accuracy of
the analytical model is verified in comparison with the
simulated results. A fair consistency between the
analytical and numerical results indicates the validity of
the proposed analytical model. The method can be
employed to develop other analytical models for different
device structures, such as FP-HEMT, HEMT with GaN
cap layer, HEMT with etch in the barrier or channel and
HEMT with undoped region in the barrier with a little
change in boundary conditions.

5. Appendix

%pij(xy) | 0%eij(xy) _ o .

Py oy = 0 i=12 j=
1,2,3 (15)
@i, y) = ;) + by (y — dy) + ¢c;;(y — dy)?
i=12  j=123 (16)
¢11 (0,dy) =V 17)

®13 (L3, dy) = Vps + Vi (18)
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011 (X, dy) = @z (x,dq) (19)

@12 (X, dq) = @z, (x,dq) (20)
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