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In this paper, we propose a two-dimensional (2D) analytic model for the channel potential and electric field distribution
of the RESURF AlGaN/GaN high electron mobility transistors (HEMTs). The model is constructed by two-dimensional
Poisson’s equation with appropriate boundary conditions. In the RESURF AlGaN/GaN HEMTs, we utilize the RESURF
effect generated by doped negative charge in the AIGaN layer and introduce new electric field peaks in the device channels,
thus, homogenizing the distribution of electric field in channel and improving the breakdown voltage of the device. In order
to reveal the influence of doped negative charge on the electric field distribution, we demonstrate in detail the influences of
the charge doping density and doping position on the potential and electric field distribution of the RESURF AlGaN/GaN
HEMTs with double low density drain (LDD). The validity of the model is verified by comparing the results obtained from
the analytical model with the simulation results from the ISE software. This analysis method gives a physical insight into
the mechanism of the AlGaN/GaN HEMTs and provides reference to modeling other AIGaN/GaN HEMTs device.

Keywords: RESURF AlGaN/GaN HEMTs, two-dimensional analytic model, potential distribution, electric

field distribution
PACS: 73.40.Kp, 85.30.Tv, 85.30.De

1. Introduction

The electronic properties of GaN material such as wide
bandgap, high breakdown electronic field and high electron
saturation velocity make it possess a very popular application
in high-power and high-frequency power devices.[!?) In re-
cent years, the AlIGaN/GaN high electron mobility transistors
(HEMT)s have drawn much attention from researchers due to
high-density two-dimensional electron gas (2DEG), which is
observed at AlGaN/GaN heterojunction interfaces with strong
polarization effects. The characteristic of high conductivity
and high mobility for 2DEG, enables AlGaN/GaN HEMT
to possess excellent microwave power performance.>>! The
breakdown voltage (BV) is a significant parameter to evaluate
a certain power handling capability for the power device. To
improve the BV of the device, many different methods have
been proposed, such as the field plate HEMTs, the low den-
sity drain HEMTs, ion implantation technique, the RESURF
HEMTs, etc. Here, we mainly focus on the RESUREF tech-
nology. The concept of RESURF technology originates from
silicon-based semiconductor devices and it has been widely
used in GaN-based HEMTs. [6-8]

So far, all the structures mentioned above have been fab-
ricated or numerically simulated. However, the mechanism
of breakdown voltage reduction has not been revealed. It is
known that the numerical analytical method is an effective way
to gain a physical insight into the breakdown characteristic of
the device. Mao et al. proposed an analytical model for the
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off-state channel electric field distribution of field-plated Al-
GaN/GaN HEMTs.[°! Kumar ef al. established an analytical
model for the dual-material-gate AlIGaN/GaN HEMTs. This
analytical model accurately predicts the channel potential and
electric field only for small geometry devices under low bias

101 To our knowledge, no analytical model is devel-

voltages.
oped to investigate the potential and electronic field distribu-
tion of AlGaN/GaN HEMTs with high drain—source voltage.
Therefore, it is necessary to build an analytical model for it.

In this work, we aim to analyze the structure proposed
by Duan and Yang,!”! the RESURF AlGaN/GaN HEMTs. In
contrast to traditional A1GaN/GaN HEMTs, the electric field
of RESURF AlGaN/GaN HEMTs below the gate edge is re-
duced and new electronic field peaks arise. These phenom-
ena result from the electronic field modulation effect that the
added negative charge assists the depletion of 2DEG. The an-
alytical model for the potential and electric field distribution is
obtained by solving the 2D Poisson’s equation with appropri-
ate boundary conditions and approximation. The dependence
of the channel potential and electric field distribution on the
charge doping position and doping density in the AlGaN layer
are discussed in detail. The analytical results of the model
proposed fit well with the simulation results. We obtain our
simulation results by the ISE TCAD software. The analytical
approach given in this paper can also be applied to modeling
other HEMTs, and guide the device engineers in designing and
optimizing the HEMTs device.
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2. Model of RESURF AlGaN/GaN HEMTs

Figure 1 shows the schematic cross-section of the
RESURF AlGaN/GaN HEMT with a double LDD. The epi-
taxial structure consists of a substrate layer, an AIN nucleation
layer, and then a heterojunction which is composed of a GaN
buffer layer and an AlGaN barrier layer. For the RESURF Al-
GaN/GaN HEMT, negative charge is introduced to the surface
of the AlGaN/GaN heterojunction in the AlGaN layer by ion
implantation.

SigN, €3 d3| s&ate T
jsource ] ] .
G G I (I 7ST) 10T sz v Idram
N L-== A |
| N :-l< - | N :l
N N
I “¥s2 | Ngz |
£2 Nei g E Nsq :
<€ X x + A
N da | | | |
\4 I vi | VII | VIII |
GaN | | | 1
. I I I I
| | | |
| | |
Loy Loy Isy Li |
AIN

Fig. 1. Cross-section of RESURF AlGaN/GaN HEMTs with double LDD.

The negative charge added in the RESURF AlGaN/GaN
HEMTs can help to deplete the 2DEG in the channel of the
device, and it is an electric field modulation generated by the
added positive charge.!!!l Furthermore, in order to effectively
improve the BV of the device, the charge density in the region
near the gate edge needs to be larger than in another region.

As shown in Fig. 1, all the important parameters are
given. Here x represents the horizontal distance from the gate
edge near the source and y measures the vertical distance from
the surface of the AlGaN barrier layer. In this paper, the epi-
taxial structure consists of a 0.5-nm SizNy passivation layer,
25-nm AlGaN barrier layer, and a 4-p m-thick GaN buffer
layer. We express the thickness of AlGaN, GaN and SizNy
with di, d», and d3 respectively. In this paper, m is used to
express the molar fraction of Al in the AIGaN barrier, which
equals 0.25. The source length, the drain length, the gate
length, and the gate-to-drain spacing are 0.5 pm, 0.5 pum,
1.5 um, and 5 wm, respectively. The €1, &, and & denote the
dielectric constant of AlGaN layer, SizNy4 passivation layer,
and GaN buffer layer, respectively. The L; represents the
length of the gate; L,—L; denotes the length of the doping re-
gion near the gate in the AlGaN layer; L3—L, is the length of
the doping region on the drain side; L4 indicates the distance
from the gate edge near the source to the drain edge near the

gate. For convenience, we denote L,—L; and L3—L, as /; and

I respectively in the following discussion. The N| and N, are
the concentrations of acceptor carriers in the AlGaN barrier
layer and the GaN buffer layer, respectively; Nsi, Ns», Ns3,
and Ng4 denote the areal densities of 2DEG in different re-
gions of the AlIGaN/GaN heterojunction interface; ng; and ng
represent the negative charge doping densities in different dop-
ing regions. The source electrode of the device is grounded.
The Vps and Vs are the bias voltage of the drain and gate,
respectively.

We simulate the structure depicted in Fig. 1 by using the
TCAD software. The generated results show that the area be-
tween the gate and the source is depleted very little. Thus, this
part is neglected in the following discussion. We focus our
attention on the region between the gate and the drain, where
the electric field peaks of the device are located. According to
the different structural parameters of the device, we divide the
device into eight parts, which are denoted as I, II, III, IV, V,
VI, VII, VIII. The boundaries of the eight regions are located
atx=0, Ly, Ly, L3, L4, y =0, dy, d1 + d>, respectively.

The potential distribution function of each part is ex-
pressed as @;(x,y), i = 1-8, which satisfies the following 2D
Poisson’s equation:

I*pi(x,y) | 9 @i(x.y) gN;

axz ayz - € ) - 172a3747 (1)
’ei(xy)  Peixy) gV, .

92 Jy? ——782 , 1=5,6,7,8. (2)

The boundary conditions for Egs. (1) and (2) are as follows.
According to the continuity of the electric displacement
at the Si3Ny passivation layer and the AlGaN barrier layer in-

terface, we can obtain

dy y=0 d; ’
dy y=0 d; ’
0pa(x.y)|  _ @a(x,0)=V,(x)
€ o €3 & ; &)

where V,(x) represents the surface potential between the
Si3Ny passivation layer and the air contact surface, which can
be obtained by numerical fitting and is expressed as a parabolic
function as follows:

Vp(x) = aox> +ajx+ as. 6)

Electric displacement continuity at the interface between
the AlGaN layer and the GaN layer is shown below.

P 3(P1(X,y) 8(P5(x7y)

| —=— —& —=—— =gNs1, (7)
dy y=d, dy y=d;
dy y=d, dy y=d, ’
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| (9([)3()(,)7) M = gNs3, ©)]
ay y=d, &y y=d,

dP4(x,y) _ I g5 (x,y) =gNs4. (10)
ay y:dl ay y:dl

With Ng; = Ng| —nsy, Ns3 = Ng; — g, Nsq = Ng;. This is due
to the effect of negative charge on the depletion of 2DEG. Ac-
cording to the polarization theory,?! the 2DEG density in the
GaN layer is related to the polarization charge density, which
changes with the thickness and the molar component of Al-
GaN.

Considering the large thickness of the GaN layer (d;
equals 4 um in this work), we think that the vertical electric
field at the bottom of the GaN layer is zero. Thus, we have

a(pi(x7y) -0

i=5.67,8. a1
ay y=d,+d>

The surface potential of the AlIGaN layer below the gate
electrode is equal to the voltage applied to the gate, with

o1 (x,0) = Vas. (12)

According to the continuity of the interfacial potential in
each region between AlGaN layer and GaN layer, we have

¢1(x,d1) = @s(x,d1), (13)
(x,d;) = @g(x.dy), (14)
¢3(x.dy) = @5(x,dy), (15)
@a(x.dy) = @g(x,dy). (16)

The applied bias voltage of the device satisfies the follow-
ing formulas:

$1(0,d;) =0,95(Ly,d;) = Vpg. a7

According to the continuity of the potential and lateral

electric field in region I-IV, we can obtain the following equa-

tions:
a;(x,
o1(Ly,d)) = ¢(Ly,dy) =V, %
x=Ly,y=d,
dx x=Ly,y=d,
a0 (x,
OaLydy) = L) =V, P25
x=Lp,y=d,
dx x=L,y=d| ’
aQs3(x,
(p3(L37d1) = (P4(L3,d1) = V37 %
x=L3 y=d;

_ d Py (x,y)

ox x=L3y=d, ’ <0
where Vi, V;, and V3 represent the electric potential at the Al-
GaN/GaN heterojunction interface with x = L;, L,, and L3,
respectively, and their values can be determined by the conti-
nuity of the lateral electric field at the heterojunction interface
from Egs. (18)—(20).

For simplicity, in Egs. (3)—(16) the device’s built-in elec-
tric field is ignored because it is negligible compared with the
device’s applied voltage Vps.

By applying Taylor’s expansion to the potential distribu-
tion function along the y coordinate axis direction, we adopt
the first three terms of the expression,!'?! then we can acquire
the expression of the potential distribution in region I-VIII as
follows:

ao; (x,d
o) = oitvay+ 228N g,

(92 i x,d

i=1,2,3,4,5,6,7,8. @1

Substituting Eq. (23) into Eqgs. (1) and (2) and reducing
the order of the Poisson’s equation under the constraints of the
boundary conditions, equations (3)—(16) lead to the expression
of AlGaN/GaN interface potential distribution, (i = 1,2,3,4),
which satisfies the differential equation as follows:

9%y (x,d)) _ ¢i(xdy) _ —gN;

= 22
dx? 12 g (22)
9%¢;(x,d;) @i(x,d;) —gNx
— = 1 =2,3,4, (23
axz tlz 81 b l b b ) ( )
exdhd;  d?\ "

f =( Y 1+21) : (24)
erdods edidy  &dvds  d2\'?
ti=(223+113+212+1> 7 25)
&3 & €l 2

diNgi d?Ni  drd\N, Vgse

Nl _ 1251 1 21 2 ; 2+ GZS 1’ (26)

y 217 H 1q

&€1ds+e€3d &dy [ €1d3+€1d

Ni(x) = < 1 3+23 1)NSi+{1 2 2< 1 3+21 3>}N1

&1} €1 &t}
€1ds+e3d \%4 €

( 1 3+23 1d2)N2+ P(zx) L @7

&1 1

Using the above conditions, ¢; (x,d;) are obtained by solving

Egs. (22) and (23), which are given as

N, 1%
o1 (x,dy) = %4- (Vl

€] sinh (Ll/tl)

qutlz) sinh (x/1;) (qutl2
€1

) sinh((L1 7)()/11)

0<L<L 28
sinh(Lijn) = o o=hb (28)
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sinh ((L, —x) /l‘i)

gN;, (x)t? gNt?\ sinh ((x—L;_1)/t:) gNt?
i 7d = Vi— . Vici— . ) Li 1 < SL;
¢ (xd) e T\ e s (@t T\ e ) S (L)) SN
i=2,3,4. (29)
The lateral electric field distribution along the channel are now readily obtained from Egs. (25) and (26) as:
A (x,dy) gN 7\ cosh(x/t)) gN 13\ cosh((Li—x)/t)
Ei(x,d)) = ————==(V— 0 <L 30
Hndy) ox ! & t1$iHh(L1/t1)+ £ tisinh (Ly /1) ’ <x=L, (30)
gNpt?\ cosh((x—Li—1)/t;) gN t? cosh ((Li—x)/t;)
Ei(x,dy) = ki+ | Vi— —(Vie1— L <L
! (X7 1) it ( ! €] ) tzSinh ((Ll‘—Ll‘,] )/l‘,‘) i1 &1 t2Sinh((L,'—L,;1 )/ti) » Bl SXS Ei
i=2,3,4. G

With Nj; = N;(Li—1), Np = Ni(L;). k; donates the slope of V,,(x) at L;, i =2, 3, 4.

3. Results and discussion

According to the above analysis, from Fig. 2 we can
see the potential distributions along the channel for different
charge doping densities when /; and /; are fixed, where the
dotted lines represent the numerical results of the analytical
model and the solid lines with symbol denote the simulation
results obtained from the ISE TCAD software.

400 +
>
=
] -
g 300
e
=]
= BV =280V
2 2004 =280
5
= . .
B simulate analytic
L 100+ — — —O—ng =8x10" cm2, ng =6X10"2 cm2
= — — —O—ng =8X10"2 cm~?, ngy;=3x10'? cm~2
— — —A—ng =6X10'2 cm~2, ng=3x10'? cm~2
0 Lga=Tpm, [; =2 pm, [,=2 pm
L I S I L R R R B
0 1 2 3 4 5 6 7 8
x/pm

Fig. 2. Potential distributions for various charge doping densities.

We can see from Fig. 3 that the simulation results of the
potential are in good agreement with the numerical results,
Moreover, we can observe that with the increase of the total
charge quantity of two doping regions, the increasing speed
of the channel potential becomes faster, which means that a
higher electric field appears. It is bad for improving the break-
down voltage. The dependence of channel electric field on ng;
and ngp at I} = Il =2 um are illustrated in Fig. 3. We can
see clearly that there is a new electric field peak in the dop-
ing region close to the gate edge. Besides, the electric field
peak below the gate is reduced by 28% when ng; is increased
from 3 x 1012 cm™2 to 6 x 10'?2 cm ™2, with ng; kept the same.
Furthermore, another effect can be observed, i.e. a significant
new electric field peak also appears at the boundary of the re-
gion near the drain edge. That is due to the fact that the 2DEG
is fully depleted. Therefore, it is very important to increase

the overall charge doping density appropriately in order to im-
prove the breakdown voltage.

From Figs. 4 and 5, we can see the variations of the chan-
nel potential and the lateral electric field with the negative
charge doping length /; and /, when the negative charge dop-
ing densities ng; and ngy are fixed, respectively. In Fig. 4,
we can observe that as the total charge doping length /| + I,
increases, the channel potential grows slower, which indicates
the channel electric field becomes smaller and the electric field
distribution is more even. Combining the results shown in
Fig. 5, we can see from similar results shown in Fig. 5 that
there appear new obvious electric field peaks. What is more,
the positions of electric field peaks are closely related to the
negative charge doping position. For example, when the total
doping length increases from 2 pm to 4 pm, there is another
new electric field peak arising in the doping region near the
drain edge. Moreover, when the total doping length increases
from 4 pum to 5 um, we can observe the second electric field
peak that shifts to the drain edge. The results we see can be at-
tributed to the fact that more 2DEGs are depleted in the chan-
nel with /; 4+ I, increasing, and the electric field modulation
effect caused by the difference between charge doping densi-
ties in two regions. Thus, a higher drain bias voltage can be
applied to the RESURF AlGaN/GaN HEMTs.

simulate analytic

— — —o—ng =6X102 cm?, ngy=3X101 cm ™
— — —a—ng =8X102 cm?, ngy=3X101 cm
AR — — —v—ng =8X102 cm2, ngy=6X101 cm~

—
[\]
|

Lgg="7pm, l; =2 pm, ly=2 pm

e
o
1

Electronic field/MV-cm™!
N
T

T /pm

Fig. 3. Lateral electric fields for various charge doping densities.
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simulate analytic _
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Fig. 4. Potential distributions for various charge doping positions.

- BvV=310V
1.2 ~ 5
1 NI BV =520 V
T 1.0- s f
g 4 A /—\ [} 4
2 0.8 N )
E | I 2\~
= - s
2 0.6+ Lga=T pm,
b ng1 =8x1012 cm™2Y By 419l
;j b ngy=6x1012 cm—2 \ \
° 0.4+ simulate analytic | \
5 | - -~ =1um |
9 lo=1um \ \
M 0.2 - ——o—[;=2um \
lp=2um \ '
b - ———[;=3um \ \
A lp=2pum \ A
0-
LA L L L S S R B L |
0 1 2 3 4 5 6 7 8
x/um

Fig. 5. Lateral electric fields for various charge doping positions.

4. Conclusions

In this paper, an analytical model for the channel potential
and electric field distributions of the RESURF AlGaN/GaN
HEMTs is presented. It is derived as a function of device pa-
rameters. The analytic results from the derived expression are
in good agreement with the simulated results generated from

ISE. This demonstrates the validity of the analytical model.
The analytical results from the given expression accord fairly
with the simulation results obtained from ISE, demonstrating
the validity of the model. The dependence of lateral electric
field and potential distribution on negative charge doping den-
sity and doping length are discussed, respectively. We find that
with negative charge doping length fixed, as the doping density
increases, the channel potential grows slower, the electric field
peak below the gate decreases, and new electric field peaks
at the boundary of doping region in RESURF AlGaN/GaN
HEMT appear. Conversely, we can see a similar phenomenon
when negative charge doping densities of two doping regions
are the same and charge doping length is varying. The model
can be a powerful tool for device designers to optimize the de-
vice structure and have a physical insight into the RESURF
AlGaN/GaN HEMTs.
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