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In this paper, we present a two-dimensional (2D) fully analytical model with consideration of polarization effect for
the channel potential and electric field distributions of the gate field-plated high electron mobility transistor (FP-HEMT)
on the basis of 2D Poisson’s solution. The dependences of the channel potential and electric field distributions on drain
bias, polarization charge density, FP structure parameters, AlGaN/GaN material parameters, etc. are investigated. A simple
and convenient approach to designing high breakdown voltage FP-HEMTs is also proposed. The validity of this model is
demonstrated by comparison with the numerical simulations with Silvaco—Atlas. The method in this paper can be extended
to the development of other analytical models for different device structures, such as MIS-HEMTs, multiple-FP HETMs,

slant-FP HEMTs, etc.
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1. Introduction

Field-plate (FP) technologies, with their origins in the
context of high-voltage p—n junctions, ! have been one of the
most important catalysts for improving the microwave power
performances of GaN-based high electron mobility transis-
tors (HEMTs).!># These techniques could be effective in ex-
tending the drain depletion region and replacing a single-peak
electric field with several peaks!®! by modulating the poten-
tial distribution along the device channel, which could bring
into uniformity the electric field distribution and improve de-
vice, breakdown performance, and other relevant reliability
performance, such as trapping effect,!8! inverse piezoelec-
tric effect,®19 etc. Therefore, the effect of the FP on the
electric field distribution related to the potential distribution
is a key factor for the GaN-based FP-HEMT with high break-
down voltage and excellent reliability. In recent years, many
groups have paid much attention to FP-HEMTSs by means of
experimental device fabrications, which could not directly re-
veal the inherent mechanism of the FP modulation associ-
ated with device structure parameters such as FP structure pa-
rameters, semiconductor material parameters, etc. Analytical
approach is an important and effective way to gain a physi-
cal insight into the essential mechanism of the modulation of
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the FP, which could also shorten the design cycle and sim-
plify the optimization procedure by providing fast and accu-
rate first-order design schemes compared with numerical sim-
ulations. In 2005, Karmalkar ef al. first proposed an analyt-
ical approach for a GaN-based FP-HEMT with a given drain
bias!!'! and they further modeled the dependence of the chan-
nel field distribution on drain bias in 2006.!'?] These mod-
els had some guiding signification for the FP-HEMT design,
while they were based on the curve fitting of the numeri-
cal simulation profiles rather than analytical solution of Pois-
son equation. There exist some challenges for them in more
complex device structures, such as multiple-FP HETMs, >3]
slant-FP HEMTs, 14151 etc. Furthermore, in these models the
potential distribution was not investigated. In 2007 Kumar et
al. reported on a threshold voltage model for small geometry
AlGaN/GaN HEMTs without FP based on analytical solution
of Poisson equation!!®! and they also reported on two analyt-
ical models of the nanoscale dual material gate AIGaN/GaN
HEMTs without FP in 2008.'7-!8] These analytical models
could be successful at predicting the channel potential and
electric field distributions for small geometry HEMTs, while
they did not include the polarization effect and only hold for
very small drain bias. So far, no analytical model completely
based on Poisson solution with consideration of the polariza-
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tion effect has been developed to investigate the channel po-
tential and electric field distributions of the GaN-based FP-
HEMT under high drain bias, which deserves to be investi-
gated further.

In this paper, for the first time, a two-dimensional (2D)
fully analytical model with consideration of polarization ef-
fect for the channel potential and electric field distributions of
the gate FP-HEMT in terms of Poisson solution is presented.
The lateral spread of the depletion region between the FP and
the drain is also considered. The dependences of the channel
potential and electric field on drain bias and several parame-
ters in the FP-HEMT are discussed in detail. The analytical
results of the proposed models show a good agreement with

the numerical simulation results obtained by Silvaco-atlas.!!")

2. Model formulation
2.1. Considerations for modeling

The schematic cross section of the gate FP-HEMT with
SiN passivation layer is shown in Fig. 1(a), 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
surface. This structure is similar to that used in Refs. [11]
and [20]. In Fig. 1(a), d3 and &3 denote respectively the thick-
ness and the dielectric constant of the passivation layer, d; and
d> the thickness values of the AlGaN layer and GaN layer,
€1 and & the dielectric constants of the AlIGaN layer and the
GaN layer, N; and N, the donor doping concentration of the
AlGaN layer and the background donor concentration of the
GaN layer, L; and L, the length of the gate and the effective
length of the FP, and L3 is the distance from the drain side
of the FP to drain (FP-drain spacing). The positive charge
is located along the AlGalN/GaN heterojunction to model the
polarization effect, which is based on the experimental result
of the approximate charge neutrality at the AlGaN/passivation
layer interface.”’!! In Fig. 1(a), O, denotes the polarization
sheet charge density, xa; the aluminum content of the AlGaN
barrier layer, the source—gate and the source—drain spacings
are 0.5 um and 3.5 um respectively (unless otherwise stated),
the source (S) is grounded, and Vgg and Vpg are the biases of
the gate and drain respectively. In the following discussion,
Vs is biased to —10 V, in which case the FP-HEMT is fully
pinched off. In Fig. 1(a), the whole region of the AlGaN layer
and the GaN layer from the left edge of the gate (G) to the
drain (D) is divided into six regions named as I, II, IIL, IV, V,
and VI, and their boundary positions are given by x =0, L1,
Li+Ly,Li+1Ly+L3,andy=0, dy, di +d>.

The electron concentration profile in the FP-HEMT with
0.1-pum SiN passivation layer and 1-um FP at Vgg = —10 V
and Vps = 250 V is numerically simulated, and the result is
shown in Fig. 1(b). The device is pinched off. From Fig. 1(b)
one could observe that the depletion regions in the AlGaN
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Fig. 1. (color online) (a) Schematic cross section of the gate FP-HEMT
and (b) electron concentration profile in the FP-HEMT with 0.1-pum SiN
passivation layer and 1-pm FP at Vgg = —10 V and Vpg =250 V.

layer and the GaN layer are distributed from the source side
near the gate to the drain. Based on our simulation results
and others reported,>??! the important regions, with which
we are concerned in this paper, are those that are just under
the gate and the FP in semiconductor because the maximum
electric field often exists here. And the breakdown voltage of
the FP-HEMT is determined by the electric field distribution
and the electric field peak in this region to a great extent. 20!
Usually, the electric field and the potential in the region above
could be influenced by the depletion region between the drain
side of the FP and the drain. However, due to the complex-
ity, it is difficult to accurately calculate the lateral spread of
the depletion region between the drain side of the FP and the
drain. Fortunately, careful observation shows that the actual
depletion region in an FP-HEMT at a drain bias of Vpg could
be considered as the combination of the depletion regions un-
der two kinds of assumptions. The first assumption is that the
full region in the semiconductors between the source side of
the gate and the drain are depleted. The second assumption
is that the depletion region is distributed only under the gate
and the FP. Under the second assumption, there exists enough
two-dimensional (2D) electron gas along the AlGaN/GaN het-
erostructure channel between the drain side of the FP and the
drain. Thus, the access resistance along the channel between
the drain side of the FP and the drain is so small that it could
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be neglected and we could assume that the drain voltage Vpg is
directly applied to the point on the drain side of the FP in the
channel. Although the depletion region could also extend from
the source side of the gate towards the source in Fig. 1(b), its
area is very small and could be neglected so as to focus on the
key points. Due to the vertical electric field being small in the
resultant electric field, the lateral electric field could be used
to represent the total resultant electric field for simplicity.!' 2]
Thus our studies of the electric field focuses on the lateral elec-
tric field along the channel which can be directly related to the
drain voltage Vps.

2.2. 2D potential and electric field analyses

For the sake of analysis, six different 2D potential func-
tions are introduced to describe the potential distribution in
six regions shown in Fig. 1(a). They are ¢;(x,y) (in re-
gion I for 0 <x < Lj, 0<y<d), ¢2(x,y) (in region II
for Ly <x<Lj+Ly, 0<y<d), ¢3(x,y) (in region III for
Li+L <x<Li+Ly+Ls, 0<y<d), ¢s(x,y) (in region
IVfor0<x<Lj,d <y<di+d,), ¢s(x,y) (inregion V for
Ly <x<Li+L d <y<d +d;), and @s(x,y) (in region
Vifor Ly +L, <x<L +Ly+L3, d <y<d +dy). Un-
der the first assumption, all the six regions are fully depleted
under the off-state condition of Vgg = —10 V. These potential
functions in their corresponding regions must satisfy the 2D
Poisson equation, thus yielding

@i (x,y)  I*gi(x,y) gN1 .

ox2 P I A i=1,2,3, (la)
9%¢;(x,y)  *¢i(x,y) qN> .

2 Gr = i=456, (Ib)

where ¢ is the electronic charge, € = €&, & = €&, with
&1 and & being the relative dielectric constant of the Al-
GaN layer and the GaN layer, and &) the vacuum permittivity.
And the potential function ¢;(x,y) (i =1, 2, 3, 4, 5, 6) in the
vertical direction can be approximated by a simple parabolic
function! 7181

@ (x,) = @ (¥) + C1; (x) (y —di) + Coi (x) (y — 1),
i=1,2,3,4,5,6, (2)

where @; (x) is the AlGaN/GaN heterostructure channel po-
tential for each region and Cy;(x) and Cy;(x) are the arbitrary
coefficients. The Poisson equations (1a) and (1b) are solved
using the following boundary conditions.

1) Potentials at the source end and drain end are

¢1(0,d1) =0, 3)
1) = Vs, “)
where L = L; + L, + L3. For simplicity, the built-in potential

Ve 1s neglected in Egs. (3) and (4) since it is much smaller than
the applied voltage Vps.

2) Electric field at the bottom of GaN layer may be mini-

mized as
J0;
0:(5) =0, =456, 5)
dy y=di+d
which is due to the fact that the thickness of GaN layer d; is
large enough, such as d» = 0.18 pm.

3) Electric displacement at the interface between the pas-
sivation layer and the AlGaN layer is continuous

e 2¢ ()| & ¢ (x,0) — Vs ©)
8)’ y=0 ’ ds ’
J 0) -V,
£ (p3a(x7y) = & %} (.X, ) f7 (7)
y y=0 ds

where €3 = €)&3, &3 being the relative dielectric constant of
(VDS — Vgs)(x — l)/Lg, + Vs is the
linear potential at the interface between the passivation layer
and the air from the drain side of the FP to the drain on the

the passivation layer, V; =

assumption that the electric field along the passivation layer
surface may be minimized.**

4) Electric displacement at the AIGaN/GaN interface is
continuous, so

Q) _pdml)|

y y=d| Y y=di

813%8(x,y) B sza(PSa(W) — g0, O
y y=d| Y y=di

& 993 (x,y) _e 995 (x,y) —g0,.  (10)
dy y=d; ay y=di

5) Potential at the interface between the gate and the Al-
GaN layer is

¢1 (x,0) = Vgs — Vi = Vg, (11)

where VFB = (pMS = @M(Nl) - (Ps(xAl) = (DB(XAI) - (pn is
the flat-band voltage, ®y(Ni) and Pg(xa)) are the work func-
tions of the gate metal Ni and the AlGaN layer with the alu-
minum content xa;, Pp(xa)) is the Schottky barrier height of
Ni/AlGaN,?¥! &, = (kT /q)In(N./Ny), k is the Boltzmann
constant, N, is the effective density of states in conduction
band in AlGaN layer and 7 = 300 K.

6) Potentials and electric fields at the AlGaN/GaN inter-
face are continuous, so

@1 (x,di) = @a(x,d1), (12)
@2 (x,d1) = s (x,d1), 13)
@3 (x,di) = @6 (x,d1), (14)
@1 (L1,dv) = @2 (L1,d1), (15)
@2 (1,d1) = @3 (I,d1) = Vs, (16)
291 (x,y) _ 9P (xy) Can
dx x=L| y=d, dx x=Ly,y=d,
92 (x,) _993(x,y) (18)
x|y, 0X  |amiy=a;
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where l =L, + L,.

The o, is a function of the aluminum content xa; of
the Al,,,
theories,!** o, at the AIGaN/GaN interface due to the piezo-
electric and spontaneous polarization is given by

Gaj_x, N barrier layer. Based on the polarization

Op (xa1) = |PpE (Alel Gal—XAlN) + Psp (AIXAlGal—XAIN)
— Psp(GaN) |, (19)

where
Psp (Aly, Gaj_, N) — Psp (GaN) = —0.052xa;  (20)

is the interface charge due to the spontaneous polarization at
AlGaN/GaN heterostructure. And

Pee (AlelGalfolN)
AGaN — AAIGaN (¥A1)
= 2|1 —r(xa
| Cea)] aaiGaN (Xal)

C13 (xa1)
C33 (xa1)

X |e31 (xa1) —e33 (xa1) (21)

is the interface charge due to the variation of the strain-
induced piezoelectric polarization at AlGaN/GaN heterostruc-
ture. In Eq. (21), r(xa1) is the degree of strain relaxation of
the Aly,,
tal lattice constants for GaN and Aly, Ga;_,,,N, respectively;

Gaj_x, N layer; agan and aajgan(xa1) are the crys-

C13(xa1) and Cs3(xa)) are the elastic constants; e3;(xa;) and
e33(xa1) are the piezoelectric constants. Linear interpolations
between the physical properties of GaN and AIN are used to
calculate the above parameters of Aly, Gaj_x, N. All the pa-
rameters in Egs. (19)—(21) can be found in Ref. [25]. Table 1
shows the values of polarization sheet charge density o}, at dif-
ferent values of aluminum content x4; of AlGaN barrier layer
according to Eq. (19).

Table 1. Values of polarization sheet charge density o, at different val-
ues of aluminum content x; of AlGaN barrier layer.

XAl oplem ™2

0.2 1.06 x 1013
0.3 1.64 x 10"3
0.4 2.18 x 1013
0.5 2.40 x 1013

Substituting Eq. (2) into Eqgs. (1a) and (1b) yields

d*¢i (x) gN
2Gi(x)=——, i=1,2 22
dx2 + CZ! ()C) £ y 1 ’ 73a ( a)
d?¢; (x) g2 .
dxz +2C21 (x) = _Tz, 1 —4,5,6. (22b)

According to the boundary conditions (5)—(14), the coef-
ficient Cy;(x) (i =1, 2, 3, 4, 5, 6) could be represented by ¢; (x)
and equations (22a) and (22b) could be simplified into

d*¢ (x)

dx?

— (xigb,» (x) = ﬁh i= 1,27 (2321)

d2¢s (x
:fiz( )—062¢3 (x) = B3 + 1x, (23b)
where
edidy d*]"
o = [212+1} 7
€1 2
-1
&dydy  €didy  &didy d}
O62:[22_3_’_113_~_212_i_1} ’
& & 3] 2
(o] N o N N, (o]
B :Q_Q_i_il a2 g1 499 d12—2Vg 7
&dy & 2 & €1 &dy
g — 9% N2 oaf(aN: oMy _ 4o
2 Szdz & 2 & €] Szdz

2€1dd
X ( 14 3+d%>—2VGS:|,
&3
g N (N gV 4oy
3 il & & &dy
&dyd &did Vbs — Vi
(223 212>—|—V DS GSl:|7
& € L
_ Vbs — Vs
Ls

Equations (23a) and (23b) are the second-order differ-
ential equations and the expression for the AlIGaN/GaN het-
erostructure channel potential is in the following form:

¢1 (x) = Arexp (m1x) +Brexp (—mx) — &1,

0 S X S L17
oc = (24a)
02 (x) = Azexp (12x) + Baexp (—1m2x) — &2,
L] S X S l7
¢3 (x) = Azexp(n2x) +Bzexp (—max) — &3 — Eux,
I<x<L. (24b)

Here, A; and B; (i = 1,2,3) are the coefficients, 11 = /o,
M =0, &1 =Pi/on, & =P/, &3 = P3/ 00, &4 =7/ 0,
@c is the channel potential under the gate and the FP, ¢3 (x) is
the channel potential between the drain side of the FP and the
drain under the assumption of full depletion in the region III
and the region VI.

According to our assumption above, the actual depletion
region could be considered as the combination of two kinds
of depletion regions, which leads to two kinds of channel po-
tential distributions correspondingly. Let ¢c; be defined as the
channel potential under the gate and the FP corresponding to
the first assumption and ¢, the one corresponding to the sec-
ond assumption. Thus the channel potential distribution in an
FP-HEMT could be calculated to be a combination of ¢¢c; and
dca.

According to the derivative process mentioned above un-
der the first assumption, the channel potential ¢c; can be ob-
tained. And the coefficients A; and B; (i = 1, 2, 3) can be
obtained by solving Egs. (20) and (21) with the boundary con-
ditions of Egs. (3), (4), and (15)—(17) as

Ay = {&1[61exp(m2Ly — mLy) — 62exp(—n2La — MLy)]
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+ 63 (&1 — &) [exp (1M2L2) +exp (—12L2)]

+265 (Vbs +&2) /M, (25a)
By = {—& [61exp(—maLa+M1L1) — rexp(MaLy + NiLy)]

— 65 (& — &) [exp (M2La) +exp (—M2L2)]

— 265 (Vbs + &)}/ A, (25b)
Ay = {28 exp (—m2l) + (81 — &) [exp (M L1 —mal)

+ exp(—mLi —m2l)] + [61 exp (—m2Li — M L1)

+ 6rexp(—maLy +mL1)] (Vs + &) A, (25¢)
By = {2& exp(n2) — (&1 — &) [exp (M1 L1 + Mal)

+ exp(—mLi +m2l)] — [61exp (ML +ML1)

+ 6rexp(m2Ly —mL1)] (Vps +&2) 1/ A1, (25d)
Az = [(Vos + & + &aL)exp (—m2l) — (Vibs + & + &al)

x exp(—mL)]/ A2, (25e)
By = [~ (Vbs + & + &L)exp (Mal) + (Vips + &3 + Eal)

x exp (na2L)]/ Az, (25f)

where

A = 61 {exp(maLa —niL1) —exp[—(M2La — ML)}
+ 62 {exp (MmLa +Mi1Ly) —exp[—(mLy +miL1)]},
Ay = exp(ML3) —exp(—naLls).
Since the electric field are continuous at the interfaces of

the region II and the region III as indicated in Eq. (18), the
expression of the V))q can be obtained as

AM{2(Vbs + &3+ &aL) — (&3 + &al) [exp(M2L3)
+exp(—1m2L3)] + 4204} + 12 {48

—2(& — &)[exp(miL1) +exp(—11L1)]
—&[A1 +261 exp(—m2L2 + ML)
+26,exp(—m2Ly —miLy)]}

/2'3,

where

A3 = 201 {exp[n2(Ly +L3) — M1 Li]
— exp[~Ma (L2 +L3) + mLi]}
+ 260> {exp[na2(Lr + L3) + M1 L]
— exp[—M2(La +L3) — miLy]}.

Hence the channel potential @c; is given by

¢1 (x) = Ayexp (m1x) +Brexp (—mx) — &,

OSXSLM (26)

¢2 (x) = Azexp (M2x) + Baexp (—m2x) — &,
Ll S X S l.

oc1 =

Under the second assumption, the regions III and VI
could not be considered and the channel potential ¢c, can be

obtained with a similar approach to ¢c;. The coefficients A;
and B; (i = 1, 2) can be obtained by solving Eq. (24a) with the
boundary conditions of Egs. (3) and (15)-(17). The expres-
sions of ¢cy are the same as those in Eq. (26), respectively,
and the expressions of coefficients A; and B; (i = 1, 2) are the
same as Egs. (25a)—(25d) except that V))q in these equations is
replaced by Vps.

Therefore, the final expression for the channel potential
under the gate and the FP can be obtained by the combination
of ¢c1 and @c> as

dct = 0¢ci + (1 — @) dc2, (27

where @ is the weighting factor. Because at any drain bias
there exists the lateral spread of the depletion region, @ is de-
termined to be 0.7 so as to stress the contribution of the lateral
spread, in which case the results obtained by our analytical
model accord well with those obtained by the numerical sim-
ulation. It is worth mentioning that @ may be a variable of the
drain bias and the device parameter, which is of significance
and of great use and is our future goal and work. Correspond-
ingly, the electric field along the channel could be obtained
by differentiating Eq. (27) with respect to x. For convenience,
the absolute value of the lateral electric field is adopted in the
following.

3. Results and discussion

Based on the above analytical model (27), the poten-
tial and the lateral electric field distributions along the Al-
GaN/GaN heterostructure channel could be readily obtained.
In order to verify the proposed model, the 2D device numeri-
cal simulation is performed using Silvaco—Atlas for the same
structure. In the following discussion, the curves denote the
analytical results while the symbol-points represent the numer-
ical results. And all the conditions related to the discussion are
listed in the corresponding figures.

Figure 2 shows the channel potential and channel lateral
electric field distributions for different values of SiN passiva-
tion thickness d3. A fair accordance between the analytical
and the numerical results could be found except a few small
discrepancies. These discrepancies around the source side of
the gate edge and around the drain side of the gate edge are at-
tributed to the neglecting of the depletion region between the
source and the gate and to the neglecting of the fringe field
of the gate in our analytical model respectively. And the dis-
crepancies around the drain side of the FP are attributed to the
constant estimation of the depletion region between the drain
edge of the FP and the drain. As it can be seen, with the in-
crease of d3, the channel potential near the drain side of the
FP rises slowly, while that near the gate edge of the FP goes
up faster, which indicates the highest electric field peak may
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move from the drain side of the FP to the drain side of the
gate edge, correspondingly. Those may lead to not only the
increase of gate leakage current and the deterioration of reli-
ability but also the change of the maximum breakdown point
due to the GaN breakdown field of 3 MV/cm. And the maxi-
mum breakdown voltage can be obtained when the two electric
field peaks, around the drain side of the gate edge and around
the drain side of the FP, each has a uniform value of less than
3 MV/cm, such as in the case of d3 of about 0.185-pum. This
indicates that the 0.185-pum SiN passivaton layer is approxi-
mately an optimum choice to achieve a breakdown voltage of
Vps = 250 V, resulting in a maximum operating bias of about
125 V for device. A similar FP-HEMT with 0.2-um SiN layer
and 1.1-um FP in Ref. [3] could be biased at 120 V, which is
quite close to our optimum result.

200 T T n T
onumerical = = analytical (d;=0.05 pm)
I aAnumerical = = = analytical (d;=0.185 pm
onumerical analytical (d;=0.3 pm
O L, =04 um N,=1x10" cm™® )
| Ly=1pm ¢,=1.64x10"cm
< d;=0.02 pm '
&% 100fd,=0.18 pm Lo
g Vis =250 V o
Q I =17 /
> &3 = QQ
_ 16 -3
50| Ni=1x10"cm” i
(a)
passivation material: SiN |
1 n 1

0.5 1.0 1.5
Distance along the channel/pm

"5 numerical — '_analytical (ds =0.05 um) &
| anumerical _ _ _ analytical (d; =0.185 pm)
51 o numerical analytical (d;=0.3 pm) g 1
-L1:O.4 pm D N, =1x10"cm ™ |
47rr,=1um N, =1x10" cm™ i
Fd,=0.02 um B 0, =1.64x10" cm™? kb
3Fd,=0.18 pm | A

| Vbs =250V
| €3 = 7

Electric field/(MV /cm)

Distance along the channel/pm
Fig. 2. (color online) (a) Channel potential and (b) lateral electric field
distributions of the FP-HEMT for different values of SiN passivation
thickness d3.

Figure 3 shows the influences of the different values of
FP length L, with the channel potential. As it can be seen,
with the increase of L, both the potentials near the drain side
of the gate and those near the drain side of the FP change
slightly, while the variation of the potential under the FP be-
comes slower. These indicate the slight changes of the electric
field peaks near the two sides and the smaller electric field un-
der the FP.
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Fig. 3. (color online) Channel potential distributions for different values
of FP length L,.

The dependences of the channel potential on drain—source
voltage Vpg are shown in Fig. 4. When other parameters are
fixed, with the increase of Vpg, the channel potential near the
drain side of the FP increases gradually, while that near the
gate almost remains unchanged. These results indicate that
the increment of Vpg is mostly applied to the region nearby
drain side of the FP edge. Thus, the FP can be regarded as a
clamper, and it could nearly pin the variation of the channel
potential near the gate and the potential drop across the region
at gate edge. Correspondingly, it could be predicted from those
observations that only the electric field near the drain side of
the FP could continue to increase with the increase of Vpg.

200 T T
o numerical = - - analytical (Vps=70 V)
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- o numerical = = analytical (Vps=190 V)
150 v numerical analytical (Vps =250 V)
> Li=04pm N —1x10°cm™
o | L=1pm N, =1x10"cm™® _
a0 100 di = 0.02 5
s 1=00apm 5 —1.64x10" cm S
G dy=0.18 um
> d;=0.12 um
50 Vg =250 V ]
0 ke . passivation material: SiN |

0 0.5 1.0 1.5
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Fig. 4. (color online) Channel potential distributions for different values
of drain—source voltage Vpg.

The passivation material could also influence the modu-
lation effect of the FP on channel potential and electric field
distributions as shown in Fig. 5. In Fig. 5, SiN, Al,O3, and
HfSiO4, whose relative dielectric constant (&3) values are 7,
9, and 12, respectively, are utilized as the passivation mate-
rials. As it can be seen, with the increase of &3, the varia-
tion rate of the potential near the gate edge of the FP becomes
smaller, while that near the drain side of FP hardly changes,
which results in a smaller electric field peak near the gate side
and an almost constant electric field peak near the drain side.
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According to this analysis here and the results in Fig. 4, one
could gain enlightenment that the adoption of the passivation
material with a proper high &3 is helpful for the FP to fur-
ther modulate the channel electric field and improve the device
breakdown voltage. This conclusion is consistent with that in
Ref. [20] and could be well verified by our previous experi-
mental studies!*®! about the FP-HEMT with HfO, passivation
material by means of device fabrication.
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Fig. 5. (color online) Channel potential distributions for different pas-
sivation materials.

Figure 6 shows the channel potential distributions for dif-
ferent values of polarization sheet charge density 6,. As it can
be seen, with the increase of o}, the variation rate of the po-
tential near the drain side of the gate becomes greater while
it becomes insensitive to o, at high aluminum content, which
shows a gradual increase in electric field peak. And the vari-
ation rate of the potential near the drain side of FP hardly
changes, indicating little changes of the electric field here.
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Fig. 6. (color online) Channel potential distributions for different values
of polarization sheet charge density op.

Figure 7 shows the influence of the doping concentration
N; of the AlGaN barrier layer on channel potential distribu-
tion. From Fig. 7, one could find it is very interesting that the
effect of NV is similar to that of the polarization sheet charge

density expect that the effect near the source side of the gate
is smaller and the effect near the drain side of the FP becomes
slightly greater. These results show that more electric field
lines generated from the ionized donor dopant could terminate
in the region near the drain side of the gate for the FP-HEMT
with the increase of the doping concentration in the AlGaN
barrier layer, which is also demonstrated in Ref. [27]. Thus,
the reduction of AlGaN layer doping concentration is effective
in the high breakdown voltage design. And for the FP-HEMT
with heavy doping concentration in AlGaN layer, it is neces-
sary to adjust other parameters, such as passivation thickness
or relative dielectric constant of the passivation layer, to avoid
the peak electric field near the gate exceeding the breakdown
field.
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Fig. 7. (color online) Channel potential distributions for different values
of doping concentration N of the AlGaN barrier layer.

The influences of the background concentration N, of
the GaN buffer layer on channel potential for the FP-HEMT
are shown in Fig. 8. Obviously, the influence of the back-
ground concentration is also similar to that of the polariza-
tion sheet charge density in Fig. 6 except that the influence
is smaller. From these observations, in order to avoid break-
down it is needed to slightly adjust the FP structure parame-
ters to lower the peak electric field near the gate edge. Actu-
ally, heavy background concentration could also lead to great
buffer leakage, which may severely degrade the breakdown
performance. 8! Therefore, solutions to the suppression of
buffer leakage should also be considered for the design of the
FP-HEMT with heavy background concentration.

In addition, the dependence of the channel potential dis-
tribution on active efficiency of donor in the AlGaN barrier
layer or the GaN buffer layer is similar to that of N; or N,.
The study results of other parameters, such as AlGaN layer
thickness dj, GaN layer thickness d», gate length L;, and FP-
drain spacing L3 show that they each have a weak effect on the

channel potential and electric field distributions.
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Fig. 8. (color online) Channel potential distributions for different values
of background concentration N, of the GaN buffer layer.

From the above discussion, in order to gain the maximum
breakdown voltage, a necessary condition that the electric field
peaks on the drain side of the gate edge Ec ¢(Li) and that on
the drain side of the FP edge Ec ¢(/) each should have a uni-
form value which could not be larger than the GaN critical
value of E. = 3 MV/cm, should be satisfied. In other words,
the following inequality holds:

Ecs(L) = Ecg(l) <E.. (28)

Based on Eq. (28), it is convenient to design an FP-
HEMT with a highest breakdown voltage available by opti-
mizing these parameters mentioned above.

4. Conclusions

A 2D analytical model with polarization effect for the
channel potential and the electric field distribution of the gate
FP-HEMT in terms of Poisson’s solution is reported. Weight-
ing approach is used to consider the lateral spread of the de-
pletion region between the FP and the drain. The relation-
ships between our device model and drain bias, polarization
effect, device structure parameters as well as AlGaN/GaN ma-
terial parameters are discussed in detail. The approach to de-
signing high breakdown voltage FP-HEMTs is also presented.
The numerical simulation results verify the correctness of the
proposed model. The model will be helpful for the designers
to form accurate first-order design scheme and it presents an
effective way to improve the breakdown performance of the
FP-HEMTs. More importantly, the method can be employed

to conveniently develop other analytical models for different
device structures, such as MIS-HEMTs, multiple-FP HETMs,
slant-FP HEMTs, etc.
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