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A novel high breakdown voltage AlGaN/GaN high electron mobility transistor with a dipole layer (GaN DL-HEMT) is proposed in this work.
The dipole layer (DL) is formed by AlGaN which is attached to the AlGaN barrier and located in the passivation layer between drain and gate
electrodes. DL can improve significantly the breakdown voltage (BV) by modulating the distribution of electric field along the channel.
The proposed GaN DL-HEMT exhibits a high BV of 1130 V, which increased from 496 V of conventional GaN HEMT with gate—drain
distance of 5 um, while on-state resistance keeps 0.48 Q.mm and FOM at a high level of 2.67 GW/cm? is obtained. Meanwhile, the cutoff
frequency maintains a large value as high as 32.4 GHz, which increases by 74% compared with GaN with a gate field plate. The novel

GaN DL-HEMT shows great prospects in microwave power applications.

1. Introduction: AlGaN/GaN high electron mobility transistors
(HEMTs) have drawn intensive attention for high frequency and
high voltage applications due to its wide band gap and high
saturation velocity properties [1]. However, there are still some
issues such as electric field concentration at drain-side edge of
the gate, which limit the breakdown voltage (BV). In general, the
technique of multiple field plates (FP) is adopted to manage the
distribution of surface electric field in GaN HEMTs [2, 3].
However, the processing of multiple FP is difficult [2-4] and FP
structure will increase the parasitic capacitance, which results in
the degradation of high-frequency performance of the device
[5, 6]. In addition, doping Fe/C in GaN buffer layer [7, 8] is also
one of the feasible solutions for breakdown enhancement.
However, subsequently introducing impurity scattering may make
the other performances of GaN HEMT deteriorating [9, 10]. It is
important to improve the BVs and keep low on-state resistances
and frequency characteristics at the same time for GaN HEMT
used in microwave power applications. Recently, a dipole layer
(DL) model had been proposed [11-13], which was composed of
two charged surfaces. Each surface of the layer has an equal and
opposite surface-charge density compared with one another, and
the surface charges were lying close and paralleling to each other.
Kubicek et al. had demonstrated the formation of DL at the
high-k/SiO, interface and applied to CMOS [11, 12]. Fireman
et al. had applied DL on an InAIN/GaN interface and achieved
rectifying dipole diodes with excellent performance [13].
However, few researches about introducing DL in GaN HEMT
have been reported.

In this Letter, we proposed a GaN HEMT with a dipole layer
structure (GaN DL-HEMT). The DL is formed by unintentional
doped AlGaN which is attached to the AlGaN barrier and is
located in the passivation layer between gate and drain electrodes.
Compared to conventional GaN HEMT, the DL can form negative
charges along the interface of Al,Ga;_,N/Aly,3Gag 7N DL barrier
[14]. So by partly depleting 2DEG in channel layer, the DL
modulates the distribution of electric field along the channel,
which results in a great enhancement of the BV. Different from
FP and buffer doping technology, the proposed GaN DL-HEMT
could obtain high BV significantly and keep low on-state
resistances and frequency characteristics at the same time, which
portends its great prospects in microwave power applications.
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2. Device structure and simulation models: The schematic
cross-section of the proposed GaN DL-HEMT is shown in Fig. 1.
The device structures and characteristics have been simulated by
TCAD using Silvaco and the model used in this simulation
include the Shockley—Read—Hall model (SRH), Fermi—Dirac
statistics, the polarisation model, Albrecht mobility model and
Selberherr impact ionisation model. The effects of charging and dis-
charging of traps are calculated by the SRH model. In the simula-
tion, all calculations are based on the Fermi-Dirac statistics.
Besides, according to the work of Albrecht ef al., mobility model
is chosen [15]. The POLARIZ model in ATLAS is used to calculate
the polarisation at the A1GaN/GaN heterojunctions [16]. The total
polarisation is calculated by

P1:Psp+Ppi (1)

where Py, is the spontaneous polarisation, which is given by the
material parameters of AIN and GaN in ATLAS. The spontaneous
polarisation of Al,Ga;_,N is given by

Py, (ALGa,_N) = x.P,(AIN) + (1 = x)P,(GaN)  (2)

P,; is the piezoelectric polarisation, which is given by

as — a0 cl3
Ppi =2 20 (631 — ae%) 3)

where C3 and Cs; are the elastic constants, and e3; and es3 are the
piezoelectric constants. For AIGaN/GaN heterojunctions, aand aq
are the average value of the lattice constant of GaN and AlGaN,
and a, is calculated by Vegard’s law [17]. Table 1 shows the
value of parameters in the simulation.

The Selberherr’s impact ionisation model was used to simulate
the device breakdown. The following expressions show the
impact ionisation coefficients for electrons (e,) and holes (a,) [16]:

a, = a, exp |:_ (%) m:| (4)

Micro & Nano Letters, 2019, Vol. 14, Iss. 5, pp. 488-492
doi: 10.1049/mnl.2018.5556


mailto:
mailto:
mailto:
mailto:
mailto:
mailto:
mailto:
mailto:
mailto:
mailto:
mailto:
mailto:
mailto:

Fig. 1 Schematic cross-section of GaN DL-HEMT

Table 1 Material parameters of AIN and GaN [16]

Parameters captions Paramet-ers Units GaN AIN
piezoelectric const. (z) es3 C/m? 0.67 1.5

piezoelectric const. (x, y) ez C/m? -0.34 —0.53
lattice constant ag A 3.189 3.112
spontaneous polarisation Py, C/m? —0.034 —-0.09

a, =a, exp|:— (%)m] )

The electric field in the direction of current flow at a particular
position in the structure is described as £ and the parameters are
set as a,=a,=1.1438x10" cm™', b,=b,=23.8933 MV/cm and
m=1 [18]. Table 2 shows the device parameters used in this Letter.

Fig. 2 shows the electron concentration distribution and the
2DEG density of GaN DL-HEMT and the conventional GaN
HEMT at Vgs=0V, Vps=0V, respectively. In Figs. 2a and b,
o), 0o and o3 are the polarisation charges of Al .Ga;_,N,
Aly»5Gay7oN and GaN, respectively. According to the formula
(2), the spontaneous polarisation of the AlGaN increases by increas-
ing the Al,. Due to the difference of spontaneous polarisation
intensity between Al,Ga;_,N/Aly,3Gag-,,N (0<x<0.28) DL
barrier, there will induce some negative charges along the interface
of Al.Ga;_,N/Aly,3Gag,,N DL barrier [14]. These negative
charges at the DL/AIGaN barrier interface will impact the electric
potential distribution of the barrier layer to increase the effective
barrier height, which will lower the concentration of 2DEG in

Table 2 GaN DL-HEMT device specifications

Parameters Units Values Parameter captions

Lg um 0.5 gate length

Lg um 0.5 source length

Lp um 0.5 drain length

Lo um 5 distance between gate and drain
Lgs um 0.5 distance between gate and source
TpL nm 10 DL thickness

Tour um 1 GaN buffer layer thickness
TA1GaN nm 20 AlGaN barrier layer thickness
Tp nm 200 passivation layer thickness

Micro & Nano Letters, 2019, Vol. 14, Iss. 5, pp. 488-492
doi: 10.1049/mnl.2018.5556

electron conc(cm™)

1.2E19
7.9E16
1.3E13

1
1

2.1E9

5.6E3
6.7E1

<

electron conc(cm™)
1.2E19
7.9E16

1.3E13

110" em™

A ]D.ZBG aolnN barri er

- 2.1E9

5.6E3
6.7E1

<

for GaN DL-HEMT:
Al =020

$
) Lr.'P =0.6 pm
9 ) L,=3.0 pm
2 L
17 3 left edge of DL right edge

|

§

|

q
edge of
the drain|

-3

13

electron dentisy. 10 cm
[--]
1

&{ é/orm

?__ ? —o— conventional GaN HEMT
. L @ GaN DL-HEMT
ﬁ V. s ON V. =0V
2 3 4 s 6
X-axis. pm

c

Fig. 2 Off-state electron concentration distributions of

a GaN DL-HEMT

b Conventional GaN HEMT at Vgs=0V, Vps=0 V, where oy, 0, and o3 are
the polarisation charges of Al,Ga,_,N, Aly,3Gag7,N and GaN

¢ Electron distribution along the channel for a GaN DL-HEMT and
conventional GaN HEMT

the region, forming a structure of low-density drain [19].
Analogously, the DL structure such as the high-k/SiO, interface
or the other polar materials/AlGaN interface can also influence
device characteristics in the same way [11-13]. In order to better
present the DL principle, the DL is formed by unintentional
doped AlGaN in this structure.

Fig. 3 shows horizontal electric field distribution along the
channel of conventional GaN HEMT, GaN FP-HEMT and
GaN DL-HEMT, and the vertical electric field distribution of
GaN DL-HEMT crossing the bipolar layer to the channel is
shown in the inserted figure. Obviously, for conventional GaN
HEMT, one peak can be seen at drain-side edge of the gate
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Fig. 3 Horizontal electric field distribution along the channel of optimised
GaN DL-HEMT compared with conventional GaN HEMT and GaN
FP-HEMT. Insert: vertical electric field distribution of GaN DL-HEMT
crossing the bipolar layer to channel (x =3.0 um)

(x=0), and along with positive direction of X-axis, the value of
electric field strength declines drastically. For GaN FP-HEMT
with the length of FP (Lgp) of 2 um, two peaks can be seen at
both sides of FP structure. Nevertheless, the problem of uneven dis-
tribution of electric field exists. For GaN DL-HEMT, there exists
the second higher peak with high electric field strength at the drain-
side edge of the DL besides the peak at drain-side edge of the gate.
On the other hand, due to the decrease of electric field at right of the
drain-side edge of gate and at left of gate-side edge of DL, a lowest
peak of electric field will appear, but still at a high level. The ver-
tical electric field of GaN DL-HEMT is much lower than the theor-
etical limit of GaN material. So compared with the conventional
GaN HEMT and GaN FP-HEMT, GaN DL-HEMT of electric
field distribution is more uniform and the peak of electric field
strength is lower than the conventional GaN HEMT, portending
that the proposed device has better BV blocking capability.

3. Results and discussion: The simulated output characteristics of
conventional GaN HEMT and GaN DL-HEMT are shown in Fig. 4,
and the inserted figure shows transfer characteristics (Vps=15 V) of
conventional GaN HEMT and GaN DL-HEMT. In the simulation
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Fig. 4 Output characteristics of conventional GaN HEMT and GaN
DL-HEMT. Insert: transfer characteristics (Vps=15V) of conventional
GaN HEMT and GaN DL-HEMT
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of output characteristics for GaN DL-HEMT, Al,,o, Lgp and Lp
are set to 0.2, 0.6 um and 3.0 um, respectively. For conventional
GaN HEMT and GaN DL-HEMT, the maximum saturation
current density (/psmax) 18 571 and 561 mA/mm at Vgg=0 V.
According to the expression of /pgg, [20]

B
[DSsat = E(VGT - RSIDSsat)2 (6)

The on-state saturation current is mainly related to the gate—source
series resistance and is independent of the gate—drain series resist-
ance. As shown in Fig. 2¢, since the DL is placed in the passivation
layer between the gate and drain, the distribution of 2DEG in the
channel is mainly influenced in this region resulting in the gate—
drain series resistance decreasing but the gate—source series
resistance not be affected. So the on-state saturation current of
GaN DL-HEMT and the conventional GaN HEMT is close. At the
same time, by calculating the specific R, of the two structures at
Vas=0V, the R,, of the GaN DL-HEMT is 0.48 mQ.cm’ and
the value of R,, for GaN DL-HEMT increases slightly compared
to 0.41 mQ.cm® of conventional GaN HEMT. R,, of GaN
DL-HEMT still remains lower than R,, of other reported GaN
HEMTs [21]. Besides the transfer characteristics and the subthres-
hold slope (SS) are acquired at Vps=15 V. The SS of DL-HEMT
and GaN HEMT are both at a same level of 100 mV/Dec.

For conventional GaN HEMT, the BV is 496 V in this simula-
tion, which is in keeping with an experimental result of 510 V
using same device parameters [22]. For GaN DL-HEMT, Al,,,
Lgp and Lp determine the value of BV.

The Al determines the polarisation and depletion ability of the
DL structure, which would greatly impact the BV, Ipgn.x and R, of
the device. Fig. 5 shows the relationship of BV, FOM, R,, in GaN
DL-HEMT with Lgp=0um, Lp=2 um, and the inserted figure
shows electron distribution along the channel with different Al
for GaN DL-HEMT at Vgs=0V, Vps=0 V. As shown in Fig. 5,
with the increase of Al,,, BV decreases slowly at the first and
decreases sharply after the Al,,,;=0.25, and R,, decreases continu-
ously and always at a low level. To acquire the optimum
polarisation effect, the Al of 0.28 in AlGaN barrier layer is
chosen and the optimised Al,, of DL was set as 0.20 in this
device. The higher value of BV (1020 V) and higher FOM
(2.26 GW/cm?) was acquired.

We optimised the position of the DL. Fig. 6 shows the relation-
ship of BV and Lgp for GaN DL-HEMT. As shown in Fig. 6,
FP-HEMT can obtain the highest BV when Lpp=2 um, and the
optimal value is only 665V, which is in keeping with an
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Fig. 5 Relationship of Al,,,; and BV, FOM, R,, in GaN DL-HEMT. Insert:
electron distribution along the channel with different Al,,,; at Vgs=0V,
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Fig. 6 Relationship of Lgp and BV in GaN DL-HEMT

experimental result of 630V [23]. For GaN DL-HEMT
(Alpo1=0.2, Lp=2 pm), the BV increases first and then decreases
sharply with the increase of Lgp, and the highest value of BV
(1075 V) is obtained at Lgp=0.6 um. Due to the uniformity of
the electric field distribution, BV decreases. DL structure will
lose the ability of modulating electric field along the gate edge
when DL is far away from the drain-side edge of gate.

The relationship of BV, R,, and FOM with Lp are shown in
Fig. 7. As shown in Fig. 7, when Lp is small, the depletion
region broadens with Lp gradually increases, and average electric
field strength is increased, thus BV of the device is improved.
When Lp reaches 3 pm, the uniformity of electric field is optimal
and the optimum of BV is 1130 V. However, if Lp is continuously
increased, the peak electric field of the drain edge of the DL will
decline, so the uniformity of electric field will deteriorate, thus
BV of the device is decreased. As can be seen in Fig. 7, when
Lp=3 pm the devices processed to get the maximum FOM
(2.67 GW/em?) and BV (1130 V).

We analysed the frequency characteristics of GaN DL-HEMT,
FP-HEMT and the conventional GaN HEMT in the same simula-
tion models and the cutoff frequency (f7) as a function of Vgg for
the three structures is shown in Fig. 8. The inserted figure shows
the C-V simulation results of GaN DL-HEMT, FP-HEMT and the
conventional GaN HEMT. fr of conventional GaN HEMT is
34.3 GHz at Vgs=0V, which is in keeping with the previous
reports [24, 25]. As FP structure will add the parasitic capacitance
obviously, which will make the high-frequency characteristic of
the device worse, the fr of GaN FP-HEMT only reach 18.6 GHz,

= FOM . Lo

Ml v | - e 7

104 A le_ ./ ] e L2
—_— 1 _.--"-.'. ] -
S 0.0 -— ] LS 2.5
o I =
c 1 k24 5
E 0.8 - L=
""g ) L., =0.6um L23 &
Q: -
= 074 o Al =02 )
= 1 ol Fr22 o
e 064 3 ke
N : 2.1
q 1 o 3

. |
P e F2.0
18 —a—=4— :
044 T - T . T T 1.9
1 2 3 4 5
L,, um

Fig. 7 Relationship of Lp and BV, FOM, R,, in GaN DL-HEMT
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which is consistent with the previous reports [26]. On the other
hand, by introducing a DL, fr of the DL-HEMT can reach
32.4 GHz, which increase by 74% compared with GaN
FP-HEMT. Therefore, the GaN DL-HEMT technology can effect-
ively improve the BV and maintain good frequency characteristics.

In Fig. 9, the benchmark plot of BV versus R,, for GaN HEMT
is shown. A GaN MISHEMT with an 1162 V BV can be achieved
with 5 pm field plate which demonstrates a FOM of 0.47 GW/cm®
[27]. The DH-HEMTs with multiple grating field plates can have a
FOM of 0.72 GW/cm® with a BV of 700 V [28]. A BV of 1900 V
can be achieved by utilising integrated slant field plates in GaN
HEMT, which demonstrates a power FOM of 1.6 GW/em? [29].
In this work, the high-performance GaN-HEMT with a DL demon-
strates a power FOM as high as 2.67 GW/cm? with a BV of 1130 V,
which indicates that the device is a promising candidate for power
application.

4. Conclusion: In this Letter, we presented high BV GaN-HEMTs
with a DL. According to the results of simulation, for GaN
DL-HEMT with Lg=0.5um and Lgp=5um, a maximum
saturation current 561 mA/mm at Vgs=0V and SS=98 mV/Dec
can be obtained. The devices exhibited great characteristics includ-
ing a high BV of 1130 V which is 634 V higher than that of the
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conventional GaN HEMT and a low on-resistance R, of 0.48 mQ.
cm? and a high FOM of 2.67 GW/cm?. Besides, the f of the GaN
DL-HEMT maintains a large value as high as 32.4 GHz, which is
increased by 74% compared with GaN FP-HEMT. The proposed
device with high BV, high frequency and low on-resistance
shows great application prospect in microwave power fields.
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