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A 2-kV high-voltage D-mode GaN high electron mobility transistor (HEMT) with floating field plate (FFP) technique
and bonding pad over active region is demonstrated in this work. Compared with the conventional GaN HEMTs that utilize
gate field plate (GFP) and source field plate (SFP) technologies, the breakdown voltage (BV) of the proposed device is
enhanced by integrating GFP, SFP, and FFP together. This combination significantly reduces the electric field in the oxide
layer, thereby reducing the breakdown risk of long-term operation. In order to save the chip area, the source and drain
bonding pads of the conventional device and the proposed device are prepared on the upper surface of the active region.
Meanwhile, the static on resistance (Rps on) of the two devices are both ~ 150 mQ. At the same gate—drain spacing (Lgp)
of 30.5 um, the conventional device features a specific on-resistance (Ron,sp) of 10 mQ.- cm? and a BV close to 1600 V.
While the Ron sp of the proposed device based on FFP technology is 10.5 mQ-cm?, and the BV is over 2000 V. Under the
premise that the Rop sp is roughly the same, the BV of the proposed device is 33 % higher than the conventional one. The
proposed FFP GaN HEMT greatly reduces the oxide electric field, obtains excellent breakdown voltage characteristics, and
has great potential for application in the field of high-voltage GaN HEMTs.

Keywords: GaN HEMT, breakdown voltage, sapphire, floating field plate

PACS: 85.30.De, 85.30.Tv
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1. Introduction

GaN high-electron-mobility transistors (HEMTs) have
broad prospects in the field of power devices,[!! because of
their high-current operation capability, low on-resistance, and
high electron saturation velocity.>~! GaN HEMTs are cur-
rently used in scenarios below 650 V, but their application
in high-voltage scenarios such as automotive electronics and
radar communications is limited. Therefore, the development
of high-voltage GaN HEMTS is imminent.

The introduction of the field plate structure is the sim-
plest and most commonly used method to improve the break-
down voltage (BV) of GaN HEMT devices. In Ref. [6], the
authors proposed a self-aligned slant-field-plate technology to
increase the BV to more than 1 kV. A vertical field plate is
proposed in GaN HEMT to increase BV, which extends the
vertical drain field plate to the GaN buffer layer.[”! Based on
the gate field plate and two-stage source field plate technology,
a D-mode GaN-on-sapphire with gate—drain spacing (Lgp) of
30-um highlighting a high BV over 1700 V is fabricated in
Ref. [8]. The metal field plate effectively increases the BV
of the device, but the common disadvantage of the stepped or
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multilayer field plate is that it will increase the complexity of
the process and increase the manufacturing cost.

The floating field plate (FFP) is different from the tradi-
tional metal field plates. It does not directly connect the elec-
trode but adds a floating metal block above the drift region, and
there is an interlayer dielectric between the metal block and the
semiconductor material, which is in a floating state. 9191 The
modulation of the electric field near the gate by the FFP and
the source metal field plate enables the device to effectively re-
duce the peak electric field near the gate in the blocking state,
resulting in a more uniform distribution of the electric field
near the channel layer. At the same time, the modulation ef-
fect of the two suppresses the gate and drain leakage current
in the off state, thus greatly improving the breakdown voltage.
On the other hand, for lateral GaN HEMTs, the bonding pad
over active region still poses a challenge, and the risk of leak-
age and breakdown increases with higher voltage (> 1200 V),
leading to greater challenges.

In this work, a 2-kV GaN HEMT on the 6-inch
(1 inch=2.54 cm) sapphire substrate using source and gate
field plates combined with a single floating field plate is
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demonstrated, and the FFP and the gate field plate are simulta-
neously formed through the lift-off process during fabrication,
simplifying the process preparation. Additionally, the bonding
pads of the two devices are both above the active region. In or-
der to ensure the vertical breakdown voltage and reliability of
the active region, the SiN passivation layer, with a thickness of
4 um, was achieved by depositing it in two stages, each with
a thickness of 2 um. Finally, the proposed device with a gate—
drain distance (Lgp) of 30.5 um, an Ry, sp of 10.5 mQ-cm?,
and a high blocking voltage exceeding 2000 V was achieved,
along with a threshold voltage (Vi,) of —8 V. In comparison,
the conventional devices demonstrated an Ry sp of 10 mQ-cm?

and a blocking voltage of close to 1600 V.

2. Device structure and fabrication process

Figures 1(a) and 1(b) show the schematic views of the
conventional GaN HEMT and the proposed FFP GaN HEMT,
respectively. The Lgp of the conventional device and the pro-
posed device is consistent (30.5 pm), and the source field plate
(SFP) and the drain field plate (DFP) are 14 yum and 6 pum,

W 7y
E4—pm SiN
vLrp=14 pm

8 um

lgp=30.5 ym

In-situ SiN 20 nm
AlGaN 25 nm

AIN 0.5 nm

]ﬁ {4-um SiN
6&__) - YLpp = 14 pm

(b)

respectively. The proposed device introduces an FFP struc-
ture, where an SiN insulating dielectric layer separates the FFP
from the surface of the AlGaN barrier layer, and the potential
of the FFP varies with the variation of drain-to-source voltage.
In the blocking state, there is an electric field in the transverse
direction between the gate field plate (GFP) and the FFP of
the device. With the combination of the gate field plate, the
SFP, and the FFP, the metal field plates with different poten-
tials and the SiN dielectric layer form an equivalent flat capaci-
tor, which generates coupling charges at both ends of the metal
field plates.'!! The charges at the FFP attract the electric flux
lines from the two-dimensional electron gas (2DEG) layer and
the GaN channel layer, which alleviates the concentration of
the gate electric field and makes the surface electric field of
the device more uniform. As shown in Fig. 1(c), the bonding
pads are prepared above the active region, which is different
from the traditional preparation method of making pads out-

12.31 which improves the current capacity

side the active area, !
in the same chip area. Figure 1(d) reveals the photograph of
the entire 6-inch GaN HEMT wafer after the completion of all

the manufacturing processes.

em

= - 30‘.5 ;m

In-situ SiN 20 nm D
AlGaN 25 nm
AIN 0.5 nm

Substrate (sapphire)

In-situ SiN regrowth
Ohmic contact

Implant isolation

Gate contact & FFP
Passivation & dielectric via
SFP & passivation

Metal deposite & passivation

Electrode pads

Fig. 1. Schematic diagram of (a) the conventional GaN HEMT, (b) the proposed FFP GaN HEMT with in-situ SiN gate dielectric, (¢) micro-
graph of the proposed GaN HEMT fabricated on sapphire substrates, (d) the photograph of the fabricated GaN HEMT wafer.

To save the chip area and comply with advanced packag-
ing techniques, the preparation of bonding pads over the active
region of the device offers an effective solution to this issue. In
previous works, bonding pads for high-voltage GaN HEMTs
were typically positioned outside the active region of the de-
vice, thereby eliminating the need for strict control over the
quality and thickness of the interlayer dielectric.!'*!>] How-
ever, achieving a high-voltage GaN HEMT with a bonding pad
over the active region is still a challenge, especially in devices
with BVs higher than 1200 V, and a significantly high-quality

thicker interlayer dielectric is required. Consequently, both
the conventional structure and the proposed structure in this
paper utilize the sapphire substrate. This choice serves to pre-
vent warping and cracking of the wafers due to the excessive
thickness of the interlayer dielectric. Additionally, the sap-
phire substrate’s excellent insulating properties prevent verti-
cal breakdown of the device.

Figures 2(a)-2(f) demonstrate the simplified manufac-
turing process steps of the FFP GaN HEMT. The 6-inch
GaN wafer, consisting of a 2-pum GaN buffer layer, a 200-
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nm GaN channel layer, a 0.5-nm AIN spacer, and a 25-
nm Alg25Gag 75N barrier layer, was grown on a 6-inch sap-
phire substrate using metal-organic chemical vapor deposi-
tion (MOCVD). Then, an about 20-nm in-sifu SiN is regrown
(Fig. 2(a)) as a gate oxide layer to ensure the reliability of the
oxide, alleviate the surface state of the device, and improve
the threshold voltage stability.['6~1°] The manufacture begins
with the creation of ohmic contacts, followed by the sequen-
tial deposition of Ti/Al/Ni/Au and a rapid thermal annealing
at 850 °C in a nitrogen atmosphere for 30 s (Fig. 2(b)). In
the next step, through boron (B) ion implantation, the 2DEG

in-situ SiN
AlGaN

in-situ SiN

is clipped and isolated to form the active region. Then the
gate ohmic contact metal of Ni/Au is formed by evaporation,
and the gate contact is formed by a lift-off process (Fig. 2(c)).
Subsequently, the gate field plate and FFP are formed through
etching a 200-nm plasma-enhanced chemical vapor deposition
(PECVD) SiN layer, then the source and drain metal is de-
posited (Fig. 2(d)), so the SFP and DFP are both formed in
this step (Fig. 2(e)). Finally, the 4-um-thick SiN passivation
layer is prepared through two times of PECVD with each time
2 um (Fig. 2(f)).

GaN buffer layer

Substrate (sapphire)

GaN buffer layer

Substrate (sapphire)

(d)

GaN buffer layer

Substrate (sapphire)

(b)

GaN buffer layer

Substrate (sapphire)

(e)

GaN buffer layer

Substrate (sapphire)

GaN buffer layer

Substrate (sapphire)

()

Fig. 2. The fabrication procedures for the proposed device: (a) the formation of multi-epitaxial-layers and in-situ SiN regrowth, (b) the formation of
ohmic contact and boron ion implantation, (c) the sputtering of gate metal electrode and formation of the FFP, (d) deposition and etching SiN layer
to form source and drain windows, (e) preparation of the SFP and DFP, (f) passivation, metal deposition and preparation of bonding pads.

3. Results and discussion

Figure 3(a) shows the transfer characteristic curves of the
conventional device and the proposed device. Both devices
are D-mode, and the V4, of the devices are both about —8 V.
At the same time, the gate leakage current of the two devices is
very close, and the gate current is only 1073 mA/mm when the
device is in the on-state. The transconductance curves of the
two devices can be seen in Fig. 3(b). The maximum transcon-
ductance of the conventional device is 1310 uS, and the maxi-
mum transconductance of the proposed device is 1290 uS. The
larger the transconductance is, the stronger the current control
of the gate is. Therefore, the in-sifu SiN layer greatly increases
the gate stability, which not only reduces the gate leakage but
also enhances the gate control capability.

Figure 4(a) shows the output characteristic curves of the
two devices. The output curves are tested under the condi-

tions of Vgs = =3V, 0V, 3V, respectively. The results reveal

that when Vps =1V, Vgs = 3 V, the static drain—source on
resistance (Rps,on) of the conventional device is 150 m€2, the
Rpson of the proposed device is 158 m€2; correspondingly,
the Ry sp of the conventional device is 10 mQ-cm?, and the
Ronsp of the proposed device is 10.5 mQ-cm?. The Rps,on
and Ron sp Of the two devices are basically close. Figure 4(b)
demonstrates the breakdown characteristic curves of the two
devices. Due to the very low leakage current achieved by the
manufactured devices, we implement stringent standards and
use an Ip of 1 pA as the criterion for assessing device break-
down. At Vgs = —16V, the BV of the conventional device is
close to 1600 V, and the BV of the proposed device exceeds
2000 V. It can be seen that the introduction of FFP has a great
effect on the breakdown voltage characteristics of the device.
The forward conduction characteristics of both devices are al-
most identical, but the BV of the proposed device has been
improved by 33%.
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Fig. 3. (a) Transfer characteristic curves of conventional (Conv) GaN
HEMT and proposed FFP GaN HEMT, (b) transconductance curves of
the two devices.
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Fig. 4. (a) Output characteristic curves of the conventional HEMT and
FFP HEMT, (b) the breakdown characteristic curve of the devices.
Figures 5(a) and 5(b) depict the drain leakage current and
the gate leakage current of the proposed FFP GaN HEMT and
conventional HEMT, respectively. During the reverse biased
state, the Vpg from 0 V to 200 V is applied during the gate and
drain leakage current testing. As shown in Figs. 5(a) and 5(b),
under the condition of Vgg = —16 V, it can be noted that with

the increase of Vps, the Ip and Ig of the proposed FFP GaN
HEMT are significantly lower than those of the conventional
structure, which indicates that the introduction of floating field
plate can greatly reduce leakage current and improve the BV
of the device. In fact, when the carrier moves under a high
electric field, it will obtain energy from the electric field and
accelerate its speed, leading to impact ionization, generating
avalanche carriers and increasing the leakage current. When
the device is in a higher electric field, the leakage current will
rise sharply, and the device will breakdown. Compared with
the Conv-HEMT, under the same Vpg, the floating field plate
introduces an additional electric field, which interacts with the
original electric field, not only reducing the peak electric field,
but also making the surface electric field more uniform. As
a result, the leakage current (/p and Ig) of the proposed FFP-
HEMT is smaller than the conventional one.

10-6
(a)
10-7L . Conv-HEMT
L ‘\,j
FFP-HEMT
—~ 10-8 5
< 10
A
~ 109 .
—— FFP-HEMT die I
—— FFP-HEMT die 11

Conv-HEMT die I
—— Conv-HEMT die 11

0 50 100 150 200
Vbs (V)
0 :
—0.2 W
—0.4 P "FFP-HEMT (b)
;:\ —0.6F
. _o.8t Conv-HEMT
\Si —1.0F
o —1.2F
= _ |, —FEP-HEMTdiel
: —— FFP-HEMT die II
—1.61 Conv-HEMT die I
—1.81  —— Conv-HEMT die Il
—2.0 : . :
0 50 100 150 200
Vps (V)

Fig. 5. (a) The drain leakage current (Ip) and (b) the gate leakage cur-
rent (Ig) of the FFP-HEMT and the Conv-HEMT device in the reverse
bias state.

The experimental test results can only represent device
characteristics at certain macroscopic levels. To verify the
electric field modulation effect of the FFP on the channel layer,
TCAD device simulation was conducted. During the epitax-
ial growth process, the GaN buffer layer will exhibit a shal-
low N-type semiconductor. At the same time, to prevent the
bulk leakage current in the buffer layer, carbon concentra-
tion doping of 1 x 10'® cm™3 was considered. Therefore, in
the simulation, the unintentional doping concentration of the
buffer layer is 1 x 10'> cm ™3, and the C-doping concentration

is 1 10'6 ¢m™3.120:21]
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Fig. 6. (a) Electric field distribution of the conventional GaN HEMT at Vps = 1600 V, Vgs = —16 V; (b) the proposed FFP GaN HEMT at

Vbs = 2000 V, Vgs = —16 V; (c) the electric field distribution at the interface of GaN channnel layer at Vpg = 1600 V along the dotted line

AA’; (d) the electric field vector diagram of FFP GaN HEMT.

The electric field distributions of the conventional device
and the proposed device at their respective BV are plotted in
Figs. 6(a) and 6(b), respectively. It is evident that the introduc-
tion of the floating field plate significantly reduces the elec-
tric field in the SiN passivation layer. Specifically, the peak
electric field decreases from 8 MV/cm to 5.5 MV/cm, and the
peak electric field at the gate field plate’s edge is also reduced.
The introduction of the floating field plate is beneficial for the
improvement of BV and stability of the device. Figure 6(c)
illustrates the electric field distribution along the surface of
the GaN channel layer for both devices. The proposed de-
vice mitigates the electric field peaks caused by the gate and
source field plates. Consequently, the maximum electric field
throughout the semiconductor region is 2 MV/cm, which is
well below the critical breakdown electric field of GaN mate-
rial. In the simulation, the peak electric field in the GaN mate-
rial is close to the critical electric field of GaN (3.4 MV/cm),
indicating that the device has broken down. Therefore, it can
be observed that the BV of the conventional device is about
1600 V, while the BV of the proposed device is higher than
2000 V. This conclusion is consistent with the experimental
test results presented in Fig. 4(b). Figure 6(d) presents the
electric field vector diagram, showing how the floating field
plate, gate field plate, and source field plate form a capacitive
structure. Under capacitive coupling, the edge of the float-
ing field plate generates coupling charges, which attract the
electric field lines near the gate field plate. This alleviates the
surface electric field and the electric field at the gate corner,

thereby enhancing the BV and improving the robustness of the

passivation layer.

For the stability validation of the proposed FFP GaN
HEMT, various bias voltages were applied to the floating field
plate in the simulations. When the Vpg of 1200 V was ap-
plied, Fig. 7(a) presents the three-dimensional electric field
distribution of the proposed device at a potential of —300 V,
while Fig. 7(b) demonstrates the electric field distribution of
the proposed device at a potential of +300 V. Under different
capacitive coupling potentials of the floating field plate, the
channel layer electric field remains relatively low, while the
peak electric field consistently appears in the oxide layer. The
maximum electric field in the oxide layer is only 5 MV/cm
in Fig. 7(a), which is significantly lower than the breakdown
electric field of the oxide layer. Moreover, under normal op-
erating conditions, the potential of the FFP is positive, which
results in a lower electric field in the oxide layer, as shown
in Fig. 7(b). This strongly suggests that the device exhibits
excellent voltage sustaining capability. Figure 7(c) illustrates
the electric field distribution within the channel layer along
the dotted line AA’ of the FFP GaN HEMT under different
bias conditions at Vpg = 1200 V. At the normal capacitive cou-
pling floating potential, the electric field intensity of the chan-
nel layer is the lowest. However, under conditions of normal
floating potential of —300 V and +300 V, the channel layer
electric field increases, yet there is no abnormally high elec-
tric field present in the channel layer on either the left or right
side of the FFP. Moreover, under actual blocking state, the po-
tential of the FFP varies with Vpg, and it is always positive.

As a result, we present the simulation result of the potential
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at the FFP under different Vpg of the proposed GaN HEMT in
Fig. 7(d). The results clearly demonstrate that, as Vpg is in-
creased from 0 V to 2 kV, the potential at the FFP rises from
0 V to approximately +800 V. Finally, it can be seen that the

direct impact on the dynamic behavior of the devices; there-
fore, a simulation study was conducted on the capacitances of
both devices to roughly evaluate the dynamic performance
of the devices. For power devices, the gate-to-drain ca-
introduction of FFP is effective and stable for improving the  pacitance (Cgp) is an important factor that affects the dy-
breakdown voltage of the device. namic characteristics of the device, influencing its switching

It is well known that the capacitive characteristics have a  speed, switching losses, and stability. Figure 8(a) shows the
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comparison of Cgp between two types of devices, with the
Cop of the FFP being smaller than that of the conventional
device. The smaller Cgp of the proposed FFP GaN HEMT
means that under high-frequency signals, the charging and dis-
charging time of the capacitance is shorter, reducing signal
attenuation and distortion. This implies that compared to con-
ventional devices, the proposed FFP GaN HEMT device per-
forms more outstandingly in high-frequency applications. Fig-
ures 8(b) and 8(c) show the output capacitances (Cys) and in-
put capacitances (Ciss) of the two devices, respectively. The in-
put and output capacitances of the proposed FFP GaN HEMT
are both smaller than those of the conventional device. This
may be due to the introduction of the floating field plate, which
increases the new capacitance coupling effect and shields a
part of the gate-to-drain capacitance. The dynamic charac-
teristics of the proposed device have been characterized, and
Fig. 8(d) shows the simulation results. As can be seen from
the figure, the proposed device has excellent switching char-
acteristics, with a turn-on time (f,,) of 6.4 ns and a turn-off
time (t,¢) of 3.0 ns, respectively.

Figure 9 illustrates the relationship between the BV and
Ron,sp for various previous GaN HEMTs. It is evident that the
proposed FFP-HEMT exhibits significant advantages in terms
of breakdown voltage.[?>-28]
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Fig. 9. The relationship between BV and Ro s of different GaN HEMT
devices.

4. Conclusion

In this work, a novel FFP GaN HEMT is proposed and
fabricated, achieving a breakdown voltage level exceeding
2000 V due to the combined effects of the FFP and the gate
and source field plates. The utilization of in-sifu grown SiN as
the gate oxide layer, along with the introduction of the FFP, op-
timizes the electric field distribution within the oxide layer and
significantly enhances the stability of the device. Additionally,
for ultra-high voltage lateral devices, the bonding pads over
the active region are still a challenge, and the bonding pads of
our proposed GaN FFP HEMT device are successfully posi-
tioned directly above the active region, leading to a reduction
in chip area and an improvement in current capability. This
innovation offers promising commercial potential and is well-
suited for high-voltage and high-current applications.
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