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In this paper, we provide a comprehensive study on all aspects of development of normally-off multi-finger III-
nitride HEMT on Silicon in cascode configuration. AlGaN/GaN HEMT epi-stack with in situ SiN cap was grown on
2-in. Silicon (111) using MOCVD, utilizing a 2-step AIN nucleation, step-graded AlGaN transition layer and C-
doped GaN buffer. Depletion-mode HEMTs in winding gate geometry with a gate width of 30 mm were fabricated
with thick electroplated metal contacts and an optimized bilayer SiN passivation. Devices were diced and
packaged in TO254 with conducting epoxy and Au-coated ceramic substrate. These packaged D-mode HEMTs
exhibited a threshold voltage (Vi) of —12 V, maximum ON current of 10 A, and a 3-terminal hard breakdown in
excess of 400 V. Bare dies of D-mode HEMTs were then integrated with commercially procured silicon MOSFET
in a TO254 package in cascode configuration to achieve Vi, > 2 V, ON current of 8 A, and breakdown >200 V.
The normally-off cascaded GaN HEMTs were subjected to various gate and drain stress measurements and were
found to exhibit a Vy, shift of 10 mV after 1000 s of positive gate (+5 V) stress. The input and output capacitances
of the cascode devices were measured to be 1 nF and 0.8 nF, respectively. The 3rd quadrant operation was
checked at 8 A on-state current level to reveal a lower voltage drop of 0.7 V. Finally, cascode HEMTs were
subjected to double pulsed testing (DPT) using a half-bridge evaluation board. On and off rise times of 52 ns and
59 ns were obtained along with energy loss of 25 pJ and 20 pJ, respectively, for devices switched at 8 A, 100 V.

1. Introduction

Gallium Nitride-High Electron Mobility Transistors (HEMT), owing
to their superior ON current, faster-switching capability, and higher
breakdown voltages, are preferred over conventional silicon-based
power FETs for applications such as ultrafast chargers in mobile
phones and laptops, On-board chargers in electric vehicles(EV’s) [1].
Normally-off AlGaN/GaN HEMTs on a silicon substrate, either in cas-
code configuration or using p-GaN, are fast penetrating the 200-650 V
power electronics market [2,3]. The advantage of cascode devices over
p-GaN e-mode HEMTs is the lower cut-off voltage at third quadrant
operation, which reduces the reverse recovery charge and allows for a
+/— 20 V positive gate swing [4]. Although cascode GaN HEMTs with
ratings up to 60 A and 1200 V are now commercially available, indi-
cating their maturity, most of the know-how of device process and
materials growth is proprietary and rests with the respective industry
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players and are not often published. Only reliability studies or systems
development [5,6] using such commercially available GaN HEMTs are
reported in the literature, either by the industry or by academic groups.
Multi-finger GaN HEMTs are extremely difficult to realize in any aca-
demic cleanroom. This is why it is rare to find any published paper with
fabrication details and device analysis from academic groups on GaN
devices with higher current ratings [7-10]. As far as processing and
device analysis is concerned, almost all GaN HEMT papers to date,
excluding a few from industry [11,12], are on small gate periphery
(100-200 pm) devices. Thus, there is a need to present and discuss all
aspects of developing high-power carrying GaN HEMTs, including epi-
growth, device design and associated process challenges, characteriza-
tion, packaging, and testing of switching performance. This work seeks
to fill this vacuum in literature. We have fabricated depletion mode (D-
mode) HEMTs with 30 mm gate width on Metal Organic Chemical
Vapour Deposition (MOCVD)-grown GaN HEMT epi-stack, which

E-mail addresses: rijobaby@iisc.ac.in (R. Baby), manishmandal@iisc.ac.in (M. Mandal), shamibrotar@iisc.ac.in (S.K. Roy), abheek.bardhan@gmail.com
(A. Bardhan), rmuralidharan@iisc.ac.in (R. Muralidharan), kbasu@iisc.ac.in (K. Basu), sraghavan@iisc.ac.in (S. Raghavan), digbijoy@iisc.ac.in (D.N. Nath).

https://doi.org/10.1016/j.mee.2023.112085

Received 2 May 2023; Received in revised form 14 August 2023; Accepted 17 August 2023

Available online 19 August 2023
0167-9317/© 2023 Elsevier B.V. All rights reserved.


mailto:rijobaby@iisc.ac.in
mailto:manishmandal@iisc.ac.in
mailto:shamibrotar@iisc.ac.in
mailto:abheek.bardhan@gmail.com
mailto:rmuralidharan@iisc.ac.in
mailto:kbasu@iisc.ac.in
mailto:sraghavan@iisc.ac.in
mailto:digbijoy@iisc.ac.in
www.sciencedirect.com/science/journal/01679317
https://www.elsevier.com/locate/mee
https://doi.org/10.1016/j.mee.2023.112085
https://doi.org/10.1016/j.mee.2023.112085
https://doi.org/10.1016/j.mee.2023.112085
http://crossmark.crossref.org/dialog/?doi=10.1016/j.mee.2023.112085&domain=pdf

R. Baby et al.

3 Rms roughness: 0.4 nm
Z-scale: -1.5 to 1.5 nma®*

pm

Microelectronic Engineering 282 (2023) 112085

Intensity (a.u)

-1 0 1
Ao(’)

Fig. 1. (a)AFM image of in-situ SiNy, (b) XRD- @ scan for GaN grown on Silicon.
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Fig. 2. (a) MOCVD-grown HEMT stack on GaN, (b) schematic of a processed device, (c) SEM image of a fabricated device and (d) fabricated 2-in. wafer.

exhibits 10 A of ON current with off-state breakdown exceeding 400 V.
These devices were diced, packaged and integrated with bought-out
Silicon MOSFET to realize normally-off operation. Cascoded GaN
HEMTs are then characterized for stress measurements, capacitance and
finally put in a half-bridge board to evaluate the performance when
switched at 8 A, 100 V.

2. Material and device fabrication
2.1. Material growth
The HEMT epi-stack was grown on a 2” Si (111) substrate using

MOCVD. The details of the growth have been published earlier [13],
wherein a two-step AIN layer is first deposited on the Si substrate to
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DHEMT

Fig. 3. (a) Schematic and photograph of TO254-packaged D-MODE device (b) Circuit diagram of a cascode device and a photograph of the same realized in this work

in the TO254 package.

reduce threading dislocation density and to achieve a smooth growth
front for subsequent layer deposition. Then, three AlGaN layers were
deposited in sequence with a gradual increase in GaN-fraction:
A10‘75Ga0,25N, Alo.soGao.soN, and A10,25Ga0,75N, with thicknesses of
250 nm, 250 nm, and 500 nm, respectively. A C-doped GaN buffer layer
(500 nm) and nominally undoped GaN channel layer (150 nm) were
then grown on the AlGaN buffer stack. An AIN spacer layer (1 nm),
Al 25Gag 75N barrier layer (25 nm), and in-situ SigNy cap layer (3 nm)
were then deposited sequentially to achieve a stable 2DEG at the top of
the GaN channel layer. Except for the cap layer at the top of the stack, it
is similar to the reference stack used by Remesh et al. [14]. The surface
morphology of the stack was investigated using Atomic Force Micro-
scopy (AFM), revealing an RMS roughness of 0.4 nm over a surface area
of 5 ym x 5 pm, as illustrated in Fig. 1 (a). Rigaku Smartlab high-
resolution X-ray diffractometer was used for obtaining the symmetric
(002) and asymmetric (102) rocking curves with FWHMs of 0.22 deg.
and 0.36 deg., respectively, for the GaN layer, as shown in Fig. 1(b).
Fig. 2 (a) shows an image of the 2-in. MOCVD-grown GaN on a Silicon
wafer.

2.2. Device fabrication

HEMTs under study were designed with a meandering gate geometry
for medium-voltage applications. Ohmic contacts were formed by an e-
beam evaporating a Ti/Al/Ni/Au metal stack (20/120/30/50 nm)
which was annealed at 850°C in an N, atmosphere for 45 s. A BCl3/Cly-
based dry etch chemistry using a reactive ion etch (RIE) chamber was
used to define mesa isolation of HEMTs. The mesa etch depth was 400
nm so that subsequent gate pad and metal bus bars would ‘sit’ on the
high resistive C-doped GaN buffer. An optimized bilayer SiNy was then
used for acting as a gate dielectric and passivation layer [15]. First, SiNy
(20 nm) was deposited using plasma-enhanced chemical vapour depo-
sition (PECVD) under high-frequency (HF-13.56 MHz) conditions as
gate dielectric and annealed at 700 °C in an N ambient for 10 min. This
was followed by e-beam evaporation of Schottky gate metal stack (Ni/
Au- 30/100 nm). Next, the active area was passivated with PECVD SiNy
of thickness 150 nm, which was deposited using a combination of
HF,13.5 MHz and low frequency (LF, 300 kHz) conditions. Gate-
connected field plates (Ni/Au, 30/100 nm) were implemented to
improve field management at the gate edge. The field plate had a 1 pm
extension from the gate edge toward the drain. Post field plate, the
devices were passivated by PECVD SiNy (200 nm) deposited with a low-
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Fig. 4. (a) Schematic circuit and (b) pulse timing diagram of DPT evaluation board.
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Fig. 5. Half bridge evaluation DPT board with fabricated HEMT.

frequency recipe at 300 °C. The SiNy was selectively removed to expose
source-drain fingers and gate pad. Next, 2 pm thick Au was electroplated
to thicken the Ohmic contact fingers and bond pads.

The metal resistance of electroplated Au was measured and was
found to be negligible. Finally, PECVD-SiNy of 100 nm thickness was
blanket deposited to protect the active device area from particles
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produced during the dicing of the wafer. Bond pads were opened using
selective dry etching of the last layer of SiNy to enable wire bonding. A
device schematic, an SEM image of a representative HEMT and an image
of the 2-in. wafer post-processing are shown in Fig. 2 (b), (c) and (d),
respectively. The fabricated device has source-to-gate spacing Lgg = 6
pm, gate length Lg = 3 pm and gate-to-drain spacing Lgp = 12 pm,
respectively.

2.3. Design parameters for cascoded GaN HEMT

The primary concern in choosing a Si-MOSFET is ensuring that its
breakdown voltage exceeds the threshold voltage (Vi) of the D-mode
HEMT but is less than its gate voltage rating. One method to achieve this
is using a cascode mode with a Si-MOSFET, which allows for low R,
positive Vi, high breakdown voltage, and low reverse recovery loss. In
our process, the Si-MOSFET had Ry, =30 mQ, Vi, = +1.8V, Vps =30V
(Ip = 250 pA), Vgs = 20 V (at Igs = 100 nA), reverse capacitance (Cyss =
Cga) =100 pF, input capacitance (Ciss = Cgq+Cgs) = 860 pF, and output
capacitance (Coss = Cqs+Cgs) = 120 pF (capacitance measured at 15 V
with 1 MHz).

2.4. TO254 packaging D-Mode and cascoded GaN HEMT

D-mode HEMTs were diced and then packaged in a three-lead pin
TO-254 package. The insulation leak test was measured up to 1 kV, and
the bare package was able to withstand 1 kV with 900 MQ resistance.
First, HEMTs were soldered on gold-coated ceramic substrates using
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Fig. 7. Temperature-dependent IgVg, IpVs, InVp and sheet resistance of 100 pm device and van der Pau structure.

NAMICS epoxy: the ceramic substrate was then soldered to the body of
the package, once again using NAMICS epoxy, which was then used to
connect to the drain lead of the package. The devices were wire-bonded
using 1 ml Au wires with the ball bonding method: while the gate and
source were wire-bonded to the respective leads of the package, the
drain pad was wire bonded to the Au-coated ceramic substrate as shown
in Fig. 3 (a). The first bond is on the device, and the second is on the
package leads. The lead configuration is Gate, Drain, and Source,
respectively. For normally-off cascode operation, bare dies of D-mode
HEMTs are cascode-connected with commercially available Silicon
MOSFET wafer dies in the TO254 package, where Au wire bonding is
used to connect the devices (Fig. 3 (b)).

The drain of the MOSFET is located on the bottom of the device, and
the source and gate are on the top sides. To connect the drain of the
MOSFET and the source of the HEMT, a silicon MOSFET is placed on a
gold-coated ceramic, and the source of the HEMT is connected from the
gold plate. The HEMT is then attached to the substrate with thermal
epoxy (Able Stik-8700 K). The lead configuration on the cascode device
is a gate, source, and drain. The drain of the HEMT is connected to the
body of the TO-254 package using a wire bond. The G-S-D lead config-
uration reduces the Miller effect in the transistor performance.

2.5. Cascode-HEMT Double Pulse Testing (DPT)

A double pulse test (DPT) experiment is conducted to capture the
switching dynamics of the fabricated cascode GaN device for different
operating conditions. Fig. 4 (a) represents the circuit schematic of the
DPT. Q1 and Q2 are cascode GaN devices connected in a half-bridge
configuration. Vpg is the applied DC voltage. L represents the induc-
tive output load connected across Q1. Two pulses of different widths are

applied to Q2 (see Fig. 4 b). Initially, current through the inductor (i) is
zero. Q2 is gated for a time duration of T1 to build the current through L
to the required current level. Iy (= VpsT1/L). Attime t = T1, Q2 is gated
off, and the inductor current Iy commutates from Q2 to Q1. This is
termed as a hard turn-off transition of Q2. After the transition, it free-
wheels through the reverse channel of Q1. At t = (T1 + T2), Q2 is gated
again and iy, transfers from the reverse channel of Q1 to the forward
channel of Q2. This is termed a hard turn-on transition. Finally, Q2 is
turned off after a small-time interval T3. Using DPT, hard turn-on and off
transitions can be captured for the operating conditions Vpg, lo.

The gate and source terminals of the Q1 are shorted externally (Fig. 4
a). Consequently, the low voltage Si MOSFET of Q1 is in the off state.
When a positive drain-to-source voltage is applied across Q1, the gate-
source voltage of the D-mode device becomes negative. Thus, the D-
mode GaN device is in the cut-off region. Note: the gate-source voltage
of the D-mode device is the same as the source-drain voltage of the Si
MOSFET. However, when current flows from the source to the drain of
Q1, the body diode of Si MOSFET conducts, and a small positive voltage
appears across the gate source of the D-mode device (equal to the
voltage drop across the antiparallel diode of the Si MOSFET). So, the
channel of the D-mode device is on and offers a low-impedance path for
the current to freewheel.

The image of the experimental set-up is given in Fig. 5. The DPT set-
up is designed for 150 V DC bus voltage and 20 A load current. An air
core inductor with 150 pH is used as the inductive load. Isolated gate
driver 1EDB8275F from Infineon is used to drive the devices. The gate
voltage levels are 15 V and 0 V, respectively. A 10 Q is used as both turn
on and off gate resistances. An oscilloscope, voltage and current probes
are used to measure these signals correctly. Oscilloscope MDO3104 from
Tektronix with 1 GHz bandwidth is used. Passive probe TPP1000 of
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Fig. 8. I-V characteristics of 30 mm gate width D-mode device; (a) transfer characteristics, (b) corresponding gate leakage, (c) output characteristics, (d) and

breakdown voltage.

1GHz bandwidth (from Tektronix) is used for drain-source voltage
measurement. Coaxial current shunt SSDN-10 from T&M research is
used to measure device current. Matching propagation delay between
voltage and current signals is done using a matching delay instrument
from Tektronix (067-1686-00, Power Measurement De-skew and Cali-
bration Fixture).

3. Results and discussion
3.1. Characterization of D-mode device

First, D-mode HEMTs with 100 pm gate width were measured using
an Agilent B1500A set-up to understand the basic characteristics of the
fabricated devices. Fig. 6 (a&b) shows the static characteristics of the
same: gate leakage was found to be 300 nA/mm at —20 V with Vp = Vg
grounded, while Ip-Vg revealed a Vi, ~ —16 V with an On/Off ratio close
to 107. The ON current was measured to be about 670 mA/mm at 0 V
gate bias, while R,, was found to be 9.8 Q.mm. It is noteworthy that
there was no observable difference in the performance of 100 pm gate-
width HEMTs with and without field plates as far as gate leakage and ON
current were concerned.

Further, we performed temperature-dependent I-V characteristics for
devices with 100 pm gate width, as shown in Fig. 7. The gate leakage
was found to increase from 100 nA/mm to 5 pA/mm at —20 V bias while
going from room temperature to 200 °C (Fig. 7 (a)); similar increase in
gate leakage with temperature had been reported [16]. The ON current
was found to drop by nearly ! from 600 mA/mm to 300 mA/mm at 0 V
on the gate for the same range of temperature (Fig. 7(b)). From the
output characteristics (Fig. 7(c)), the ON resistance was found to in-
crease from 11.28 Q.mm to 24.15 Q.mm with increase in temperature
which correlates well with the 3x increase in the sheet resistance
measured as a function of temperature, as shown in Fig. 7(d).

The packaged devices with 30 mm gate width were measured using

an Agilent 1505A semiconductor analyzer. Fig. 8 (a) shows the transfer
characteristics of a device with different drain biases and the corre-
sponding Fig. 8 (b) gate leakage. The measurements were done in pulsed
mode with a pulse period of 350 ps and a width of 480 ps. The device had
<1 mA gate leakage at Vp—10 V. With a drain voltage of 15 V, the
devices exhibited an ON current of 10 A (Fig. 8.c) with a Ry, 776 mQ at
5A. The 30 mm gate width devices should have exhibited 18 A consid-
ering that 600 mA/mm was measured for 100 pm gate width HEMT. The
reduction of the 30 mm gate width device current is perhaps due to the
increase in junction temperature. It can be seen from Fig. 7.c that as the
temperature increases, the current drops considerably. The correlation
between the substrate temperature and junction temperature was re-
ported [17]. In the present packaging scheme, there are several in-
terfaces which could result in 190 °C/W to 310 °C/W thermal resistance
leading to poor thermal dissipation [18]. The three-terminal breakdown
of the devices was measured at Vg = -18 V. At 430 V, a sharp increase in
the drain current of 3 mA and a gate current of 1.2 mA was observed
(Fig. 8 (b)).

Time-voltage-dependent stress measurements were performed on
these devices. The devices were stressed at different off-state conditions
for 100 s and then measured after each set of conditions. The off-state
condition was Vg = —18 V, and Vp was varied from 0 V to 500 V in
steps of 100 V. The stress-induced degradation of the drain and gate
current were monitored for 100 s (Fig. 9 (a & b)). Although the off-state
drain leakage increased from 1 mA to 5 mA with 100 V -500 V drain
voltage stress, there was no significant change with time. That indicated
the drain did not see field-dependent degradation, and leakage was
stable. However, as shown in Fig. 9 (b), an increase of 1 mA to 2 mA
leakage current was observed in the gate with time, indicating that the
gate eventually experienced degradation under off-state stress. Fig. 9 (c)
& (d) show the Ip-V; measured and gate leakage, respectively, after each
stress condition. Transfer characteristics exhibited negligible change
with the off-state stress.
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Fig. 9. (a) Drain and (b) gate leakage with different stress voltage and time.

gate leakage.

Fig. 10. I-V characteristics of 30 mm gate width cascode connected device: (a) gate leakage, (b) transfer characteristics, (c) output characteristics and (d) break-

down voltage.
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3.2. Cascode Si-MOSFET with GaN D-HEMT

The fabricated D-mode HEMT was connected in a cascode with a Si-
MOSFET. The source and drain of the Si-MOSFET were connected to the
gate and the drain of the HEMT, respectively, as shown in Fig. 3 (b). The
three terminals of the package are the gate of the MOSFET, the source of
the MOSFET, and the drain of the D-mode GaN HEMT. Fig. 10 (a) shows

that the floating gate leakage is <30 nA for +30 V gate sweep, which is
better than many commercial cascode devices as quoted in their data-
sheets [19,20]. This holds promise for these fabricated devices to be
useful as +12 V silicon-based gate drivers. The transfer and output
characteristics and the breakdown voltage of the devices are shown in
Fig. 10 (b), (c), and (d), respectively. The device exhibits an 8 A current
in the saturation region, which is limited by Ry, (776 mQ) of the GaN
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HEMT. The buffer blocks >250 V with Vg = 0 V in these devices.

Fig. 11 (a) and (b) show the on/off performance of the D-mode
HEMT and the cascode device, respectively. The buffer leakage at 250 V
is about 1 mA, which can be reduced with an optimized buffer design.
The cascode device is then subjected to a Vy, reliability study: Vg =+5V
and Vp = 0.1 V were applied for 1000 s. The Ip-Vg characteristic was
measured at Vp = 0.1 V at particular intervals (Fig. 12 (a)). The positive
gate voltage stress induced a hole injection to the Si-MOSFET in the
cascode device [21]. The Vi, shift was observed to be minimal, as shown
in Fig. 12 (b). It is to be noted that we have defined Vy, at Ip = 0.1 mA.

Third-quadrant operation of the device is important when used in
voltage source-based power electronic converter applications. Cascode
GaN devices exhibit a lower voltage drop of 0.7 V @ Vg = 0 V compared
to similarly rated enchancement mode (E-mode) GaN devices (Fig. 13).
Drop across the device remains almost unaffected by the change in
negative gate-source voltage. This is unlike the case for E-mode GaN
devices, where the drop increases with negative gate-source bias [21].
This will reduce the loss of the device during the dead time.

The overall schematic of the cascode GaN device, along with its
intrinsic parasitic capacitances, is given in Fig. 14 (a). Cgs, Cgqa and Cgs
represent gate-source, gate-drain and drain-source capacitances,
respectively. GaN and Si are used to differentiate between the capaci-
tances of D-mode GaN devices and low-voltage Si MOSFET. Externally,
terminals g, d and s are available, directly connected to the gate of Si
MOSFET, D-mode GaN device drain and Si MOSFET source, respec-
tively. The intrinsic capacitances of the commercial MOSFET (Fig. 14.b)
and the cascode-connected GaN device were measured as a function of
Vps in the range of zero to 250 V (Fig. 14 (c). The gate voltage Vg is kept
at 0 V, and the measurement frequency is 1 MHz. Cig, Crss and Cogs are
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the input, reverse transfer and output capacitances of the overall cas-
code device. Cjss has measured at around 1000 pF and remains almost
constant with Vpg. It is to be noted that the value of Cjs for the fabricated
cascode device is mostly contributed by the Cjs of the low voltage Si
MOSFET (Cigs_Si).

On the other hand, both C;s and C,ss are monotonically decreasing
functions of Vpg. Crss and Cogs vary in the range of 300-100 pF and 900-
500 pF, respectively, for Vpg in the range of zero to 250 V. It is note-
worthy that C. of the cascode device is the series combination of output
capacitance of D-mode GaN device (Coss_GaN) and reverse transfer
capacitance of the Si MOSFET (Cis_Si). The Co of the cascode device is
the series combination of Cyss_GaN and Coss_Si (the Si MOSFET output
capacitance). The equivalent charge (Q,ss) and energy stored in the Cog;s
(Eoss) were plotted as a function of vds in Fig. 14 (d), and the values are
calculated to be Qquss = 90 nC and Eogs = 11 pJ for Vpg = 250 V.

To capture the switching transient waveforms of the fabricated cas-
code device for different operating conditions, DPT was performed for
different values of Vpg and Io. Vps =20V, 30V, 50 V and 100 V are used
with Io = 1A, 2A, 6A and 8A. This makes 16 different operating con-
ditions. In Fig. 15 (a) to (d), experimentally obtained turn-on and off
waveforms (vgs & iq) are plotted for Vps = 100 V and Io = 2A, 8A.
Smooth transitions of v4s and ig with minimal high-frequency oscilla-
tions are observed for all the operating conditions.

After obtaining the switching transient waveforms experimentally,
turn-on and off loss (E,, and Eg, respectively) are plotted in Fig. 16 (a)
for Vps = 100 and Io = 2A, 6A and 8A. It can be observed that Ey, is
increased from 11 pJ to 27 pJ for 2A to 8A Io, respectively. And corre-
sponding Eqff was calculated as 0.25 pJ to 20 pJ. Also, the difference
between E,, and E.¢ are noticeable in low Io (for example, Io = 1A).
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Similarly, turn-on and off transition times (T, and T, respectively) are
plotted in Fig. 16(b) for the same operating conditions. It can be
observed that both T,, and Ty are similar for a given operating con-
dition (Vpg and Io value) and increases slightly as Io increases for a given
Vps. To understand the variation of Ey, and E with respect to Vpg, both
of these quantities are plotted as a function of Vpg in the range 20 V to
50 V and Io = 1A. It can be observed that both E,, and E increase with
Vps (Fig. 17 (@)). Similarly, To, and T are plotted for the same oper-
ating conditions (Fig. 17 (b)). Similar to Ey, and Egf, both Ty and Togs
also increase with Vpg. Also, Ty is observed to be large compared to Top
for low Vpg values.

4. Conclusion

This work is a comprehensive study on developing normally-off
multi-finger II-nitride HEMT on Silicon in cascode configuration. The
resulting D-mode HEMTs had a gate width of 30 mm, thick electroplated
metal contacts, and an optimized bilayer SiNy passivation. These devices
were diced and packaged in TO254 with conducting epoxy and Au-
coated ceramic substrate. The fabricated D-mode HEMTs had a
threshold voltage (Vi) of —12 V, a maximum ON current of 10 A, and a
3-terminal hard breakdown in excess of 400 V. We then integrated the
bare dies of D-mode HEMTs with commercially procured silicon MOS-
FET in a TO254 package in cascode configuration. Thus, the cascoded
GaN HEMTs obtained had a Vi, > 2 V, an ON current of 8 A, and a
breakdown of >200 V. The normally-off cascaded GaN HEMTs were
subjected to various gate and drain stress measurements, and they
exhibited a Vi, shift of 10 mV after 1000 s of positive gate (+5 V) stress.
The input and output capacitances of the cascode devices were
measured to be 1 nF and 0.8 nF, respectively. We also tested the 3rd
quadrant operation of the cascode devices at 100 mA and 8 A on-state
current levels, revealing a lower voltage drop of 0.7 V. Finally, the
cascode HEMTs were subjected to DPT using an evaluation board. The
devices switched at 8 A and 100 V showed on and off rise times of 52 ns
and 59 ns, respectively, with 25 pJ and 20 pJ energy loss.

Credit author statement

Rijo Baby: Idea, design, fabrication and testing
Manish Mandal: Circuit design and testing
Shamibrota K.Roy: DPT Circuit design and testing
Abheek Bardhan: Wafer growth MOCVD

R. Muralidharan: Guidance and paper correction
Kaushik Basu: Guidance and paper correction

S. Raghavan: Guidance and paper correction
Digbijoy N. Nath: Guidance and paper correction

Declaration of Competing Interest

Digbijoy N Nath reports financial support was provided by Indian
Space Research Organisation. Digbijoy N Nath reports a relationship
with MHRD that includes.

Data availability

Data will be made available on request.

11

Microelectronic Engineering 282 (2023) 112085
Acknowledgement

This research was supported by ISRO/SCL. We also acknowledge
funding support from MHRD through the NIEIN project, from MeitY and
DST Nano Mission through NNetRA. We thank the Micro and Nano
Characterization Facility (MNCF) staff and facility technologists of the
National Nano Fabrication Facility (NNFC). We thank Anirudh Ven-
ugopalarao, Parimalazhagan Serralan, Mr. Veera Pandi N, Dr. M.M
Nayak, Mr. Malingu G and Bharath Kumar M for their support.

References

[1] M. Meneghini, et al., GaN-based power devices: physics, reliability, and
perspectives, J. Appl. Phys. 130 (18) (2021).

H. Li, C. Yao, L. Fu, X. Zhang, J. Wang, Evaluations and applications of GaN HEMTs
for power electronics, in: 2016 IEEE 8th Int. Power Electron. Motion Control Conf,
IPEMC-ECCE Asia, 2016, pp. 563-569.

A.L. Emon, A.B. Mustafeez-ul-Hassan, J. Mirza, S.S. Kaplun, F. Luo, A review of
high-speed GaN power modules: state of the art, challenges, and solutions, IEEE J.
Emerg. Sel. Top. Power Electron. (2022) 1-24.

N. Badawi, A.E. Awwad, S. Dieckerhoff, Robustness in short-circuit mode:
Benchmarking of 600V GaN HEMTs with power Si and SiC MOSFETs, in: ECCE
2016 - IEEE Energy Convers. Congr. Expo. Proc, 2016, pp. 2-8.

J.A. Rodriguez, T. Tsoi, D. Graves, S.B. Bayne, Evaluation of GaN HEMTs in H3TRB
reliability testing, Electron. 11 (10) (2022).

Y. Gunaydin, et al., Unclamped inductive stressing of GaN and SiC Cascode power
devices to failure at elevated temperatures, Microelectron. Reliab. 138 (2022)
114711, no. September.

R. Reiner, et al., Design of Low-Resistance and Area-Efficient GaN-HEMTs for Low-
Voltage Power Applications, no. May, 2021, pp. 3-7.

N. Ikeda, S. Kaya, J. Li, T. Kokawa, Y. Satoh, S. Katoh, High-power AlGaN/GaN
HFETs on Si substrates, in: 2010 Int. Power Electron. Conf. - ECCE Asia -, IPEC
2010, 2010, pp. 1018-1022.

L.H. Ji, S. Wang, B. Lee, H. Ke, V. Misra, A.Q. Huang, Design and fabrication of high
current AlIGaN/GaN HFET for Gen III solid state transformer, in: 2nd IEEE Work.
Wide Bandgap Power Devices Appl. WiPDA 2014, 2014, pp. 63-65.

R. Chu, et al., 1200-V normally off GaN-on-Si field-effect transistors with low
dynamic on -resistance, IEEE Electron Device Lett. 32 (5) (2011) 632-634.

S.C. Liu, B.Y. Chen, Y.C. Lin, T.E. Hsieh, H.C. Wang, E.Y. Chang, Gan MIS-HEMTs
with nitrogen passivation for power device applications, IEEE Electron Device Lett.
35 (10) (2014) 1001-1003.

H. Amano, et al., The 2018 GaN power electronics roadmap - IOPscience, J. Phys.
D. Appl. Phys. 51 (2018).

A. Bardhan, N. Mohan, H. Chandrasekar, P. Ghosh, D.V. Sridhara Rao,

S. Raghavan, The role of surface roughness on dislocation bending and stress
evolution in low mobility AlGaN films during growth, J. Appl. Phys. 123 (16)
(2018).

N. Remesh, H. Chandrasekar, A. Venugopalrao, S. Raghavan, M. Rangarajan, D.
N. Nath, Re-engineering transition layers in AIGaN/GaN HEMT on Si for high
voltage applications, J. Appl. Phys. 130 (7) (2021).

R. Baby, A. Venugopalrao, H. Chandrasekar, S. Raghavan, M. Rangarajan, D.

N. Nath, Study of the impact of interface traps associated with SiN Xpassivation on
AlGaN/GaN MIS-HEMTs, Semicond. Sci. Technol. 37 (3) (2022).

J.J. Zhu, X.H. Ma, B. Hou, W.W. Chen, Y. Hao, Investigation of gate leakage
mechanism in AI20 3/A10.55Ga0.45N/GaN metal-oxide-semiconductor high-
electron-mobility transistors, Appl. Phys. Lett. 104 (15) (2014) 1-5.

Z. Yang, et al., Overcurrent capability evaluation of 600 v GaN GITs under various
time durations, Conf. Proc. - IEEE Appl. Power Electron. Conf. Expo. - APEC (2021)
376-381.

K. Wei, P. Shi, P. Bao, X. Gao, Y. Du, Y. Qin, Thermal analysis and junction
temperature estimation under different ambient temperatures considering
convection thermal coupling between power devices, Appl. Sci. 13 (8) (2023).
Transphorm, 2023, “https://www.transphormusa.com/en/products/.”.

nexperia, 2023, https://www.nexperia.com/products/ganfets.html#/p=1,s=0,f=,
c=,rpp=,fs=0,sc=,s0=,es=.

C. Hu, S.C. Tam, F. Hsu, P. Ko, T. Chan, K.W. Terrill, Hot-electron-induced MOSFET
degradation&#8212;Model, monitor, and improvement 2, 1985.

[2]

[3]

[4]

[5]

[6]

[71

[8]

[91

[10]

[11]

[12]

[13]

[14]

[15]

[16]

[17]

[18]

[19]

[20]

[21]


http://refhub.elsevier.com/S0167-9317(23)00150-8/rf0005
http://refhub.elsevier.com/S0167-9317(23)00150-8/rf0005
http://refhub.elsevier.com/S0167-9317(23)00150-8/rf0010
http://refhub.elsevier.com/S0167-9317(23)00150-8/rf0010
http://refhub.elsevier.com/S0167-9317(23)00150-8/rf0010
http://refhub.elsevier.com/S0167-9317(23)00150-8/rf0015
http://refhub.elsevier.com/S0167-9317(23)00150-8/rf0015
http://refhub.elsevier.com/S0167-9317(23)00150-8/rf0015
http://refhub.elsevier.com/S0167-9317(23)00150-8/rf0020
http://refhub.elsevier.com/S0167-9317(23)00150-8/rf0020
http://refhub.elsevier.com/S0167-9317(23)00150-8/rf0020
http://refhub.elsevier.com/S0167-9317(23)00150-8/rf0025
http://refhub.elsevier.com/S0167-9317(23)00150-8/rf0025
http://refhub.elsevier.com/S0167-9317(23)00150-8/rf0030
http://refhub.elsevier.com/S0167-9317(23)00150-8/rf0030
http://refhub.elsevier.com/S0167-9317(23)00150-8/rf0030
http://refhub.elsevier.com/S0167-9317(23)00150-8/rf0035
http://refhub.elsevier.com/S0167-9317(23)00150-8/rf0035
http://refhub.elsevier.com/S0167-9317(23)00150-8/rf0040
http://refhub.elsevier.com/S0167-9317(23)00150-8/rf0040
http://refhub.elsevier.com/S0167-9317(23)00150-8/rf0040
http://refhub.elsevier.com/S0167-9317(23)00150-8/rf0045
http://refhub.elsevier.com/S0167-9317(23)00150-8/rf0045
http://refhub.elsevier.com/S0167-9317(23)00150-8/rf0045
http://refhub.elsevier.com/S0167-9317(23)00150-8/rf0050
http://refhub.elsevier.com/S0167-9317(23)00150-8/rf0050
http://refhub.elsevier.com/S0167-9317(23)00150-8/rf0055
http://refhub.elsevier.com/S0167-9317(23)00150-8/rf0055
http://refhub.elsevier.com/S0167-9317(23)00150-8/rf0055
http://refhub.elsevier.com/S0167-9317(23)00150-8/rf0060
http://refhub.elsevier.com/S0167-9317(23)00150-8/rf0060
http://refhub.elsevier.com/S0167-9317(23)00150-8/rf0065
http://refhub.elsevier.com/S0167-9317(23)00150-8/rf0065
http://refhub.elsevier.com/S0167-9317(23)00150-8/rf0065
http://refhub.elsevier.com/S0167-9317(23)00150-8/rf0065
http://refhub.elsevier.com/S0167-9317(23)00150-8/rf0070
http://refhub.elsevier.com/S0167-9317(23)00150-8/rf0070
http://refhub.elsevier.com/S0167-9317(23)00150-8/rf0070
http://refhub.elsevier.com/S0167-9317(23)00150-8/rf0075
http://refhub.elsevier.com/S0167-9317(23)00150-8/rf0075
http://refhub.elsevier.com/S0167-9317(23)00150-8/rf0075
http://refhub.elsevier.com/S0167-9317(23)00150-8/rf0080
http://refhub.elsevier.com/S0167-9317(23)00150-8/rf0080
http://refhub.elsevier.com/S0167-9317(23)00150-8/rf0080
http://refhub.elsevier.com/S0167-9317(23)00150-8/rf0085
http://refhub.elsevier.com/S0167-9317(23)00150-8/rf0085
http://refhub.elsevier.com/S0167-9317(23)00150-8/rf0085
http://refhub.elsevier.com/S0167-9317(23)00150-8/rf0090
http://refhub.elsevier.com/S0167-9317(23)00150-8/rf0090
http://refhub.elsevier.com/S0167-9317(23)00150-8/rf0090
https://www.nexperia.com/products/ganfets.html#/p=1,s=0,f=,c=,rpp=,fs=0,sc=,so=,es=
https://www.nexperia.com/products/ganfets.html#/p=1,s=0,f=,c=,rpp=,fs=0,sc=,so=,es=
http://refhub.elsevier.com/S0167-9317(23)00150-8/rf0095
http://refhub.elsevier.com/S0167-9317(23)00150-8/rf0095

	8 ​A, 200 ​V normally-off cascode GaN-on-Si HEMT: From epitaxy to double pulse testing
	1 Introduction
	2 Material and device fabrication
	2.1 Material growth
	2.2 Device fabrication
	2.3 Design parameters for cascoded GaN HEMT
	2.4 TO254 packaging D-Mode and cascoded GaN HEMT
	2.5 Cascode-HEMT Double Pulse Testing (DPT)

	3 Results and discussion
	3.1 Characterization of D-mode device
	3.2 Cascode Si-MOSFET with GaN D-HEMT

	4 Conclusion
	Credit author statement
	Declaration of Competing Interest
	Data availability
	Acknowledgement
	References


