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We analyze the impact of scaling on the off-state, three-terminal, lateral breakdown of 100 V E-mode p-GaN/
AlGaN/GaN HEMTs for low-voltage/low on-resistance applications. To this aim, we compared device structures
with different SiO2 dielectric thickness below the field plate, and varying gate-to-drain spacing and field-plate
dimensions. The results indicate that: a) the breakdown voltage depends on the geometry and on the thick-
ness of the dielectric under the field plate (£s;0,); b) scaling the dielectric thickness increases the sensitivity of
breakdown voltage to the gate-drain distance, while preserving device robustness (breakdown voltages above
150 V for a 100 V technology); c) for the devices with thinner dielectric, breakdown voltage scales linearly with
gate drain distance, and with field plate length. A further analysis of the data reveals that the critical parameter
in terms of reliability is the distance between the field-plate edge and the drain contact; d) scaling of the
dielectric thickness does not enhance charge trapping phenomena. In summary, the results provide guidelines for
scaling GaN HEMT device dimensions, while preserving reliability and immunity to charge trapping phenomena.

1. Introduction

Thanks to the high breakdown voltage, large two-dimensional elec-
tron gas densities, and high electron saturation velocity, gallium nitride
(GaN) high-electron-mobility transistors (HEMTs) are ideal devices for
high-frequency and high-power applications, such as radars, electronic
countermeasures, 5G applications, small base stations, new communi-
cation microsatellites, power transmission and automotive electronics
[1-5]. Recently, the interest in GaN transistors for power applications
has significantly increased.

Breakdown represents a relevant aspect for high power/high voltage
HEMTs [6]: over the past years several groups have investigated the
physical origin of breakdown [7-14], with the aim of developing models
to explain this phenomenon, and of suggesting technological improve-
ments to increase the robustness of the devices.

The breakdown voltage Vpp is typically found to scale nearly linearly
with Lgp with a AVgr/ALgp slope that is smaller than the critical field for
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avalanche (E.= 3.3 MV/cm [2]). Field-plates (FP) are typically added
to mitigate the peak value of an electric field along the channel [10] and
to suppress current collapse. [11]

One of the most relevant perspectives for GaN devices is their
application in GaN-based integrated circuits, which allow the fabrica-
tion of ultra-compact switching-mode power converters [15]. To this
aim, device scaling is becoming increasingly important [16-18], and
this has an impact on reliability.

The purpose of this work is to provide an extensive analysis of the
impact of device geometry and dielectric structure on the performance
and reliability of scaled HEMTs for low-voltage/low on-resistance
application, that may be adopted also in GaN integrated circuits. The
results presented generate a relevant understanding on the limits of the
current technologies, and on the perspectives of scaling, in terms of both
performance and reliability.

0026-2714/© 2023 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/).
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Fig. 1. Schematic structure of the pGaN/AlGaN/GaN HEMT under analysis.
2. Experimental methods

The original results described within this paper were obtained on p-
GaN/AlGaN/GaN HEMTs, grown on silicon substrate by metal-organic
chemical vapor deposition (MOCVD) [6]. The device processing starts
with the simultaneous p-GaN gate and gate metal patterning, followed
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by the deposition of a thin surface passivation dielectric. On top of the
passivation, a SiO5 layer with different thicknesses tsio, (A and B, where
B is 50 % thicker than A, see Fig. 1) is deposited on different wafers with
the same epitaxial stack.

The SiO, dielectric is opened at the location of the source and drain
ohmic contacts, and an Al-based metal is deposited and patterned
forming the ohmic fingers and a source-connected field plate.

The device is then finished with a CMP (chemical mechanical pol-
ishing) planarized backend and two metal layers for interconnection.

A schematic structure can be seen in Fig. 1.

A split experiment was carried out, to identify:

e The impact of gate-length
e The impact of gate-drain length
e The impact of source field plate length

on the robustness of the devices. All parameters were varied with
respect to the reference devices, as specified in the figures.
The breakdown limits were characterized by means of drain current
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Fig. 2. Breakdown measurements carried out on devices with different thin dielectric layer. Devices with different gate-to-drain length and field plate length are
plotted together (we indicate the variations, in pm, compared to the reference device).
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Fig. 3. Breakdown measurements carried out on devices with different thicker dielectric layer. Devices with different gate-to-drain length and field plate length are
plotted together (we indicate the variations, in pm, compared to the reference device).
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Fig. 4. Quantitative comparison of breakdown voltage for devices with a thin dielectric as a function of geometry.
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Fig. 5. Quantitative comparison of breakdown voltage for devices with a thick dielectric as a function of geometry.
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A clear comparison is given by Figs. 4 and 5, which report the
breakdown voltage for the two wafers with thin and thick dielectric, as a
function of device geometry. As can be noticed:

e Gate length does not impact on off-state breakdown voltage, for
both wafers. This is consistent with the hypothesis that breakdown
occurs at the drain-edge of the gate [19]

Gap spacing (0.2 um/div)

Fig. 6. Breakdown voltage of devices on the wafer with thin dielectric (A),
plotted as a function of gap spacing. Gap spacing is defined as the distance
between the field plate head and the drain contact. Red squares (the field plate
length is constant, and the gate-drain spacing is varied); blue triangles (the
gate-drain spacing is constant, and the field plate length is varied). The hori-
zontal scale is removed for confidentiality reasons.
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Fig. 7. Impact of charge trapping induced by off-state stress (top) and by a
positive gate bias (bottom) on the threshold voltage, for the wafers with
different dielectric thickness.

e For the wafer with thin dielectric (A), a significant reduction in
breakdown voltage is observed when the gate-drain spacing is
shortened, or when the field plate length is increased beyond the
reference value

o The wafer with thick dielectric (B) does not show a reduction in
breakdown voltage even for the most scaled dimensions. Failures are
thus ascribed to the breakdown of the vertical stack.

The plots in Fig. 4 indicate that the wafer with thinner dielectric is
sensitive to either a reduction in gate-drain spacing, or to an increase in
field plate length. A more detailed analysis was carried out on this wafer.
Specifically, we plotted the breakdown voltage as a function of the
distance between the field plate head and the drain contact (defined as
gap-spacing in the following), as shown in Fig. 6. As can be noticed, a)
the real dependence is between the breakdown voltage and the gap
spacing; b) this dependence holds both when the field plate length is
constant, and the gate-drain spacing is varied (red squares), and when
the gate-drain spacing is constant, and the field plate length is varied
(blue triangles).

The key results reported above indicate that:

e a thinning of the SiOy dielectric can keep breakdown voltage in
excess of 250 V for the reference geometry, while making the
breakdown voltage more sensitive to geometry;

Microelectronics Reliability 150 (2023) 115133

wx10 wx03
50 B 25%~75%
| Range within 1.51QR
o) Median Line
C} 40+ Mean
~ ¢ Outliers
(0]
8 30
8 Thin SiO, dielectric (A) Thick SiO, dielectric (B)
2
0 20 =\ — ]
§° e B
[ 10
O
0-
S S S SO N IR
NN AR NN
Gate and Drain stress (V)
wx10 wx03
50 I 25%~75%
1 Range within 1.51QR
~—~ Median Line
C} 401 Mean
~ o Outliers
(0]
2 301
% Thin SiO, dielectric (A) Thick SiO, dielectric (B)
—
[2)
0 204 B8 e o
o) -\=_/ L= e \ﬁ
x
C -
o) 10
0-
OO IO ERO NSO RO IO SOOI
AN\ C A A NN AR ARG\

Gate and Drain stress (V)

Fig. 8. Impact of charge trapping induced by off-state stress (top) and by a
positive gate bias (bottom)on the on-resistance, for the wafers with different
dielectric thickness.

e the breakdown voltage depends on a trade-off between device
scaling and field plate dimensions.

To evaluate the impact of SiO; dielectric thickness scaling on charge
trapping, a detailed analysis based on pulsed measurements was carried
out. Both forward gate stress and off-state stress were investigated. The
results are reported in Fig. 7 (for the impact on threshold voltage) and
Fig. 8 (for the impact on on-resistance).

In the figures, each point is referring to the average of three samples;
measurements are taken after inducing trapping with different quiescent
bias points (OFF-state pulse width = 100 ps, ON-state measuring pulse
=1 ps). Off-state stress is obtained with (Vgs,Vps) = (0V,0V), (0V, 10
V), ..., i.e. with pinched-off channel and positive drain bias; gate stress is
induced with (Vggs,Vps) = (0 V,0V), (1 V,0V), ..., i.e. with a positive
gate bias, and grounded drain. As can be noticed, a scaling of the
dielectric thickness did not result in a worsening of the charge-trapping
behavior. Under off-state bias, the devices did not show a significant
variation in on-resistance and threshold voltage.

Some charge-trapping phenomena were observed under positive
gate stress (see the threshold voltage charts on the bottom of Fig. 7);
such processes are related to the trapping of electrons in the AlGaN
barrier [20], and of holes at the p-GaN/AlGaN interface [21], and —
being semiconductor-related — are independent of the dielectric
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thickness. The results in Figs. 6 and 7 confirm that a scaling of dielectric
is viable, and does not induce a worsening in the trapping properties of
the devices.

4. Conclusions

In summary, we presented a detailed analysis of the impact of scaling
on the robustness and charge trapping of GaN HEMTs for low-voltage
applications, targeting the 100 V range. The results indicated that: a)
a scaling of the SiO; dielectric thickness under the field plate is viable,
and keeps the breakdown voltage at 250 V for the reference geometry; b)
the breakdown voltage of devices with scaled dielectric shows a stronger
sensitivity to the scaling of gate-drain spacing and field-plate length; c)
the parameter that ultimately limits the breakdown voltage is the
spacing between the field plate head and the drain contact. A trade-off
for scaling can then be identified. d) Pulsed measurements revealed
that scaling of the dielectric thickness does not result in additional
charge trapping phenomena. In conclusion, the results of this paper
provide relevant information for the scaling of GaN HEMTs for future
applications in GaN-based ICs.
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