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electric field (B - B’) are extracted. (b) Lateral electric field extracted at the onset of
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the drain edge can be observed in all the cases. (c) Vertical electric field extracted for
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trap concentration.
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breakdown voltage as a function of Lcp. Thickness of C-doped region, tc-ooped = 1.5 pm.

(a) Reduction in parasitic hole density on compensation by donor traps in the C-Doped
region, (b) Increase in ionized acceptor trap density in C-Doped region on increasing the
donor trap concentration. Electric field contours extracted at the onset of avalanche
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concentration of (¢)1x 10" cm, and (d) 1 x 107 cm3. A significant field redistribution inside
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() Redistribution of vertical electric field in the deep GaN buffer observed with increasing
donor trap concentration. The electric field is extracted along a cutline through the GaN
buffer taken near drain electrode. (b) Similar redistribution of vertical electric field is
observed on increasing channel thickness, tchannel, to 1 um. Acceptor trap concentration
for these observations was kept constant at 5 x 107 cm?3.

Vertical electric field near the drain edge, (a) extracted for different donor trap
concentrations at Vos =300V, and (b) extracted at different drain bias voltages for a donor
trap concentration of 7 x 10" cm?.

Vertical electric field along with ionized donor and acceptor trap densities extracted near
the drain edge at a Vos of (a) 200V, and (b) 300 V. A clear dependence of electric field on
ionized trap densities can be observed.

(a) Impact of increasing acceptor trap concentration on vertical electric field profile near
the drain edge. Electric field redistribution in GaN buffer is found to be independent of
acceptor trap concentration. (b) Off state breakdown characteristics of device with
carbon doping modeled as compensating traps and with different electron capture cross
section area for acceptor traps. Acceptor trap concentration of 5 x 107 cm3 and donor
trap concentration of 2 x 107 cm?3 were considered.
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considered and without it, extracted at a drain bias of (a) 700 V and (b) goo V. Acceptor
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considered.

(2) Impact of GaN channel thickness on the breakdown voltage of the device. (b)
Corresponding |-V characteristics of the device with increasing GaN channel thickness.
Total buffer thickness was kept constant at 1.785 um for all the computations. Impact of
un-doped channel thickness on (c) sheet charge density, and (d) ON-resistance of the
device. An optimum channel thickness is obtained when DC performance is maximized
without significantly compromising on the breakdown performance.

Impact of relative acceptor and donor trap concentrations induced by C-Doping in GaN
buffer on breakdown voltage of the device for a C-Doped region thickness of (a) 3 um,
and (b) 5 um. A channel thickness of 35 nm was used.
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Vep [ 2.

Impact of C-Doping induced trap concentration on (a) sheet charge density, and (b) ON-
resistance of the device. Channel thickness was kept constant at 35 nm.

C-Doped AlGaN/GaN HEMT structure used in this work for demonstrating breakdown
voltage improvement with engineered trap profiles. The structure was adapted from
[Bahat-Treidel et al, 2010]

Impact of Si-Doping inside the C-Doped GaN buffer on breakdown voltage of the device,
and Source/Drain leakage current under OFF state. Leakage current is extracted at Vos =
Veo/2. Si-doping concentration depicted here is considered to be uniformly distributed in
the complete C-Doped GaN buffer.

Impact of Si-doping in C-Doped GaN buffer on (a) parasitic hole density induced by
acceptor traps, and (b) ionized acceptor trap density in GaN buffer. Electric field contours
extracted for a fixed acceptor trap concentration in the C-Doped region for Si-Doping
concentration of (c)1x 10" cm3, and (d) 1 x 10”7 cm’3. E-field redistribution in the deep GaN
buffer region can be observed with increased Si-Doping.

() Impact of increasing Si-Doping concentration on vertical electric field profile near the
drain edge, extracted at the onset of avalanche breakdown. Avalanche hot-spot was
observed near the drain edge. (b) Change in ionized trap concentration and profile as a
function of applied drain voltage. (c) Electric field profile along with doping concentration
and ionized acceptor trap density near the drain edge.

A relative comparison of the impact of Si-Doping concentration with that of donor trap
concentration on breakdown voltage, and source/drain leakage current. Si-doping (or
donor traps) is considered to be uniformly distributed in the complete C-Doped GaN
buffer.
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Impact of Si-Doping and C-Doping induced acceptor trap concentration on (a) breakdown
voltage, and (b) leakage current in the device. Leakage current is extracted at Vos = Vap/2.
Si-doping concentration depicted here is considered to be uniformly distributed in the
complete C-Doped GaN buffer. A constant GaN channel thickness, tchannet Of 35 nm is
considered.

(a) Total current density and (b) hole current density when acceptor trap concentration
was significantly higher than Si-Doping concentration (or donor trap concentration). (c)
Total current density and (d) electron current density when acceptor trap concentration
was similar to Si-Doping concentration (or donor trap concentration).

(a) Buffer leakage current as a function of acceptor traps in absence of donor traps and
(b) buffer leakage current as a function of donor trap concentration for a fixed acceptor
trap concentration. Inset shows the structure used to simulate buffer leakage. Leakage
current was extracted at 50% voltage of the breakdown voltage.

Impact of GaN channel thickness (tchannel) on (a) breakdown voltage and (b) source-drain
leakage current of the device. Total thickness of the GaN buffer was kept constant at 3
pm. Thus, with an increase in tchannel, tcpoped Was reduced to maintain a constant total
buffer thickness. Uniform Si-Doping and acceptor trap concentration were considered in
the C-Doped GaN buffer region.

(a) Proposed C-Doped buffer stack below un-doped GaN channel with engineered Si & C
doping profile. C-Doped buffer region consist of three regions, i.e. Si-C co-doped region,
which is sandwiched between regions only with C-doping. (b) Impact of increasing Si-
doping concentration on vertical electric field redistribution in case of the modified doping
profile.

(a) Vertical electric field under the drain edge plotted together with Si-Doping and ionized
acceptor trap profile which collectively define the space-charge profile, extracted for the
buffer stack with modified Si-Doping profile. (b) Impact of Si-Doped region's thickness on
vertical electric field profile extracted at the onset of avalanche phenomena. A constant
Si-Doping concentration of 1 x 107 cm?3 along with an acceptor trap concentration of 5 x
10" cm3 is considered.

Impact of channel thickness (tchamel) and Si doped region's thickness (tsipoped) on (a)
breakdown voltage and (b) source/drain leakage current in the device. Acceptor trap
concentration of 5x107 cm™ was considered with a Si doping concentration of 2x10"7 cm.
A comparison of the impact of Si-Doping profile on (a) breakdown voltage, and (b) leakage
current through the device. Acceptor trap concentration and Si-Doping concentration are
kept as 5 x 107 cm3 & 2 x 107 cm’3, respectively.

Impact of acceptor trap concentration in the channel region above the Si-doped region in
proposed engineered stack on (a) breakdown voltage of the device, and (b) source-drain
leakage current extracted at Vos = Vep [ 2. Si doping concentration of 2 x 107 cm3 is used.
Total buffer thickness is kept constant at 3 ym with a tchannel 0f 35 nm. Lateral dimensions
are kept constant as Lep =10 ym, and Lrp = 3 pm.
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