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Abstract

Modern wireless systems including 5G/6G transceivers, EHF radar front ends,
satellite links, and emerging THz sensors require power amplifiers and receiver devices
with high linearity, wide bandwidth, and strong reliability. GaN high-electron-mobility
transistors (HEMTSs) play a key role due to their high breakdown field, strong polarization-
induced 2DEG, and ability to deliver high power at high frequencies. However, challenges
such as nonlinear transconductance, hot-electron degradation, surface and buffer trapping,
and dynamic reliability effects still limit linearity, gain, and current collapse. This thesis
addresses these issues through coordinated device engineering, experimental reliability
studies, physics-based TCAD modeling, and machine-learning-based predictive analysis.

The first part investigates electrostatic linearity engineering using a dual-gate (DG)
InAlIGaN/GaN HEMT architecture that improves gm flatness and suppresses RF
nonlinearities. A source-side secondary gate enhances channel modulation, reduces IMD3,
and expands the linear operating range without compromising cutoff or maximum
oscillation frequency. Large-signal modeling confirms improved C/I ratio and AM-PM
behavior, establishing DG-HEMTs as strong candidates for highly linear RF power
amplifiers and V-band front ends.

The second theme examines reliability under extreme RF operation. On-wafer tests
on 0.1 pm AlGaN/GaN HEMTs under 60 GHz Class-AB RF stress for over two days and
complementary DC stress for five days show stable gate leakage but significant degradation
in gain, output power, and PAE, indicating RF-accelerated mechanisms not seen in DC
stress alone. A calibrated TCAD reliability model incorporating hot-carrier effects, self-
heating, and dynamic trap generation reproduces the degradation and reveals insights into
field-induced trap activation, inverse piezoelectric field shifts, and barrier-defect impacts
on long-term mm-wave reliability.

In the third part of this thesis, the potential of GaN HEMTs for non-resonant terahertz
(THz) detection is investigated using advanced device structures. A dual-gate configuration
is introduced to improve responsivity and noise-equivalent power (NEP), with performance

compared against multi-channel HEMTs to highlight the benefits of InAlGaN barriers for
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enhanced THz detection. The optimized design delivers higher responsivity and lower NEP.
A reliability study incorporating trap distributions and temperature variations further
confirms the robustness and practical viability of the proposed device for dependable THz
detection.

The fourth phase proposes and analyzes a dual-channel graded-barrier (DCGB) GaN
HEMT to address buffer-trap-induced current collapse. Transient and electro-thermal
simulations show strong suppression of drain-lag degradation due to enhanced charge
confinement, a 3D electron gas formed by graded polarization, and spatial decoupling of
the upper channel from the Fe-doped buffer. These engineered barrier-grading and multi-
channel transport effects significantly mitigate collapse mechanisms, enabling more stable
high-power and high-frequency operation.

The final section introduces a machine-learning (ML) framework trained on TCAD-
generated data and measured device behavior to predict intrinsic parameters such as
threshold voltage (V1) and transconductance (gm). Ensemble methods like Random Forest
and Gradient Boost surpass conventional regression and match deep-learning accuracy
while offering greater interpretability and efficiency. This physics-guided ML approach
provides a fast, reliable route for future GaN device optimization and reliability prediction.

Collectively, this thesis provides an integrated understanding of GaN HEMT behavior
across linearity, reliability, collapse suppression, THz detection potential, and data-driven
modeling. The synergy between experimental measurements, advanced TCAD simulations,
and predictive ML tools establishes a robust methodology for engineering next-generation
GaN devices for RF, EHF, and THz applications, ultimately contributing to more efficient,

reliable, and scalable wireless transceiver technologies.



LUK

Hig araRey Red—SH 5G/6G iR, EHF T8R The U8, dcarse e 3R
U THz YR AT &1 T8 AARC, a138 Jsfagy iR mored Ramfafed aa
U TR 3R REfaR fearsy &) sexd gt 81 GaN gTs-3aaeH-Afaferdt
CIORER (HEMTs) 310 BT S eT3 bits, Avigd UIeRISuIRM-384%8 2DEG 3R 818
byl TR 85 UIaR G &1 &HdT & HRUN 38H YHdT FUTd €1 g1, AR
CiIdh ey, glc-3aded [SUSTH, WY 3R IR ¢ Ui, 3R ST Ramfafed
Shacy it gAtaar ot off AR, T 3R e Hiaw &1 Wid Bl &1 T8
TCAD HIST 3R Hfi=-af--a%s fsfaea TmfeRa & wike 37 4] &) gasndi g1
TgaT U F3A-TIC (DG) InAlGaN/GaN HEMT 3ffhcdeR &1 XU dRap
3R RF AFCHARE! ! TaTdl g1 TN-T18s Ydbex! 7ic Id Aregai=H &I a1l g,
IMD3 &I HH IRl g, AR He3iih a1 Afeqay R Wi I JHST by fomT
AR STRIET I BT FIa1 81 ATo-Rd ATl 98dr ¢/ I 3R AM-PM
fyefotR @ HHH TR 8, Y DG-HEMTs &1 §gd WI&T fFER RF UIR
TAUTHRR 3R V-58 The U8 & o Aoflgd drfsse & dR R RA1Ud foear Tar g1
et fiH §gd WIeT RF TRRE & dgd Ramafaferdt &t S &l 81 0.1 um
AlGaN/GaN HEMTs R 60 GHz FdTH-AB RF W & dgd al &1 T GTaT 3R HIRaHct
DC &Y & dgd Ui {1 ae 3f-ImR e ¥ Rad e Ao feadm 8, Afed 79,
3{T3TYC UTAR 3R PAE H HTH! IRTaE 31t 8, SN TH RF-TRITRCS HabfoH & fard
g off R DC %9 & 5 fq@d| gic-HRER gWhac, Yewh-siicd 3R SIS ¢U
SIREA &1 M B4 a1 U dbiersies TCAD Ramafaferdt aisa, fiRmae &) gigrrar
e arelt mm-ad Rafaferd! W aeR-fethae & SRR & IR § SR ¢al 5
9 IR & AR R 1, TSaiRe fSa1sy ok &1 SWATd S AlF-SalHe
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UG (THz) TSR F T GaN HEMTs BT &ddT &1 5T o1 718 g | FReaifafad oiik
Argo-gfdrade UTaR (NEP) ) S8R S & oY T G3Id-TIc Bi-p R U farar
a1 8, ForaH 98k THz f&eaRM & AT InAlGaN dRER & Tagl &I gledrge & &
fTU Aeet-SH1eT HEMTs & HoTad IRBIHY B g &1 71 8 | 3HPHEys fEwms- wmer
feegfafact 3fik &0 NEP T §1 ¢U fSfeegm SR R aRkumH &I wnfiyd aA
arell Uh Rarfaferdt wel, WRINHe THz f$daRM & e wRaifad feargd o awgqt
3R Wfderet arafaferdt & 3iR B HA B

YT ool THR-¢U  §IF ATC HRC B Bl 31 B & (o Th G-
¥SS-9RTR (DCGB) GaN HEMT T WRdTd 3R TATIRN &vdl g | <ifonde 3R Sadel-
Y RIQRH, 9¢ BT I H-higTae, IS TIRIZWRA J &1 3D 3aaei 19, 3R
Fe-SIt8 TR I SHUXI Id & TWUTA SIHUMRHT & HRUT 9-0111 (ST Bl Hotgel o
a1 T Zofifad SeR-IfET iR Aedl-2d Ciaae ghae B Adbied &I
gl

SRR TR T HARAHA-TAT (ML) ThHadh URT &l § off TCAD § § Sel 3R
ATy 77T feargy fogfaar W ¢ forar ot § arfds Aiies diee (VTH) 3iR ciidhsded
(gm) oI SRy Rfiex &1 SFHM T off Uah | 387 BIke 3R AfSe T o
TTTd AYS URURS R ¥ 3 et ord § 3R Su-af1 Tt ¥ 9 @ €,
1y & wreT Serfiefaferdt ok ufhRRish off 3a §1 ae foa-mede ML el
YIS & GaN fEarsy SHifPAReRM iR Ramfafdt su™ & e te oy, 1RikdHe
T S B

Fd aar, g8 AR difaid, Ranfafad, saw aowE, THz fsearm
TRE 3R SaT-f3a Arsfoi & GaN HEMT SRR @t T EEes Iag ol 31
THURHecd AvRHC, TSaiks TCAD RigavH 3R UfSfaca ML g & oia Rt RF,
EHF 3R THz TRIIHRM & ol ARe-S YA GaN f&arsd ot goif~aReT & fow ue
AoTed AYSIarst a1 g, off 3MRR & et ufthRte, Ramgead iR Wraed araRe™

iftaR CaHarst # aTe ol ]
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