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Abstract

GaN-based High Electron Mobility Transistors (HEMT) are excellent candidates for high-
frequency and high-power applications due to their wide bandgap, high breakdown voltage,
and high output power. However, the increasing requirement of reduced length for high-volume
production introduces various issues within the device and affects its reliability. Several relia-
bility issues depend on the presence of electrically active defects in AlGaN/GaN HEMTs during
the epitaxial layer growth and at each processing step of fabrication. However, the physical
presence and location of these defects are still unclear and need further investigation. The
trapping/de-trapping of the electron into these defects causes adverse effects, which includes
current collapse, kink effect, instability of leakage, and threshold voltage at different operating
condition. Therefore, studying such reliability issues becomes essential for the GaN HEMTs to
outperform the competitors in the semiconductor industry. This thesis work studies the factors

affecting the long-term reliability of GaN HEMTs.

A two-dimensional analytical model was proposed to explain the drain current collapse and its
subsequent recovery in the output I-V curve. The effect of parasitic resistance on the output I-V
curve was presented. The drain current collapse was explained using the proposed virtual gate
model. The virtual gate was formed due to the capture and movement of electrons among donor
surface states from the gate edge towards the drain via hopping conduction. Later, the multi-
phonon tunneling process’s involvement leads to electron emission from the donor surface states
at high static electric fields and recovers the drain current. The variation in leakage current
with temperature confirmed the evidence of the multi-phonon tunneling process. This work
also observed the self-heating effect at high drain voltages due to the increase in the channel

temperature.

The deep traps were identified in Al1GaN/GaN HEMTSs using thermal admittance and deep-level
transient spectroscopy. The occupancy of defects was determined using the measured transient
admittance at different frequencies and temperatures. The on-state temperature dependence
of leakage current was explained using trap-assisted and phonon-assisted tunneling currents.
However, the previous model could not explain the leakage current and output IV curve near
the pinch-off. Therefore, the previous model was extended to explain the complete kink contour
in output I'V characteristics’ full gate voltage range. The virtual gate model was further modified
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with real-time characteristics of surface states. The model incorporates the breakdown of the
virtual gate region at a high electric field due to a reduction in the barrier height of the virtual
gate. This phenomenon initiates with channel impact ionization and is later controlled through

multi-phonon ionization.

The temperature-dependent off-state stress measurements were performed to explore further
the effect of threshold voltage instability in AlGaN/GaN HEMTs. The in-house fabricated
devices having different layer quality were utilized in this work. The change of subthreshold
slope in the measured Ipg — Vgg characteristics was used to estimate the interface trap densities
in the AlGaN barrier and GaN buffer. It was observed that the change in the interface trap
density with the temperature is the reason for the threshold voltage instability. Moreover, the
capture barrier was experienced by the deep defects in that device which have a great amount
of threshold voltage shift after stress with temperature. Pertaining to smaller interface trap
density and insignificant shift in threshold voltage with temperature before and after off-state

stress, the device with improved layer quality shows better electrical performance.

The proposed analytical and physical model in this thesis work shows an excellent agreement
with the measured data. This work fills the unexplained void in the literature, such as the
effect of the leakage current on the virtual gate, the breakdown of the virtual gate, the electron
emission at a high electric field using multi-phonon ionization, and a complete understanding

of kink contour in output IV curve.

Keywords: Leakage Current; Current Collapse; Kink Effect; Multiphonon Ionisation; Trap
Assisted Tunneling current; Phonon Assisted Tunneling current; Impact Ionization; Thermal

Admittance Spectroscopy; Deep Traps; Activation Energy; Capture cross-section; DLTS



Abstract (IHRT 9T

fferaw AT3eTes (GaN) ARG I geiarg i Hifafere giforeex (HEMT) 3o STgfy 3R 3o Qfeka SIuainTi &
foTg 3P IICaR € 34 fasre Sy, 357 ShareH diees], 3R I ATSeYS UTaR o HRUT| Fefiios, 3o HI=
H IcuTer 3 fory BIET e o dgdt sl A 39 feargy # fafer 9 e fory € iR et ufremom uforar
% B UQTEd TRUT IR 38! TTARATaT THTfad el §1 Iailfed W faerd 3k 38k g2 wfshar =ror # fageda
Tfafaferdt S Hisell W g FHafiaar Twifea Tmg gwifad gidt &1 grdifes, 3 qri o siifde Jufefa ik
@I At off TeE € HR 30 Ty 3R 37ema 1 T6d &1 31 QNI H Soiargie o o TATare § heT / gl
TR THTE STerell &, TaH fafe=1 e fRafd # faga fawpie, &g faenie g, gaur & sferd, R
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Teh (two-dimensional analytical) TS ol UEATa-T fehaT 7T o7 St J3cYC I-V &d H drain current collapse
T FETUT AR IThT JURMETT UITT ol THT o forq fomam 7/am o1 adeye I-V ohd IR Rrarsfess aeda &
YT ! UEId fohdT 71T 4TI Drain current collapse 3l Ud & o ol UEaTfad agarel I Higd ol Sudi
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ﬁf@?ﬁgﬂ%ﬁmf@ﬁ@mm%ﬁ? drain current collapse & T8I HdT &l H@Hﬁ'ﬂ?ﬁ'&
& H Fg-ed ek YshHUT o 1 1T oh TAg1d FTLATHT &bl URad cilchol fagd H Sqeltd &l Yfe il ¢ | 38 HH
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T ITANT Tk AlGaN/GaN HEMTs H g8t %l (Deep Traps) ! Tga hl 3| fafe=1 qrérar 3R araem
TR YT TS ST SSTAEH el IUANT ehdeh ST el SATATHH erifed fehar a1 JEied T W euehr areit fagd
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#HT® (Pinch off) % UTE widhel YRT AR ECYC [-V hd I YUid: T & forg e dted gl 76t o
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Hisel a3l Ne & SRAR HTTE H Sl & HRUT Ueh IeA fagd Hhies § a437eT 11¢ & & fque i 2iie & 8
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