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1. What's the channel mobility?
2. Did lateral diffusion happen after 1100 C annealing process?
3. What is the breakdown voltage?
4. What is the cut-off frequency?
5. What's the resistance in the Ohmic region?
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1. 40 year GaN (Dr. Nakamura) ##
7 « GaN on GaN LEDs (2" Gen in LED) will outtake 1% Gen LEDS in the near future
z ~ Semipolar LD will take over C-plane LD
7 ~ GaN substrate is an ultimate substrate
2. 16 years GaN on Si
oA & R %1k p »-16.9% GaN on Si lattice mismatch & 54% thermal mismatch
z ~ Min 1990s GaN on Si research effort increases
i ~ Problems: cracking, dislocation, doping (Si doping induces tensile stress)



i. Cracking ¥ 1241 * selective growth, AIN/GaN SL buffer, AIGaN buffer, AIN
inter-layer & = ;% 5L PR
ii. Dislocation ¥ 12 # * high quality seed layer, strain buffer layer, optimized Al(Ga)N
strain engineering layers, SiN in-situ, overgrowth % = ;2 fz ;4
3. GaN on Sisubstrate id ¥ #(111)* v > ¥ 12 & CMOS SI % * 1y # & » (110)%5?
" ~LED GaN on Si, sk ¢ 4% Si ©4z(>70 % loss), no suitable substrate for HIGH power LED.
> remove Si substrate (OSRAM)

¢~ For high-power application: DC-DC, AC-DC, DC-AC converter
P~ B
I New devices GaN MEMS on Si,
ii. low cost high power FET for Power switches,
ii. GaN on Si substrate is an established but material growth is more demanding than other
substrates.
4. Light emitting by nanowire & QD
? - Plastic fiber applications %
¢ ~ ¥ C-plane &1 > m-plane i 7 #& i - e-h recombination rate is better
5. GaN Power Electronics (Ueda #tF Panasonic “r » Tokyo Tech)
® ~ Market segments: < 1000V is for GaN (GIT, HFET, MISFET), > 1000V is for SiC
(MOSFET, JFET, IGBT)
i. GaN devices (< 1000V): two major < 100V & 400-1000V
z ~ Normally-off gate injection transistor
i. FET + Bipolar operation
ii. Suppressed electron injection back to gate by p+ AlGaN
i ~ Current collapse due to surface traps and bulk traps (thick & epi quality)
I. Surface traps can be overcome by AIN passivation
ii. Temperature increases, more current collapse, the reason is due to bulk traps
7 ~ FWD diode can be replaced by GIT PN diode, %] % reverse comduction

~ ~ Loss index
I. On-resistance loss o«c 1/Wg, loss index: Ron x Wg
ii. Switching loss «c Qsw o« Wg, AC loss index: Qsw/W(g
ii. Gate driver loss «c Qg o« Wg, GD loss index: Qg/Wg
2 Assuming Qsw o« Qg => total loss index: Ron x Qg
In AlGaN FET future application: fusion of microwave and power
7. AIN/GaN on Si Double Heterojunction HEMT
? « Challenges: PAE at > 30 GHz; traps; reliability
z ~ AIN as barrier 6-nm for high breakdown: fmax x BV > 20 THzV (famx > 200 GHz), BV >
100V
7 ~ Remove Si substrate under the Gate-drain region to improve breakdown voltage
8. GaN DH-HEMT at high-temperature operation
? ~ DIBL is low, Breakdown Voltage is high
z ~ Narrow channel with DH performs better at H-T
9. C-doped provides excellent BV; Fe-doped provide insufficient BV, which needs for SH structure
10. GaN on Si
? ~ Toward Al-rich AlIGaN/GaN HEMT
¢ ~ On Si sub: 17% lattice mismatch
~ Thermal conductivity of Si_GaN << SiC
~ Electrical leakage paths
~ ~ AIN (2-6nm) can accumulate 2DEG with high carrier density
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¢ ~ GaN 2-nm cap/AIN 3-5nm/GaN 1-um structure
11 3 A L ERdr o> 3 '3 7 (GCS Holdings, Inc) 5 2010 # 11 7 2B & 3 § K = 2 #7%
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12. InAIN/GaN HEMT

? ~ Leakage reasons: INAIN barrier: tunneling (1) trap assisted, (2) Fowler-Nordheim tunneling

F.N. Tunneling

¢ ~ Effect of a capping layer: 2-nm or 1-nm GaN cap

7 ~ 1.5 W/mm at 94 GHz on SiC substrate

7 ~ 2-nm GaN / 4-nm InAIN/ AIN space 1-nm/ GaN buffer 1um on Si substrate: also show 94

GHz power performance

13. Kevin Chen: E-mode HEMT with digital gate recess

7 ~ AlGaN -> oxygen plasma -> HCI etching, then AlIGaN & Oxygen plasma ...

¢ ~ Gate recess by RIE + wet etching AlGaN (Oxygen plasma + HCI)
14. Lateral device => premature breakdown => vertical device => reach limit

? ~ George Tech showed InGaN base HBT on sapphire substrate€

i. Hfe =75, BV =60V, fT = 8 GHz, fmax = 1.8 GHz,
ii. If on free-standing GaN substrate (n-type GaN)
1. Beta>100, BV > 150V
2. J>140 kA/cm2
iii. More In less surface recombination

15. Vertical GaN diode on Si-sub

® ~ Normally-off high BV, better reliability due to high E far from surface.

z ~ But expensive bulk GaN bulk

7 ~ No GaN on Si vertical device due to high dislocation

=~ Surface passivation & % N2 plasma to reduce leakage

~ ~ Should consider the edge termination. High electrical field near gate edge is important.
16. InAIN/GaN on SiC

? ~ Fmax : 300 GHz, load-pull at 94 GHz, 1.5 W/mm (record 1.7 W/mm)

z ~On Si, at 94 GHz shows 1 W/mm
17. GaN surface with GaOx => high Dit,

? ~ Dielectric/ll1I-N in MIS-HFEMT

¢~ Surface engineering- low dynamic Ron & leakage

/ ~ Buffer

7 ~ Ga02 removal + N2 plasma (NH3 + Ar) + N2 plasma + ALD + 500C PDA in O2

~ ~ AIN: a compelling passivation candidate by ALD

Ph AR G AL BB O FIEEReR ) R A
BwmE IR B R LS ARG RE  EFEY -



Bl= 2014 IWN #35FfFchz B 45 83> 3 4 iF

F  F W% P 3t ¢ (2014 International Workshop on Nitride
Semiconductors 2014 IWN)E # R &2 6§ o aEs X7
BRFABORNE LR ARF G LR REERE  p
a rﬂih w%r& Y Rk 0 AT A P AR o FAE A
e g A7 o~ % o Bl % 44 ISPSD (International Symposium on Power
Semiconductor Devices and ICs) = & -

HENE SN il Dol 1059 S R AR A0 W - A B S LI

o

PR T CPEREAEFRORT] ARFFTII 3= F AR
frdk v oA T PE Y ﬁﬁﬁaﬂﬁ’ﬁkﬁ Edrdoom P R iﬁfﬁp
TEBAAE P PP RERELI P M aF 4k T (LED)frs
(Power) safh fB45 » 75 1 > 522 Bl Fj &2 “;%‘: ALY S :vzw)s
2015ICNS - ISPSD = = # F W ¢ AR ” W REF > 7 2 E % Il5&
F‘-]—'*’Pybﬁ e s o BApM gy PP (PR AT ABFAE)ETY S
oo BRAZED B BEG BEEFEL -



=T~

e L AR ENF RN BHRIPNF o FRTERL G D Trap
Profile in AlIGaN/GaN HFET With Field-Plates Extracted by Transient C-V
Measurement » fr % 3F 38 & #% < : Self-aligned lon-implanted W-gate GaN
MISFETs with Normally off Operation



Trap Profile in AlGaN/GaN HFET With Field-Plates Extracted by
Transient C-V Measurement

W.-C. Liao', J.-1. Chyi' and Y.-M. Hsin'

! Department of Electrical Engineering, National Central University, No. 300, Jhongda Rd.,
Jhongli City, Taoyuan County 32001, Taiwan (R.O.C.)

The AlGaN/GaN heterostructure field effect transistors (HFETs) are promising for high-
power applications because they exhibit low on-resistance (Ron) and high breakdown voltage
[1]. An important requirement in power electronics is maintaining a low R,y immediately after
switching from a high-voltage OFF state to a low-voltage ON state. Thus, dynamic Ron has
been studied because Ry, remains high for a period of time after an OFF-ON switching event.
Some research has proposed the degradation in dynamic Ry is due to the applied electric field
and can be suppressed by using field-plates [2-3]. C-V measurement is a powerful method to
calculate the interface trap density [4-6]. However, even the trap density and trap level were
determined, how the location of traps in HFETs after an OFF-ON switching is unknown. In
this study, a methodology involving high voltage capacitances and transient C-V
characteristics is proposed to determine the trap profile in AlGaN/GaN HFET with field-
plates.

FIG.. 1 shows the schematic cross-section of the fabricated AlGaN/GaN MIS-HFET with
field-plates. This device is packaged with TO-220, and the substrate is electrically connected
to the source. The on-resistance of this packaged device is 10 Q-mm, and the threshold
voltage is -11 V. As the device is biased at Vg of -15 V and Vgs of 500 V, the total leakage
current is less than 1 mA/mm. High voltage capacitance measurement was carried by Agilent
B1505A and Cgs-Vgs, Cga-Vas and Cgs-Vgs characteristics were measured at IMHz. Standard
high voltage capacitances were measured at Vg of -15 V and Vgs varied from 0 to 400 V.
Transient C-V characteristics were determined by the two steps process. First, the device was
biased at Vgs of -15 V and Vs 0of 400 V for 1 s. Then Vg5 was immediately switched back to 0
V and increased to 400 V for the C-V measurement. Standard and transient C-V characteristics
are shown in FIG. 2. The difference between standard and transient Cy¢-Vgs curve (FIG. 3) was
used to determine the trap profile under gate field-plate. Standard and transient Cys-Vgs curve
was used to extract the trap profile under the source field-plate (FIG. 4). The extracted trap
profiles are shown in FIG. 5. The density of ionized traps shows non-uniform distribution, and
is strongly dependent on the locations of field-plates. The maximum density of ionized trap
(D) is 1.3 x 10" cm™ and located at the gate edge on the drain side. The peak of Dy is
located at 0.45 um away from the gate edge. This separation could be attributed to the
electrons accelerated by high electrical field towards the drain side before stopping by
scattering.
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FIG. 1. Schematic cross-section of the
AlGaN/GaN MIS-HFET with field-plates.
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FIG. 2 Standard and transient C-
V measurement results.
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FIG. 3 Standard and transient Cgq-Vas curve for Dit extraction.
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Self-aligned lon-implanted W-gate GaN MISFETs with Normally-off
Operation

Wen-Chia Liao*, Hiroki Ogawa?, Tohru Nakamura?, Chih-Ai Huang®,
and Yue-Ming Hsin*

! Department of Electrical Engineering, National Central University, Jnongli City,
Taoyuan County 32001, Taiwan
Hosei University, Dept. of Electrical and Electronics Engineering, Koganei, Tokyo,
Japan

GaN-based power devices have great potentials and advantages in power switching and
RF power applications due to remarkable material properties of GaN, including a wide
bandgap, a high breakdown electric field, a high electron saturation velocity, and good
thermal conductivity. For realizing low loss and single power switching devices, normally-off
devices are required. Normally-off GaN-based FETs reported in recent years were usually
realized by four different approaches: (1) surface treatment, (2) p-GaN gate, (3) recessed-gate,
and (4) MISFET. In this study, we demonstrate the fabrication and characterization of self-
aligned ion-implanted normally-off W-gate GaN MISFETSs.

The starting material is a MOCVD grown p-GaN layer with Mg concentration of 1 x
10" /cm?® on sapphire substrate. A SiNy film was deposited on p-GaN by sputtering for gate
dielectric. Two different thickness of SiN were investigated in this study. The W-gate was
formed by sputtering and a subsequent lift-off process. The thickness of the W-gate was
designed to be 200 nm, which was thick enough to be a mask in subsequent Si ion
implantation. Si ions were implanted into source and drain regions through a SiNy layer,
which were self-aligned to the W-gate. Source and drain regions were obtained by either
single or double Si-ion implantation. The 50 nm thick SiO, was deposited for passivation by
sputtering followed by activation annealing at 1100 °C for 2 min in N, ambient. After
removing the SiO,, N ions were implanted at the dose of 1 x 10*° /cm? and 3.5 x 10™ /cm?
with energy of 80 and 30 keV, respectively, through a SiNx layer for device isolation. Source
and drain ohmic contacts were formed by depositing Ti/Al (30/200 nm), followed by the
thermal annealing at 550 °C for 1 min. The sheet resistance in the source and drain regions
was 687 ohm/Sq. from the transfer length method (TLM).

Devices with a 0.4-um gate length and 50-um width demonstrated a maximum drain
current of 102 mA/mm, a maximum transconductance of 12 mS/mm, and threshold voltage of
+1.4 V. The on/off current ratio is higher than 10°. The mobility of 210 cm?/V-sec was
extracted from the transconductance in a 2-um gate length device.

The positive threshold voltage and high drain current show the potentials and
advantages of GaN MISFETs with simple self-aligned process for high voltage and current
applications.
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