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Introduction

Project Goal

» Develop Ohmic contacts Al, ,sGa, 55N/Aly ;Ga, ;N HEMTs

Motivation

* Next-generation power switches

* RF devices

» Optoelectronic applications

« Higher Al compositions have potentially superior electrical
and thermal properties, but making Ohmic contacts is
challenging

# Approach

Intermediate aluminum fraction

« Low mobility, but good platform for Ohmic contact
development

« Evaluate five Ohmic contact stacks; planar configuration

* Build HEMT




HEMT Contact Resistance Overview @E=.

Why is making an Ohmic contact to AlGaN challenging?

Metal Semiconductor Metal Semiconductor

Thermionic Emission

Low surface doping Field Emission

High surface doping

GaN

~3.4 eV
Si GaAs
1.12 eV 1.424 eV




HEMT Contact Resistance Overview @Ez.

Why is making an Ohmic contact to AlGaN challenging?
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Reported specific contact resistances of AlIGaN-channel HEMTs rise exponentially with
increasing Al fraction.
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HEMT Contact Resistance Overview MEz.
Techniques/Approaches

Various metal stacks Treatments
« Ti/Al'38 « Mo/Al/Mo/Au® « Siimplantin Ohmic regions™3
« Ti/Al/Ni/Au212 «  Nb/Ti/Al/Ni/Au* « Selective area regrowth?
 Ti/AlIMo/Au” <« Zr/Al/Mo/Au® 1011 + Recessed etching?

«  Ti/AlI/W> - V/AI/V/AU™
« V/AI/Ni/Au'>
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HEMT Contact Resistance Overview ®:.
Techniques/Approaches

Various metal stacks Treatments
« Ti/Al'38 « Mo/Al/Mo/Au® « Siimplantin Ohmic regions™3
« Ti/Al/Ni/Au212 «  Nb/Ti/Al/Ni/Au* « Selective area regrowth?
 Ti/AlIMo/Au” <« Zr/Al/Mo/Au® 1011 + Recessed etching?

«  Ti/AlI/W> « V/AI/V/Au™
« V/AI/Ni/Au'>

Proposed AlIGaN HEMT Ohmic Contact Mechanisms'®

» Metal spiking through the barrier

« Ti-N forms — lowers barrier height

« Tireacts with N — forms N-vacancies or Ti-N complex that is highly conductive
» Other possibilities
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AlGaN Barrier 4. Non-oxidizing

AlGaN Channel

2DEG
3. “Barrier”

AIN
Sapphire Substrate

1. Direct Contact

\

The five stacks we tried:

Metallization Stacks

Stack A Stack B Stack C Stack D Stack E

500 A Au 500 A Au 500 A Au 500 A Au 1000 A Au

150 A Ni 350 A Mo 350 A Mo 400 A Mo 200AV

1000 A Al 600 A Al 1200 A Al 1000 A Al 800 A Al

250 A Ti 150 A Ti 150 A Zr 200 A Ti 150AV
200 A Nb

13
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Circular Transmission Line Method
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R = ol (d +2L7)
Slope of RT dependent on

Sheet Resistance:
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Specific contact resistance (QQ cm?):
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e Standard photolithography
e Metal deposition and liftoff
e Singulate
e Rapid thermal anneal (30's,
Nitrogen ambient)

*850°C

*900°C

*950°C
eCurrent-Voltage measurements
eExtract sheet and specific
contact resistance 16
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Specific Contact Resistance Comparison @&,

Summary of metal stack and RTA results

) —¢— Ti/Al/Ni/Au
107 FooNmm e —&— Ti/Al/Mo/Au
—*— Zr/Al/Mo/Au
—— Nb/Ti/Al/Mo/Au
1 00 7777777777777777777777777777 —»— V/AIIV/Au

Specific Contact Resistance (2-cm?)

850 900 950
Anneal Temperature (°C)

 Ti/Al/Ni/Au produced lowest specific contact resistances (3x10° Q
cm?)
« All three Ti-based metals had good performance at 900°C

« Zr/Al/Mo/Au was consistently linear at all annealing temperatures
studied

« Whatis happening between 850 and 900°C? — TEM 22




TEM: Ti/Al/Ni/Au )

850°C Anneal 900°C Anneal

View of available imaging area




TEM: Ti/Al/Ni/Au .

850°C Anneal 900°C Anneal

Nanopipes

Vertical threading dislocations visible on both samples




s o W - |

Aly 45Gag 55N

Aly 30Gag 70N
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TEM: Ti/Al/Ni/Au ) 2=

850°C Anneal 900°C Anneal

Aly.45Gag 55N
Aly 30Gag 70N

V Defect

1 100 nm I 1 100 nm




EDS Overlay

850°C Ti/Al/Ni/Au Anneal Yellow = Al-O

900°C Ti/Al/Ni/Au Anneal




TEM RTA Temperature Comparison gz
Ti/Al/Ni/Au

Schottky Contacts Ohmic Contacts

* AlGaN-Metal interface has Ti-Al-Au
* No obvious spiking in area viewed; smooth interface
» V-defects observed on 900°C might be promoting Ohmic
contacts
« Grains of AI-O and Ni-Al
« “Au diffusion barrier” metal (Ni) is not a barrier for 850°C or
900°C anneal 28




HEMT Device =

VNAS5812a (series) VNA5812a (series)
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m I e
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Sheet resistance map

- HEMTs fabricated on a quarter of a 2 |
2" wafer with uniform sheet resistancefs g
- Ti/Al/Ni/Au annealed at 900 and Y &
950°C, 30 s, nitrogen ambient

» Post-anneal metal surface
morphology was rough
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CTLM Results for Device Wafer

107 e 50°C |-

CTLM Current-Voltage Sweeps

(Yw) uauny

— = 200°C
o
2

Voltage (V)

Voltage (V)

*Current-Voltage sweeps performed at

multiple temperatures

* Linear current voltage sweeps at 0°C

» Current compliance set to 10 mA

8.5 ym CTLM pad spacing
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Temperature Dependence of Contacts
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With increasing temperature from -50 to 200°C:

*Specific contact resistance improves (3x improvement)

—Conduction mechanism attributed to thermionic emission

*Sheet resistance degrades
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HEMT Device ) =

} 4 pmy 4 yurm
3 — "_ﬁ

[Source ptt =t Drain
| Al 4:Gatg 5sM (50 nm, Barrier)

Ally.sGag ;N {250 mim, Channel)
AlgGap ;N (3.9 pm, Buffer)
AN (1.6 wm])
Sapphire Substrate (1.3 mm)

 Room temperature averages:
P =2.5x10°Q cm?
Ry =3.9kQ /o
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HEMT Device Results ) =

N

160 10
140} Start: +4 V | —Drain Current
Step:-1V ‘E . o| ——-Gate Current
£ 1207 stop: -2v £ 10 |
<
£ 100/ E
E — =107
= 80 18
S 'g Vps =10V
§ 60 ?3, 107! I /loge = 8 X 108
% 40+ 8
a 20; : _E 10°! |
0 Q mJ- s A
/ T
-20 ‘ ' 10 . .

0 5 10 15 20 10 -8 6 4 2 0 2
Drain Voltage (V) Gate Voltage (V)

*Drain current = 125 mA/mm (4Vgate), 70 mA/mm (2Vgate)
‘lon/loge = 8x108
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HEMT Device Results ) =

100 . . . . 100, —-50C
= £
£ £
< <
E 60; E 60
k= c
o o
g 40 g 40
£ £
T S
O 20 o 20
% % 8 10
Drain Voltage (V) Drain Voltage (V)
*Drain current drops (by a factor of 2.7) with increasing temperature
*High-temperature operation limited by transport properties
34



HEMT Contact Resistance Overview @Ez.

102 Barrier 102 \ | | Channel |
¢ AlGaN Channel HEMT A : AlGaN Channel HEMT B
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0

Specific Contact Resistance 2.5 x 10> Q cm?
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Conclusions )=,

Evaluated five planar Ohmic contact metals for Al, ,sGa, 55sN/Al, ;Ga, ;N HEMT
*Ti/Al/Ni/Au selected

*TEM analysis of Ti/Al/Ni/Au for 850 and 900°C anneal temperature
*Smooth Ti-Al-Au/AlGaN interface with a few v-defects
*No indication of metal spiking

*The Ti/Al/Ni/Au Ohmic contacts were used in final HEMT
devices:
*Current densities up to 70 mA/mm at Ve =2V,
125mA/mm at Ve =4V
*Specific contact resistance = 2.5 x 10> Q cm?
*Sheet resistance = 3.9kQ /o

*Temperature dependence of contacts
*Thermionic emission
sImprovement in specific contact resistance with increasing temperature

*Degradation in sheet resistance with increasing temperature 6
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Map of HEMT maximum current (mA) atVg=2V

clolelflelnl il lcltlmINnlolrplalr s [T[ulv]wlx]
19.748 19.211
s 20908 Red = good , Green = bad

22.666 22,338 21.315 20.98 20.943 20.916

21.736 23.262 21.638 21.409 20.954 21.257

11.889 9.8501 23.218 22.623 21.614 21.648 20.885 21.263

10.393 8.8898 23.55 23.381 22.052 21.387 21.472 21.667 21.356 21.946 22.076 22.023

23.97 23.274 21.916 21.895 21.201 21.454 21.242 21.045 21.901 22.19

9.2829 8.8707 23.561 22.935 22.37 22.116 21.493 21.373 21.254 20.999 21.837 21.974

24.224 22,774 21.986 21.979 21.747 21.488 21.971 21.48 21.587 22.642 21.933 22.774 22.113
23.961 22.353 22.672 22.161 21.754 22.176 21.877 21.886 21.892 22.733 22.348 22.762 22.752
22,888 22,203 21.907 21.994 22.327 21.872 21.8 22.091 22,125 22,31 22.344 22,129
24.085 23.002 22.65 22.524 22.785 22.122 22,236 22.17 22.521 22.192 21.935 21.826
23.339 22.877 22.548 22.611 22.773 22.297 22.213 21.867 22177 21.93 21.775 21.62
23.496 23.383 22.524 22,99 22.619 22.676 22.849 21.876 22.429 21.961 21.587 21.796
23.626 23.7533 23.433 23.224 23.173 22,852 22.648 22,597 22,284 22,128 21.724 21.303 20.823 20.987 19.695 13.323
23.958 23.389 23.6006 23.404 23.008 23.095 22.568 22.291 22.073 22.884 21.703 21.401 21431 21.07 15.746 20.253
23.606 23.08 23.104 23.072 22.551 22.144 2247 23.128 22541 21.731 21.707 20.9 20.423 20.176 19.867
24187 23.514 23.046 23.489 23.254 23.341 23.362 21.997 21.985> 20.07 21.72 20.017 19.606 15.115 18.223
23.954 23.721 23.585 23.042 23.663 23.319% 22.809 22.213  22.54 21.899 21.521 20.066 20.102 15.347 18.318
23.574 17.985 19.17
19.392 18.31
19.387 18.042
15.988 18.559
18.818 17.585
18.31
18.196

‘k;‘ﬁ‘g|m =] q‘m U s W e

16.923 18.866 24.227
9.8126
15.736 16.023 13.147 13.074
15.481 15.86 13.214 13.509
16.927 15.173 14.344 12.869 13.468

Lower currents on edge of wafer attributed to annealing 38



