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* For >20 years, record f; obtained on InGaAs-channel HEMTs
* InGaAs-channel HEMTs offer record balanced f; and f__,
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L,=40 nm InGaAs Metamorphic HEMT

\/
S \ Stem A\ / D
Oxade

(Cap \‘ Vv Lside/

Etch stopper
Bamer .......................... :‘BUI‘iEdPt ..........
R R

Channel tch

Buffer

GaAs substrate

Kim, [IEDM 2011

Ing ;,Ga, 3As QW channel
O t,=10nm
O My, pa > 10,000 cm?/V-sec

Ing 5,Aly 46AS barrier + In,5Al, ;As spacer
(Kim, EL 2011)

Dual Si 0-doping (Kim, IEDM 2010)
Pt (3 nm)/Ti/Pt/Au Schottky
O t. .=4nm
InP etch stop (t,,,=6 nm)
L.y.=100 nm
Gate stem > 250 nm
Mo-based S/D with 2 um S-D spacing

side
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Kim, [IEDM 2011
1.2+

Lg=40 nm V, =06V Lg=40 nm 0.8V

I, [mA/um]

0.2V

00 02 04 06 08 10 00 oz o4 o6
Vos V] Vs VI
e Large current drive: I;>1 mA/pum at V=0.8 V
* High transconductance: g, = 2.75 mS/um at V,;=0.8 V
e V=0V, R,,=280 Q.um
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o | 251 Vps=0.6 V, V=0.4 V
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* Only transistor of any kind with both f; and f__, > 680 GHz

* Obtained at same bias point, V=0.6 V

Kim, [IEDM 2011
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e First-order f; expression for HEMT: .|
fT _ 1 Imi
27 Cys + Cga + gmi(Rs + Rp)[Coa + (Cgs + Cya) ]
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 (Capacitance components: 3

Cgs — Lygsi =+ Ogseaf:t ng — Ogdz’ =+ ngemt
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e Delay time:

1

T = Tt + Text + Toar

- 27TfT

e Components of delay time:

_ Cysi+Cyai Ly Intrinsic delay
Tt = = S "
Imi < Ve > (transit time)
Extrinsic :
d);lal ! ~ o Cgsemt + ngext !
Y o i Parasitic
e delay
g .
Tpar = (Rs + RD)[ng + (Ogs + ng)f]
mi

13



& ML
~y >
- :

* Need devices with different L,
e Bias them at same V, overdrive around peak f; point
e Extract small-signal equivalent circuit models

* Study L, scaling behavior of C,;and C,,

V. =06V
V-V, =03V
2000 A
€ .
£ :
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o 1000 -
o c
gd_ext
Mgd
O I v T ! I
100 200
Lg [nm]

Kim, IEDM 2011
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Delay time from f;:  ~231 fs

e Intrinsic delay: ~g1 fs «— Yields <v.>=5x10" cm/s

* Extrinsicdelay:  ~99fs < ot significant
e Parasitic delay: ~50 fs
e Unaccounted: ~9 fs
2% 42 %

T N
accounted T
'i ext

34 0/0 TTransit

Kim, IEDM 2011 22 %

15
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Tyt aNd T, do not scale, become dominant for L,< 50 nm
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e |ntrinsic delay \, =2 &) 7

e Extrinsic delay { :

Ogse:):t + Ogdemt
9mi

Text =

2 Cgsext, ngext J = gate engineering
- g D > harmonious scaling
e Parasitic delay \ : 1
Joi "
Toar = (Rs + Rp)|Cya + (Cys + ng)f]
mi

2> R+R, I = S/D engineering

- g./8.. L = harmonious scaling
18
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1 THz 30% reduction

/ in all the parasitics

600 -
N
I 1
O, :
o+ 4007 V, =06V
B Measured f_
Modeled f_ ‘e
Model Projection )
200 l ! v v v v v ) 1
30 100
Lg [nm] .

fr =1 THz feasible by:
= scalingto L,= 25 nm

- ~30% parasitic reduction
19
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Kim, IEDM 2010
Waldron, TED 2010

lInAIAs/InGaAs Cap
4 nm InP Etch stopper

Pt drive-in 11 nmInAlAs Barrier

10 nm In,;Ga, ;As Channel

InAlAs Buffer

* Dry-etched Mo contacts: R, =7 Q.um

* L,=50 nm, Ry=290 Q.um, g, ,=2.2 mS/um @ V,=0.5V

/1
/

20



7 INTERNATIONAL
{{:I w WIRELESS
™ SYMPOSIUM

I—g=60 nm O Measured data 14 800 - This work
Modeled data
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9

Kim, IEDM 2010

Highest f: and f ., of any FET at L, > 60 nm
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Lin, IEDM 2012
600 VgS: -0.2t00.5Vin 0.1V step

R, =475 Qum (atV =0.7 V)
' L,=30nm
400
_o 200}
0 — n - 1 n 1 = 1 1 1
00 01 02 03 04 05

Vds (V)

Bmpk=1.4 MS/um

Ron=475 Q.um =2 access region design critical!
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Gate metal - Pd/Au
Gate oxide - Al ,0,!Hf02

70 nm
Regrown Regrown
. N*" InGaAs N*" InGaAs
10nm In, ;,Ga, ., As channel

10nnm Ing Al o AS backside spacer
— — o S - Si delta-doping
Contact laye ;I '_'_“____u_ 4 400nm Ing 4, Al As back barrier/buffer
Channel -In_  Ga, As HT-InP (700nm)

INg 5,63 4,As interlayer (60nm)
HT-InP (900nm)

L.,=55 nm InGaAs MOSFET: UT-inP (110nm)

GaAs [550nm)

Ron=199 Q.pum Si substrate

Back barrier - In__ Al As

Egard, IEDM 2011

L.,=30 nm InGaAs MOSFET:

Regrown P Regrown

Ron=133 Q.um INGIAR oy InGaAs

100nm

Zhou, EDL 2012
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e Channel AR:3~14 For L,=25 nm:
e Insulator AR: 7 ~ 10 2t~ 7 nm, t, .~ 3 nm
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Deep channel thickness scaling degrades performance:
2R T2 4

InAs HEMT, L;4. =80 nm, t, .. =5 nm
40 L] L L LA "l' 1 1 1 ": 1-0
‘ u"nn H ty=5nm | ty,=10nm
° \jﬂ 21 devices devices
o, [ & | 445GHz | 520GHz
i 395GHz | 337GHz
— V, =06V
=3 V. =02V
o 20 L =40nm 405
o PN
o3 -
pr ]
< = :
0 ———rTrry ——— ——r—t— (.0
1 10 100 1k

Frequency [GHZz]

Noticeable mobility degradation: t =10 nm - p_=13,500 cm?/V.s

Kim, IPRM 2010 ty,=5nm 2 p.=9,950 cm?/V.s
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NCC
.#""}_"

4- =
Vps=0-V 4 ~13,000 cm’/V-s

tins = 4 nm &tch =10 nm
39 p,~9,950 cm’/V-s
| tins=3“m&tch=5"m

Kim, IEDM 2009

-u
m.
Strain-Si *~.

inj

v_[10" cm/s]
y

[EEN
|

Si nFETs
(VDS =11~13V)

10 - 100 1
L, [nm] 4
In thin-channel devices:
* LongL;: v, decreases right along with p, (~23%)
* ShortL,: v, relatively unaffected
—> consistent with near ballistic transport

26



( wl'I'RIéRNATEONAL "-}."
iy, I )
“ SYM \ Y
]
A v F

N A

InAs 300 K quantum-well mobility vs. lattice constant:
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o o o
o o o

15000 -

10000 -

Electron mobility (cm?/V.s)
[
|

5000 1 np InAs Ai/Sb InSb

0.58 0 6 0.62 0.64 0.66
Lattice constant (nm)

Independent control of channel strain and composition:

- new possibilities for channel design

RIS :
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Want to scale Lg without degrading g, or g,

4 -
—&—t _=10nm
3- —4—t_ =65nm
—h—t_=3nm
T 2]
27
77)
=
£ $
g ¢
= il Ingy ,Gag 3As HEMTs !
| t,=13 nm, L;4,.=150 hm .
{V, =05V
Kim, TED 2008 " 100
Lg [nm]

For harmonious scaling: as L, \ =t {

28
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10" InAlAs/InGaAs
HEMTs t.=2nm
3 tins =4 nm
10 B = ) ]
t 7 nm \ /
=10 nm | I
— 107
I e e (A s
=1
EI,]O 10
_(9
102
Lg=40 nm
o Vpe=0.5 V
-0.5 0.0 0.5 1.0

VGS [V]

At L,=40 nm, modern HEMTs are at the limit of scaling!
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10™ InAlAs/InGaAs
l HEMTs t.=2nm
6 Pt
10 ¢ —
ins \‘ ! [_
— 107 -
E 1 T/ | 0
St
<o :
—<9 : -
107 AlLO, (3 nm)/InP (2 nm)/InGaAs 1
L,=40 nm 2™3
o JVesosv MOSFET
-0.5 0.0 0.5 1.0

VGS [V]

Need high-K gate dielectric: HEMT - MOSFET!
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InP (1 nm) + Al,O, (0.4 nm) + HfO, (2 nm) = EOT ~ 0.9 nm
[vs. 4 nm InAIAs = EOT = 1.3 nm] )
> should bring us to Lg=20 nm Equivalent oxide thickness

5 V,=0.5and 0.05 V
10 °F L =300um
Long-channel 107

INg 53Gag 4,As MOSFET ’E; e
U, = 2700 cm?/V.s 3 .
< 109

A S=69 mV/dec

Lin, [IEDM 2012
-02 00 02 04 0.6

S=69 mV/dec = Low D, at MOS interface demonstrated

31
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L,=60 nm InGaAs MOSFET with Lg4,~5 nm, EOT=1.2 nm Kim, APL 2012

Lg=60 nm
Vps=0.5V

(%]
o
)
@
®
L ]
[T=]

Gains [dB]
=
7
@

N f =280GHz 1
10° 10" 10"
Frequency [HZ]
................................................. fi=370 GHz, Ry\=220 Q.pm,
Si 5-doping g..=2.0 mS/um, S=110 mV/dec
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.

Etched S/D QW-MOSFET Regrown S/D QW-MOSFET

FinFET ~ Gate-all-around
nanowire FET

33
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 THz IlI-V FETs just around the corner
- need to reduce parasitics
- need to scale harmoniously

e Exploding interest on llI-V CMOS: huge
opportunity for THz IlI-V electronics!
—> fast technology progress
- new processes and tools
- fundamental research on transport, interface, etc.
—> Sl as substrate for THz electronics
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