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Semiconductor band structure

Si band structure
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Doping In semiconductor

Doped Si: Boron (p-type), Phosphorous (n-type)




Fermi level In semiconductor
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Metal-oxide-semiconductor structure

MQOS structure (capacitor/diode) :

Gate electrode (metal or polysilicon)

Oxide C=¢, g Alt,,

Semi. substrate
(silicon)

_l_‘ Back (Ohmic) contact
Advantages

S o -0 * MOSFET-_Iike_ structure
< s — o ?  Easy fabrication
T I * Interfacial information acquired prior
MOS Capacitor MOS FET to device (MOSFET) processing




Operation principle of MOS capacitor
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Operation principle of MOS capacitor
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Operation principle of MOS capacitor

Schematics of an MOS capacitor under different bias modes
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accumulation of depletion of accumulation of

majority carriers  majority carriers minority carriers



MQOS capacitor analysis

MOS capacitance-voltage (C-V) measurement :

G small amplitude ac signal
at frequclllc;m MOS 100 HZ to 1 MHZ On
—— ( )

diode
6@ () g staircase dc bias
| )
ff 5 ‘
T~
Staircase Vector voltmeter
dc bias and ammeter

differential capacitance :

AV

at some voltage V
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MQOS capacitor analysis

MOS small-signal capacitance model :

Accumulation Depletion Inversion
-1 COX e
—_— COX . COX
I Cdep
iIncremental charge Incremental charge Incremental charge
located at located at bottom edge  located at
semiconductor surface of depletion region semiconductor surface
Conductive C, =%  oxide capacitance
Plate ~——™ | 0X t P
—=— Insulator OX
p-Type =% Esi
Silicon T Clep = X—S'
d
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MQOS capacitor analysis

MOS capacitance-voltage (C-V) curve :

accumulation ~ depletion  inversion « Cs; = C, In the accumulation and
| | ' iInversion regions of operation.

* Cs Is smaller, and is a non-linear
function of Vg in the depletion region
of operation.

“min T
I I e
FEB TH
cCC,. .
Conductive = ox — dep,min
-

Plate —a—— Insulator Cox + Cdep,min
p-Type % &
Silicon T where C gep.min = -

d,max
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MQOS capacitor analysis

MOS capacitance-voltage (C-V) curve :
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MQOS capacitor analysis

MOS capacitance-voltage (C-V) curve :

ﬂ Depletion 1 Simulation of C-V curve
Depletion
200
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160 |- //
Negative 140 | |
space charge|T | J
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60 l
20 -
— ol oy
4 3 2 1 0 1 2 3 4
Increasing Vg(V)
Vg > Vg
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MQOS capacitor analysis

MOS capacitance-voltage (C-V) curve :

ﬂ Inversion 1 Simulation of C-V curve

Inversion
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MQOS capacitor analysis

Frequency dependence :

 Low frequency

Charge equilibrium maintains at all times. The capacitance is
the ratio of the change in charge to the change in gate voltage,
measured while the capacitor is in equilibrium.

low frequency- dV, is slow enough to change Q;,,
* High frequency

Under this condition, one finds that the charge in the inversion
layer does not change from the equilibrium value at the applied
dc voltage. The high frequency capacitance therefore reflects
only the charge variation in the depletion layer and the (rather
small) movement of the inversion layer charge.

high frequency- dV, is too fast to change Q,,,

16



MQOS capacitor analysis

Frequency dependence :
A C

LF = simplified model

C — / LF observed
ox (:‘ ¢
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Non-ideal effects in MOS capacitor

Charges in oxide layer :

. - g
Oxide o
[ [
[
] IllIII &
D B E BN BEE B M@

Q,, mobile oxide charge

Q. oxide trapped charge

Qs fixed oxide charge

Q) interface trapped charge
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Non-ideal effects in MOS capacitor

Interface trapped charge Qit :

JRY;
Interfacial traps
(Si dangling bonds)
Vg D,.=0
D, isnot O

For the same Vg, the surface potential with D;, is smaller.

The C-V curve Is lengthened. s



Non-ideal effects in MOS capacitor

Interface trapped charge Qit :

Gate

OICI0IO,

Oxide

OO OO

Semiconductor

Gate

OOOO

Interface charges Qy varied with V,

Cirap from charging-discharging

but

Oxide

‘ Interface traps

Ideal curve
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MOS field-effect transistor

Gate (G)
Source (S) T Drain (D)
T T self-aligned process
I -
— — gate patterning
N* N*
S/D imp./activ.
P-type semiconductor S/D contact metal
Pad metal
Metal
Body (B) I Oxide

]D,sat OC V _V )2
S w [t L °

OX

MOSFET I,-V

v" Dimensional scaling
v High-mobility semiconductors
v High-k dielectrics

= But, the most important
Yos jssue is the interface quality!
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High carrier mobility materials

1,400 3,900 8,500 12,000 40,000 3000 77,000
450 1,900 400 450 500 1000 1250
1.11 0.67 1.42 0.74 0.36 0.72 0.17

« High-speed and low-power logic devices

« optical interconnect
* mm-wave application
* and more .....

HP CMOS j.vice m-ViGe

Optical ultra fast
ﬂ |

Devices analogue
insulato

Tunnel FET S. Takagi and M. Takenaka,
! ! l I ECS (2011)
iniilﬁr
Enabled * steep S and low Vyy
Performange ° high drive current due to
Boosting small/direct E_,

\Yle]¢=R\VileJe]¢=q High Drive Current Hybrid CMOS
Ge CMOS lll-v CMOS nMOS pMOS

insulator insulator insulator
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High dielectric constant oxides

Dielectrics SI0, AlO HfO, Gd,O
Dielectric constant 3.9 9 20 14 15-24 30
Band gap (eV) 8.9 8.7 5.7 5.8 5.8 4.3
Conduction band
offset to GaAs (eV) 3.3 3.2 1.51 1.55 2.2 2.4
Valence band offset 49 41 279 5 85 51 0.5

to GaAs (eV)
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In-situ prepared oxide/semi. interfaces

STM

10"° torr in

transfer modules

Meta
MBE

'][

Si/Ge | | Port.
MBE UHV

|

o)
Oxide
ALD

Metal

ALD
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Direct Deposition of High-x Oxides

Interfacial layer free !I!
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GaAs MOS capacitor structure

Y,0, /GaAs GaAs MOSCAPs process flow

MBE prepared GaAs(001)-4x6 surface
Deposition of ALD-Al,O4/Y,04
ALD-Y,0; (2nm) Post deposition annealing
GaAs-Be/Si-doped (900°C 60s N, for Y,04 samples)
100nm Ni metal gate formation

Ti/Au as back contact electrodes

Ni

Super Lattice
GaAs-P*/N*
TiAu

26



Amorphous MBE-HfO, for GaAs passivation

CV characteristics

1.5
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@
o
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o
©
o
©
Q
0.0

3 2 4 0 1 2 3 3 2 4 0 1 2 3 3 2_41 0 1 2 3
Gate bias (V) Gate bias (V) Gate bias (V)

_ JE characteristics & STEM image
Amorphous thin HfO,

intended to prevent multi- w0} R
domain HfO, crystal when
annealed > 600°C

E
Thermal stability > 900°C i [
D;; < 1x 10%? eV-icm2 ?

= WKy O He B50°C 108
107} A He 900°C 10s

© He %00°C 30s
min. 1.3 x 10! eV-lcm= R T
900°C-annealed
H. W. Wan, et al., MEE 178, 154 (2017) E (MV/cm)

sample 27



Single crystalline MBE-Y,0; for GaAs passivation

RHEED: GaAs (001)-4x6 CV characteristics
.. N

Lot — Comparison with ALD-AI,O5 passivation
R

MBE-Y,0O; passivation

—
o

20 ey =
NE :Nz 900°C 60s+F.G. 400°C 5min ] “E
" 1 © !
S 150 100Hz i E g
_ 2. I ] 210
RHEED: MBE-Y,0,(110) S 2L | %%
O 104 B O
s | S
= i N\ osev | = 0.5
c 05F \(imVisec)] @
o ; . o
(3 s e ©
o 0.0 [ A ' A L A 1 A L o o.o g
-3 -2 -1 0 1
Gate voltage (V)

Single crystalline ALD-AI, O, passivation

Y,053(110) on GaAs(001) e R e
similar to structure of é s 2R 3 é sf
Gd,05(110) on GaAs(001) s I ! i & |
Thermal stability > 900°C [ oA
D ~(3-5) x 10* eV-lcm2  [EIEENE R g os
80.0: 8o.o:-------
H. W. Wan, K. Y. Lin, et al., JCG 477, 179 (2017) *  Gale v‘l,.tag;’ (V) 1 ) Gateovoltag;e (V) i
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Single crystalline ALD-Y,0; for GaAs passivation

RHEED:
ALD-Y,05(110) on GaAs (001)-4x6

GaAs(001) ALD-AL.O
surface 273
Y,05(110)
1.0 nm
Huuuu”.“e'f
OO0 R Sty
Y203(110) J d %““»\ 0 T T R B B T
& T T RS 28 BT F R e
23 nm f.-&, "“:’ ‘ f"-’vft"\"‘v“"‘ L \~'0 S AV R H

S. Y. Wu, M. Hong, et al, Microelectron. Eng. 147, 310-313 (2015)
K. Y. Lin, L. B. Young, M. Hong, et al, Microelectron. Eng. 178, 271-274 (2017)
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Single crystalline ALD-Y,0; for GaAs passivation

EREEEEE in-situ MBE + ALD |

He 900°C 10s + FGA

Y. C. Chang, M. Hong, et al, APL 97, 112901 (2010)
Y. H. Lin, M. Hong, et al, APEX 9, 081501 (2016)
T. W. Chang, M. Hong, et al, unpublished (2017)
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D, distribution
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i’: L YV M
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Single crystalline
Y,0; 0n GaAs
Thermal stability
> 900°C
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No mid-gap peak



Ex-situ and in-situ ALD-Al,O; for GaAs passivation

with NH,OH surface pretreatment
T. Yang, P. D. Ye, R. M. Wallace et al., Appl. Phys. Lett., 91,

142122 (2007)
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—s— 100KHz
B
ic Frequency
o 6} dispersion
about 3% per
decade

12t
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«
A 3

- N W b

™
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—=— 1KHz
—— 10KHz
—a— 100KHz

L ——1MHz

High D,

T. Aoki et al., Appl. Phys. Lett., 105, 033513 (2014) Hiah D.
R AP b V4 Lo S e L8y A -1 B N g It
»,‘\-*",7' et M ‘,ﬁ;}?\! &= 5x10

ALD-Al0,/GaAs(001)

with (NH,),S surface pretreatment
D. Shahrjerdi, et al. Appl. Phys. Lett., 92, 203505 (2008)

High D;

0.7 .
A ~82A Al,O,

o OO, < IMHz -
E e = 100kHz f"ﬂ
2 0.5 .":'_ o 2 10kHZ i?'-"“’
w Y
= b #gz#
g 04 #F
3 03} ptypeGaAs g /S An-type GaAs)
s agt o
S 02f,

Dvs 2 A 0 1 2 3

ALD-AI,O4/n-GaAs(001)
without surface pretreatments

Voltage (V)

Y. H. Chang, M. Hong et al., Microelectron. Eng., 88, 1101-

1104 (2011)

1.2
1.1

o o
@

Capacitance (uF/cmz)
o
g

06 -

. 8nm ALD-ALO /n-GaAs(001)-4x6

100 Hz

High D;
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Ex-situ ALD-Al,O; for GaAs passivation

ALD-Al0,/GaAs(001)

with AIN interfacial passivation layer

T. Aoki, et al. Appl. Phys. Lett. 105, 033513 (2014)
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4 4
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2 2
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Energy in band gap, E-E, (eV)

The D, spectrum shows a midgap peak!

Frequency [Hz]

with (NH,),S surface pretreatment
G. Brammertz et al. Appl. Phys. Lett. 93, 183504 (2008)
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Ultimate CMOS — ALD-HfO,/MBE-In, ;;Ga, ,,As

CV characteristics

HfAIO/HfO, (0.8nm)/In, ;;Ga, 4,AS

P-Ing 53Gag 47As

(b)

- [T=180K

t+ 1MHz

100Hz

PDA 800°C

0

1
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1
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0 1
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D, distribution

0 1
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0 1
VvV, (V)

0 1
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T T T T T T T 20 """""""
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10"k ALD-HfAIO/ALO fIn _Ga__ As (wio FGA) 1 161 e
N——- 0= - 041N, 5,88, 1S (wio ) — CET=1.3 nm . -
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— 10"} o O—, \ 4 ‘l: PR
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Q"1012 ( ety A—A 04f=-—043nm
3 <3 11
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i i i i i i i 00 i i L i i i i
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T. D. Lin, et al. APL 100, 172110 (2012)

XPS

Normalized Intensity (a.u.)

(a) HfOzllnGaAs

(b) HFAIO/HFO /InGaAs
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raw-background

clean InGaAs

) g’ InGaAsYy,
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150 147 144 141
Binding Energy (eV)

Tetra-valence oxide HfO,
do passivate In,;;Ga, 4-AS
Thermal stability > 800°C

D, ~(6-20) x 10! eV-icm=
without mid-gap peak
EOT ~0.9 nm achieved
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Intensity (x 10° counts)

Intensity (x 10° counts)

Intensity (x 10° counts)

Ultimate CMOS - ALD-Al,0,/MBE-In, .;Ga, ,,As

M. Hong, et al., APL 111, 123502 (2017)
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Ultimate CMOS - ALD-Al,0,/MBE-In, .;Ga, ,,As

M. Hong, et al., APL 111, 123502 (2017)
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Common gate MBE-Y,0O, for Ge passivation

Al203/Y203/n-Ge
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Root mean square surface roughness (R,)
is around 1Aina 1x1 umz area.

L.K. Chu et al., J. Crystal Growth 311, 2195 (2009)
R.L. Chu et al., Appl. Phys. Lett. 104, 202102 (2014)
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Common gate MBE-Y,O, for GaSb passivation

Al203/Y203/n-GaShb
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R.L. Chu et al., Appl. Phys. Lett. 104, 202102 (2014)
R.L. Chu et al., Appl. Phys. Lett. 105, 182106 (2014)



Common gate MBE-Y,O, for InGaAs passivation

Al 203/Y203/p-INossGac.a7As
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P. Chang et al., Appl. Phys. Express 4, 114202 (2011)



C/Cox

Common gate MBE-Y,O, for semiconductors

1.2
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L.K. Chu et al., J. Crystal Growth 311, 2195 (2009)
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Fabrication process for E-mode MOSFETs

C. H. Fu, et al., Microelectron. Eng. 147,
in-situ 330-334 (2015)

WAEER (i XPS

MBE

Process flow for Self-aligned MOSFET

Growth of De-capping of arsenic-  UHV annealing to Implanted Implanted
Ing 5:Gag 47As layer  capped GaSb substrate  ~450°C to remove region region
Ge native oxide

1 1 n-GaSb ~5x10'7 cm-3
| l n-Ge 1x10'6 cm3
Direct deposition of MBE-AI,O4/Y,05 as gate dielectric
metal gate patterning and formation

S/D region patterning and ion implantation l Source Metal gate Drain
S/D activation: S/D activation: S/D activation: Impla_nted Impla‘nted
RTAat 750°Cin N, | RTAat500°Cin N, | RTAat500°C in N, [k region
for 10s for 30s for 10min p-In, 53Ga, 47As 1x10'7 cm3
S/D metallization: ¢ S/D metallization: S/D metallization:
Pd/Ge/Ti/Pt Ni Ti/Al

S. L.- InP substrate
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Electrical characteristics of MOSFETs

C. H. Fu, et al., Microelectron. Eng. 147, 330-334 (2015)

n-Ge _ n-_GaS_b D:|no.53:Gao.f17AS
100} W /L _=400/4 pm/pm - 250 (WL = W_/L_=10/1 pm/um
—_ opere V= 0to -3V __200h1011 pmipm v=oto2sv 11600
£ 75t M""'»';!. step=-0.5V = V=010 -1.5V step=0.5V
23' ~OOMWVA :.i:‘;;‘ 2:‘150 step=-0.25V 1200
3. 50} v""""v'vvvvyv: “‘:E‘;; \_:L- .
<, AR, =100 800
25} R 50} 1400
O 0)))))))))))).&&’).&&’)))))::: :::‘i; ;3 i O 2 2 2
-3 -2 -1 0 -15-1.0-05 0.0 05 1.0 15 2.8
V_ (V) v, (V)
n-Ge n-GaSb p-In, :3Ga, 4,AS
¢ W/L=400/4 pm/pm ¢ W/L=10/1 pm/pm ¢ W/L=10/1 pm/pm
® ;.= 98 MA/mm ® |5 .5= 130 mA/mm ® ;0= 1440 mMA/mm
@V = -3V, V= -3.5V @Vg=-1.5V, Vp=-15V  @Vg= 2.5V, V= 2V
® G, o 42 mS/mm ® G, o 90 MS/mm ® G, na— 770 MmS/mm
@ V= -3.5V @ V= -1.5V @ V= 2.5V
® =241 cm?N-s ® p=200cm?\V-s ® p=2100cm?/V-s

41



Electrical characteristics of MOSFETs

Iny s3Gag 47AS inversion channel nMOSFET
Dielectrics L lg. max 43X L | G, max G, XLs | S.S. lon/loff Mee (€mM2/Vs)?
(um)  (uA/um)) (uA) (uS/um) | (uS) (mV/dec.)
ALD-AI, O, 0.5 430 215 160 80 240 4x103 1200 Purdue U
UHV Al,0,/GGO 1 1050 | 1050 | 714 714 - - 1300
MOCVD HfAIO 0.25 420 105 45.3 11.3 200 - - NUS
ALD-Al,O, 0.6 678 406 354 212 194 - -
ALD-Al, O,/ HfO, 1 1500 | 1500 | 840 840 103 10% 1100
Not listed 0.03 ~1200 | 36 2230 66.9 - ~10* 1000 IBM
Al,O./Y,0, 1 1440 | 1440 | 770 770 97 104 2100 This work
Ge inversion channel pMOSFET
'HfOZ/SiON/GeON 5 30 150 - - 102 103 ~300 NUS
HfO,/Si(SiO,) 0.125 1360 | 170 - - 100 10° 358 Leuven
SiO or A,O,/GeO, 200 0.4 80 - - 120 - 400 Tokyo U
HfO,/GeO, 10 37.8 378 - - 85 103 396 NUS
GGO 1 496 496 178 178 - - 389
Al,0,/GeO, 50 1.5 75 - - - ~10? 526 Tokyo U
Al,0./Y,0, 4 98 392 43 172 - 5x107 241 This work
C. H. Fu, et al., Microelectron. Eng. 147, 330-334 (2015)
GaSb inversion channel pMOSFET
Al,O, 5 ~0.6 3 - - 250 100 ~270 Stanford U
Al,O, 6 4 24 - - 250 103 160 CAS Beijing
Al,O, 2 10 20 - - 400 ~10 25 Tokyo U/NTT
Al,0,/Y,0, 1 130 130 90 90 147 103 200 Thiswork 42




Thank you for your attention!
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