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Lecture 16

 Advanced Technologies on Analog/RF
Circuits

— Analog/RF MOSFET Metrics and Challenges

— Thin-Body MOSFETs for Analog/RF
Applications

Reading:

* M. Fulde, “Variation Aware Analog and Mixed-Signal Circuit Design
in Emerging Multi-Gate CMOS Technologies,” Springer, 2010.

* multiple research articles (reference list at the end of this lecture)




RF Technology: Not Dictated by Si
C M OS! Source: ITRS (2011)

Frequency Range: Technology:

LF Analeog @t o ...

(:0.4 GH2) L S

RF } . i

(-30 GHz) AN(Blueto 5PS), Serdes, high
performance ADC/DAC

Millimeter Wave . .

(300 GHz) 69 GHZ point-to-point, radar, SiGe Bipolar
wireless backhaul

THz

No product yet

 For extremely high-frequency and high-power (e.g. PA) applications,
SiGe BJT has performance advantage over RF MOSFETSs, due to its
> Larger transconductance (G,,) as well as G, /I
» Higher power density
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Mobile System Structure

F. Arnaud, IEDM SC (2012)
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= I I SPEED
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- GPU | , -
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Drivers / Start Z 32b
o 0 Battery / converter : HIGH
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W 0 @ Converters / Ampli. RATE
] Audio and video

o IEDM 200112, Circuit & Technology Interaction Short Course, San Francisco, CA
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System on Chip (SoC)

65nm CMOS (RF) 65nm SoC (Qualcomm)

~»—>- Digital
et ot B
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A. Matsuzawa, IEDM (2012) A. Cicalini, ISSCC (2011)

« SoC: system integration onto a single IC die
-> higher performance, lower cost

* Preferred to be implemented by LSTP technology, due to:
v" Low power (good for battery-supported mobile devices)
v Low noise
v' High V,, (easier design for RF/Analog circuits)
x Limited performance (digital clk frequency, f; & fiyax)

12/2/2013 Nuo Xu EE 290D, Fall 2013



RF RX Front-End Requirement

T

Mixer

BaseBand . . .
Amp Filter Digital

To deliver the signal To enable signal processing

. Phase . . . . . -
undistorted but Locked using digital logic circuits,
amplified with gain Loops w/o adding noise

Avo - Iips To synchronize — Prefem?d Iov!/ noise, high
o FaxGmRoue FOM.. — A 1 o Quer
NF inVpp PLL™Af2S(f)-P ~ Vpp

« Continued CMOS technology scaling worsens SCE, variability, parasitic
components, and noise

-> Negatively impacts critical RF performance parameters

« Circuit techniques are used to mitigate these effects
e.g. negative capacitance, injection locking...
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Analog-to-Digital Converter (ADC)
ol miamateh Requirement

Voo Voo

Cik
s Power
Consumption

cL_KI
gl Resolution Speed

Dynamic

Latched
== LSAR  low | moderate ultradow

z-A high low high

\

Stage 1 Stage2 Stagem  Comps.

g O
Vin
Encoder CDAC.

-

. - = Integrators
small mismatch ’ I I"’_tj -
. . FfT = =l= Vi SAR logic DAC
high gain (>40dB) RO AN '
(a) Flash (b) SAR (c) Pipelined (d) Sigma-Delta

« CMOS scaling - larger DIBL - lower gain
e Vpp reduction - smaller V5 2 larger mismatch

- High-resolution ADCs are extremely challenging!
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Analog/RF Technology Metrics and
Challenges

Performance Degradation in Bulk MOSFETs

1000 2.0

Digital Analog/RF

————————————————————————————

750 4 1.6

Power «— Gain_ Varactor

L i
DIBL, Vpp, Vg, A b 4 T fmax

12

onductance [mS/mm

500 4
0.8

250 4
0.4

R; [Ohm.mm]

transc

Gate

N e e e e T i L

- 0 0
gm, de, CgS/ng MatChlng 4 140?
% : ¢ v ;g 3 ] 100%
| : : : 2] g
| Speed | Noise = Linearity ' — {1
\:\\ ,I ’,/ L'E,]l 5 g
T R R T P/ S S e e e e e e e L 20 3
A. Matsuzawa, IEDM (2012) o 100 150 200 250 300 350

Physical gate length [nm]

G. Dambrine, EDL (2003)
« More complicated, cross-related metrics than digital technology

« Traditionally, CMOS technology scaling is driven by digital logic
-> not fully optimized for RF/analog

-> More performance degradation is expected as scaling the gate
length and V;,
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Analog/RF “Flavored” MOSFETs

- Only a trick to maintain some analog/RF performances

Asymmetric S/D MOSFETs

Sidewall
spacer

_ & 16000
g oé.\o / A )
2 & R With Shadow,
¥ % 1000 \
2 o} el
£ g e ' S
Resist ! & 45 Without Shadow ?,? }
= 10 F
&}
1 1
Y 0.1 1.0 10.0
Design Length (um)
T. Hook, TED (2002) J.P. Kim, TED (2007)

« Asymmetric S/ID MOSFET can be co-fabricated with conventional digital
MOSFET except for that its drain is more lightly doped than its source, for

- Improved electrostatics (1 R, & A,o)
- Improved mobility (1 G,,)
- Reduced Miller capacitance Cgp (1 f7)
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FINFET in Analog/RF Design

 Layout is similar to that of conventional MOSFET, except that the channel

width is quantized:
Weff = (2 * Hfin) * NFins * NGate-fingers

Source

5/

Gate

Drain

Source

Bulk-Si MOSFET FinFET

 FinFET Source/Drain can be merged with SEG.

. C

k= Poly Si " c Poly Si Il
. SOl f ——; _ : finy Cyy ] Epl $| O
. C A ., e [] silicide
Epl SI o N e
] SiN Co=Ci,+Cin*2*Hy, Cliopmotiom: €Xtracted from TCAD
D ilici Civ=Cr.10pFCrbottom +Copiv C,,.C,»C;: same as in planar

Silicide ovLorl ‘
D SiO2 Cein=Cov + Cop + Cig + Cy; CepisCepiv: parallel plate capacitors

M. Guillorn, VLSI-T (2008)
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Intrinsic Gain (A,,)

Ced

G | D
. T - . c FD-SOI vs. Bulk
Vg CgT gmvg¢ %gd vg Ayo = Gm 1000
- _ ds PMOS SOI
g ; define
MOSFET’s Aq.vs. I, Gm 2 8 100
- - G
40 ‘A Ids Vgs - VTH c
vo above threshold S 10
ot G _ 1 %’
o & Tsi 8nm
% Ids m kT/q Thbox 145nm
below threshold 1 '
e L 0.01 1 100
so that G Lg(um)
m
ol 7 5 e Ayo = T, VEa C. Fenouillet, IEDM (2009)
ds s

MOSFET intrinsic gain degrades as decreasing gate length, mainly resulted
from the worsening electrostatics (DIBL, SCE).

Thin-body MOSFETs can achieve significantly higher gain than planar-bulk
MOSFETs, due to their superior electrostatic integrity and higher carrier
mobilities.
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FInFET Intrinsic Gain

Planar vs. FinFET SOl FinFET vs. Bulk FinFET
10° S A 1000
/ 5 5 SOI_FInFET 4w o
- ] I no well doping O BFF
FInFET Metal gate/high-k |
' 100 +
w 2 LB C
o 10 ; @ .. BFF
o Planar Bulk Metal gate/SiON ] -.E’ ¢ With wells
] o - *:'L.\_"‘
10 + . Ffi*J
[ . Q
[ nFET Q
; | finw=20nm shrpiero S
Vgesvdesggv|  B1oKeVZeiz/em
1 T T T T T
O 200 400 600 800 1000 120 200 400 600 800 1000 1200 1400
Lonys [NM]

gm[AfVum]

P. Wambacq, TCS (2007) T. Chiarella, SSE (2010)

FinFET shows over 20 dB gain increase over planar MOSFETs.

SOI FinFET (with no well doping) outperforms bulk FinFET (with
retrograde well doping).
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f ’ fmax (GHZ)

fr and fy;,x

Cut-off Frequency: fy = Jm
(defined as the f when short- 27 Clin \/1 +2 C"bftft’c‘r \/1 12 C‘muer
circuit current gain is unity) Coin Cain
Maximum Oscillation ¢ =~ 9m 1
Frequency: 21 Cgin

(defined as the f when device
power gain is unity)

90nm Si CMOS Technoloqy

\/(R + Rs + R;) (Qd + G C"Lf;lj:r)

SiGe BJT vs. Si MOS

350 -
300 - : 3j=si
fmax \ . l:l'""n -I:I'I:Iﬂ.,_-u 300 fmax n_,ugg g 300 | This work o-[3] (2,315 BJT
200 - o™ Ky 200 - o )("x' R g ’50 90nm CMOS *50. o 2l
X X T ¥ 200 SLA
100 - X AR Q °- 8 o5 0
80 : AN 100 - X Nf 2 g 150 0 By E-[1]
60 - I 80 1 T S 100 - g8 @
50 - v o1y | 60l 2 5 o m
20 L =80nm ps = I- 50 1L, = 70nm Vps = 1.2V = o
_gr LIRER I T T T I 40 g 0 1
001 Foor %o 2 0003 0006 002 .004 007 .02 .03 0 100 200 300 400
) ) fr (GHz) CUT-OFF FREQUENCY
Ip (A) b (A)
K. Kuhn, VLSI-T (2004)
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FINFET f; and f;,x

FinFET vs. Planar FET

Impact of Fin pitch & S/D Epi Thickness

1000 FinFET [0 400 o] Epitaxial Si layer
n S Decrease of Increase of
A ° II?(I\F/’IC parasitic R parasitic C \
TRS2011  © “m — 300 5 i/ — L
) Planar nMOS :" . nm 2'250 Raa CE
G 100} m® - ¢ | S/D contact region 10 nm . L — 30 ﬁ
e * NXP .= .0} 2> Co = 30nm
“ e |MEC | nFinFET - 3(3'&2 z « nm Fin width = 10nm Gate
A4 NISRQ e - 'm Fin Pitch = 50nm
= |BM s B 200
SiDicontactiegion . 00 300 400 50( 0 10 20 30
10 100 Epi thickness (nm)
Lg (nm) Fin pitch (nm)
T. Ohguro, VLSI-T (2012)
- FinFET has lower f; than planar bulk MOSFET &
* Fin pitch, aspect-ratio and epi-S/D engineering can help to reduce
the parasitic capacitance to be smaller.
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Output Waveform Distortions

2\

/

\

™

second harm onic//

SN

AN

AN
\/tlr armor)
\/\

Linearity

define
vIP, =47
Om2
{ g'i'?!
VIP; =, /24
\," Gm3
where
B A%Ip
gm2 = —d-{v;i
. 3 Ip
Om3 = 61;;& .

EE 290D, Fall 2013

Planar LSTP Technology

1E-4 1E-3
Id (A/um)

M.-T. Yang, VLSI-T (2011)

The nonlinear products caused by nt" order distortion appearing
at n times the frequency of the input (base) tone.
 Related to MOSFET G,, degradation slope.
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FINFET Linearity

Planar Bulk vs. FinFET Vip;_ dependence on Fin Width
| |Plots for a 60nm device: . E_Wf,l = 30'nm I I I
—#- n-FinFET_MGHK 3l n B S S ]
10 |~ n-bulkFET_MGSION oW, =580nm| : :
- | & n-bulkFET_MGHK fin
n oW, =60nm
" i ;2 fin
> =21 —
< - o ||-v-Wg, = 80nm
Q o
= 1 — :
- > . A
B L | I S— #:*r ..........
- Y B
L o VE# 5;’ H;m
01?' Lol 1 Lol I L1 mﬁﬁ nﬂ ] I
1 10 100 8.1 0.2 0.3 04 05 06 0.7
Drain current (u&fum) GS
V. Subramanian, IEDM (2005) M. Fulde, Springer Series in Adv. Microelec. (2010)

 FinFET has comparable V,;; as planar bulk MOSFET.

« Sensitivity of V|p; to device parameter variations can be reduced by
using multiple fin widths (self-cascode) to achieve a broader
maximum.
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Low-Frequency Noise (LFN)

Physical Mechanisms

Planar LSTP Technology

1E-10
Physical N
Mechanisms: % TE-11 1 Vd=Vg=Vdd
Mobility fluctuations § 1E-12 -
Carriers (de)trapping l':' e § =
: : 1 1E-13 -
Time Domain: T B ay P +T, =1 *‘g 1E-13
Trap, Trap, Trap, g 1E-14 1
Frequency + ftlrl:"g ot — 1/f n
Domain: i —\ 1E-15 i : : ; :
f f 1 10 100 1000 10000 100000
Lorentznan shape s 1/f shape Frequency (Hz)
T. Morshed, IEDM (2009) M.-T. Yang, VLSI-T (2011)

» Origins: carrier concentration and mobility fluctuations induced by traps

 Impacts: causing instability issues in quasi-static circuits (e.g. SRAM) and
correlating to high-frequency noise.
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Thin-Body MOSFET’s LFN

UTBB FDSOI LFN vs. BB

!!Iv'
¥
bk
N
10 100 1k 10k
Frequency (Hz)

N. Xu, VLSI-T (2012)

 With FBB, the inversion layer

channel moves away from the top
high-k interface and E| is reduced,

resulting better LFN.

12/2/2013

Nuo Xu

FinFET LFN vs. W,

-09 -
10 NMoS Wwide Fin
_ g/Wg=1pm/1 pm
':1010 Fin width = 100 nm Em-
T Si
= 10-11
E > A
‘:\L 10712 Narrow Fin
210713 - cerc B
X |
1014 27nm node .
015 a) _requirement
10° 102 103 104

Frequency [HZz]
T. Ohguro, VLSI-T (2012)

* FinFET has lower LFN compared
to the planar bulk MOSFET, due to
the reduced E|
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Minimum Noise Figure (NF . )

28nm LSTP Technology FinFET
1'4 30 . 1.4- M ) M ) M ) M ) M l-
1.2 1 - 25 % 1.2'- -
] L 20 3 10k -
0.8 - O 7 |
= - 15 E S o8} -
E 06 1 28nmNMOS | & £ |
= 04 N —=—NFmin g I'Zl- 0'6.' miller N
0.2 - —- Gain EJ 04} -
0 T T T T 1 'D 0_2.. A" -
0 2 4 6 8 10 12 2 4 & 8 10
Frequency (GHz) Scaling Factor
M.-T. Yang, VLSI-T (2011) M. Badaroglu, IEDM Tutorial (2012)

A measure of the degradation of SNR, defined as: NF = log,, ( SNRy )

Minimizing the Miller capacitance is the key to achieve low NF_. in FinFETs.
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Capacitance (fF)

MOS Varactors

28nm LSTP Technoloqgy FinFET
600 1200 100 e R
500 - - 1000 f =5 GHz
400 - - 800 g §
300 - L 600 £ & —
> o Increasing Wiin

200 A - 400 x 10! 5um
100 - - 200

0 0 ‘ Q=Im(Y JRe(Y, ) 70nm

15 15 02 0 u.fw |ie?j'tias.?.«'s 08 10

Vg (V)
M.-T. Yang, VLSI-T (2011)

* Mainly for VCO,PLL applications . Large Ry, limits the quality factor (Q).

» Capacitive tuning ratio and . . .
voltage swing are two major - Use wide (quasi-planar) fins for VCO

metrics

P. Wambacq, TED (2007)
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FinFET-based LNA Example

4.5 45
Narrowband LNA chips 4 4 FinFET

= z#| Planar Bulk a5 W
=
L 3 ) 3
=

25 W 25

2

4.5 5 55 55 6 6.5
Frequency (GHz)

2.6 FinFET
2.4
2.2
2
5-L BEOL above-IC inductors
inductors 1.5 45 5 55 1.8 12 14

J. Borremans, RFIC (2008)

 FinFET-based LNA has degraded NF compared to planar bulk MOSFET
based designs, irrespective of inductor integration scheme.
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FDSOI-based LNA Example

Broadband

Narrowbad

mm !i! I Wﬁi

| | y [ e
|' il q

ﬁm :

@ V,4,=0.75V; V4 ,=1.0V

Center Band- lIP3 NF Gain (dB)
Frequency width (dBm) (dB)
Broadband 3.1 GHz 31% 15.4 2.8-3.0 7.6-4.5
Narrowband 7.5 GHz 67% 12.8 1.3-1.7 9.5-6.5
A. Mattamana, Si RF Sys. (2006)
« FD-SOI MOSFET-based LNA shows good performance.
12/2/2013 Nuo Xu EE 290D, Fall 2013

21



FinFET-based OPA Example

80
Operational Amplifier Circuit Diagram 60
o
— 40 4
—lﬁm =
| M, O
L o 20 -
<) 5
My || Vi S —=—FinFETw/3L__
4”—'7 Voul 3
Ce > ol | —®—Planar Bulk w/ 3Lmin
--&- FInFET w/ 1.5L
4' M7 min
-20
1 10 100 1k 10k 100k 1M 10M 100M

Frequency (Hz)

M. Fulde, Springer Series in Adv. Microelec. (2010)

 FIinFET has higher open-loop gain (by ~20 dB)
 However, gain is lower at higher frequencies due to large Rgp.
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