Chapter 4.5. High Frequency Passive Devices
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Types of integrated inductors (voon, RFIC-2003)

@..

Port-1

Port-2

Meander Type Solenoid Type Spiral Type Symmetric Spiral Type
In silicon ICs:
*Spiral N

M4 g

*Multi-layer shunted | =

Stacked Helical Stacked MEMS

*Symmetrical spiral
«Stacked helical




Types of inductors: by number of terminals

= 2-terminal
s 3-terminal (t-coil)
= transformers

= symmetrical transformers

= (baluns)



Inductor integration issues

= |Low quality factor (Q)
= |arge chip area (high cost)
= Limited application frequency range:

= lower bound limited by size and Q

= upper bound (SRF=Self-Resonant-Frequency)

limited by dielectric thickness

s Cross-talk through silicon substrate
GOAL is to AIM HIGH: high Q and high SRF



2-terminal inductor Iayout & cross-section

Main FOMs
*Inductance L
*Quality factor Q
*SRF

PQF




Inductance L

» |nductance: induces and stores magnetic field

= Greenhouse Equation | =total flux
current
L=Self Inductance (D L;) + Mutual Inductance (>, >, M)
i=1 i=1 j=2(j=#i)

Lj3

Mij
Lj2 L3 Lj4
Lil
Lj1
M>0 M<O M=0



Inductor Q

= Q describes energy R /recommended range

efficiency:
_ Stored energy
" dissipated energy

substrate loss

Q

= Conventional definition:

_S<_Y11)
R(Yy)
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Loss mechanisms in inductors (bubuc et al, IMS2002)

» |oss in
metal
Conductive current Inductor Oxide s loss in
substrate
Optimal conductive | !
Epi laver (t<1um) T TR
o‘/:/‘. o'/o“’/.'
2
“‘"’”“‘t Eddy current : induced
s : by magnetic field

X ‘A /

vy v v\ substrate current : induced
Silicon substrate by electric field
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Metal loss: series resistance Rs

( )
low high

W Current Density

Skin Effect

= DC-loss due to thin metal
and planar geometry .

* Frequency-dependent

Proximity Effect

cross-section due to skin
effect (B induced by
conductor itself) J=J4+J, where

> [Yu Cao, CICC 2002)

% Number of parallel lines

J

s Non-uniform current density V X4,=0; VXJ=jwoB; V J.=0

due to proximity effect (B J = potential current
P

iInduced by neighbours) J_=eddy current
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Metal loss: techniques to reduce it

Multiple metal layers shunted (reduces PQF and SRF)
Thicker metal (needs process change)

More conductive metal i.e. Cu instead of AICu (needs

process change)

Use narrower inner turns to reduce eddy current loss and
wider outer turns to reduce DC resistance (increases PQF
and SRF)
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Substrate loss

a Ip = potential current in

substrate, induced by
electric field

J*=0  E=—0.,V¢

P sub
where V?¢=0

Ieddy= eddy current in

substrate, induced by
magnetic field causes
iInductance and resistance
loss

11

sub

Insulating l
layer | | |
® @ @I,e
~ eddy &
Substrate
VXJeddySUb:ij B
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Propagation modes (Dubuc et al, IMS2002)

> f

4-5 GHz 8-9 GHz 300 GHz
Transition Skin effect mode
Slow wave mode | p  Quasi-TEM mode (in substrate)
H H H
P-Substrate -

* E doesn’t penetrate
the substrate

* H penetrates into
the substrate

* E is limited in the
substrate

* H penetrates into
the substrate

* E penetrates into
the substrate
* H penetrates into
the substrate

* E penetrates into
the substrate

* H is limited in the
substrate

Dielectric losses=(0

Eddy losses /

Dielectric losses /
Eddy losses /'

Dielectric losses /

Eddy losses /

Dielectric losses/'
Eddy losses
- \ 0
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Substrate loss: techniques to reduce it

= Minimize electric coupling to substrate (/) (also increases
SRF and PQF):

= small inductor area
= |ncrease dielectric thickness (process change ?)
= |ow-k dielectric (process change)
= Reduce eddy currents In substrate
= pattern shield (reduces PQF, SRF)
= Reduce both eddy and potential currents in sub.

® |increase substrate p (¢ =>0) (process change)

» Place sub contacts 30 um .. 50 um from inductor
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HF inductor equivalent circuits: simple &

low high

s Current Density

> il

DC Condition

LA —T T —

Skin Effect

—

Proximity Effect

—— —
Number of parallel lines Ladder Circuit

Fig. 3. Frequency-independent ladder circuit representation to capture R({ f)
and Lo f).
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Equivalent circuit model equations: simple 7
= CaoY.etal, JSSC March 2003

. . 6 n°d?
= | (see t-line-over-substrate equations) L Ho

avg

“11d-7d,,,

= n = number of turns
= d = outer diameter of inductor

. davg = arithmetic mean of inner and outer diameter

= U, =4n 10" H/um is the permeability of vacuum

= R_has DC and AC (frequency dependent) terms RDC:V‘fl—lt
» s |s the conductivity of the metal ol
Rac=
5:\/ 1 W[ 1—exp —))
fuo
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Equivalent circuit model equations (ii): simple Tt

. Coxi (OXide CapaCitance) C —1|W&

oX p, h

EOX

. C.=nW’
» C (overlap capacitance) ~p o s

s« C R :substrate network, describe losses in the

si, subi

silicon substrate, similar to the C__-R__ network of the
MOSFET and SiGe HBT.

Rsubi Csi: Er E0 X Rsu

where R, inQis the substrate resistivity, i=1..2
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HE inductor equivalent circuit: 2-1t

Cp
]_..l".z- .__F__'H._H_ ——— Uz'
JRiZ CR2
O SARRR= .' ST AR R 0
Port 1 S Port 2
Cox1/2+ Cox2/2f
| coxz I L
AT /I\ Cox2/2 -
1 L L
2Rsub T o T Ce Rsub Csi2 T 2xRsub
SUB J
Em
v
L ©
Rf Lf
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Parameter extraction (2-terminal & circuit)

*At low frequency (0.5 GHz to 1 GHz) extract directly:

3=V, | R=R[-Y,, ]
(V)
Rsub1:m[(Y11+Y12)_1] Rsubzzm[<Yzz+Y12)_1]

| =

(LA 2 S e (LA AN
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Parameter extraction (2-terminal & circuit)

*At high frequency (5 GHz to beyond SRF) :
= calculate (and/or optimize):

« C, fromimag(Y ),
= skin effect parameters L, R from real(Y_),

« C__fromimag (Y +Y_)
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Scaling of inductors to mm-wave frequencies
sScale size and frequency: f->fxS, W->W/S, |->I/S, d->d/S, h-

>h/S, t=ct. | A 2
6u,n°d’ Ou N’ —=
~ avg - L S
11d-7d,, gN d
’ 119_5%0
*Small footprint to minimize loss in silicon S S
T n Eax Co 11 WEe,
C, ==IW— m—- — =
* 2 h S 25Sh
S
C _nWZ € ox | &_n W ’ on
i hM9—M8 S S hM9—M8
: S
SRF~ — _ 1
2mL(Cox+C, ) PORF=TT———C
21 = (=2 +-=2)




Scaling of inductors to mm-wave frequencies

sVertical stacking and magnetic coupling to

*Increase inductance/area

*reduce loss in substrate

Outcome

transistors

*As in MOSFETSs, series resistance does not scale

*Q remains the same, but at xS |
p_
I

R _pl pg RAC:W
Swrp T Rty =

S




140 pH Planar Spiral Inductor in 90-nmm CMOS
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3-terminal inductor layout
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3-terminal inductor equivalent circuit

P3
Rt
CPp y Lt
— 1
/—\\
e L11 RI11 o L22 R22
O O
P1 l P2
Coxi 1 CoxitCox Coxz

I 2 I 2 | 2
CSl/2 2xRs?2 Cs2/2

2xRs1 % % %
| 2R XR,, C31+C |

R,+R,




Model parameter extraction

~ 3(Z
Ln:\s[Zn] L22:~5[ » | R.=R|[Z,] R,=R[Z,]
00 (69,
32 32
NV J[ 12]: J[ 21] Rt:m[ZQ]:S%[ZZ]
40 40
L _3[211+222—Z12—Zz1] Q _3[211+222—Z12—Zz1]
iff — diff —
at 0 SR[211‘|'222_Z12_Zz1]
k=M
VL Ly

C . R_, . C_areextracted from the 2-terminal equivalent.

OXI Su
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Single-ended vs. diff.-mode inductance

Ly =L, +L,+2M=2.2nH

L. ..=L,.=L,,=0.67nH

single ™

«Strong mismatch can occur in either differential mode
or single-ended/common-mode if tight coupling in 3-term
iInductors exists.

*Use 3-terminal inductors only inside the chip, not in

output buffer.
-Watch out for sign of M! L . should be larger than 2L _.
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HF inductor layout design

High SRF: narrow metal, wide spacing, minimum diameter
High Q : wide, thick metal, shunted metal layers

Large L/ area and SRF: large diameter, narrow metal,

stacked, series-connected metal layers
Substrate p-taps in 25-50 pum proximity

Minimize size in differential ckts.: use one center-tapped
differential inductor, rather than two inductors (but lower
overall SRF)
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High Q & high SRF inductor design tips

Small diameter

Narrow (narrower in inner turns), (W)

thick, (T)

widely spaced (S)

top metal -only (stacked structure for peaking inductors)
windings on

thick dielectric (h)

with low permittivity (g_,)
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1;ransformers
2
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3-D stacked transformer modelling

= ASITIC modeling P1 P1-

procedure
1.

. Calculate C
. Use “pix” on top coll

. Use “pix” on top coll

= Cox12 == Cox22
grounded to get C.,
Rsus11 — Rsus12 —— Rsug22 L
. Use “k” command on Cauert Csus1z Csusz2

Use “pix” on bottom coll
alone to find C,, C. 3,

I:{SUB’ RZ’ L2

alone to find R, and L,

W|th bOttom COiI = Coxi1

both colls together to = = =
find coupling.
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Transformers in SiGe BICMOS and 90nm CMOS

1:1
vertically 1:1 vertically
stacked stacked
SiGe transformer in
BiCMOS ; 90-nm CMOS
transformer ! n=2, W= 2um,
n=2, t=3|_1m S=2|.,lm, t=3|Jm
s m T/
o Lines -->to 65 GHz Sk _
_1__\\ Symbols --> to 94 GHz 5-2_ |
) C ]
| 4L -
}14_ - 5

8 0—0 Measured to 65 GHz
- -0 Measured to 94 GHz

Power Transmission S
=N

_5_ — ~ i _
-6 1 ya qmiq%h
| |2 821 A |
-7
-8 _10IIIIIIIII L1 111

10 20 30 40 50 60 70 &80 90 100 0 20 40 60 80 100
Frequency (GHz) Frequency (GHz)




Baluns (symmetrical transformers)

A \’S(\

_T_

RS11

L CS11 RS12

T COXl11 COX12 T COX13
P1+ LP/2 RP2 LP/2 RP/2 Pl-
O— —O
[ ] [ ]
Cll = <k Cc22 < Kk = C33
( e LS/2 RS2 e LS/2 RS/2
O— —O
P2+ P2-
= COX21 .

COX22 - COX23

-CS12 RS13 -CS13

L CS21 R

RS21

-CS22  RS23

-(CS23




Inductors
Transmission lines
Varactors

MIM Capacitors

Resistors

Outline
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Transmission lines

M8
]

Oxide
I M1

Si substrate

U-strip
M8
m B ==
Oxide

Si substrate

CPW
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Interconnect as Transmission Lines

LI3: 107 o3 LAF Lk b Lek L
PO 9 o0 98 109 o8 |9 | o

(S g g P g 5 g g g e R g g g o g g G

B B W B

Layout-view of T-line test structures

Passivation |
M8 Signal

WAlum

hID

M8 S'gnal M8

COY

X-section of T-line w/i and w/o gnd metal

L

s

+L,=I

Ho | 8h_|_W

21T

W  4h



Transmission lines

Show up In ICs:

= by design: as circuit matching elements (preferably as
Metal-Oxide-Metal — MOM lines), or

= |nevitably, as interconnect (as Metal-Oxide-Silicon lines)
In Si ICs, u-strip or GCPW have lower loss than CPW

Use M1, M2 or M1+M2, M1+M2+M3 ground planes

Loss mechanisms similar to inductors (no proximity effect)
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Transmission line params and models

Most important HF performance parameters:

» Characteristic impedance: Z

s Attenuation (/mm): o
= Group delay (/mm): t

Use simulator built-in models for GaAs, InP, Si M-O-M ustrip
lines (ADS > Hspice > Spectre)

Use lumped scalable RLC model for Metal-Over-Silicon lines

Can be extracted from measurements or EM simulations
39



T-line de-embedding technique

Goal: Remove impact of pad parasitics

Test structures: long (1.2/0.6 mm) and short (200/100

um) lines

How? 1-step de-embedding based on ABCD and Y

matrices

Outcome: Determine Z_, vy, a, T, € of intrinsic line

from ABCD matrix.
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T-line param. extraction from ABCD matrix

Impedance of line of

characteristic S —y Z, +jZstan(yd) ere g
I .= W =X
Impedance Z, in— 40 Z +jZ tan(yd) )% J
terminated on Z,
h(yd) Z,sh(yd
|A B|:cssh((yd)) oSh(yd) v :cshh<(ydd)) Zosh()/d)>< v,
C D Y csh(yd) I Ny csh(yd) | |—i,
O 0
o= 8 y:acsh(A) or :ash( BC) where d =1 mm
C d d
2
63 T g M
(X(ln dB )—86889%()/) T and € reff d where c¢=3X%X10 S
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Simple lumped ckt. model without skin effect

- : L_B —1[osh™(A)
Signal line L_b IC =
9 cc P
GND
Passivation L2 RR2 L/2 R/2
O——— T —W AT
P1 ‘[COX
C I —— O Rs = Cs
P1 7 Z, P2
V4
2 L/2 R/2 L/2 R/2
O—— T —WWA R ——IW———O
T P1

Gd - Cd




Extracting the lumped circuit parameters

*Simulate (in HFSS) a line with />=10um to find ABCD params.
sFind L/C and LC (high freq.)

G may be considered negligible

«Optimize Lf,Rf, & Rm (skin) to fit o & vy of model to HFSS simulation

or measurements

*Compare simulations of 100um or longer lines to verify scalability



Example: Modelled vs. mea. 3.6-mm ustrip line

|S21]| (dB)

: : -~ Measured
05 : : —. = Modelled

....................... PR R R e A e

0 20 40 60 80
Frequency (GHz)

sFitted RLGC model

65

-A- Meaéured
= = Modelled

20

40 60 80
Frequency (GHz)

100



Comparable SiGe vs. CMOS ustrip lines

-A— Measured 0> Q 500 Metal § Over 2w um (130-0m) | T+ 4
: . —_—— Mode”ed O Metal Qegver ﬁv\ir 1’;N o],fm‘fé]&(nm) e Eq.ﬂﬂa_ o
—05 """" WP ORI R AR R AR ammm—m—m——————— + MetalQOver"w 5.4um (90-nm) : ; q_A 0 o
,_E\. ................ ................. E: ............. AA-I_A;Q-%DE ......... i ....... ooon .
= 36mm|0n9 sl a400" 50007
2 S TN e S g ; Eq_ n&oo0 :O O i :
= 2 Y- L
by 8 N TP |
B —15F e G = g¥o0®
— % .............. E ooi ....................................................................................................................................
B
O IR A o
R - PRURNE RO RO SO SRR SRR SRIOS SRR S SO
o]
0O 20 40 60 80  10C 0o . & & 5 %

Frequency (GHz) FREQUENCY (GHz)

*CMOS-line attenuation getting slightly worse in new nodes
°0.4 dB/mm @50GHz, 0.5 dB/mm@ 65GHz, 0.66 dB/mm@ 94GHz,



T-line loss in thin and thick metal BEOLSs

[ —#— Multiline TRL

- — EM Simulation

CM
Backend
-

CS15 CPW.

30

> 5 . —O— Split-thru

i
=

(ww/gp) NOILYNN3ILLY

0
15F-

05}

40 60 80 100 120 140 160 180

20
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Inductors
Transmission lines
Varactors

MIM Capacitors
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Outline
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Variable capacitance devices: Varactors

Figures of merit

. . P+ Polysilicon
*Capacitance ratio: ﬁ

C IC N "
MAX MIN / - N+ Subcollector I
*quality factor Q C-B junction varactor
’linearky N—m
Applications Y NAWELL
*VCO

Accumulation Varactor

I m plem entation # P+ Polysilicon
. . N+
*p-n JLInCtIOn N+ Subcollecto:\

. Custom Implant
*accumulation-mode MOS ~Custom Implant Varactor (1 mask adder)

capacitor



Common-sense rules

sAccumulation-mode MOS (AMOS) varactors have higher Q
and larger tuning range than pn junction varactors

o|f varactor model is not available, build a rudimentary model:
*use MOSFET with S/D tied together
*Add gate resistance externally, as for MOSFET

+Calculate Ca= Co, XWxL + 2C_
*CMIN = (:MAX/2

«Smaller varactors (W and W,) have higher Q's at a given
frequency



Extraction of simplified equivalent circuit

Cyar
I - I I Port 1 “J—.A ""H\\i {)  Port2
k.
EI'IH':?’"“&

»
\ n-well /\ﬁ/ Cs % Rsub
»

iy

p- substrate ) SUB
3=, 32,
Cvar: an
63 0
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Meas. vs. sim. C

CacVac.s [E-159]

CacVac.m

var

Thu Jan 38 18:38:802 EST 28083

HFlot ~ar lpZ@-HF CaoB- HFE Coc=s-"Cac VYVac CCar 2
== R AV N
geE. Dates i
Techhnology: B.13um_ CMOS
Batch Id r ATEIC
7600 . Wafter Id 1
Dewvice Id war lp2yw
Site p cell
cEa. Measzsured Solid Tine
Mode 1 Dazhed 1ine
SEEA.
461,
3608,
236,
Rza]=n
CE+027

(V) for 1.2V, 130nm device
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T T T

- &-A [=65nm -
A-A [ -95nm -

60 o_oL:145nm , ............................... ............................... ..... . .............. .............................

| @@ =215nm 5 . :

+ = Simulated

-

«Scales well with W, and L.

90nm AMOS va

150

ractors: C__

100

Ceff (fF)

| =

T T
— A-A W=1pum : : -
L A-A W=2um : _|
| 0-0 W=4um 5 :
- = Simulated

____

T 1 - T T T - T T T - 1 T T T T

0.250m

Lo

sPhysical model matches measurements of C__well:

+Captures dependence on W_and L.

*Captures bias dependence.



90-nm AMOS varactors: Q@ O1/(C R )

- T T 1 40—
AAT=65nm |

30—

AAW=1pm

A-A [ -95nm [~ . _ n
00 [=145nm .. A-A W=24m

,-—_' élzrrzlilsalgcli | 30 '~ L=. 25l'lm OO W=4um ]

SR SRS SR Sl A S - — Simulated _|

sDecreases with W.

sDecreases with L (due to L-indep. R term).

sExtracted model limited by measurement accuracy (R_).



Meas. 65-nm GP AMOS varactor at 94 GHz
Double-sided gate

- L, =60nm, W=0.55um, W,,=27.5um, C, ,,=1.53fF/um
« Cvarnation: 25fF —42fF, Q: 6 -8 at 94 GHz



A5-nm LP CMOS AMOS n-well varactor

18 90
16 /D/ )/p—"" 80
14 ._/*‘*’F“\} (/ """ 70
12 60

. \\ 50

Effective Capacitance (fF)

6 || Q@ 60GHz -o=—o-—o-=.=oc, 30
Q@ 77GHz O

4 |'|-+q@ 90GHz < - 20

5 | | -+-Q @ 94GHz 112%x700nmx45nm 10
-o-Effective Capacitance

0 ' ' 0

-0.6 -0.3 0.0 0.3 0.6 0.9 1.2
Voltage (V)

e L, =45nm, W=0.7um, W, =78.4um, C,,,=1.07fF/um

« C variation: 58fF — 84fF, Q= 6-8.5 at 94 GHz

total



MIM Capacitor

sFigures of merit
*Capacitance per area
*Quality factor Q

*Capacitance to
substrate

°|ssues with reliability
*\Very good linearity
sApplications

*VCOs

*Low-noise amplifiers

*mixers

current (A)

10

Area =47 x 400 ym
Capacitance = 13.16 pF

w ;::Llug

“?\\\N 1st metal N

IR

AMRINMTIRTNRSSS.-.

2nd metal \%

iy

voltage (V)



Capacitance(pP

Measured vs. Modelled Characteristics

2.5 1000
2.0 T 100
1.5 T 10
Metal 6
1.0 - . 1 Cross-sectional view of DA
0 10 20 30 40 50 MiM_Cap
Frequency (GHz) Lorw Rerm Cuim Reaw Log
oy W Wy
CTM o CBM
T (@]
/\ D,
W
Csub=— Rsub
T
° SUB

Equivalent circuit used for MiM_Cap
model



HE MIM capacitor equiv. ckt.

top C mim R bp bottom
o—F—a—n » 3)
® use reversed a
biased n-well c L Le p
ox' ¢ | - ©Ox%
for good
substrate .
|SO|at|0n R pu N-well R bp - bottom plate resistance
T e © C mim - MIM capacitance
i
D_ow/2 D_nw/2 - oxide capacitance
R pw - N-well resistance
R cub = C snb D_nw - N-well/P-sub junction
R sub” substrate resistance
SUB C b - substrate capacitance
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MOM capacitor

sUses the fringing capacitance between dense metals
*Requires no additional process option (comes for “free”)

°l_ower Q than a MIM capacitor




Extraction of simplified ckt. for MIM/MOM cap

R
O——’UUUU‘ VWA T_O
CT

o— } o __l_
CT Z CB
22 L R
O—— T — M
- CT I
_1 )
3[-Y,, " i
Cmim:[ | 12 ” R=RqoptReo=R(Zy1 +Zp~Z,—Z,,) |
0}

COX:[S<ZZ1)]_1 Rsub:m(zm)
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HF resistor equivalent circuit

L/2 RS2 RS2 L2
Ve xa aNIVY ATV
Port 1 Port 2

W-plug % R R

= T-circuit imposes use of Z parameters.

s 2n-circuit is more accurate for long resistors but is in

mMost cases not necessary.
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HF resistor equivalent circuit extraction

Lf2

R/2 RS2 Li2
O 00— » Ao— T O
Port 1 Port 2
Cox e
L
- — Rsub %
SUB

L_S<Z11‘|‘Zzz_z12_zz1>

R=R(Z+Z,—Z,—Z,)

Rsub:SR (221)
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IHIHIHIHIHIHIII
SO

= Top metal only

= Reversed-biased salicided n-well or metal-1 grounded
n-well
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Using ASITIC to calculate HF equiv. ckt.
parasitic elements of passive components

= MIM caps, poly resistors, varactors have identical substrate

network (R_,, C_)

s Use ASITIC to t—model the substrate network for a metal
line of similar width and length,

= MIM caps and poly resistors are realized in the oxide, above the

silicon substrate

s Use ASITIC to t—model COX, L, R for a metal line of similar

width and length and located at the same distance from the

substrate as the MIM cap or poly resistor



Summary

°Inductors and transformers: main design components available to

HF circuit designers

sUnlike transistors, they are almost insensitive to process variation
sInductors and transformers are scalable to at least 200 GHz
sModelling of passives as critical as the transistor model

°In SI HF ICs t-line matching should be avoided < 100 GHz
because of large area

sVVaractors, capacitors and resistors have RLC parasitics which

must be accurately modelled at HF
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