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Outline

= Comparison of technology choices for
communication circuits

= S1npn, S1 NMOS, SiGe HBT, CMOS, JFETsS,
MESFETs...

= Key metrics
= Large signal relations

= Small signal models
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Generic Three Terminal Device

Output current is dependent
on input voltage:

L=fV.,V,)=f(V)

I < +
|

Examples:

< 4o g

npn BJT n-ch JFET NMOS GaAs MESFET vacuum tube

Emerging Technologies: ~SOI, Multi-Gate, FETs (FInFETS)
CNT, Nanowire

UC Berkeley EECS 242 3 Copyright © Prof. Ali M Niknejad



Large Signal Equations

. 4V e
Bipolar: 7 7o

(“forward active”)

2
v
JFET/MESFET. 1, :]DSG[ —VGS]

(“pinch-off” regime) p
C W
MOSFET: ]D — oo [ ](VGS _VT)2
(“saturation”) 2 L
V 3/2
Vacuum Tube: 1, = G[Vi +;]

UC Berkeley EECS 242 4 Copyright © Prof. Ali M Niknejad



Generic Device Behavior

[0
Vis
non-linear resistor regio “constant” current
/
resistor regi
Vis
Via
Via
Ve

slope is output resistance of device
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Large Signal Models

o s :
EFxv  &» EF F

I = f(V;)

+

-

= Resistors and capacitors are non-linear
= R_and R, depend on bias point
= R, (intrinsic) depends on channel inversion level
= R, can change due to current spreading effects
= C, varies from accumulation to depletion to inversion

= Junction capacitors vary with bias
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Small Signal Models

Cu

Ty

Iy
| [
I\

W—o

= In small signal regime, R & C linear about a bias

point:

For BJT:
r,=rn,
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ForaFET —

input:

CgS :
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1
2 Ry = Rugs + By

{
d=3 12
1

-
dGm

R, gs ™
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Various Figures of Merit

= Intrinsic Voltage Gain (a,)
= Power Gain
= Unilateral Gain
= Noise
= Noise figure (NVF) and M (Noise Measure)
= Flicker noise corner frequency
s Unity Gain Frequency fr. Maximum Osc. Freq .,
= Gain (normalized to current): g /I
= Gain Bandwidth: f xg /I
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Other Important Metrics

Complementary devices

= Device with same order of magnitude of f/f. ..

= Lateral pnp a “dog” compared to vertical npn
Availability of Logic

= Low power/high density

= Useful with S/H (sample hold) and SC (switch capacitor)
circuits

= Important for calibration
Breakdown voltage

= Power amplifiers, dynamic range of analog circuitry
Thermal conductivity

= Power amplifiers
Quality and precision of passives

= Inductors, capacitors, resistors, and transmission lines
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Device Current Gain

H-parameters:

I Vi=Hi111 + H12V>
—
I> = Ho11 Ho>5V-
I H. H., - 2 2111 + H2o V>
Hyy Hjo N _
Current gain:
I
Gi = Hz1 = —=
1 V2=O
1 wC;;
Gi = gmx——x—att _=__Im __ o Im
jwC; JwC; + G JwC; + G JwCj
wr
dm _gm G ~ L
Gl =1 = wp =>"— | — YUy .
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BJT Cross Section

n+ poly contact
base n+ emitter collector

P! a [N

e tote%es
p+ [
/—/ n field oxide

n+ buried layer

p-type substrate

= Most transistor “action” occurs in the small npn sandwich under
the emitter. The base width should be made as small as possible
in order to minimize recombination. The emitter doping should
be much larger than the base doping to maximize electron
injection into the base.

= A SiGe HBT transistor behaves very similarly to a normal BJT,
but has lower base resistance rb since the doping in the base can

be increased without compromising performance of the structure.
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Bipolar Small-Signal Model

(- M (-

.
B o—W I W—o C

R 2 Cr ==u <¢> gmvin Z 1o == C
»

E o—M L

= The resistor R , dominates the input impedance at low
frequency. At high frequency, though, C_ dominates.

= C_1s due to the collector-base reverse biased diode capacitance.
C., 1s the collector to substrate parasitic capacitance. In some
processes, this 1s reduced with an oxide layer.

= C_has two components, due to the junction capacitance
(forward-biased) and a diffusion capacitance

Cr = Cpje T Cuaify
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Bipolar Exponential

= Due to Boltzmann statistics, the collector current 1s described
very accurately with an exponential relationship

I ~ Ige?VBEET

= The device transconductance is therefore proportional to

current
0l 4VBE I
gm = ¢ p— Isie kKT — q—C
OVBE kT kT

= where kT/q=26mV at room temperature. Compare this to the
equation for the FET. Since we usually have kT/q <(V -Vy),
the bipolar has a much larger transconductance for the same
current. This 1s the biggest advantage of a bipolar over a FET.
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Control Terminal Sensitivity

BJT:
10= exp( 9AV gy )
kT
T
AV, = k—xlnlO ~60mV
q

AV, =60mV

1—+/10
MOSFET: AV = (VGS,I +V; )N 1V
) 710

10 = Vosi = V7 J10 = Vs —Vr
VGS,Z — VT VGS,I +AVGS o VT
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Bipolar Unity Gain Frequency

= The unity gain frequency of the BJT device 1s given by

b dm _ dm
Cr+Cu  Cgiff+ 2Cpejo + Cu

= where we assumed the forward bias junction has C,, ~2 C,

wT

= Since the base-collector junction capacitance C_ 1s a
function of reverse bias, we should bias the collector voltage
as high as possible for best performance.

= The diffusion capacitance is a function of collector current

wp = dm _ dm
Cr+Cu  gmTp + 2Chejo + Cu
wp = Jm = !
'™ Crt Gy 4 2Cbeio T

am
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Bipolar Optimum Bias Point

220

No Kirk Effect

160

fr (GHz)

80

40 +

0 1 1 | 1 L1111 1 1 1 1 L1 11
1071 1073 102

I

= We can clearly see that if we continue to increase I, then g / I~ increases and
the limiting value of f; 1s given by the forward transit time
1
wp — —
TF
= In practice, though, we find that there is an optimum collector current. Beyond
this current the transittime increases. This optimum point occurs due to the Kirk
Effect. It’s related to the “base widening” due to high level injection. (Not Star

Trek!)
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BJT Base Transit Time

oty
5 E

Rg

n+ buried layer

p- substrate
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C, =

Cy+Cayr=Cayr =Ty &

Base transit time

Current gain unity freq.

_ 8w |
/ 2nC, 27T,
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CMOS Cross Section

PMOS NMOS
Vbp
S G D _,__ S G D
T g T Gy LT |TJ
n+ P+ P+ p+ n+ | n+
k T b F
n-well

&
* T p-type substrate
= Modern CMOS process has very short channel lengths (L <
100 nm). To ensure gate control of channel, as opposed to
drain control (DIBL), we employ thin junctions and thin
oxide (tox < 5 nm).
= Due to lithographic limitations, there 1s an overlap between
the gate and the source/drain junctions. This leads to overlap
capacitance. In a modern FET this 1s a substantial fraction of

the gate capacitance (up to half).
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FET Small Signal Model

R, ~
Go—W! I oD
_I_
pfi\ :: Vgs <l> GmUgs <¢>gmh‘”bs§ o :: (-"(UJ
S o—\
Rb I C’gb p— (-Vvsl
o B

= The junctions of a FET form reverse-biased pn junctions with the substrate
(well), or the body node. This is another form of parasitic capacitance in the
structure, Cy, and Cg,.

= At DC, input is an open circuit. The input impedance has a small real part
glue to the gate resistancg: R, (polysilicon gate and NQS) and R, 4 account for
junction and contact resistance.

= In the forward active (saturation) region, the input capacitance is given by C,

2
093:§W'L'Cox

= R, is due to channel length modulation and other short channel effects (such
as DIBL).
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FET Simplified Models

= For low frequencies, the Co
resistors are ignored. But ~ ©° I oD
these resistors play an e & s minsZ o == Can
important role at high ‘o
frequencies. L ¢,

— C.s b

)|
]

= [f the source 1s tied to the °B
bulk, then the model
simplifies a lot more.

= Don’t forget that layout
o« . . <¢> ImUgs 3 o —” Cap
parasitics increase the
capacitance in the model, °° il
sometimes substantially (esp
in deep submicron
technologies).
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FET Unity Gain Frequency

= Long channel FET: £ - I Em
. T
= Note that there 1s a 2r Cgs T Cgb + ng
peak f; since C >>C +C
eventually the mobility gs gh ~ Ted
of the transistor drops | 37U
due to high Verticalp Jr= En - o Er ) Vos =V7)
2w C 227
fields 8
u ShOI’t Channel llmlt Bias dependent

]DS ~ vsatQian — WCox (VGS o VT )Vsat _>gm — WC %

ox sat

g, 3WC, v 1

ox ~ sat oc

C. 2 WLC, L

g8

Jr=

UC Berkeley EECS 242 21 Copyright © Prof. Ali M Niknejad



Scaling Speed Improvements
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= CMOS transistors have steadily improved in performance
just as predicted by theory. In the short channel regime the
improvements are linear with scaling.

= At the same time, the decreasing supply voltage has led to

a reduced dynamic range. Also the maximum gain has not
improved as much...
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Intrinsic Voltage Gain

= Important metric for analog circuits
2Ips V4o 5 Vi

Av,mos — gmTo — —
Vdsat I DS Vdsat
—/ _qleVa _ Vg
Avbjt = 9mTo =T = 5T

q
= Communication circuits often work with low 1impedances in

order to achieve high bandwidth, linearity, and matching.

= Inductive loads are also common to tune out the load
capacitance and form a resonant circuit. The gain 1s thus
given by
Ay = gmBp = gmwoQL
= To achieve high f, the V,, 1s relatively large so the current 1s
increased to obtain sufficient gain.
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Normalized Gain

= For a bipolar device, the exponential current relationship
results in a high constant normalized gain

g, 4 1

~

I kT 26mV

0

= For a square law MOSFET, 1n saturation we have

gy __ 2
! D VGS o VT
= In weak inversion, the MOSFET 1s also exponential
8w _ 4 1

I, nkT 26mVn
= The factor n 1s set by the ratio of oxide to depletion
capacitance
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MOSFET in subthreshold

= In sub-threshold, the surface potential varies linearity
with V5

= The surface charge, and hence current, is thus
exponentially related to V4

Vs
Cox
VG <—— (Channel
‘ Cdep
+++++++++++
Bulk
\ s |~/ \ D ] g
m ynkT
D
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MOS Transconductor Efficiency

30

gm _ 1
14 nk% 20 | 2
Vdsat

19 L

0.9

vgs

= Since the power dissipation 1s determined by and large by the
DC current, we’d like to get the most “bang” for the “buck”.

= From this perspective, the weak and moderate inversion region
1s the optimal place to operate.

= The price we pay is the speed of the device which decreases
with decreasing V¢ Current drive 1s also very small.
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I-V Curves of Interest

= Typical I-V curves used to evaluate a technology/model:

Drain Current v.s Vgs Drain Current v.s. Vds Transconductance
(Lg = 90nm) (Lg =90 nm) (Lg = 90nm)
1.6 ———————— 0.6
Lg =90nm Lg =90nm
1.2mr -9 Vgs=1.0 ~
: £
< ~04
5 i S
c 502
© i 3
A 300.0u 2
©
; =
05 00 05 10 00 02 04 06 08 10 070202 06 08 10"
Gate Voltage (V) Drain Voltage (V) Gate Voltage (V)
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I-V Derivatives of Interest

= Most analog/RF circuits depend on the derivatives of the I-
V relations (gm and ro)

Output Conductance

(Lg =90 nm)
Lg=90nm
0 [eag Vgs = 1.0V —-> 0.0V}
1m (in steps of 0.2V
: E
-
©
C
S1
5
o2
2
@)

1

D0 02 04 06 08 10
Drain Voltage (V)

UC Berkeley EECS 242

g, Efficiency, g /I, (V")

02" 04 05 08 10
Gate Voltage (V)

28

Output Conductance

(Lg =1 um)
N1m Vgs=1.0V --> ozv]
@ (in steps of 0.2V)}
8
=
8
S1
-O e
3 |
-.g_ 1n 1
S :
” |
1p | " 1 " [l N 1 R -_-:
00 02 04 06 08 10
Drain Voltage (V)
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High BJT Transconductance

g %e_a 4 5 _dle
"o adVi kT kT

j> for fixed current, BJT gives more gain

= Precision
= Important in multiplication, log, and exponential functions
= More difficult in FETs due to process/temp. dependence
= |5 process dependent in BJT ... use circuit tricks
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Advantages of BJT

8w _ 9 _ 1
I. kT 25mV

For high-speed applications,
g, 2 |

Ie Ve—V, 250mV

_ V
En o o Tt o o "
]C

= For a BJT, this relationship 1s fundamental and related to the
Boltzman statistics (approximation of Fermi-Dirac statistics)

Need to bias in strong inversion...

Results in ~10x lower efficiency

= For a MOSFET, this relationship 1s actually only valid for a
square-law device and varies with V7, (body bias) and
temperature
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Maximum Two-Port Power Gain

Yin Yout
—> <—
Amp
YS Y-Port YL
_> 4—

Condition: measure at maximum gain G

max
%
YS :Ym
Y, =Y
L~ Tout
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Maximum Power Gain Fmax

f

m

. = max. freq. of activity =

freq. when {power gain = 1}

()’
4ry (go + gmgﬁ> + 4rzgo

Gp%

JT

87Ty C,uf TQnax

_ I
maw 87'('7"%'0'[1,
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FET Fmax

AAA

od

vy

Source Gate Drain
Rg ng
g—Wv——; I
Vi Cgs
/ CD (D 9ds T Cds
fch, T9mVi [9mbVbs'
We R S ‘
g
/ Rq _
6 Vbs' T Csb
CgsoX % Cgdo > * )
Rs)“( Rd Cgb b Cab
/\Ids
J N
CsT IWWELS TCab
AAA- AA — gm
\A4 BRAAL ft ~
p-sub Rsb Rbb:E Rap 21 C,,
fy
Bulk max

Minimize all resistances

= R,—use many small parallel gate fingers, <I um each

= Ry, Ry, Ry, — substrate contacts <1-2 pm from device
= R, R;—don’t use source/drain extensions to reduce L
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) 2\/ Rg(gmcgd/cgg) +(R, +ry +R,) gy
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Advantage of BJT over FET (2)

log(I¢)1

>

= Better precision
= About 4 decades (420mV) of linearity

= Example:

VBE] + VBE2 = VBE3

1
Ve =V, lnI—C

S V4 :
_/

Y

]C1]C2 — [cs ‘420 m\!/ VBE(V)

1S1]S2 1S3

= Can build exp, log, roots, vector mag ...
s Lower 1/f noise corner

= Lower offset voltage V.. ~1mV
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Disadvantage of BJT

= r, = hurts gain (power), NF

= SiGe allows fast transistors with low r,

= Exponential transfer function (advantage and
disadvantage)
= Exponential 2 non-linear - restoration

= EXxpensive
= Lower volume than CMOS

= Absence of a switch

Old CMOS gets cheaper!
g 0.065um ~ $1M (mask)
0.13um ~ $40k

UC Berkeley EECS 242 35 Copyright © Prof. Ali M Niknejad



Advantage of FET over BJT

= Cheaper and more widely available (many fabs in US,
Asia, and Europe)

= Square law =2 less distortion

= P-FET widely available

= Triode region - variable resistor
= Widely available digital logic

= Low leakage 1n gates
= Sample and hold (S/H) and switch cap filters (SCF)

= Dense digital circuitry / DSP for calibration
= Offset voltages and mismatches can be compensated digitally

= Dense metal layers allows MIM (“MOM?”) capacitors for
free
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SiGe Technology

Higher Performance: £ >350GHz

— . Problem:
epletion region .

due to reverse bias As W decreases - r, increases
+ / Solution:

SiGe base allows for higher f;
without reducing Wy

- LI . H %

Ic "

ﬁ T n+ buried layer

p- substrate
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SiGe HBT Action

= A SiGe BJT is often called a HBT (heterojunction
bipolar transistor)

= Ge epitaxially grown in base
= Causes strain in crystal

= Causes extra potential barrier for holes (majority carrier) in
the base from flowing into emitter

= Beneficial effects
W decreases Ngincreases r, low
Ng decreases C,decreases
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GaAs/InP Technology

10

InP

GaAs

107 [

1065

Carrier Drift Velocity (cm/s)

105: | N | L 1L rrrit | L1 Lt | L1 it
10? 103 104 10° 10°

Electric Field (V/cm)

= One of the primary advantages of the I1I-V based
transistors 1s the higher peak mobility compared to Si.

= The 1nsulating substrate also allows higher Q passives.

= The extra cost of these technologies limits it to niche
applications such as very high frequencies, high
performance, and power amplifiers.
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FINFETs and Multigate Transistors

= To combat the problems with scaling of MOSFETs below
45nm, Berkeley researchers introduced the “FInFET”, a
double gate device.

= Due to thin body and double gates, there 1s better “gate
control” as opposed to drain control, leading to enhanced
output resistance and lower leakage in subthreshold.

UC Berkeley EECS 242 40 Copyright © Prof. Ali M Niknejad



FINFET Structure and Layout

= QGate straddles thin silicon fin, forming two conducting channels on

sidewall
S
Gate Length = Lg Gate [—=——1 [souree
S ——] [ovain
= ‘:
@ = |source

Bulk-Si MOSFET
Current

Flow . . P
Fin Height=H;,,= W fin

— Fin Width W, = T

Drain

Source

Gate

Drain

I | . | . | .

Source (all images): T-J King, et al, “FinFET Technology

Optimization...” presentation slides, Oct. 2003 INRNRRRERENENN

Ei;!lll!!@

Source

Multi-fin layout
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An Aside on Thermal Conductivity

s GaAs

= Semi-insulating substrate
= Not very good conductor of heat
= High quality passive elements (next topic)
= Si
= Semi-conducting substrate
= Good conductor of heat
= Lossy substrate leads to lower quality passives
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An Aside on Thermal conductivity (2)

= Also depends on packaging

= Example: in flip-chip bonding, thermal conductivity
function of # of bumps rather than substrate

= Back-side of die can lose heat through radiation or

convection through air but thermal contact 1s much
more effective

Package

Flip chip bonding Wire bonding
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