4. HF transistors



Outline

Microwave and mm-wave transistors
High-frequency figures of merit
MOSFET structure & HF equivalent cki.
SiGe HBT structure & HF equivalent ckt.

FETs vs. Bipolars
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u-wave & mm-wave transistors

*SiGe HBT JInP (GaAs) HBT

Metal or salicide
Polysilicon neingalss s

Emitter contact

LT

Base contacts

&
itte ."" R '%. Collector
{ i / contact
l 3
o ...
Collector L R S e L B A S R R R R R R A RS R R R A
, SiGe epitaxy / n Collector //
IIIIIII ? J/./ T IFIFT
Insulator

\ Semi-insulating InP substrate ."'..’ ‘

Boron-doped polysilicon



u-wave & mm-wave transistors

*SI MOSFET

tensile stress film compressive stress film

STI H-MOS STI p_MOS STI

xide p-sub oxide oxide

InP HEMT

" n* Ins;Ga /A
e O e 5398 4718
N

n Al lns,As

2D electron gas-” Channel - p In53Ga47AS
“Buffer layer” ~—— p_ A|48|n52AS

__w— Sl InP

Barrier
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undoped channels to eliminate random doping fluctuation and to reduce device ve

K. Cheng et al. Paper 18.1, IEDM 2012

S. Narasmha et al. Paper 3.3, IEDM 2012

Fig 10. Cross-section of PFET Fig 11. Cross-section of NFET
showmg  embedded  51Ge showing embedded 51:C
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Intel 22-nm FIinFET

"[E']' High Speed [HR/SP) and

| (b) High Voltage (TG) |
Low Power Logic {LF/ULF)

Fig. 1. 22 nm SoC Tri-Gate transistor famulies. meloding high speec
logic (HP/SP), low power logic (LP/ULP) and hagh veltage (TG)

C.-H. Jan et al.
Paper 3.1, IEDM 2012

Fin not thin enough for fully depleted
Fin had to be doped=> bad for speed

Logic

-High Speed
(HP/sP)

- Low Power
(LR/ULP)

High Voltage

Fig. 2. Fin cut TEM, gate cut TEM, and tilted SEM of logic thin gate (fop) and
ngh-voltage thick-gate (bottom) transistors



What drives device performance?

*Material properties
*electron mobility (InP > SiGe > Si)
*hole mobility (SiGe > Si > InP)
*saturation velocity (InP > Si/SiGe)
*breakdown field (InP > Si)
sthermal conductivity (Si > SiGe > InP)
sL_ithography (Si > InP)
*Yield & reliability (MOS > SiGe HBT > InP HBT)



FET VS, HBT

sUnipolar: electrons or holes *Bipolar: electrons & holes
eIntrinsic device speed is sIntrinsic device speed is
laterally defined by L vertically defined by W,
*lithography driven. satomic layer growth driven

Gate

Q. L\
/ 20000000000 Al Base “fz2
SSSSSSSSSSCINN
- Ch I
le anne Collector

°In both cases, real device speed is affected by 3-D parasitics.

eScaling in 2D and 3D is important.



MOSFET VS, HEMT

sMostly on silicon °|lI-V and Si, SiGe

*MOS insulator gate *Schottky gate

*No gate current * »Gate current (small)

°|nversion channel sAccumulation channel

sBoth p-type and n-type *Mostly n-type

sSubstrate node must be *Substrate node not biased,

biased connected to ground (as in SOI
MOSFETS)

*The same DC I-V characteristics and small-signal equivalent

circuit Q=Cyae W|Ves—V+|; 15s=Q,V,(E)

gate

10
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Transfer characteristics in 90-nm n-MOS

sSquare-law in sub 130-nm MOSFETs invalid for most bias range

101 = 110
| 5 -
oL..... 1
0E "
— oF)
— e
b o
10 E ........ o ..............................
— =
[ /s ]
— -2 B E
< 10 E ........ E ........
E E 3
" = W
P10k
10- ..........................................
10- ............................................
10 SO 00-0-0-0-¢ =
VGS (V)
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lc.m lc.s [E-3]

15

10

Typlcal HBT output characteristics

Apparent negatlve r
_ dueto self-heating
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45-nm SOl MOSFET output characteristics

A/um
1.2 — T T T T T T T T T T T T T T T T T T

1.0

0.8

o
o

Nid.m [E-3]
_E_
]

o
.

0.2}

0.0 0.2 0.4 0.6 0.8 1.0 1.2
Vd.m [E+0]
Plot IBM_45nm_SOI_40x0p77_SS_nmos/dc/output/output

14



DC Characteristics

FET VS, HBT
sTransfer Characteristics: sTransfer Characteristics:
*Exponential in subth. *Exponential

*Square-law or linear in
saturation region

*Low turn-on voltage: 0.5to  sHigh turn-on voltage: 0.7 to

0.2V 0.9V
*Output Characteristics »Qutput Characteristics
sSmallVv (r) sLarge V, (r)

*Low breakdown *Moderate breakdown

15



HF equiv. circuit and y-matrix of intrinsic
CE/CS transistor

C C
o C Go T 1

jw<C'gs+C'gd) _ij'
g'm_jwc'gd g' +jw(C'db+C'gd)

g,+jw(C,.+C,.) —jwC,,
gm_ijbc go+jw<CCS+Cbc>

ly|=

i

°Input admittance and voltage gain for 2-port loaded by

Y,,Y Y
Y=Yty oy AN 6=y
L 22 L 22

admittance YL

16



Common base/gate and cascode

oFET/HBT in CG/CB

[L]: 9'm+g'sHjw(C'y +C',) -9', .
W -9'n—9% g'o+jw<C'db+C'gd) ,
y|= Imt9oTrtjwCy —9,

—In—9, g, +jw(C+Cy)

*FET/HBT in cascode topology

YiscsY Y
12,CS ' 21,CS
Y=Y 21.C5

IN 11,c8 GV(CaSC):
Yiicet Yoo cs

Y

Y12,CGY21,CG v
12,CG
YL+Y22,CG

Y22,CS+Y1 1,CG

[YL+Y22,CG]

21,CG

17



CE/CS HF circuit useful for hand analysis

R C R
(b) gd(be) d(c)
GB v J_ {} T YAYA YA RG(B) ng(bc) D(C)
®) C oo lvg(be) > J: D(C) W | °
g. ey <' Ty ] Cae G(B)
m

gs(be) 1
Cgs(be)eff_ B VIN @gmeff Vin % 8oeit T Cdb(cs)
% R |
s(e)

;(E) l S(E)
slmpact of R (r.) included in RG(b), g, f.and CgS/Cbe
R=R R, (can be used directly in Z, , NF, ., Z_ )

azinz I:{g-l_lqs _ j.[:T/(.I:gmeff)

18



Outline

» Microwave and mm-wave transistors
» High-frequency figures of merit

19



Figures of Merit (FoMs) for HF & High-Speed ICs

Devices: f,f ,F -,BV

T, MAX® (MIN "=
: l“~si~.~-‘f~ s ...
S O R E R
Circuits: ; /| . "~ 07sl 0 Tl
: ' \‘ ~‘}~ -0 .. 'h
P oM SxIIP3xf_ OIP3xf
') xLTA (PM) ~(F—=1)xP
' , "%
R A MUX : = L it
VO
FOMqcpops =— > S L L[Af]xP
ZXl XBW, 0 N
FoMn, == me 5 FoMp, =P, X G X PAE X’

20



Device Figures of Merit

Cutoff frequency definition
Maximum oscillation frequency definition
Minimum noise figure and noise parameters

Intrinsic slew rate

21



[E+0]

H21_dB.m

40

[
[}

f definition: O*Iog |H (f=fT)|=0

Plot NPN232_2p64u/NPN232_2p64u_p2u/DUT_AC/H21dB_f

: H :Y21m I ~ n H _Y21NwT
“* 1 Y11 jw<Cgs‘|‘ng) jw(Cbe+Cbc) 21_Y11N

1E+10
freq [LOG]
Slope=-1.952E+01 [LIN/DEC] Yo0=2.185E+02 X0o=1.563E+11

22



f ., definition MAG dB(f) =10*log (MAG)=0dB

of . 15 defined as the x-axis intercept of the power gain vs.
frequency plot.

sBoth MAG(f) and U(f) intercept the x-axis at the same point

.-.1O*Iog1OU(f) has constant slope (approx. 20 dB/decade) and is
easler to extrapolate

sBoth can be calculated from measured S or Y parameters

23



U as a function of transistor 2-port params
(Mason, 1953)

(k —vk*=1)

U_ Yo=Y MAG:

B 4 R(Y11)R(Y50)—R (Y1) R(Yy)]

SZ1
12

» RN,
U= me sz 2|S43|Sx

D=5,1X5,,-5,1X5;

? fMAX (unlike fT) contains information about output impedance

24



f . definition: U vs. MAG (same x-axis intcp.)

Plot NPN232_2p64u/NPN232_2p64u_p2u/DUT_AC/MAGAB_f
M:1079 VB=925.0 mV, freq=64.90 GHz, MAG_dB.m=6.646

40 a—
\‘J‘\_..._ | T T T T | | T T T
o
+
L,

—
t—F

MAG_dB.m U_dB.m
<

20 L ||
1E+9 1E+10 1E+11

freq [LOG]
Slope=-2.080E+01 [LIN/DEC] Y0=2.331E+02 X0=1.298E+11
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Noise params of intrinsic CE/CS transistor

L "Noiseless :
z Y-matrix § 2 ( |i2>
: - 2-port *o Rn= >
"""""""""" 4KT Af(y,,)
2 ) i
Gu: < ni - < ni n2> - Gsopt:\/g_l_GzCOl’
4KkTAf |4KT AFR, |V, R,
Ycor:yﬂ_ <In1 In2> " |:MIN:‘I +2Rn(Gcor+Gsopt)
4kTATR. Y.

G, , G_ . decrease with correlation, R_  increases
pt sopt

F. decreases with correlation



Noise parameters of the CG/CB transistor

_ )
AKT Af|(y,,)

* 2
— <Ir211> . <In1|n2>
" AKTAT |4KT ATR,|Y,[

R

n

‘2

G

<In1|;2>
4KT AR Y,

Ycor — y21+y11+

Note: y-matrix is that of CG configuration
imag(Y21+Y11) in CG/CB # imag(YH) in CS/CE

27



Important ramifications for LNA design

R (CG)=R (CS)
.G, (CG) =G, (CS)

(CG) =G, (CS)

COI’ COI’

MIN

If correlation is weak, Imag(Y

be tuned out simultaneously

(CG)= F

MIN

cor, sopt) -

(CS)

Imag (Y. ) and can

28



Noise equivalent circuit of intrinsic HEBT

' 'Noiseless ! 5 Rg .
) Y-matrix 2 <i L ' '
h1 n2p InB CnT BI <|nC>
2-port ro I
------------------- E

2

<inBi;B>:2qu(lB+‘1 —e T

(1 )=2qAfl,

(i =29l lexp(joT,)—1]

29



MESFET (MOSFET) Intrinsic Noise Currents
(Pucel 1975)

af

— |
—4kTAfPg, +K,—

|2
nd ff

£2 P (y) = 2/3 (long channel)

E

I 2|=4kTAfRg_

|2
ng

R (B) = 4/15 (long channel)

JC =]0.4 (long channel)

X
ng nd

Ind ng

Large noise signal model

30



FET Noise Sources (C. Enz MTT 2002)

——————————————————————————————————

‘ ':[nsub B
ﬁ Y = 2/3 (long

channel)
_ 92
2| m
|, _4kTAfygm+KfCOX| W B =4/15 (long
9 channel)
- (()UC 5)2 C: Inglgd
|n92 :4kTAfﬁ g g | |nd2 Ing2 JC = JO4 (long

channel)
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Pospieszalski T-dependent model (1989)
» V. T, atinput due to thermal noise from R

» |, T, atoutputto describe drain current noise

» | andV,  are not correlated

» Not large signal model

Viw=4kT,A fR,

Iid:4deAfgo
72 _
[,,=29A f1,

32



CE+H1]

dB.m

He 1

Generating 1, and NF_ vs. |, plots

fMAX 'C/D

Plot NPN232 2p64u-NPN232 2p64u p2u-DUT ACAFtFmax (On)
Flot mpn~Ft Ic~Dut F

HZ2 ] v=. fre 7 o @ x= B.388E-B3 Y(2)— 1.B38E+11 M
a 2. T T T T T T T T T
472 20 0 M= 2.3ERE+18 Y(B)= 1,08 E+E M —

4.0

158.6 9

0.8 - S S ———— B
| ¥,
| 126 . B /W
: it -
1o 1 ) A S S = -
: Sa.8

16,0 VAN W

[E+9]

Fmax.m

m

-t
&
\

=

.0 ERERET L L1l

fregl LLOG]

Slope=-1,B90E+E] [LINIEC] Yo=2 .EIBSE+E

f_istheintercept: 113 GHz.
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275

175F

250F
225F

200F

" LP 40x28nmx500nm _

OLLLO0-0000

10x0.18x2m

200

1x0.25x10(m -

10
1 /W (mA/pm)

I,s/W (MA/m)

300

250

o
o
f,ax (GH2Z)

NF,,, at10 GHz (dB)

100

50

n-MOSEFET characteristic current densities
invariant across nodes and foundries

1.0

0.8
0.6
0.4
0.2
| \/
0-0 Ll vl Ll 11l
10 10 10" 10°
Ihs/W (MA/um)
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Characteristic current densities (ii)

J__=where f_reaches its max (n-FETs= 0.3-0.4 mA/um)

p

prMAX=where f .. reaches its max (n-FETs= 0.2-0.3 mA/um)

J_..=where NF _reaches its min (n-FETs=0.15-0.2 mA/um)

O

Note: All characteristic current densities have started to
increase at the 45-nm node and beyond because of strain
and lack of EOX scaling

35



Characteristic current densities (iii)

» InHBTs J__. is a function of frequency

o InHBTs J . Juax
300 OO NF,,@5GHz ' 7T
250 _ @@ NF,, @65GHz 7 e

: 1 1 1 | I | I 1 1 1
100-1 10° Jopr@5GHz

J. (MA/um’)

and J_,, increase in every new node)

110
4o
s &
:7 )
A—Af6](meas) \{ I
{11, [8l(meas) {6 O
f.scaled (sims) {1 &
45
A -A NF,, [6] .Z S
B -mNF, B 4 2
- NFMIN(sim)' 353 %
s 3
7 q2
1l 1l —-l_'l""l"llll '1
10 10" 10°
J. (mA/um®)
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Impact of FET parasitic source/gate

resistances
I~ gm 1 (C s+C d)
gme 1_|_ng5 anTN gg = +<R5+Rd)ng

*R_ has greater impact than R

~ fT

R, Is always accompanied by R_

foo~
W 2V(R+R+R)g,+2mf R C,,
sMaking R << R_is not effective

+k. depends on correlation (approx. 0.5)

Fun~1+2k —\/gm R,+R,)+1

fTeff

fgmeff

.

Z.(FET)~
SOPT W (Cgs+ ng)

\/gm<Rs+Rg) .

k +J \/g'm(R's—I_WfR'g(Wf)) .
1

+
K, .
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HBT fT, fM - NFMIN vs. | . characteristics

T

) F
: :T:i WB+WB + Xe -I-kT (CBE+CBC)+<rc+rE)CBC+rCCCSNTF+CBE+CBC
2TrfT Y DB Wi 2VSAT qlc g,
e
MAX 81ryCpge
1 \/gm . fTeff \/gm .
/ HBT )~ re+R,)+]|= —(r-+R, )+
sopt | ) w(C, +C. )|V 2 (re+Rp)+] fg. .|V 2 (re+Ry)+]
1 f
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Intrinsic Slew Rate

|
SL,=—=
| Cout
SL,=— o SL =
| Cbc+Ccs | ng+Cdb

Important for output drivers and digital circuits

Degraded by interconnect parasitics

39



Why do we need the HF FoMs?

» Want to use the FOMs in circuit design

» We have definedf, f _,F  andtechniques to

calculate them from the measured or simulated S
parameters and noise measurements (F_ R, Fopt

(GmIn In Spectre)

» We now want to find expressions that link fT, f
F,, 10 device bias current and geometry

MAX’

40



Outline

» Microwave and mm-wave transistors
+ High-frequency figures of merit

> MOSFET structure & HF equivalent ckt.

41



Key nanoscale CMOS process features

#STI to reduce active pitch

sRetrograde Twin wells (latch-up, device parasitics)
aTriple well (deep n-well) for isolating p-well

eThick gate oxide devices for IO compatibility

sN+/P+ poly gate for symmetrical N/P-MOSFETs (HKMG in
<=45nm)

#Self-aligned silicided D/S/G (low R,R, Rg)

sTensile/compressive stress liners for mobility imprvmnt.

@Dual Damascene Cu interconnects

silicide Compressive oxide spacer

contact via

halo implants

STI

I STI STI

im
STI STI ST STI
p-well W /v \ n-well ot 7
Channel sto"p

Deep n-well

p- substrate F ro nt e n d p- substrate

Back end

42



MOSFET structure and large signal circuit

°|ntrinsic transistor R

*Two pn junctions G

sParasitic resistances %
R

43



Typical MOSFET layout for high-

frequency apps.

10 gate fingers



Complete CS mall signal equivalent circuit

Rg Cg ; Rd
G —~vW ] ' —~VW\—° D
C T4V
gs &S =l ——
%R g el vQ O “a
i m 8s
R
dsub
Csb %
R ]
|
Rssub °
S B

45



Geometry dependence of equiv. ckt. params

gm:g|mW; gds:g|dsW; CgS:C'gsW; ng:C'gdW; Cds:C'dsW

W_ is the unit gate finger width.
W = NxW._is the total gate finger width.

9.9 C.C,CuRLR R, R areprocess-dependent

params

46



STI

MOSFET Capacitances

B S Cdsf D B

-
STI C STI

STI
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MOSEET substrate resistance network is
Iayoutdepengent

llllll

+*Can be calculated based on R, well Ry, J

layout geometry and
doping/sheet resistance data

48



MOSEFET source/drain resistance

*Not layout dependent
+*Depends on gate width W
*R /W remains practically

constant at 200-300Qx pum
across nanoscale nodes sTI st

*Rac = accumulation region resistance
*Rsp = spreading resistance
*Rext = resistance of the SDE region

*Rsco = contact resistance

49



Gate Resistance: Layout dependent: W,

Nf
XGW
x | X x | X
x | x x | X
w w
HEN-E DA B w
x | x x | x
I XGW | XGW
RCON’ NCON
CTTTUTDRAING T
GATE i isp ‘
- EXTE Rgl - Rgi Rgi Rgi Rg1
DWW MW= WS WA AW WA
W ) )
G . 1
RCON s
: SOURCE
w

gl gi i
~f— p— —_ — >
Reon | 8i Cgi[ gi | Cgi[ Cgi ] Cgi| Cgi RCON
RChi Rchi Rchi Rchi Rchi Rchi

CHANNEL

Rcon 4 RSHG

NCON

Wf
XGW+?

2N,
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Numerical Example
*10umMx90nm device contacted on one side:

*RSHG = 10 Ohm, L=65nm, NCON=1, RCON=20 Q, Wext
=150 nm;

a) W=1um; N_=10,

20 10 1
+ 0.15+—
_— L 0-065( 3) _20474.3_4 4o
9 10 ~ T 10 oYM
ob) W=2um; N_=5,
20 10 2
R = : > _20+126.15 0 535mm

.Rssz = (1/W)x 200 Ohmx pum = 20 Ohm in both cases.
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Numerical Example (ii)

*10umMx90nm device contacted on both sides:

RgHG = 10 Ohm, L=65nm, NconN=1, RcoN=20Q, Wyt =150

nm;
«a) We=1um; Nf = 10,
)W =10 20, _10 (o15+1—)
n L1 0.065 6 _20+48.71_3 435nm
9 20 20 '
+ 0.15+=
. _— 1T 0.065 6 _20474.32_4 ,q0m
9 10 10 ’

‘Rg=Rgq =(1/W)x 200 Ohmx pm = 20 Ohm in both cases remain

large while Rg can be minimized.
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J ;; invariant to V,

130/90/65-nm MOSFETs £,

140

devices with
*low, ;
<120}
L L
*standard, S ool

»high V_, and

*different nodes

CUTOFF FREQUENCY
5 O
o S

MAX

current density invariant over

(o]
(=)

N
(=)

—— 65nm II_P HVT ]

0—090nm GP LVT - '
— — 90nm GP HVT ] -
+—e 65nm LP LVT - -

||I_140

1100
180
160

140

1 [
0.8 1.2 1.6 0.01
Vas (V)

- I0.1
l,s/W (MmA/um)

«Constant-current-density bias => designs more robust to V_

variation

1120

120

53
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GP vs. LP 65nm CMOS

.................... —rrrr——rrrrr——rrrrm 200

*GP 30% faster than LP
and 300mV lower V . =>

lower power!

-
a
[ =]

o
S
CUTOFF FREQUENCY (GHz)

100

[4)]
o

oVVT variation is large but
mostly irrelevant

50 50 |

CUTOFF FREQUENCY (GHz)
o
=)

R e 0671 R
*Constant-current-density e T
bias at 0.2-0.5mA/um => | ]
200} 4200
robustto I, V_variation 5 | 7
T 10 S = 11505
_3 ] ” ++GPSVT: f,, _E
:Need V_> 0.6V 5P SVT: b f100-3
[ — LPSVT: £, ]
S0 V. set for I, /W = 0.35mA/um 150
80x65nmx1 um n- MOSFET 1-side gate contact

1 1 1 I 1 1 1 I 1 1 1 1 1 I 1 1 1
Y Sy Sy S !
Ve (V)
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MOSFET £ as a function of layout

f
fruax= -
MAX 2V(R+R,+R,)(ggs+2 fCyq)

fax™
2\/

fT

2
R 1R+ 516 Vs
T3,

(g, +2 TrfTC'gd)
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Impact of using minimurm width devices on
f _and (likely) on NF

MAX

200

[ 90-nm node vs. finger wi

/W (MA/Lm)

oln the 90-nm node f
MAX

degrades by 25% as the unit
finger width is reduced from 1

Lum to 0.5 pm.

sEven though gate resistance

improves, the degradation in f_

leads to f _degradation.
MAX
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MOSFET Impedance Noise Parameters

1+(wR.C,.) 2
R,=(R,+R,)+k, o2 Gn:k1gmf—2
o 2

Z . =(R.+R_)+k,;R +
cor ( S g) 300 J(UC

gs

F . ~1+2k, fing (R;+R,)+k,(1+w’RI C,)

T

PR(1-C°)
k '3 k

.

k., =P+R—2C+PR;k,=

S7



. . gmR
Fun~1+2k L\/ngSJrgm s

F

G

MOSFET noise parameters finger width and
bias dependence

2

Wf 22 A~2
+k,(1+ R C
12<3>|G 2( w I gs)

'IfT

Fan~1+2 ConstL,M +2 Const

f
\/gim \/VGS_VT

1°0Fg0-nm node, T=90nm 3
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Scaling of MOSFET HF Performance

.-.CgS,ng, C' and Z____approx. constant over nodes

P

g, g, f - fMAX Increase

oF , R decrease
MIN n

*RF & high-speed performance (except output swing) improves
with scaling

s eakage is not a problem at mm-waves and high-speed

Scaling is good for high-speed digital/wireline and mm-
waves
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Making Nano-CMOS Designs PVT Independent

*CMOS characteristic densities are largely invariant across nodes and

foundries

»Constant-current-density biasing in analog/RF/mm-wave CMOS

minimizes impactof L, /__, T, and V_variation

DS’

*Characteristic current densities are invariant over topologies (CS, CG,
cascode, CMOS inverter, TIA)

oIn circuit design, one must fix W, L and scale only N,
Implications for circuit design
*CMOS CML gates, LNAs, TlAs, VCOs, Mixers, PAs, Opamps and

filters can be designed algorithmically and ported across nodes and

foundries
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Outline

Microwave and mm-wave transistors
High-frequency parameter definition
MOSFET structure & HF equivalent cki.

SiGe HBT structure & HF equivalent ckt.
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SiGe BIiCMOS Technology Cross-section

silicide silicide

l\ : % Ml.gmit E B <

STI STI halo implants  STI STI halo implants ~ STI

STI STI
n-well p-well n-well n-well
\pwell \_ Jowell | N )

.................................

p- substrate

p- substrate
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SiGe HBT Cross-section

sDeep trench isolation

nitride D spacer
*/ p+ external base poly between devices.
Reduces CCs

*SIC collector
> sGraded Ge base

o /D-shaped spacer
p-substrate  hatyween emitter and
external base contact

p- substrate

sMono+poly emitter (low
R))
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Geometry Dependence of Small Signal Params

. J e J R..
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T T A A E"E
Regy W Roo W
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2(wg+I2) 12 g
RogyW R, W
R, =—2>—F: R, =—2°_F for single-base
W+ 3 I

Coe=Che gt Cie=Te g, +CIE-W-lg; C =CJEP-2-(l-+w¢)

bep
Coi=Cici'Agci= CjCi'lE'(WE+2bsic)

C

bcx
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f_dependence on emitter length

» To first order, f_is independent of emitter length

because length dependence cancels out in CxR

» As a second order effect, f_depends slightly on /_ due

to peripheral BE capacitance and R.
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Typical HBT 7 -I_ plots for devices with
different emitter lengths
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SiGe HBT f , layout dependence

RC, Rsub, CCS affect (degrade) f

MAX

fM " Is a (strong) function of w_.

f i1s a weak function of | ..
MAX E
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HET noise parameters |_ dependence

Y 1
Ro=1 L +(R.+R,) scales as = N~ (ideality factor)
C E
| f2 | n°f3
Y opt™ f \/ € (Rg+R,)|1+—5|+—=—j2| scales as I,
fTRn 2\/T .Bf 4Bf 2
n f | I fr | n*f;
Foo~1+—+ R.+R)|1T+—= |+
MIN ﬁ .I:T\/ZVT< E b) ﬁfz 431:2

F,,. IS weak function of |_ but a (strong) function of w_
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HBT noise parameters bias dependence

n“V, 1
R = +(Rg+R,) scales as —
21, B
| f2 | n’f?
Y. o~ f € (Re+R,)|[1+—= |[+——=—j= | increases with I
R |2V Bf°| 4pf° "2
n f | Ic fr | n*f;
Fon~1+5+ R.+R)1T+— |+
MIN B fT\/ZVT< E b) sz 4ﬁf2

F, . first decreases (due to drop in R (I ) — thermal noise is
dominant ) and then increases with | _ (shot noise dominates)
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HBT Sumrnary
eHBT characteristic densities increase in newer nodes
oIn a given technology, J___increases with frequency

"JOPT iIncreases if a series resistance is added to emitter or base

sLarge f _ can be obtained at lower J_ and with higher BV __ than f_.

Implications for circuit design

*Designs must be modified in each node/foundry, although, for a given

peak f, J_appears to be similar between foundries.
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Outline

Microwave and mm-wave transistors
High-frequency figures of merit
MOSFET structure & HF equivalent ckt.

SiGe HBT structure & HF equivalent ckt.

FETs vs. Bipolars
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Noise Parameters: HBT VS. MOSFET (i)

HBT MOSFET
R~ +(re+R,) R ~£+(R +R,)
n ng E b gm
f .n .
SOpthTRn- 2 YSOpt f R [\/Pgm R -I_R) JP]

f
Py~ 1 +f_\/Pgm<Rs+Rg)
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Q_
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=
m
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Noise Parameters: HBT VS. MOSFET (ii)

» Atequal bias current and comparable f_, the MOSFET has
lower g_and hence:

s lower F
MIN

o lower R (higher sensitivity to Zsopt mismatch)

= higher RSopt (larger current for 50-Q noise matching)

» In MOSFETS, the peak f,.. and the optimum noise bias

current density coincide. In HBTs the optimum noise current

density increases with frequency but is significantly smaller

than peak f_current density.
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Low-noise transistor design

Two steps:
* Bias transistor at optimal noise current density

» Sjze transistor (while keeping the optimal noise current

density) to make the real part of the optimum noise

Impedance (Rsopt) equal to the desired value.

Sizing is achieved by increasing W_ (I ) or connecting gate

fingers (emitter stripes) in parallel.
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CMOS Technology over Nodes

Param/node 250nm 180nm 130nm:GP/LP 90nm: GP/LP 65nmGP/LP 45nm
L (nm) 250 180 1201120 65/80 45/57 39/35
EOT (nm) 5 35 2123 1621 1318 1113
Voo (V) 25 18 1.2/12 10/12 10/12 091
gn (MSpm) 0.35 055 0.8/0.7 12/1 16/12 18?
g (mSpum) 0.03 0.05 0.08 013 0.18 0.17?
Clos (fF/um) 14 14 1 1 0.7 06
Cya (fF/um) 045 045 045 035 035 0.34?
Ca (fF/pm) 15 15 15 11 08 0.6?
R'YRa (Q*pum) 100 120 150 200 200 200
n-MOS fr (GHz) 40 60 80/80 140/120 190/160 2507
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Parasitic source and gate resistance

scaling

Parameter 65nm GP 65nm LP (GP) 45nm
Physical L (nm) 45 57 (45) 35
EOT (nm) 1.3 1.8 (1.3) 1.3 (1 for HKMG)
Wi (um) 1 1 0.7
Neon 1 1 1
Contact on both sides No No No
Roon (Q) 40 40 60
Rsic (Q/sq) 15 15 20
Weq (NM) 120 120 100
N 1 1 1
Rs(Q) 191 159 (190) 250.5
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