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A h w ~ ~ c ! -  l’hk psper prescnts n unined opliroach to nptiiniziiig 
SiGc transistors fur low noIsc. AII Intuitive rirodcl rclating transistor 
str~rctiiral Iiartiiiicteru and bbses to noise pnmiiictcrs 15 iiitroduccd, 
and riscd to idcntIfy thc rioIse ilmltiiig hctore iii a givcn transistor tcch- 
iiolopy. Ifieucs rclatcd tu thc cnlibrntion of 2-D rlcvtce siniiilation itre 
discssncd. SiGI: profilc dcsIgn trnda-oms for low noisc pcrforinaiicc w e  
ttrcn pres‘entcd with expcrliiiciital rcsalts. 

RF applicatiwns generally imposc morc scrims dcvicc 
design constraints than digitid apptications. SiGe HBT tecti- 
nology, because i t  lias higher intrinsic perforinancc than Si 
BJT rcclitmlogy at similar process complexity, and deliv- 
ers hettcr cost-perforinaricc than Ga As technology, has re- 
cently emerged as a contcndcr Cor the KF market. Exist- 
ing SiGe profile design points arc only optimized ror high 
j~ and f,nal. at high current dciisitics [ I ] .  RF transceiver 
building blocks such as LNA’s and mixcrs, however, often 
rcquirc vcry low broad band noise, high RF gain, and cx- 
cellent R F  linearity, thus coniplicnting the device design. 
This work presents a siinulntion-iioisc model approach to 
optiinizing Si& profiles for low noisc applicntiuns. An in- 
luilivc noisc inodcl is introduccd ancl used to identify thc 
dominun1 mise sources for a given transistor kchnology. 
The input of thc nwisc model is the y-parainctcrs, which can 
bc cithcr incasud  or simulated. Wc tticn cxaminc the key 
issucs related to calibrating a 2-D device siinulator for ac- 
curate y-parameter simulation. SiGe profiles are designed 
using the ac simulation-noisc modci approach to explicitly 
improve noisc pcrfwmance withnut s~crificiiig film stabil- 
ity. ‘The tradc-offs bctwccu supressing high injection barricr 
cffcct and improving tioisc performance nt low injection are 
discussed. Finally, cxperiinciital results are prescntcd. 

T h i s  work was sirpyortctl by Ii3M undrr J .  D. Crcrslcr’s University PIIIT- 
iier Program Hescnrch Awnrrl, and ~ l i c  Alalra~iin Microelectronics Science 
nnd Technology Cmcr. 

11. NoIst! M u i ~ 1 . i ~ ~  
Any linear noisy twn-port cm be representcd by its noisc- 

less coutiterpart, AII input currcnc noisc sourcc i,,, atid an 
input voltagc noisc soiircc U,. The tninimum noisc Ggurc 
N1.;,,,,, the optiinutn admittance, YopL, and ilic noisc rc- 
sistmce I < ,  can all be exprcssetl explicitly as a Function of 
< v; >, < iz >, and < q L Z ; )  1.  or a tiipolar transistor, 
tticsc quantitics can bc tlcrivcd using the eqiiivnlcnt circuit 
in Fig. 1 as 141 [ 5 ] :  

where 1/11 is the input admitlance, y21 i s  the transfer atl- 
mittancc, riitl l i z l  = y21/y11 is thc ac current gain. Noisc 
fgurc cnii be rcduccd by dccrcnsing < 11: > antl < i;”l 3.  

Physically, < > is contributed by 2 q i ~  xnd ‘LqIC. and 
i s  contributed by 4kTrH antl 2 ~ 1 ~ .  2 q I c  contributes IO 

both un and in, onil ilctcrmincs < 7~,~i; >. The crptious 
that link < 111: >, < ii >, and i q l i ;  > to N&.irL, Y,,rJt, 
and R, can be fnuntl in [31 antl (41. 

Fig. 2 shows < i;, > versus I, a1 2GIIz for a 0.5 x 20 x 
2pm2 SiGc 1413T. Dctails of thc fatirkation proccss can hc 
found iri [l]. Thc datn wns calcrilr~terl from measured y-  
jiarainetcrs using (1). lh21 I increases when IC increases tic- 
cause of illcreasing 11.. therefore, the contribution of 2r/ lc 
to < ix > tlecreases rapidly with increasing IC, and Ibr 
niost of the currciit range, 2 q J j j  dominates < i: >. For 
an idcal transistur with infinite current gain and infinite f~ 
( h 2 l ) ,  < ii > would be zero. 

Fig. 3 shows < U: > versus IC at 2GHz cnlculntcd from 
measured y-parameters using (2) .  Bafocc thc high iiijectioti 
f~ roll-orr, 1 . ~ 2 ~  I i s  independent or frcqucncy at frequencies 
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Fig. 1. Schematic of rhc noisc sources in a tronristnr and its chniii noisy 
two-prt represcntntioii. 
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Fig. 2. Spectral deiisiiy of the equivalenl input ciirre~it Iioisc as n hiiction 

nf collector currcii! at 2GHz. 

of interest, and can be approxiinated by qIc/k7'.  There- 
fore, the contribution of 2qIc to < 2); > is solely deter- 
mined by l/lc prior to thc f~ roll-off IC, and thus intlc- 
pcndent of m y  other trimsislor parameters, c m  be seen 
from (2). This lias significant implications because it sets 
the fundamental limit of thc noisc performance of a bipolar 
transistor at a given 1, for zero base resistance, infinite DC 
currcnt gain, and infinite f?, (1121). This fundamental Iimit 
only depends on the bias current and temperature, and indc- 
pcndont of technology (III-V or SiGe). For the SiGe HBT 
results shown in Fig. 3 ,  the contribution of rB  tlomin:ites 
over most of the bias current range, indicating that signifi- 
can! improvement of noise performance can be expected by 
increasing the base doping. 

Far a given technology generation (tratisistor geometries 
and constant doping). the base resistance Ro and g 2 1  at a 
given IC are fixed. thus fixing < U: >. < i% >, howevcr, 
can be reduccd by increasing p (to reduce In)  and increas- 
ing (to increase h z l ) .  In pnrticular, at relatively high cur- 
rent where gain is large, 2 q I ~  dominates < ii >, and noise 
improvement can only bc achievcd through the increase of 
@, Consequently NFmXn can bc reduced. 

--- 2qlc contrlbutlen 
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Fig. 3. Speclral density of tlie cqki ivahi t  input vultngc noise as a Euiicticm 
of collector currem at 2GHz. 

Ncxt, wc usc 2-11 tlcvicc siinulation to calculate the y- 
parameters for vannous SiGc prortlcs at cunstant film stn- 
bility (integrated Ge dose). The noise paramelers were 
then cnlculnted from the simulated y-pnratneters. To pro- 
duce scnsibtc results, the 2-D dcvicc structurc for the stan- 
dard control SiGe HBT was first calibrated to meawircd y -  
parameters. Issues related to the calibcalion arc discussed in 
the follnwing section. 

111. CALIBRATION OF 2-D DEVICE SIMULATION 

MEDIC1 L2] was usctl to simnlatc DC and y-parameters 
from measurcd SIMS profiles. The first step is to tletcrminc 
the most plausible profiles based on SIMS data. Thc hasc 
pinch sheet resistance can be used to calibrate thc bosc dup- 
ing profilc, and dctcrminc thc El3 and CB junction locations. 
The base doping and Ge profiles also set the 1, - V B E  char- 
acteristics. The mc;isurcincnt should be made on very long 
cmittcr dcviccs to avoid 3-D effects. The carrier lifetime in 
the emitter can be adjusted to reproduce the In - VD.JJ char- 
actcristics. Bandgap narrowing (BGN) parameters can be 
adjustcd to shift the siinulated IC ,  1) )  - V!,, curves towards 
measured curves. For accurate y-paramctcrs simulation. 
particularly at the low currents uf intcrcst heree. all oftlic lat- 
cral smcturc must bc iiiclurlcd in tlic simulation. For state- 
of-the-art bipolar iransistors with vcry narrow emitters, the 
shallow-trench isolation and extrinsic CR capncitanccs can 
often be comparable to Ihe intrinsic CI3 capacitance, and 
therfore non-negligible. The base rcsistancc, ER and CR 
capacitance were extracted from measured and simulated 
y-parameters using a set of analytical cqtiatinns, and ttien 
plotted as a function of log(1C). Thc cxtraction used the 
y-parameters at only the frequency uf intcrest (e g. ZGHz), 
thus speeding up the calibration. Uy comparing the simu- 
lated and measured rn ,  CUE. and Crjc, one can idcntify the 
dominant factors of simulation-mcasurcmcnt discrepancy, 
and adjust the latcral doping extension accordingly. The 
diffusion capacitance component of C,,,?. is proportionnl to 
1, at rclntivcly lower currents, and can be dis~inguishetl 
from the depletion capacitance component. By simulating 
and measuring devices with different cmittcr widths, thc 
contribution of the extrinsic and intrinsic base resislanccs 



can be distingiiislied. Another important aspect of calihra- 
tion I S  to sclecl ii proper set of physical tnodelr and cocffi- 
cienls. For itistancc, incomplete ionization, though recorn- 
metidcd cxplici~ly by uscrs' manuals, often leads 10 an uvcr- 
cstimatioti of tlic basc resistance. At concentrations higher 
than 1Oi'/mriJ, h e  seinicotiductur-metal transition occurs, 
and h e  dopants arc completety ionized. This, however, i s  
riot, to thc atithors' ktiowledgc, modeled in today's coin- 
merciat devicc siniuliirors. Thereforc, wc inlcnlionally used 
complcic ioniziltion in urdcr to accurately simnlatc thc bnsc 
rcsisratice siticc i t  is ol great inipottancc for noise modeling. 
'Fhc mobility nnodel was crilical in  rleterming Ilm fr roll-off 
ic, and in utir expericncc the Philips unified mobility model 
(PI-IUMOR) was fuuiicl lo be the most accurate. 

Fig. 4. Schematic o f  111e SiGc pIoRle design tradeoms bciweon iiiiprov- 
iiig fy  nnd 0 nt low injcctiori and suprcssing the f~ roll-ofr nt liigli 
iiijcctioii. 
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Fig. 5 .  Scliciiintic of t h e  IWU low noisc profiles designed [hat arc bolh 
U ncoiiditionally slablc. 

IV. S I G E  P R O F ~ L ~ '  DESIGN 
For conslant film stability, at a given geomctry and dop- 

ing, a higher f~ and higher caii oiily hc realized iti prac- 
licc by pushing thc cdge of the Gc rclrogratle iti tbc collcctor 
significantly clnscr tn tlic BB junction (surface). The addi- 
tional Gc can then he used to reduce thc effective Guinmel 
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Fig. 6. Stability o l  ttic SiGc control design poiiil nitd tlic two low iiojsc 
prolilcs. All of tlicsc lirolilcs nrc unconditionnily stnlilc. 

number in the neutral hnse (for higher o), and iticreasc thc 
Gc grading (for highcr J l - )  [7]. We are thus forced to trade 
Iiigh-JC performance fnr improvcd N&',,,,,. Fig. 4 illus- 
tratcs [he SiGe profilc design tradeoffs. The dash profile 
has mare Ge cotitent and a largcr Gc gradicni it)  the base, 
mnd llicrefore higher 0 and IT, and lower noise. 'I'hc solid 
profile has deeper tie relrogrultng into the collector, and 
thercfore n bcttcr (wcaker) fr roll-uff at high injcction. Ob- 
viously there are tiutiierous ~inssil)lities nf SiGe profiles to 
choose from for R given Gc integral. Extensive numeiical 
simulations wcrc perforincd to rlctcriniiie tlic optimiim pro- 
files for lowea noise. Pig. 5 shows two such low-noise Ce 
profiles ([.NI nnd  1.N2) which maintain the sthility of die 
SiGc ctmtrul profilc biiL Iniivc significantly lower ,VF7,,,,, in 
simulation (by 0.2dB). All of ttie SiGe profiles are uticondi- 
tiunally srable to defect gcneration, as shown in tlnc stiibilily 
plot in Fig. 6. Cninparcd to the SiCe control profile, the two 
low noise profiles have a smaller elfective thickness, and B 

highcr strain, bccansc mow Oc wcrc pushcd into thc bnsc. 
Thc two law noise profiles havc f i l l a x  values comparable 
to the SiGe cotitlnl i t i  simulation. The excelleiit linearity 
uf thc Si BJ'1' and SiGe control devices arc expcctcd io hc 
rctaincd in thc two low noisc profiles, hccause tlic lincarity 
is primarily determined hy the EB and CR deplcrion capac- 
itances, and insensitive to tlie diffusion capacitance (hase 
transit limc) in this tcchnoiogy 181. 

v. E XPE II I M EN.lAI.  RES UI:I'S 

For unainbiguous comparisons all (our profilcs wcrc Fah- 
ricatcd in tlie same wnfcr lot in B stntc-of-ttic-art 0 . 5 0 p n  
SiGe HBT tcciinology [ l ]  using IJHV/CVD growth arid 
identical processing conditions. UC ctiaractcrsitics wcrc 
mcnsured using an FlP4155. atid S-parmeters were Inca- 
sured using ii I-lP851OC nctwork anaIycr from 2 - 40G1 IT,, 
from which f~ and fmua wcre cxtractcd. Thc iioisc pi- 
rainctcrs wcrc mensuretl from 2 - 18GHz using an NP-5 
onewafer measurement system from ATN Micrownvc Inc., 
atid two-tunc load-pull tnensurcmetits were made at 1.9GHz 
with lMH7, tone spacing. 
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Gc gradient in thc neutral base. The SiGe contrwl and Si 
RJT devices have B weaker (better) j f ~  roll-off at high Jc- 
because of the deeper Gc grnding into the collector-base 
junction. as designed. This dcsign tradeoff translates inlo 
a significant iinpraveinent of the N F,nilt across the rangc 
of a7c of interest to I" and mixcr circuits over the Si 
13JT and SiGc control profiles, as shown by the measured 
NF,i, data in Fig. 9 . The LN1 profile achieves an im- 
pressive NFm$n of 0.2dR at ZmA, 0,2dB lower thin the 
SiGc control profilc. The measured delta's between profiles 
are consistent with our simulations. Thc associated gain ai 
noise matching is still abwc I3dB at NP',,,,, for all of thc 
profiles, as can bc sccn from Fig. 10. The two low nuisc 
profiles havc fmar valucs comparable to the SiGe control 
(Fig. 111, indicating that the high powcr gain in the control 
design point is retained. 

Two-tone load-pull incasurements were pcrformcd at 
I.BGHx with 1.OMHz tone spwing on (tie 20pmz (0.5 x 
20 x 2 stripe) unit cell dcvicc to determine ihc lincarity. 
Thc input 3rd ordcr intermodulntion intcrccpt point (IIP3) 
for a two-tone input is used RS a Ggurc-of-merit. and W R S  

extracted in the low input puwcr region where the 3rd order 
intcmodulation slopc is 3: 1, The measured HP3 is affcctcd 
by the snurce and load termination, and thus Ioatl-pull dah  
sheds light on the variation of linearity with impcrlnncc for 
each profile, Figs. 12-1 3 and 14-15 show the measured IIP3 
and power gain contours on the load impedatrce Smith chart 
for the SiGc coiitrol dcvicc, and the low noisc profile LN 1, 
respectively. The maximum ItP3 achieved is JdBm (SiGe 
control) and 3dBm (LNl), with the maximum gain of 17dH 
(SiGc control) and 20dR (LNl), at 1.9GHz for Ic=SmR 
and VI ; .~ :=~V.  An exccllcnt lincarity efficiency (defincd as 
OIP~/PDC to acconnt for thc differing load statcs at max- 
itnum gain and maximum IIP3) of 7 and I O  is achicvcd 
for the SiGe control and thc low noise SiGc profile LNI, 
rcspcctively, and is  comparablc to GaAs HEMT (10) ;lad 
GnAs HBT technology (1 1) [91. Preliminary mcasurctnents 
on RP sub-harmonic mixers fabricated with the idcntical 
low noisc prufiles (LNI and I,N2) iilso show itnproverl noisc 
and linearity over thc SiGc control profile, indicating that 
these device improvcmcnts translate to the circuit level [ IO].  

350 
300 

250 

200 

150 
= 

1 10 100 
IC (" 

Fig. 7. Measured dc current gain versus collector current of the fnbricated 
Si DJT, SiGcconlrol, and the SiGe low noise profiles. 

Fig. 8. Measured fT versus collector current of the bbricnted Si BJT, 
SiGe control, aiid thc SiGe low noise profilcs. 

Tnble I summarizes the tneasured transistor parameters 
of thc four fabricatcd profiles. The penalty in B V C E ~  over 
the SiGe control for LNI and LN2 is due to the higher p, 
and shnuld not impact LNA designs, which sec finite soiircc 
impedance (k, not an 'open'). The mcasured fii~c - IC 
and fT- lc  curvcs of a 20pn2 10.5 x2O x Z p n a  stripe) unit 
cell dcvicc arc shown in Figs. 7 and 8 respectively, nnd henr- 
out exactly the expected high injection design trade-off. Thc 
two low noisc profilcs, LNI and LN2, have a higher 0 and 
f~ at tow Jc bccausc of more total Ge content and higher 

1.4 
1.2 

0.8 
0.6 
0.4 
0.2 

6 1.0 
P 

1 .o 2.0 5.0 10 20 
IC (mA) 

Fig. 9. Measured minimum noisc figure (NISnill)versuscnllccror currciit 
nt2GHz for the fabricated SI IUT, SiCc coimol. and (he SiCc low noisc 
profiles. 
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Pig. 10. Mcnsurctl fissociniedgninvcrsus collector cui-rent at 2GHzfnr tlic 
Rbricaicd Si UJT, SiGc canirol, and ilicSiGc low noisc profilcs. 
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Fig. 11.  hteasurctl fjl iax versus collectur ciirrenk at 2GHe for the fnbri- 
mtcd Si HJ’I’, Si& cuntrol, and the SiGe 1uw noisa profilcs, 

VI. CONC1,UStONS 

A ~iiiified approach to thc modcling of transistor noisc 
was presented, and used to identify the limiting factors of 
noisc pcrformnticc Fur ii givcii transistor tcchnology. Kcy 
issues related io n successful calibration of 2-D device sim- 
ulation to measurctl y-l~arimeiers were also discusscd. A 
higher DC current gain atid I higher ST at relativdy lower 
current nre shown Lo he critically iinpnrtniit for reducing 
N &in for  o. give11 transistor gcnmetiy and doping. By 
applying carcfiil SiGc profilc optiniization, significant im- 
~movcmcnt in RF ~~crlorniancc can be acliicvetl. Using the 
noise tnodel-sitnulation approach, new SiGe profiles were 
designed exp[icitly for improving tnitiitnum tioise figure 
(NFmi,t)  willlout sacrificing gain, linearity, frequency re- 
sponse, or the stability of the SiGe strained layer. A men- 
sured NFnVira of 0.2dU ;it 2.0GL-Lz with an associaled gain 
(G,,,,,) ol  13dR at noise matching, and 1 linearity cffi- 
ciency (OIP3/Pnc)  of 10 wcrc ubtained for the best low- 
noisc profile, all of which represent substnntial improve- 
inelits in RF pcrrormancc over the Si RJT and control SiGc 
HRT design point, and wcrc accomplished without sacrific- 
ing SiGc film stahility. 

SiGo Conlrol Third-Drdar Intermodulation lntorcopt Point 
0.5~20~2, F=1.9 GH2, Ics=J.OmA. Vca=3.0V 

llP3 Max=Z.nl dBm at 58.9tj31.0 load, 
Sourco Impodanco=l3.9-4s.a~ Pln=-21.0d8m 

Fig. 12. Measured I1P3 coiiioiir 011 tlic load in~peck”~nit l i  chart h r t l i c  
SiGe control device. 

SiGs Control Load-Pult GAIN on 0.5~20~2 NPN HB l  
tce=3.0mA, Vco=3.OV. F=l.S GHz, Ph=-24.0dBin 

GAIN Maki7 .31  dR at 48.1 j8.0 load 
S o w  Impedance-1 3.9-i45.8 

Fig. 13. Meastired powcr Enin contniir nil Ihc load irnpednnce Suiiih chart 
for I I I C  SiGc coirirol dcvice. 
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