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Absirget— This paper presents a unified approach to optimizing
8iGo transistors for low neise. An Intuitive model relating tvansistor
structural parameters and biases to noise parameters is introdueed,
aml used to identifly the nofse limiting Factors in a given transistor tech-
nology. Tssues related to the ealibration of 2-D device simulation are
disewssed, 8iGe profile desipn trade-olfs for low noise performance are
then presented with expeclmental results,

[. INTRORUCTION

RY applications generally impose more serious device
design constraints than digital applications, 8iGe HBT rech-
notogy, because it has higher intrinsic performance than Si
BIT technology at similar process complexity, and deliv-
ers hetter cost-performance than GaAs technology, has re-
cently emerged as a contender for the RF market, Exist-
ing SiGe profile design points are only optimized for high
Fr and finqe at high current densities [1]. RF transceiver
building blocks such as LNA’s and mixers, however, often
requirc vory low broad band noise, high RF gain, and ex-
cellent RF linearity, thus complicating the device design,
This wotk presents a simulation-noisc model approach to
optimizing SiGe profiles for low noise applications. An in-
witive noise maodel is introduced and wsed to identify the
dominant noise sources for a given transistor technology.
The input of the noise mode] is the y-parameters, which can
be cither measured or simulated. We then cxamine the key
issues related to calibrating a 2-D device simulator for ac-
curate y-parameter simulation. SiGe profiles are designed
using the ac simulation-noise model approach to explicitly
improve noise performance without sacrificing film stabil-
ity. The trade-offs between supressing high injection barricr
cffcet and improving noise performance at low injection are
discussed. Finally, cxperimental results are presented,
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I1. Noisti MODELING

Any linear noisy two-port can be represented by its noise-
less counterpart, an inpul current noisc source i, and an
input voltage noisc source . The minimum noise igure
N 40, the optimum admittance, Yopn, and the noise re-
sistance [y can all be expressed explicitly as a function of
< ¥2 >, < i3 >, and < v,45, >. For a bipolar transistor,
these quantitics can be derived using the equivalent circuit
in Fig. 1 as {4] [5]:
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where y11 is the input admitlance, yoy is the transfer ad-
mittance, and hgy = yo1/y11 is the ac current gain. Noise
figure can be reduced by decreasing < v2 > and < 2 .
Physically, < z'fl > is contributed by 2¢Jg and 2¢1¢, and
2 13 contributed by 4£Tr g and 2¢1c. 2/ contributes 10
both vy and 4y, and determines < v,4}, . The cquations
that link < 42 >, < 42 >, and < vu3 > to Nl Yo,
and 2, can be faund in [3] and [4].

Fig. 2 shows < i2 > versus Iy at 2GHz for a 0.5 x 20 x
2um? SiGe HBT. Dietails of the fabrication process can he
found in [1]. The data was calculated from measured y-
parameters using (1). |hay| increases when J¢: increases he-
cause of increasing fi, therefore, the contribution of 2¢f¢
to < 12 > decreases rapidly with increasing e, and lor
most of the current range, 24/, dominales < 42 >. Tor
art ideal transistor with infinite current gain and infinite fr
(ha), < 42 > would be zero.

Fig. 3 shows < v2 > versus I at 2GHz calcnlated from
measured y-parameters using ¢2). Before the high injection
S roll-off, |yz; | is independent of frequency at frequencies
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Fig. 1. Schematic of the noise sources in a transistor and its chain noisy
two-port representation,
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Fig. 2. Spectral densily of the equivalent input current neise as a fonction
of collecior current at 2GHz.

of interest, and can be approximated by ¢lo/ET. There-
fore, the contribution of 2¢J¢ o < 12 > is solely deter-
mined by 1/f¢ prior to the fr roll-off Iz, and thus inde-
pendent of any other (ransistor parameters, as can be seen
from (2). This has significant implications because it sets
the fundamental limit of the noise performance of a bipolar
transistor at a given Jo for zero base resistance, infinite DC
current gain, and infinite fp (A1), This fundamental Hmit
enly depends on the hias current and temperature, and inde-
pendent of technology (IN1-V or 8iGe). For the 8iGe HBT
results shown in Fig, 3, the contribution of rp dominates
over most of the bias current range, indicating that signifi-
cant improvement of noise performance can be expected by
increasing the base doping.

For a given technology gensration (transistor geometries
and constant doping). the base reststance Ry and yo; at a
given I are fixed, thus fixing < v2 >, < 42 >, however,
can be reduced by increasing 3 (to reduce I'g) and increas-
ing fr (toincrease ha). In particular, at relatively high cur-
rent where gain is large, 2¢/ g dominates < i2 >, and noise
improvement can only be achieved through the increase of
5. Consequently N Fpyp, can be reduced.
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Fig. 3. Spectral density of the cquivalent input voltage noise as a function
of collector curren at 2GHz.

Next, we use 2-13 device simulation to caleudate the y-
parameters for vatious 8iGe profiles at constant film sta-
bility (integrated Ge dose). The noise paramelers were
then calculated from the simulated y-parameters. To pro-
duece sensible results, the 2-D device structure for the stan-
dard control 8iGe HBT was first calibrated 1o measured y-
parameters. Issues related to the calibration are discussed in
the following section,

1II. CALIBRATION OF 2-D DEVICE SIMULATION

MEDICT [2] was used to simulatc PC and y-parameters
from measured SIMS profiles. The first step is 1o determine
the most plausible profiles based on SIMS data, The base
pinch sheet resistance can be used to calibrate the base dop-
ing profile, and determine the EB and CB junction locations,
The base doping and Ge profiles also set the {¢: — Vi char-
acteristics. The measurement should be made on very long
emitter devices to avoid 3-D effects. The cartier lifelime in
the emitter can be adjusted to reproduce the I — Vg char-
acteristics. Bandgap narowing (BGN) parameters can be
adjusted to shift the simulated {7, Ty — Vg curves towards
measured curves. For accurate y-paramcters simulation,
particularly at the low currents of interest here, all of the Jat-
sral structure must be included in the simulation, For state-
of-the-art bipolar fransistors with very narrow emitters, the
shallow-trench isolation and extrinsic CB capacitances can
often be comparable 1o the intrinsic CB capacitance, and
therfore non-negligible. The base resistance, EB and CB
capacitance were extracted from measured and simulated
y-parameters using a set of analytical eguations, and then
plotted as a function of leg{Jfx). The cxtraction used the
y-parameters at only the frequency of interest (e.g. 2GHz),
thus speeding up the calibration. By comparing the simu-
lated and measured r g, O g, and C e, 068 can identify the
dominant factors of simulatioh-mcasurement discrepancy,
and adjust the lateral doping extension accordingly. The
diffusion capacitance component of Cys g i proporitonal to
Ic at relatively lower currents, and can be distinguished
from the depletion capacitance component. By simulating
and measuring devices with different emitter widths, the
contribution of the extrinsic and intrinsic base resislances
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can be distinguished. Another important aspect of calibra-
tion is to selecl a proper set of physical models and coeffi-
cients. For instance, incomplete ionization, though recom-
mended explicitly by users” manuals, often leads to an over-
cstimation of the base resistance. At concentrations higher
than 10'#/em?, ihe semiconductor-metal transition occurs,
and the dopanis arc completely ionized. This, however, is
not, to the authors’ knowledge, modeled in today’s com-
merciat device simulators, Therefore, we intentionally used
complele onization in order to accurately simulate the base
resistance since it is of great impartance for noise modeling,
"The mebiity model was critical in determing the fz roll-off
{en, and in our experience the Philips unilied mobility model
{PITUMORB) was found to be the most accurate,
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Fig. 4. Schematic of the SiGe profile design tradeoils between improv-
ing f and 3 at low injection and supressing the fr roll-off at high

injection.
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Fig. 5. Schematic of the 1wo low noise profiles designed that are both

unconditionally stable.

[V. S1GE PROFILE DIESIGN

For conslant film stability, at a given geometry and dop-
ing, a higher f7 and higher 3 can only be realized in prac-
tice by pushing the cdge of the Ge retrograle in the collector
significantly closer to the EB junction (surface). The addi-
tional Ge can then be used to reduce the effective Gummel
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Fig. 6. Stability of the §iGe control design poinl and the two low noisc
profiles. All of these profiles are unconditienaty stable.

number in the neutral base (for higher (), and increase the
Ge grading (for higher f7) [7]. We are thus forced to trade
high-Jo performance for impraved N ;.. Fig. 4 illus-
trates the 5iGe profile design tradeoffs. The dash profile
has more Ge content and a larger Ge gradicnt in the hase,
and therefore higher 3 and fi, and lower noise. The solid
profile has deeper Ge retrograding into the collector, and
therefore a better (weaker) fr roll-off at high injection. Ob-
viously there are numerous possiblities of SiGe profiles to
choose from for a given Ge integral. Extensive numerical
simulations were performed to determine the optimum pro-
files for lowest neise. Fig. 5 shows two such low-noise Ge
profiles {I.NI and 1.N2) which maintain the stability of the
SiGe control profile bul have significantly lower N F,, ., in
simulation (by 0.2dB). All of the SiGe profiles are uncondi-
tionally stable to cefect generation, as shown in the stability
plot in Fig. 6. Compared to the $iGe control profile, the two
low noise profiles have a smaller effective thickness, and a
higher strain, because more Ge were pushed into the base.
The two low noise profiles have f,,.z values comparable
to the SiGe controlb in simulation. The excellent linearity
of the 8i BT and SiGe conrol devices are expecled o be
retained in the 1wo low noisc profiles, becanse the lincarity
is primarily determined by the EB and CB depletion capac-
itances, and insensitive to the diffusion capacitance (base
transit 1ime} in this tcchnology [8].

V. EXPERIMENTAL RESULTS

For unambiguous comparisons all lour profiles were {ab-
ricated in the same wafer tot in a state-of-the-art 0.50um
SiGe HBT techinology [1] using UHV/CVD growth and
identical processing conditions, DC charactersitics were
measured using an HP4155, and S-parameters were mea-
sured using a HP8510C network analyer from 2 - 40G11z,
from which fr and fya. were cxtracted. The noise pa-
rameters were measured from 2 - 18GHz using an NP-5
on-waler measurement system from ATN Microwave Inc.,
and two-tone load-pull measurements were made at 1.9GHz
with 1MHz tone spacing,
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TARLE {
SUMMARY OF DEYICE BLECTRICAL CILARACTERISTICS

Petformance || Si SiGe | SiGe | SiGe
BIT | conwol | LN1 | LN2
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Fig. 7. Measured dc current gain versus collector current of the fabricated
81 BT, 5iGe control, and the 5i0e low noise profiles.
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Fig. 8. Measured fr versus collector current of the fabricated Si BJT,
SiGe control, and the 8iGe low noise profiles,

Table I summarizes the measured transistor parameters
of the four fabricated profiles. The penalty in BV o over
the SiGe control for LN and LN2 is due to the higher 3,
and should not impact LNA designs, which see finite source
impedance {i.c., not an 'open'). The measured Spe — To
and fp— I curves of a 20im? 0.5 % 20 x 2um? stripe) unit
cell device ave shown in Figs. 7 and 8 reapectively, and bear-
out ¢xactly the expected high injection design trade-off. The
two low noise profiles, LNt and LN2, have a higher 4 and
fr attow Jo becausce of more total Ge content and bigher
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Ge gradient in the neutral base, The SiGe control and Si
BIT devices have a weaker {betier) fr roll-off at high Je,
because of the deeper Ge grading into the collector-base
Junction, as designed. This design tradeoff translates into
a significant improvement of the Nk, ;, across the range
of Jo of interest to LNA and mixer circuits over the Si
BIT and SiGe control profiles, as shown by the measured
NFn data in Fig. © . The LN1 profile achieves an im-
pressive N Fypm of 0.2dB at 2mA, 0,2dB lower than the
SiGe control profile, The measvred delta’s between profiles
are consistent with our simulations. The associated gain al
neise matching is still above 13dB at N F,4, for all of the
profiles, as can be scen from Fig. 10. The two low noise
profiles have f,.. values comparable to the $iGe conirol
(Fig. 11), indicating that the high power gain in the control
design point is retained.

Two-tone load-pull measurements were performed at
1.9GH7. with 1.0MHz tone spacing on the 20um? (0.5 x
20 % 2 stripe} unit cell device to determine the lincarity.
The input 3rd order intermodulation intcrcept point (TIP3}
for a two-tone input is used as a figurc-of-merit, and was
extracted in the low input power region where the 3rd order
intermodulation slope is 3:1, The measured HP3 is affected .
by the source and load tarmination, and thus load-pull daia
sheds light on the variation of linearity with impedance for
each profile, Figs, 12-13 and 14-15 show the measured I[P3
and power gain contours on the load impedance Smith chart
for the 5iGe control device, and the low noise profile LN1,
respectively. The maximum IIP3 achieved is 3dBm (5iGe
control) and 3dBm (LN1), with the maximum gain of 17dB
{S8iGe control} and 20dB (LN1), at 1.9GHz for fo=3%mA
and V=3V, An excellent lincarity efficiency (defined as
OIP3/Ppe 10 account for the ditfering load states at max-
imum gain and- maximum I1IP3) of 7 and 10 is achicved
for the SiGe control and the low noise SiGe profile LNI,
respectively, and is comparable to GaAs HEMT {10} and
GaAs HBT technotogy (11) [9]. Preliminary measurements
on RF sub-harmonic mixers fabricated with the identical
low noisc profiles (LN1 and I.N2) also shew improved noise
and linzarity over the 8iGe control profile, indicating that
these device improvements transkate 1o the circuit level [10],
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Fig. 9. Measured minimum noise Agure (A Fini ) versus enlleetar current
at 2GHx for the fabricated 5§ BIT, 81Ge conrad, and the $iGe low noise
profiles,
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ig. 10, Measured associaed gain versus collector current at 2GHz for the
fabricated 51 BT, $iGe control, and the SiGe low noise profiles.
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Fig, 1. Measored finax versus collector current at 26Hz for the fabri-
cated 51 BJT, 5iGe control, and the 5iGe low noise profiles,

V1. CONCLUSIONS

A unifiedl approach to the medeling of transistor noise
was presented, and used to tdentify the limiting factors of
roise perfoermance for a given transistor technology. Key
issues related 10 a successful calibration of 2-D device sim-
ulation to measured y-parameters were also discussed. A
higher DC current gain and a higher fr at relatively lower
current are shown (o he critically important for reducing
N Fiin for a given transistor gcometry and doping. By
applying careful SiGe profile optimization, significant im-
provement in RE performance can be achieved. Using the
noise model-simulation approach, new SiGe profiles were
designed explicitly for itnproving minimum noise figure
(¥ Fym) wilhout sacrificing gain, linearity, frequency re-
sponse, or the stability of the SiGe strained tayer. A mea-
sured NIy, of 0.2dB at 2.0GIz with an associated gain
(Ggssec) O 13dB at noise matching, and a lincarity cffi-
ciency {1 P3/Ppe) of 10 were obtained for the best low-
notse profile, all of which represent substantial improve-
ments in RF performance over the 8i BJT and control 5iGe
HBT design paint, and were accomplished without sacrific-
ing SiGe ilm stability.
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5iGo Control Third-Order Intermodulation Intorcopt Paint
0.5%20x2, F=1.8 GHz, lca=3.0mA, Vee=3.0V

[IP3 Max=2.81 dBm at 58.9+j34.9 load,
Source Impedance=13.9-45.8; Pin=-24.0d8m

Fig. 12, Measured [183 contour on the load impedance Smith chart for the
SiCie control device.

SiGe Contral Load-Pult GAIN on 0,5x20x2 NPN HBT
lce=3.0mA, Vee=3.0V, F=1.9 GHz, Pin=-24.0d3m

GAIN Max=17.31 di} at 48,1+j8,0 load
Sourc lmpedance=13.9-j45.8

Fig. 13. Measured power gain contour on the lead impedance Smith chant
for the §iGe conirol device.
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