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Abstract—This paper investigates SiGe profile design tradeoffs 4kTry
for low-noise RF applications at a given technology generation (i.e., B O
fixed minimum feature size and thermal cycle). An intuitive model N
relating structural parameters and biases to noise parameters is 20l

- - . S h - ql,
used to identify the noise limiting factors in a given technology.
The noise performance can be improved by pushing more Ge into
the base and creating a larger Ge gradient in the base. To main-
tain the SiGe film stability, the retrograding of the Ge into the col-
lector has to be reduced, leading to a strongeff; — I¢ roll-off at
high injection. Two low-noise profiles were designed and fabricated
explicitly for improving minimum noise figure ( N F,,.;,,) without
sacrificing gain, linearity, frequency response, or the stability of
the SiGe strained layer. A 0.2 dBN F,,.;,, was achieved at 2.0 GHz V,
with an associated gain(G ¢ss0c) Of 13 dB.
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. INTRODUCTION

F APPLICATIONS generally impose more serious device (®)

design constraints than digital applications. SiGe HBHig. 1. (a) Schematic of the noise sources in a bipolar transistor and (b) its
technology, because it has higher intrinsic performance th@}gin noisy two-port representation.
Si BJT technology at similar process complexity and delivers

better cost-performance than GaAs technology, has rece‘%;g?arameters, which can be either simulated or converted from
emerged as a contender for the RF market. Existing SiGe profgasured-parameters. We then examine the key issues related
design points are typically optimized for higl and fuax  to the calibration of dc and ac two-dimensional (2-D) device
at high current densities [1]. RF transceiver building block§mylation. SiGe profiles are designed to explicitly improve
such as LNAs and mixers, however, often require very loyojse performance without sacrificing film stability and other
broad-band noise, high RF gain, and excellent RF linearity, thp@y performance metrics. The tradeoffs between suppressing
complicating the device design. The purpose of this work is {gn injection barrier effect and improving noise performance

circuit applications. An intuitive noise model is introduced and

used to identify the dominant noise sources for the control pro-

file design point. The input of the noise model is the transistor
A. Y-Parameter Based Noise Model

Il. NOISE MODELING
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Fig. 2. Spectral density of the equivalent input current noise as a functionfify. 3. Spectral density of the equivalent input voltage noise as a function of
collector current at 2 GHz calculated from measuyguhrameters using (1).  collector current at 2 GHz calculated from measuyggarameters using (2).

to obtain noise figure. To overcome these difficulties, we usg the contribution of2qI¢ to (i2) (i.e.,2qlc/|h21|?) has two
here a different approach that is based on the circuit theory faetors. First|hy;| at the frequency of interest, which appears
linear noisy two-ports [6] and thg-parameters of the transistorin the denominator, increases with increasipgbecause of in-
[7]-[9]. In this way, the noise figure can be directly obtainedreasingf;. Such an increase, however, saturates whehe-
from measured or simulategparameters. comes much higher than the frequency under question (2 GHz
According to circuit theory [6], any linear noisy two-portin our case). The typical frequency dependencgef] is that
can be represented by its noiseless counterpart, an input curigpf| is constant at low frequencies, and decreases at higher fre-
noise source,, and an input voltage noise sourgg as shown quencies, at a slope 620 dB/decade. Seconglg/, which ap-
in Fig. 1(b). The minimum noise figur&/ £,,;,, the optimum  pears in the numerator, increases monotonically with increasing
source admittancéy,,;, and the noise re&stanf& canallbe .. Asaresult, the ratidql-/|ho:|? decreases with increasing
expressed explicitly as a function @f7), (i%), and(v.i;,). The I, first when the increase ¢f.; |> dominates over the increase
general expressions can be found in [6] of Ic.. At higher currents, when the increaselef dominates
For a bipolar transisto(y;), (i), and{v,s;,) can be derived over the increase dfis; |2, the ratio2qIc /|hay |? starts to in-
using the chain representation of the noisy two-port in Fig. 1(B)ease again. For most of the current rargjglz; dominates

as [9], [10] (:2), implying that a higheps is desired to reducg?). For an
(i2) 2. ideal transistor with infinite current gain and infinife: (f121),
=215 + s |C2 (1) (:2) would be zero.
(va) = AkTrg + 2qlc ) C. Input Noise Voltage Limiting Factors
2
ﬁ . [y21] Fig. 3 shows(v2) versusl at 2 GHz calculated from-pa-
{onin) _ 29’]09;1 (3) rameters using (2). Before the high injectigp roll-off, |yo,]|
B |y21] is can be approximated lay/¢-/kT". Therefore, the contribution
of 2¢I- to (v2) is solely determined by /I prior to the fr
where n y ¥/1lcp
roll-off I, and is thus independent of any other transistor pa-

y11  input admittance;

B measurement bandwidth; rameters, as follows:

yx1  transfer admittance; 2lc  2KT)?

h21 =ac current gain. <U72L>|contributedby 2qlo — _2 = (4)
Y21 qlc

921/911

Physically, (i2) is contributed by the base current shot nOlSﬁ/hereym = qlc /KT was used. Equation (4) has significant
(2¢Ip) and the collector current shot noi&ky ¢/ |ha1 [*). (v;,) design implications because it sets the fundamental limit of the
is contributed by the base resistance-induced thermal nojgsise performance of a bipolar transistor at a giierfor zero
(4kTrp) and the collector current shot noi$gglc/|y211%).  base resistance, infinitd, and infinite fz (h1). This funda-
2qlc contributes to both, andi,, and thus determings,.;;). mental limit only depends on the bias current and temperature,
NF,n can be decreased by reducing eitlief) or (i) [6]. and is independent of technology (Ill-V or Si or SiGe). The
For completeness, we have included the cross-correlatipry.. functional form results from the fundamental exponential

{vniy) in all of the simulations. I-—VpE characteristics that determingg = ¢l /kT, and is
) Lo corroborated by the data prior to high injection in Fig. 3. For
B. Input Noise Current Limiting Factors the devices under discussion [1], the contribution: gfdomi-

Fig. 2 showgi2) versus/ at 2 GHz for a 0.5 (emitter width) nates over most of the bias current range, as shown in Fig. 3.
%20 (emitter length)x 2 (stripe numberi:m? SiGe HBT. De- Therefore, significant improvement of noise performance can
tails of the fabrication process can be found in [1]. The datse expected by increasing the base doping and decreasing the
was calculated using (1) froprparameters that were convertegmitter width in future technology generations Becaadé is
from measured-parameters. The biasing current dependendeminated by the thermal noigé7r5 and(i2) is dominated
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by the base current shot noigel 5, the cross-correlation term curves. For state-of-the-art bipolar transistors with narrow emit-

(vp,i% ) can be neglected for these devices. ters, the shallow-trench isolation and extrinsic CB capacitances
can often be comparable to the intrinsic CB capacitance, and are
D. Approaches to Noise Improvement therefore nonnegligible. For accurajeparameter simulation,

) ) ) all of the 2-D lateral structures must be included. The base resis-

;I'o 'mprove transistor noise performance, we need to redug,ce EB and CB capacitances were extracted from measured
{vz) and(iz,). Accogdlng to the above analysis; needs to be onq simulated;-parameters using a set of analytical equations
reduced t(_) reduc@zn>. It has to be remqued here that we neeﬁ3]' and then plotted as a function ig(I). By comparing
to normalizer with respect to the emitter length when coms e simulated and measured, C'sz, andC e, one can iden-
paring devices with different emitter lengths. For similar regry, the dominant factors of simulation-measurement discrep-
sons, noise figure comparison should be made at the same ¢iifsy and adjust the lateral doping extension accordingly. The
rent density. A simple increase of the er_n_ltter length reduges ifusion capacitance component©f; g is proportional talc:
but does not improve the noise capability, because of the cgf-re|atively lower currents, and can be distinguished from the
responding increase of capacitances by the same factor. HoWp|etion capacitance component. By simulating and measuring
ever, the emitter length (or the number of unit cells) can be 0gayices with different emitter widths, the contribution of the ex-
timized to minimize the losses in the passive matching netwogksic and intrinsic elements can be distinguished.
by_mgk_ing the optimum source impedance close to the characapother important aspect is to select a proper set of phys-
teristic impedance (for instance, 8 [8]. _ _ical models and coefficients. For instance, incomplete ioniza-
~ Atagiven technology generation, the minimum emitter widtfioy though recommended explicitly by users’ manuals, often
is determined by the minimum feature size, and the parasifig,ys 1o an overestimation of the base resistance. At concen-
CB capacitances. The base sheet resistance is determineg fyons higher than0*® /cm?, the semiconductor-metal (Mott)
the amount of boron dopants that can be kept n place, whichignsition occurs, and the dopants are completely ionized. To the
limited by the thermal cycle. Therefore, and(v;,) are fixed. 5thors’ knowledge, this, however, is not modeled correctly in
In other words, the input noise voltage can only be reduced Ryyay's commercial device simulators. Therefore, we intention-
lateral and vertlcal_ scallng_, the reduction of thermal cycle, or ﬂéeﬂy used complete ionization in order to accurately simulate the
use of carbon doping [11] inamore ;idvanceq technology. Thefgse resistance, since it is of great importance for noise mod-
is no room for further reduction dfv;,) at a given technology gjing. The mobility model was critical in determining thfe
generation. roll-off I, and in our experience the Philips unified mobility

The input noise currer{tZ ), however, can be reduced by in-ogel (PHUMOBY) was found to be the most accurate.
creasings (to reducel g) and increasingr (to increaseé»;) ac-

cording to (1). In particular, at relatively high current where the

RF power gain is large2q/ 5 dominates/i2) in these devices. IV. SIGE PROFILE DESIGN

Therefore, significant noise improvement can only be achieved

through an increase ¢f at relatively high biasing currents.
The approaches to improving noise performance at a gi

technology generation are now clear. The SiGe profiles nee

be optimized for highes and fr under the fundamental con

For constant film stability, at a given geometry and doping,
a higher f and higher3 can only be realized in practice by
v Ushing the edge of the Ge retrograde in the collector signif-
égntly closer to the EB junction (surface). The additional Ge

: g i . .~ "can then be used to reduce the effective Gummel number in
straint of SiGe film stability. Next, we simulated the noise Pahe neutral base for highet, and increase the Ge grading for

rameters for various SiGe profiles at constant film stability (irh- h 141 1151, Wi thus f d to trade hi
tegrated Ge content) to determine the optimum profiles for lo Iﬂ_ Oef; J;Ter[forlhgngé fo? i?rz?)rovuesd\f(;cé Sn;aerehig;g?nji :::

noise. To produce sensible results, the 2-D device structure 1f| rn, the minority carrier charges are sufficient to compensate

the standard control SiGe HBT was first calibrated to measur q the ionized depletion charges in the collector-base space

y-parameters. Issues related to the calibration are discusse HBrge region, thus exposing the hetero-interface between the

the following section. collector and the base, which was originally masked by the band
bending in the depletion region. In SiGe HBTSs, since most of
the bandgap offset occurs in the valence band, the collapse of
the original collector-base electric field at the heterointerface
MEDICI [12] was used to simulate the dc and high frequenayveals the valence band barrier, which opposes the hole injec-
y-parameters using measured SIMS profiles. The first step istion into the collector under base push-out [16], [17]. The piling
determine the profiles based on the SIMS data. The base pinghof holes further induces a potential barrier in the conduc-
sheet resistance can be used to calibrate the base doping foo- band profile, which retards the flow of electrons into the
file, and determine the EB and CB junction locations. The basellector, and thus decreasing the cut-off frequency [17]. Fig. 4
doping and Ge profiles also set the-V5 g characteristics. The illustrates the SiGe profile design tradeoffs. The solid profile
measurement should be made on very long emitter devicesatal the dash profile have the same integrated Ge content, the
avoid three-dimensional (3-D) effects. The carrier lifetime inpper limit of which is set by the SiGe film stability constraint
the emitter can be adjusted to reproduce ftgeVp g charac- [18]. The dashed profile has a larger Ge content and a higher Ge
teristics. Bandgap narrowing (BGN) parameters can be adjustgddient in the base, and therefore higheand fr, and hence
to shift the simulated, I5—Vg g curves toward the measuredower noise. The solid profile has deeper Ge retrograding into

I1l. CALIBRATION OF 2-D DEVICE SIMULATION
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0
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3 [ Low-noise ] A. Device Fabrication and Measurement
S 4l profile LN1 i For unambiguous comparisons, the two low-noise profiles,
(14% peak) . . . X L
- | | the SiGe control profile, and a Si control profile were fabri-
0 S — ' cated in the same wafer lot in a state-of-the-art Q.60 SiGe
0.15 0.18 0.22 0.25 Q

HBT technology [1] using UHV/CVD growth and identical pro-
cessing conditions. Fig. 7 shows the doping and Ge profiles for
Fig. 5. Schematic of the two optimized low-noise profiles that are botthe 18% peak Ge low-noise profile LN2 measured by SIMS. To
unconditionally stable. within the SIMS resolution, the designed Ge shape is basically
reproduced.
the collector, and therefore a better (weakgryoll-off at high DC characteristics were measured using an HP4$55a-
injection. rameters were measured using a I_-|P8510C vector network an-
Obviously, there are numerous possibilities of SiGe profilédyzer from 2 to 40 GHz, from whiclir and fuax were ex-
to choose from for a given integrated Ge content. Extensive {2cted. Noise parameters were measured from 2-18 GHz using
merical simulations were performed to determine the optimuf? NP-5 on-wafer measurement system from ATN Microwave
profiles for lowest noise. The key here is to achieve noise pdpc- Two-tone load-pull measurements were made at 1.9 GHz
formance improvements while minimizing thfe- degradation With 1 MHz tone spacing.
at high injection. Our goal is to maintain the pegkand fy,ax
comparable to the control profile design point in the presence%f
a worsened high-injection barrier effect. Fig. 5 shows two suchTable | summarizes the measured transistor parameters of the
low-noise Ge profiles (LN1 and LN2) which maintain the stafour fabricated profiles. The penalty BV go over the SiGe
bility, the peakf and peakf,,... of the SiGe control profile, but control for LN1 and LN2 is due to the highgt, and should
have significantly lowetV £,,,;,, in simulation (by 0.2 dB). All only have a small impact on LNA designs, which see a finite
of the SiGe profiles are unconditionally stable to defect geneseurce impedance (i.e., not an “open”). The measyredi-
ation [18], [] by design, as shown in Fig. 6. The linearity of th@nd curves of a 20m? (0.5 x 20 x 2um? stripe) unit cell device
Si BJT and SiGe control devices are expected to be retainedaine shown in Fig. 8. The correspondifig— I andf pax — I
the two low-noise profiles, because the linearity of bipolar trawurves are shown in Fig. 9. The experimental results confirm the
sistors is relatively insensitive to the diffusion capacitance (basgpected high injection design trade-off discussed above. The
transit time) [19]. two low-noise profiles, LN1 and LN2, have a high@and f1

Depth (um)

Experimental Design Tradeoffs
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TABLE | 14F T E
SUMMARY OF DEVICE ELECTRICAL CHARACTERISTICS - o SiBJT / o’
1.2 [ D SiGe control /0 E'/ :
) ‘ . . = 10 2 siGeLN1 A7
Performance Si SiGe | SiGe | SiGe g 08 T siGe LN 2/0 ] //v_
BIT | control | LN1 | LN2 £l O - )
w 0.6 —o—"" / -1
BatVpe=07V | 67 | 114 | 350 | 261 % 04fo—o—c ,
* A oK Ag=0.5x20x2um* |
Vi(V) 19 60 58 113 0.2 - - f=2GHz Vcp=0V n
0.0 ) ' ' BRI |
BVcgo(V) 35 32 27 1 27 1.0 2.0 5.0 10 20
Ry (kQ/O) 128 98 |103] 107 Ic (mA)
peak fr (GHz) 38 52 52 57 Fig. 10. Measured minimum noise figu® ¢,..;.,) versus collector current at

2 GHz for the fabricated Si BJT, SiGe control, and the SiGe low noise profiles.

peak fumax (GHz) | 57 64 62 67
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11. Measured associated gain versus collector current at 2 GHz for the
Fig. 8. Measured dc current gain versus collector current of the fabrlcatedfggncated Si BJT, SiGe control, and the SiGe low noise profiles.
BJT, SiGe control, and the SiGe low noise profiles.

80 TTTT T T T T T T T T T C NOISG |mpr0vements
L Ag=0.5x20x2um? i

~ The above improvements @f and fr translate into a sig-
é nificant improvement of theéV F,,,;,, over the Si BJT and SiGe
g control profiles across the range.&f that is of interest to LNA
s ’ and mixer circuits, as shown by the measured 2 GHZ,,;,,
s SiGe comr;%\f” data in Fig. 10. The LN1 profile achieves an impresswe,,,;,,
o SiGe LN1 ¥ \;' of 0.2 dB at 2 mA, 0.2 dB lower than the SiGe control pro-
i v v SiGe LN2 7] file. The measured noise figure improvements between profiles
0 1' = ""1'0 " "1'00 are consistent with our simulations. The associated gain at noise

Ic (MA) matching is still above _13 dB eN_F,_nm _for all of the p_rofiles_,

as can be seen from Fig. 11. Similar improvement is achieved
at higher frequencies for the same bias current. For instance, a
0.3 dB N F,,,;, improvement is obtained gt = 10 GHz and

5 MA.

Fig. 9. Measuredf+ and fmax versus collector current of the fabricated Si
BJT, SiGe control, and the SiGe low noise profiles.

at low .J- because of a higher total Ge content and higher é@ -
gradient in the neutral base. On the other hand, the SiGe control
and Si BJT devices have a weaker (bettgnroll-off at high D- Linearity

Je, because of the deeper Ge grading into the collector-basdo determine the device linearity, two-tone load-pull mea-
junction in SiGe profile design. In circuit applications, the uppesurements were performed at 1.9 GHz with 1.0 MHz tone
biasing current limit of these devices is set by the minimfsm spacing on the 2@m? (0.5 x 20 x 2 stripe) unit cell device.
andf,,... requirements. For instance, the upper collector currefe input third order intermodulation intercept point (IIP3)
limit for meeting a requirement of ... > 30 GHz is 50 mA [20] for a two-tone input is used as a figure-of-merit. 11P3
for the two low-noise profiles. We have also achieved the goahs extracted in the low input power region where the third
of maintaining the pealf; and peakf,,.x Of the SiGe control order intermodulation slope is 3:1. A larger number of IIP3
design point, despite the worsened high-injection barrier effedtsplies better linearity. [IP3 can be related to more robust
in the two low-noise profiles. In fact, the pe#@k and peakf,,...  distortion metrics such as adjacent-channel power ratio (ACPR)
values in LN2 are higher than in the SiGe control, as can be modern digital mobile communications through compact
seen from Table I. Thé,,., of the two low-noise profiles are formulas [21], [22].

comparable to that of the SiGe control indicating that the high Fig. 12 shows the measured output power versus input power
power gain in the control design point is retained. characteristics for the four profiles & = 30 mA andVeg =



2042

20 L L L W L
| 1c=30mA V¢e=3V 1
0 soels ]
& -20f ki
k=2 i ]
540 o SIBJT ]
a. I o SiGe control
i 4 SiGe LN1 1
=60 - v SiGeLN2 ]
N o [
-30 26 -20 -15 -10 -5 0
Pi, (dBm) 2]

Fig.12. Measured output power versus input power for all the profilés at
30 mA andVz = 3 V. The source and load terminations aref50

3]
3 V. The source and load impedance used i§250he perfor- 4]
mance does not differ substantially between the various profiles.
The 1IP3 values are: 2.7 dBm for Si BJT, 3.0 dBm for SiGe con- 1%
trol, —1.5 dBm for SiGe LN1, and 2.5 dBm for SiGe LN2. The (g
power gain values are: 22.4 dB for Si BJT, 23.4 dB for SiGe con-
trol, 25.0 dB for SiGe LN1, and 24.0 dB for SiGe LN2. Small ]
differences are attributed to the fact that IIP3 strongly depends
on the load condition, and maximum IIP3 occurs at different [8]
load states for different profiles [23]. The maximum linearity
efficiency (OIP3Pp¢) achieved is in the range of 7 to 10, and
is comparable to GaAs HEMT (10) and GaAs HBT technology [9]
(11) [24]. Linearity efficiency is defined as OIR3) to ac-
count for the differing load states at maximum gain and maxgiqj
imum 11P3 [24]. Preliminary measurements on RF subharmonic
mixers fabricated with the identical low-noise profiles (LN1 and [11]
LN2) also show improved noise over the SiGe control profile,
indicating that these device improvements translate to the cir-
cuit level [25]. [12]
(13]
VI. CONCLUSIONS

A unified approach to the modeling of transistor noise wag14]
presented, and used to identify the limiting factors of noise
performance for a given SiGe HBT technology. Key issueg;s)
related to a successful calibration of 2-D device simulation to
measurement were also discussed. A higher dc current gain aH8!
a higherf; at relatively lower current are shown to be critically
important for reducingV F,,.;,, for a given transistor geometry [17]
and doping. By applying careful SiGe profile optimization,
significant improvement in RF performance can be achievedsg
Using the noise model-simulation approach, new SiGe pro-
files were designed explicitly for improving minimum noise (1]
figure (VF),.;») without sacrificing gain, linearity, frequency
response, or the stability of the SiGe strained layer. A measurgeo]
NF,,, of 0.2 dB at 2.0 GHz with an associated g&{#, s..) n
of 13 dB at noise matching, was obtained for the best Iow-noisg
profile, all of which represent substantial improvements in RF
performance over the Si BJT and control SiGe HBT desigri??!
point, and were accomplished without sacrificing SiGe film
stability. [23]
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