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Abstract—We investigate the base-profile design issues asso-
ciated with optimizing ultrahigh vacuum/chemical vapor deposi-
tion (UHV/CVD) silicon–germanium (SiGe) heterojuction bipolar
transistors (HBT’s) for minimum broad-band noise. Using the
simulator for cryogenic research and SiGe bipolar device opti-
mization (SCORPIO), the impact of Ge profile, base doping level,
and base thickness on minimum noise figure (NFmin) are quanti-
tatively examined across the�55 �C–125�C temperature range.
We introduce a novel Ge profile for optimumNFmin, which allows
independent control of current gain (�) and achieves maximum
fT while maintaining thermodynamic stability. Simulations show
that this profile can achieve a� of �200, a peakfT > 50 GHz,
a peak fmax> 60 GHz, and anNFmin< 0.5 dB at 2 GHz and
<1 dB at 10 GHz using a conservative base width of�90 nm.
We predict that a 45-nm base-width/0.5-�m emitter-width device
with a thermodynamically stable flat Ge profile, manufacturable
using an UHV/CVD growth technique, should be able to achieve
an NFmin< 0.4 dB at 2 GHz and�0.8 dB at 10 GHz along with
a � of �300, a peakfT > 70 GHz, and a peakfmax> 90 GHz.
These 300-K performance values improve as the temperature is
reduced.

Index Terms—Heterojunction bipolar transistors, germanium,
semiconductor device modeling, semiconductor device noise, sil-
icon.

I. INTRODUCTION

SILICON–GERMANIUM (SiGe) heterojunction bipolar
transistors (HBT’s) offer many performance advantages

over Si bipolar junction transistors (BJT’s), including higher
common-emitter dc-current gain , transition frequency

, and maximum oscillation frequency , and have
excellent broad-band noise characteristics [1], [2]. Our
investigation uses the one-dimensional (1-D) drift–diffusion
simulator for cryogenic research and SiGe bipolar device
optimization (SCORPIO) to generate current densities,,
transit times, , intrinsic base sheet resistance ,
capacitances, and other bias-dependent parameters from
secondary ion mass spectroscopy (SIMS) doping and Ge
profiles. These results are then combined with assumptions on
the lateral geometry of the device and extrinsic parasitics in
order to calculate and minimum noise figure .
The simulation results presented assume an advanced bipolar
technology which allows a 0.5-m emitter width, silicided
double-base contacts, and 0.25-m oxide sidewall spacer
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Fig. 1. Comparison of simulatedNF
min

with measured data from an IBM
SiGe HBT with emitter dimensions(AE) of 0.5� 2 � 20 �m2 [2].

thickness. The noise model used is that presented by Hawkins
[3]. This simulation approach gives good agreement with
measured data (see Fig. 1) [2].

II. THE SCORPIO SIMULATOR

SCORPIO is a 1-D drift–diffusion device simulation pro-
gram specifically developed for investigating the SiGe HBT
over a wide range of temperatures [4], [5]. SCORPIO has
full heterojunction simulation capability, advanced parameter
models for mobility, transit time, and bandgap narrowing,
and provides both bias- and position-dependent output. It has
been shown to have excellent agreement with measured data
for advanced SiGe HBT’s grown using the ultrahigh vac-
uum/chemical vapor deposition (UHV/CVD) technique from
300 K down to liquid-nitrogen temperature (77 K) [6]–[8].

SCORPIO uses a doping and Ge profile, such as the
one shown in Fig. 2, as the input data file. This profile
represents an actual state-of-the-art SiGe HBT designed for
high-performance analog-circuit applications [9] and will be
referred to as the “calibrated profile.” It is a trapezoidal profile
which varies linearly from 1% to 10.5% Ge and has a relatively
conservative metallurgical base width of approximately 90 nm.
Such profile input files can either be generated from measured
SIMS data or from process simulators such as TSUPREM-4.
Fig. 3 shows the five Ge profiles used to investigate the impact
of the Ge profile on minimum noise figure. All of these profiles
have an approximately 25-nm-thick Si cap layer, the same
effective thickness (depth from the crystalline surface of the
wafer to the Ge at the collector–base (CB) junction), and the
same effective average Ge content (average amount of Ge in
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Fig. 2. Doping profile (from SIMS data) for an SiGe HBT with a 1%–10.5%
trapezoidal Ge profile which has been used to calibrate SCORPIO to measured
data (“calibrated profile”).

Fig. 3. Five commonly used Ge profiles having the same thermodynamic
stability. Included is the calibrated profile (1%–10.5% trapezoid). The emitter
and base carrier concentrations are shown from the poly-Si-to-Si interface in
the emitter (at left edge) to the base–collector metallurgical junction (at right
edge).

the effective thickness) and, thus, equivalent thermodynamic
stability [10]–[13].

For the work presented here, the CB bias is fixed
at 1 V and the base–emitter bias is stepped up from
0 to 1 V. Figs. 4–6 show , , and , respectively, for
the five profiles along with the Si BJT control. Notice in
Fig. 4, that the presence of Ge greatly enhances. Both
theory and experimental results show that this is primarily
controlled by the exponential dependence ofon the Ge-
induced bandgap narrowing at the base-side edge of the
emitter–base (EB) depletion region [ ] [6], [14].
Notice also, that the graded Ge profiles show a slight decrease
in with increasing collector current density. This is because
the EB depletion region shrinks as is increased, effectively
reducing with increasing bias (i.e., the “Ge-ramp”
effect) [14].

is the sheet resistance of the neutral base region and,
for an n-p-n transistor under low-level injection bias conditions
(as is the case for low-noise operation), is given by

(1)

Fig. 4. Simulated� for the five Ge profiles shown in Fig. 3 along with an Si
BJT control. The presence of Ge greatly enhances� and the bias dependence
is dependent on profile.

Fig. 5. SimulatedRbi for the five Ge profiles shown in Fig. 3 along with
an Si BJT control. The presence of Ge reducesRbi.

Fig. 6. SimulatedfT for the five Ge profiles shown in Fig. 3 along with
an Si BJT control. The presence of Ge increasesfT , but is not strongly
dependent on profile.

where is the base-side edge of the EB depletion region,
is the base-side edge of the CB depletion region, is

the majority-carrier hole mobility as a function of position, and
is the ionized acceptor doping concentration in the base

as a function of position (which is approximately equal to the
p-doping level). The exact functional form of the dependence
of majority-carrier hole mobility enhancement in strained
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SiGe film layers, as compared to Si, is an unresolved and
actively investigated area among many groups. Additionally,
the diffusion of boron in strained SiGe is known to be slower
than in Si, thus making it difficult to make a true one-to-one
mobility comparison. At least for the doping ranges used in this
paper, the presence of Ge reduces. Our simulations assume
that the base doping profile is constant and use a mobility
model which gives excellent agreement with measured
data over a wide temperature range [6]. The impact of the Ge
profile can be seen in Fig. 5. Referring to Fig. 3, observe that
the peak in base doping occurs at a depth between 0.190 and
0.195 m. For the different profiles, the higher the Ge content
in this range, the lower the obtained.

As shown in Fig. 6, the presence of Ge increases,
although there is not a strong dependence on the profile.
is given by

(2)

where , , and are the base, emitter, and collector transit
times, respectively, and and represent the EB and CB
depletion layer capacitance charging times, respectively. The
two transit times which dominate in modern Si bipolar
transistors are the and . For an SiGe HBT, a grading
of Ge across the neutral base induces a drift field in the base,
which accelerates the electrons injected from the emitter to the
collector, thereby decreasing. The ratio of for ideal SiGe
and Si devices of identical doping profiles is given by [15]

grade
grade

grade
(3)

where accounts for the strain induced-mobility enhancement
and

grade (4)

represent the Ge-induced bandgap narrowing at
the base-side edges of the CB depletion region. The ratio of

for ideal SiGe and Si devices of identical doping profiles
is given by [15]

(5)

As the Ge at enhances , it produces a strong reduction
in . Therefore, there exists a tradeoff betweenand for
different Ge profiles having the same thermodynamic stability,
which accounts for the weak dependence on profile. The
simulated peak of the calibrated profile agrees to within
10% of the experimentally measured value of 43 GHz.

III. EXTRINSIC PARASITICS

For well-behaved modern Si technologies, the 1-D ap-
proximations required to use SCORPIO should be extremely
accurate for the parameters which it calculates. And in fact,
SCORPIO results have been shown to have excellent agree-
ment with measured data (over a wide temperature range)

Fig. 7. Schematic cross section showing the location of the oxide sidewall
spacer and base link-resistance implant with respect to the base and emitter
contacts (not to scale).

[6]–[8]. However, there are other common figures of merit
which are of interest to device designers. In order to extend
the 1-D output data from SCORPIO, assumptions must be
made on the lateral geometry of the device and the extrinsic
parasitics. We assume a 0.5-m emitter-width structure with
silicided double-base contacts and 0.25-m oxide sidewall
spacer thickness. We further assume 1-m metal linewidths
and spacings, and that the device has deep-trench isolation
at the outside edges of the base metal. This is necessary to
estimate the extrinsic CB capacitance fF/ m
and extrinsic base resistance . It is also assumed that
there is a base link resistance implant under the oxide sidewall
spacer which dominates . Fig. 7 illustrates where this link
resistance is located.

Once values for these extrinsic parasitics have been esti-
mated, can be calculated by

(6)

where the total base resistance is given by

(7)

the intrinsic base resistance for devices with double base
contacts is given by

emitter width
emitter length

(8)

and the total CB junction capacitance is given by

(9)

and the intrinsic CB capacitance are calculated
by SCORPIO. The emitter length multiplies out of the
calculation if the end effects of the transistor are neglected.
This should be a valid assumption for emitter lengths greater
than about 10 m.

Fig. 8 shows of the calibrated profile for a range of
base link sheet-resistances. 6000 corresponds roughly to
no additional doping in the link region and 200 represents
an aggressive additional doping step. As can be seen,
is highly sensitive to how this link region is designed, and
the link resistance should be minimized. Decreasing the oxide
sidewall spacer thickness will also serve to reduce the link
resistance.
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Fig. 8. fmax for the calibrated profile for a range of base link sheet-
resistance values.fmax is highly sensitive to how the base link region is
designed.

Fig. 9. Equivalent circuit schematic of Hawkins’ noise model for bipolar
transistors [3].

IV. NOISE MODEL

The noise model used in this paper is that presented by
Hawkins [3], the equivalent-circuit schematic of which is
shown in Fig. 9. This model accounts for the thermal noise
in the source and base resistances, the shot noise in
the emitter , and the collector partition noise . The
resulting expression for noise factor can be written as (10),
shown at the bottom of the page, where is the source
resistance, is the source reactance, is the dynamic
emitter resistance (thermal voltage divided by emitter current),

is the EB depletion capacitance ,
is the common-base dc-current gain, is the magnitude
of the common-base small-signal ac-current gain, andis
the frequency at which the noise factor is evaluated. This
formulation allows one to isolate the base thermal (second
term), emitter shot (third term), and collector partition (fourth
term) noise sources (all normalized by the source thermal
noise). Even though the complete expression is used in our
calculations, a simplified version accounting only for the

dominant terms can be expressed as

(11)

This formulation helps in determining which parameters are
controlling the noise factor. Generally speaking, the presence
of Ge reduces the noise factor by decreasing, decreasing

(through , and allowing nearly independent control
of is given by when is set to the
optimum source resistance is given by

(12)

where the optimum source reactance is given by

(13)

and

(14)

Accounting only for the dominant terms, these equations
simplify to

(15)

(16)

and

(17)

Note that the length of the emitter has no impact on the noise
figure because each term consists of a resistance normalized
by the source resistance (once again, neglecting end effects).
However, the optimum source resistance is linearly impacted
by the emitter length and can be used in sizing the device from
a high-frequency matching standpoint.

Fig. 10 shows at 10 GHz for the calibrated profile
over the range of base link sheet resistances used in the

calculations. Like , is highly sensitive to
how this region is designed and the link resistance should
be minimized. An aggressive base link sheet resistance of
500 is assumed in the remainder of this paper. Fig. 11
shows the contributions of each of the three noise sources in
terms of noise factor. Realizing from Fig. 10 that the minimum

occurs at a current density of about 0.1 mA/m , it can

(10)
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Fig. 10. NF
min

for the calibrated profile for a range of base link
sheet-resistance values.

Fig. 11. Relative contributions of the noise-factor sources for the calibrated
profile using a base link sheet resistance of 500
= .

Fig. 12. Novel Ge profile which allows optimization forNF
min

along with
the “calibrated profile” (1%–10.5% trapezoid). The emitter and base carrier
concentrations are shown from the poly-Si-to-Si interface in the emitter (at
left edge) to the base–collector metallurgical junction (at right edge).

be seen in Fig. 11 that the collector partition noise dominates.
Thus, from the forth term in (11), we see that increasing
(and thus, ) will serve to reduce below the 1.3 dB
predicted here. And, in fact, the flat Ge profile (which has the
highest ) offers a slightly lower of 1.25 dB.

Strictly considering the Ge profile, the best noise perfor-
mance will be achieved with the greatest amount of Ge in the
neutral base region. The limitations on the amount of Ge are

Fig. 13. NF
min

comparison at 10 GHz for the Si BJT, calibrated profile,
and optimized profile using a base link sheet resistance of 500
= .

Fig. 14. fT and fmax for the optimized profile using a base link sheet
resistance of 500
= .

the thermodynamic stability limit and the maximum acceptable
. In Fig. 12, we introduce a new thermodynamically stable

Ge profile which makes optimum use of the Ge to achieve a
minimum . This “optimized profile” provides constant
Ge at the EB junction for improved bias dependence and
maximum in the bias range of interest. It is the level of
Ge in this flat region which determines. The Ge at the
CB junction is slid toward the emitter to achieve higher peak
Ge percentages at a similar stability. This can be done since
minimum occurs at a much lower current density than
does peak (see Fig. 8) and, thus, before the onset of
Ge-induced high injection-barrier effects [7]. The remaining
Ge (from the stability standpoint) is put into the Ge grading
to decrease . The resulting Ge profile produces a of

200, a peak GHz, a peak GHz, and
a dB at 2 GHz and dB at 10 GHz at a
conservative base width of 90 nm. This is compared to0.9
dB at 2 GHz and 1.8 dB at 10 GHz for the Si BJT control.
Fig. 13 compares at 10 GHz for the Si BJT, the
calibrated profile, and the optimized profile. Fig. 14 shows
the frequency response of the optimized profile. The peaks
in both and occur at lower current densities than
the calibrated profile as a direct result of having slid the Ge
at the CB junction toward the emitter. Doing this causes the
onset of Ge-induced high injection-barrier effect to occur at a
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Fig. 15. Effect of base doping level on the noise factor sources for the
calibrated profile using a base link sheet resistance of 500
= .

lower current density. This effect can also be seen in the sharp
increase in above 1 mA/ m . For low-noise devices,
this is an acceptable tradeoff because the device will most
likely be biased at or near the bias corresponding to minimum

.

V. IMPACT OF BASE DOPING

Base doping has a direct impact on, , and , with
all decreasing as the doping level increases. The decrease in

and (with increases in both and ) would lead one
to expect to increase. However, the decrease in
suggests that maybe there will be a decrease in . The
optimum base doping level depends on which noise terms
dominate . The base doping is varied by scaling the
peak of the calibrated profile by 0.75, 1 , 1.25 , 1.5 ,
and 2 . The emitter and collector profiles remain unchanged
so as to maintain constant and an open-base breakdown
voltage ( ) of 3.3 V (experimentally determined for
the calibrated profile). For the 90-nm base-width devices in
the doping range investigated, the collector partition noise
dominates. Thus, as can be seen in Fig. 15 for the calibrated
profile, increasing base doping increases because
decreases and increases. Even though an increase in doping
reduces , also decreases to partially offset the impact
on the base thermal-noise component.

Typically, there are a number of other issues and device
specifications which influence the optimum base doping level.
If the base doping level is too low, current crowding could
become a problem. This occurs when gets high enough to
cause a bias variation across the EB junction. Decreasing the
base doping level may also causeto become unacceptably
high. Also, as is the case for the devices investigated here,
the increase in can offset the increase in and cause a
decrease in with decreased doping.

VI. I MPACT OF BASE THICKNESS

A scaled base thickness is achieved by decreasing the
distance between the EB and CB metallurgical junctions
by a factor of two, thus reducing the total doping in the
metallurgical base by one-half. The emitter and collector
profiles remain unchanged. Fig. 16 shows the locations of all

Fig. 16. Stability space plot showing location of the Ge profiles presented.

Fig. 17. Effect of base doping level on the noise factor sources for the scaled
base profile using a base link sheet resistance of 500
= .

of the Ge profiles in stability space. Interestingly, comparisons
indicate that thinning the base alone does not necessarily
increase or reduce . From the noise standpoint, one
of the primary advantages to thinning the base is that higher
Ge content can be used while remaining thermodynamically
stable. This is illustrated by the “Scaled Base” point in
Fig. 16. Simulations show that collector partition noise no
longer dominates at this base thickness (see Fig. 17), nor
does it increase with increasing doping since decreases
faster with increasing doping in the thinner devices. Therefore,
increasing doping goes to reducing the base thermal noise
(by reducing ) and the emitter shot noise (through ).
Using a 2 increase in the doping level, we predict a
of 300, a peak GHz, a peak GHz,
and a dB at 2 GHz and 0.8 dB at 10 GHz
using a thermodynamically stable, flat 11.9% Ge profile in a
manufacturable SiGe HBT technology.

VII. T EMPERATURE EFFECTS

It is a common practice to operate low-noise devices at
low temperature in an effort to reduce . However, this
does not necessarily reduce the noise generated in bipolar
transistors. Fig. 18 shows the minimum values of for
the calibrated profile, optimized profile, scaled base device
with a flat Ge profile and 2 increase in base doping, and Si
control over the temperature range from55 C to 125 C.
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Fig. 18. MinimumNF
min

at 10 GHz for the Si, calibrated profile, optimized
profile, and scaled base profile as a function of temperature using a base link
sheet resistance of 500
= .

Fig. 19. � for the Si, calibrated profile, optimized profile, and scaled base
profile as a function of temperature.

Fig. 20. fT for the Si, calibrated profile, optimized profile, and scaled base
profile as a function of temperature.

Simulations show that increases in the Si control and
remains roughly unchanged in the calibrated profile as the
temperature is reduced, whereas the optimized and scaled
base profiles show a decrease in as the temperature is
reduced. The reasons for these trends are illustrated in Figs. 19
and 20. In Fig. 19, we see that reducing the temperature drives

sharply upward in the optimized and scaled base profiles,
leading to a sharp decrease in the collector partition noise
component. This is not the case with the calibrated profile, and

Fig. 21. NF
min

for the Si, calibrated profile, optimized profile, and scaled
base profile as a function of frequency using a base link sheet resistance of
500 
= .

the opposite is true in the Si control. Fig. 20 shows the impact
reducing temperature has on for the four base designs. In
all three of the SiGe devices, a reduction in temperature leads
to an increase in . This is the result of decreases in both

and . The Si control has an increase in bothand ,
which leads to the reduction in as temperature is decreased.
A decreasing causes a reduction in the collector partition
noise component and a decreasingcauses a reduction in
the emitter shot noise component. Therefore, sinceand
have the same temperature dependence, an increase inwith
reduced temperature is desirable.

VIII. SUMMARY

SiGe HBT’s have demonstrated many performance advan-
tages over Si BJT’s, including lower broad-band noise. As
is summarized in Fig. 21, our simulations suggest that even
better noise characteristics can be expected with base designs
which are optimized for low-noise performance. In achieving
maximum performance, the base thickness is usually limited
by technological capabilities while the Ge content is set by
thermodynamic stability constraints. As the base thickness is
scaled down, the base doping should be scaled up by the
same factor to maintain a similar . The Ge profile and
doping level can then be tailored to meet the, , ,

, and specifications for the particular application.
A minimum emitter width will also have a positive impact
on and thus, and . We demonstrated that
the design of the base link resistance is critical because
of its strong influence on and . We introduced
a novel Ge profile which allows independent control of
and achieves maximum while maintaining thermodynamic
stability. Such a profile can achieve a of 200, a peak

GHz, a peak GHz, and an dB
at 2 GHz and 1 dB at 10 GHz at 300 K. We also predict that
a 45-nm base-width device with a thermodynamically stable
flat Ge profile should be able to achieve a dB at
2 GHz and 0.8 dB at 10 GHz along with a of 300, a
peak GHz, and a peak GHz. These 300-K
performance values improve as the temperature is reduced.
This study suggests that properly designed SiGe HBT’s should
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have broad-band noise performance superior to Si BJT’s and
competitive with GaAs technologies.
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