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Nonlinear Modeling of SiGe HBT’s up to 50 GHz

Clemens N. Rheinfelder, Frank J. BeiRwanger, and Wolfgang Heinrich

Abstract—A new large-signal model for SiGe heterostructure Cone
bipolar transistors (HBT's) is presented that includes nonideal i
leakage currents, Kirk-effect, and thermal behavior. The pa- Intrinsic BT ¢
rameters are extracted from S-parameter measurements using I f
a special procedure which is insensitive to tolerances in mea- C
surement data. The model yields excellent accuracy for dc and e
S parameters up to 50 GHz. It proved its usefulness in MMIC R
oscillator design at 26 and 38 GHz. |

Index Terms—Heterojunction bipolar transistors, microwave Bagg L, Ry | Ry ol R L, S,OH'
bipolar transistors, nonlinear circuits, nonlinear modeling, silicon i1
germanium. N
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I. INTRODUCTION

ECENT developments in the area of Si-SiGe-Si het-
erostructure bipolar transistors (HBT'’s) pushed the tran-
sit frequencies beyond the 100-GHz lim#,,,. and f; values
of 160 and 116 GHz, respectively, were achieved [1], [2]. This L.
qualifies the HBT as a key component in the development
of microwave Si-based MMIC’s. The most critical issue in
MMIC design is the accurate modeling of the active devicesig. 1. Small-signal equivalent circuit of the Si-SiGe-Si HBT in the normal
This is true particularly for highly nonlinear circuits such agctlve regime. All parasitic extrinsic and intrinsic elements are included.
oscillators.
Compared with the MESFET, large-signal HBT model- « reliable extraction of extrinsic elements based on a field-
ing is still in its infancy. Due to the more complicated theoretical approach.
equivalent-circuit topology, determination of the elements The paper is organized as follows. First, the extraction of
from measurements requires highly sophisticated extractigiy small-signal elements is described (Section II). Then, the
procedures. On the other hand, the common bipolar larggrge.-signal dc and RF model is treated in Sections Il and IV,
signal descriptions hold only for lower frequencies and neggspectively. Finally, Sections V and VI provide validation by
to be extended to cover the microwave frequency range. Al$geasurement and the conclusions.
SiGe special effects have to be included. Most HBT modelsThe experimental data refer to a Si-SiGe-Si HBT fabricated

available so far [3]-[5], for instance, do not consider the Kir|5y Daimler-Benz, which is used within the SiGe MMIC
effect. For an accurate modeling of a double-heterojunctigfscess.

HBT (e.g., the SiGe HBT), however, this phenomenon has to
be taken into account, because the additional heterojunction
at the base-collector interface causes a pronounced Kirk-effect

l Emitter

Il. SMALL -SIGNAL PARAMETER EXTRACTION

behavior. The small-signal equivalent circuit is shown in Fig. 1. The
In this paper, a novel model is presented. Its special featutepology results from the physical structure of the SiGe HBT.

are: It is based on the usual T-model with distributed base network
« full implementation of the Kirk effect; to incorporate current crowding, which is unavoidable for
- temperature-dependent dc characteristics; the SiGe HBT's under consideration. The current-controlled
« nonideal leakage currents (saturation); current source is described by the base-transport facter

ape 97 /(1 + jw/w,) Where o denotes dc current gain
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Fig. 2. Extrapolation of base—collector capacitalge.s, . measured for Fig. 3. Extracted pad capacitances #fxpc, Cexbe, and Cexce in the
different frequencies from 0.05 to 50 GHz in cut-off mode. The exponefrequency range between 50 MHz and 50 GHz.
tial factor my,. of the junction capacitance is calculated from large-signal
measurements of th€-V characteristic and the built-in voltage,; with
consideration of bandgap narrowing. The actual value for the base—collector TABLE |
junction is determined to be:,. = 0.441. SUMMARY OF EXTRACTED EXTRINSIC ELEMENT VALUES OF
A SIGE HBT witH SiX 1 x 10 um EMITTER FINGERS

) . - . N Cap. | [fF] Ind. [ [pH] Res. [ []

The first step in determining the equivalent circuit elements Comre | 30.08 T, | 23.89 &, 1091
is the accurate extraction of the extrinsic element values. Some Corpe | 5.23 L, | 341 R, |281
of the pad capacitances, pad inductances, and contact resis- Coree | 17.79 L, | 21.44 R, |2.75

tances are relatively small but have significant influence on
the extraction of the intrinsic elements. Thus, their values have
to be determined with great accuracy. When applying puretgpacitance”;,; scg of 18.72 fF. One finds an extrapolated
analytical procedures, for instance, extrinsic capacitance araue Cy,eas, e fOr (Vi + Vi) — oo of 23.95 fF. This results
inductance deviations below 1 fF and 1 pH have to be takénan extrinsic capacitanc€cx,c = Cieas, be — Cint, scr Of
into account. Hence, in order to improve accuracy and %23 fF. Note that the measured valu8se.s, 1. for different
establish a realistic parameter range, the contributions of tihequencies approach a frequency-independent limit in the
HBT periphery were investigated by a field-oriented approaciit-off case, as has to be postulated on physical reasons.
(finite difference, frequency domain). The results obtainedIn Fig. 3, the extracted values for all extrinsic pad-
then serve as a starting point for the following extractiocapacitances in cut-off mode are plotted against frequency
procedure. By determining the parasitic elements by tdatthe 50 MHz to 50 GHz range. A remarkably flat frequency
structures, a significant deviation from the real values occregsponse can be observed. This is due to the accurate extraction
due to calibration errors and probing offsets. Additionally, thef all extrinsic elements and reflects the physical situation.
limited accuracy (1%—2%) of the measurement equipment hadn analogy, by biasing both diodes in the saturation mode
to be taken into account. (“open-collector”) [7], [8], it is possible to determine the ex-
Applying negative bias voltages to the base—emitter amdhsic inductances and the static part of the resistances. Fig. 4
base—collector diodes, the circuit approximately simplifies &hows the extracted values together with least-square lines for
the extrinsic and space-charge capacitances and inductarizse currents between 12 and 20 mA. With increasing base
(“cut-off” case) [6]. The extrapolation of these values againsturrent, the inductance approaches a constant value over the
infinite negative bias converges to the external capacitance phumsire frequency range. This is caused by high carrier injection,
an internal part. From the measurement data, these two pavtsch reduces the space-charge region. The characteristics
cannot be separated. In the cut-off limit, however, the diod# the inductancel;, in Fig. 4 at high base currents clearly
region is fully depleted. Hence, the internal capacitance canpports this explanation. The remaining inductantgsnd
be calculated by its parallel-plate approximatiofy:, scr = L. are obtained in a similar way.
eAdio/daio, Wheree denotes the permittivity of the Si and In Table I, all static extrinsic elements are summarized.
SiGe region, Ag;, represents the area of the diode, anth order to achieve good agreement between measured and
d4io is the thickness of the base—emitter and base—collecsimulated curves (Fig. 8), the deviations of these values must
region, respectively. The measured capacitance \@jugs .. remain below a few percent. Especially,,. and L, show
equals the sum of the external patt,. plus the inter- significant influence on the extracted intrinsic elements. Errors
nal base—collector capacitane&,; scr. Fig. 2 shows the at this point cannot be corrected afterwards and lead to
measured base—collector capacitance vaftigs.. . and the nonphysical intrinsic elements. This substantiates the necessity
extrapolation for the cut-off case. For the six-finger HBT unde¢o have reference values for extrinsic elements, which can be
investigation, the above formula yields an inner base—collectstained only by a 3-D field-oriented approach.
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30 TABLE I
EXTRACTED SMALL -SIGNAL ELEMENT VALUES OF
THE SI/SIGE/S-HBT AT 2 OPERATING POINTS
28 T OP 1 OP 2
Ve 0875 V 0.854 V
N I, 0.449 mA 0.599 mA
526’ Ve 2502V 4002V
& N I 2431 mA 27.70 mA
iy ook Rhe 1510 0 11297 Q
2 PN ™ C, 1426 pF | 20763 pF
° Ry, 10.0761 Q 7.0977 Q
2k Ry 58.105  kQ 17.435 kO
Che 23.250 fF 17.701 fF
J Cp 24.838 fF 21.947 {F
20 ‘ ' - o) 0.98818 0.98083
10 2 requensy (GHr) 50 fo | 70876 GHz | 61868 GHz
Ta 0.68535 ps 0.68074  ps
Fig. 4. Variation of base-inductance;, with frequency for base currents
between 12 and 20 mA. With increasing base current, the extracted values
(+, %, *, o) converge nearly frequency independent to the limit of 23.89 pH
(Table 1). Additionally, curves in the least-square sense are plott@d ( Collector
i
For the determination of the intrinsic elements, a combina- L
tion of analytical and statistical methods is applied to suppress ¢
the high sensitivity of the small element values to measurement ‘
errors and calibration tolerances. The algorithm is based on [9] R,
with significant enhancements regarding stability and wide- JS
band extraction. It starts from the measur8dparameters ’ C Do "D,
from 50 MHz to 50 GHz and solves all equations in a robust T Coxte * T Cie TG
least-square sense. The fundamental idea is to subdivide the Ll L, R ] R R,
extraction procedure in several smaller tasks. For example, = Nl BB LS CoweT
the base-transport factar is expressed by the terja| = D3¢ Ry,
|1 — (Y11 + Y12)/(Y11 + Ya21)|. Rearranging this expression in 1 Cote Lc, L C,
a linear least-square sense one obtaigs 7, and f, over D D
the entire frequency range. Thé parameters of the intrinsic ﬁZ el <
HBT are determined from Fig. 1 in the usual way. Because no
optimization is employed the procedure yields unique results. R,
However, one has to account for ill-conditioning of the least-
square matrices. This is accomplished by reordering and scal- Lo
ing of the matrices. Simultaneously, the least-square matrices T
have to be solved by a QR-algorithm instead of direct matrix Emitt::r

inversion to avoid potential errors in the least-square solution.
Table Il provides the values of the intrinsic small-signatig. 5. Extended extrinsic and intrinsic GP model for the SiGe HBT.
elements for two different bias points. All values exhibit a
behavior as expected from physics. One should point out the ) o ) ) -
strong dependence of the inner base resistdigeon bias thermal equivalent _CIrCUIt [5]. Optlmg_m operatlng condénons
conditions. Also, the base—collector capacitanégsandCy, [0F HBT's are at high current densities/¢ > 10° Alcm)
change their values significantly. This justifies the distributdd]- This requires taking the Kirk effect into account. In the
description of the base. All extrinsic and intrinsic elemenff@ndard bipolar-junction transistor (BJT) model, only high
show values that are almost frequency independent up%ectlon is considered. Because of the extremely high base

50 GHz. This proves the validity of the proposed equivalefPPINg V.4 > 10%° cm™?), this effect can hardly occur in
circuit (Fig. 1) and of the extraction procedure. SiGe HBT'’s but, on the other hand, the Kirk effect gains more

influence. At high current densities and low base—collector
voltages, the electrons cannot drift fast enough over the
base—collector space-charge region and, therefore, partially
The nonlinear model (see Fig. 5) is based on the well-knoweutralize the ionized donors in this region. As a result, the
Gummel-Poon (GP) integral base—charge bipolar model [18kutral base width of the device is increased, which leads to
Enhancements regarding the temperature behavior are imple-increased transit time;. This causes the unwanted base
mented for the temperature-sensitive parameter values (epgishout and a drop-off in current gain. We include this effect
Vin, B, Is). The increase in temperature is described by ey modifying the integral over the base charge. Because in a

Ill. DC MODELING AND TECHNOLOGY
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TABLE 1l

10 ' T T i j EXTRACTED LARGE-SIGNAL PARAMETERS FOR THES—-SGE-S HBT
Param. Value Param. Value
I 26107 A Roate 260 Q
g I, 2510718 A Ryt e 552
= I, 1.5:10712 A Iy 1-107% A
g Ny 1.01 Ry 8.32 €
S N, 1.0 Rys 1767 Q
§ N, 1.86 C’j 125.27 f{F
§ N, 1.32 C]- 88.98 fF
5 By 88 Mje 0.359
B, 1.2 Mije 0.441
Vs 90 V Vie |0.7713
‘ . ‘ ‘ ' Vir 45 V Vi 0.7118 'V
0 02 04 06 o8 I Iy 0.1 A Xy 0.34
Base—Emitter Voltage (V) I, 0.15 A Ty 2.45 ps
Ty 4.22 ps

Fig. 6. Measuredd) and modeled+{) Gummel plot of the SiGe HBT.

All parameter definitions are according to the GP model.

000000000004,
o - ©

0.04 5T a0n0000000,, o2 The dc parameters are extracted from the Gummel plot in
Da\oo\j‘”’“‘o‘a forward (Fig. 6) and reverse mode. Table Il lists all dc and
0006, RF parameters of the investigated SiGe HBT.
0.03 00000000 000000, While the built-in voltagesV,. and V;. are calculated

under consideration of doping and bandgap narrowing [13],
the exponential factors»;. and m,. are determined by the
slope of the intrinsic capacitances in cut-off mode. Caused
by the doped spacer between base—collector and base—emitter,
the Early voltagesV,;, V,,. are present. These layers are
necessary to prevent the outdiffusion of the boron into the
collector and emitter. For maximization of the Early voltage,
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D o J—U—Ouumowo@g;
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O

T . ‘ ‘ the implementation of an undoped layer is optimal, but this

0 I 2 3 4 favors the unwanted Kirk effect. The extracted paramelgrs
Collector-Emitter Voltage (V) and I, show that the Webster effect is not significant.

Fig. 7. Measuredd) and modeled-{£) I-V characteristics of the SiGe HBT.
IV. LARGE-SIGNAL MICROWAVE MODELING

HBT the Kirk effect starts more abruptly than in the BJT, the The values of the high-frequency-relevant elements were
well-known equations [10], [12] need to be modified. found using small-signal extraction by analytical and statistical
The HBT type under investigation relies on the doublenethods. Multibias measurements at 100 bias points were
heterojunction SiGe base approach with inversion of theerformed. The extracted values could be directly implemented
doping levels NVpase > Nemitter). Due to the high base- in the large-signal model. Fig. 8 shows the measured and
doping level, the base sheet resistance is as low a€2360 simulatedS parameters for a typical operating poifit (= 450
Transistors with six um x 10 pzm emitter fingers reaclfi,.x A, I. = 26 mA). Excellent agreement is found. The results

values of about 85 GHz (MAG). prove the validity of the new model up to frequencies beyond
Figs. 6 and 7 present simulated and measured data for outptit GHz.
characteristics and Gummel plot. A separate method to validate a large-signal model is to

In comparison with the standard BJT, one observes sigpmpare simulated and measured output harmonics with the
nificant deviations in the high collector—current regime adevice biased in a typical operating poing, (= 450 pA,
well as in the low base—current region. Due to the low”,, = 2.5 V). Fig. 9 presents the corresponding data. The
temperature passivation process in conjunction with the doulf®del accurately predicts the fundamental and the first three
mesa surface, relatively high leakage currents occur, which &@rmonics. This is an important step in verifying the proposed
dominated by current flow over the surface. Fig. 5 shows theodel, because the input power is swept from small-signal
complete large-signal model. In addition to the GP model, twevels up to levels sufficiently large to produce significant
resistorsis,:, . and Rs,;, . are included to model the saturatiorgain compression. Therefore, the nonlinearities of the HBT
of the leakage currents. Without these resistors, satisfyihngve to be described precisely. At very low input power
agreement of the dc curves cannot be achieved. Therefdexels below—20 dBm, the content of the higher harmonics
the diodesD., and D., together with the resistorg,.. . cannot be measured exactly due to the dynamic limitation of
and R.,;, . describe the nonideal behavior of the space-charfee spectrum analyzer. In an amplifier configuration with 50-
region and surface recombination current. 2 terminations, the effects of the device’s nonlinearities are
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The maximum output power was 2 dBm. Apart from the

fact that the output power is not yet satisfactory, excellent
agreement regarding frequency is found. Maximum relative
deviation from the nominal frequency is 1.1% (37.818—-38.680
GHz). Sixty percent of the measured oscillators show a de-
viation from the nominal frequency below 0.1%. This proves

usefulness and accuracy of our model.

VI.

The results demonstrate that the standard nonlinear BJT
model can be modified to describe also the microwave HBT
case. For SiGe HBT's, nonideal diodes, Kirk effect, and
temperature dependence need to be accounted for. A special

CONCLUSION

Fig. 8. Measuredd) and modeled ) S parameters { = 0.05-50 GHz)
of the SiGe HBT for a typical operating poinf( = 450 uA, I. = 26 mA).
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Fig. 9. Comparison between measured &, +, o) and simulated ) g
fundamental and harmonics for the six-finger HBT for one-tone exitation as
a function of the available input power. The operating point,is= 450 1A, [6]
Ucc = 2.5 V. The applied fundamental frequencyfis = 5 GHz.

[7]
minimal. This can be seen in Fig. 9 where the second, third,

and fourth harmonic are at least 20 dB below the fundament?é]
level.

A second feature of a new model is compatibility with
common circuit-design software. The new model demonstrate[a]
numerical stability in harmonic balance and transient analyses
for the simulation of oscillators [14] at 38 GHz and amplifier§t®l
at 25 GHz. [11]

V. RESULTS [12]

Using the new model in conjunction with large-signal simu, 5
lations, we designed a monolithically integrated LC oscillator
[14]. For fabrication, the Daimler-Benz SiGe process wd&*l
used. The nominal value for the oscillating frequency was
38.25 GHz. Five oscillators on the same wafer were measured.

procedure is applied to extract the small-signal equivalent-
circuit parameters. The new model yields excellent accuracy
for frequencies up to 50 GHz. It can be implemented in the
common nonlinear microwave CAD tools and software and
was successfully employed with MMIC oscillator design.
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