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An Extrinsic-Inductance Independent Approach
for Direct Extraction of HBT Intrinsic
Circuit Parameters

Tzyy-Sheng HorngMember, IEEE Jian-Ming Wu, and Hui-Hsiang Huang

Abstract—A novel analytical procedure has been proposed for Cix= CI’J cA=Xie)
direct extraction of the intrinsic elements in a hybrid-= equiv- I

alent circuit of heterojunction bipolar transistors. This method Co =C! X..
differs from previous ones by formulating impedance-parameter Ly Ry, “be T “bc e R, L,

based expressions that are exclusive of the extrinsic inductances B o—rY YY" L w—YyvY Y C
associated with the base, emitter, and collector. It is therefore R
not susceptible to variation of the extrinsic reactances from dc to ¥ be
high frequencies and can lead to very accurate extraction of the Rpe 3 V; T Che G? GV,

LAY

intrinsic elements under different bias conditions. The distributed —
phenomena in the base region can be also characterized rigor-
ously by exploiting the bias-independent features of the extrinsic

elements that are extracted subsequently from knowledge of the R
intrinsic elements.
. . . . L
Index Terms—Heterojunction bipolar transistors, parameter ex- ¢
traction, semiconductor device modeling.
E

| INTRODUCTION Fig. 1. Gummel-Poon small-signal model for an npn AlGaAs—GaAs HBT.

N CONSIDERATION of efficiency and uniqueness, direct
extraction approaches have been intensively used ®orobust extraction of extrinsic inductances cannot normally be
modeling heterojunction bipolar transistors (HBTS) [1]-[6]forecast unless intensive tests have been carried out for a while.
All approaches without exception follow that the extrinsido save strength in extracting extrinsic inductances but still
elements are first determined and then de-embedded to alleswve reliable extracted quantities for intrinsic elements, our
for extraction of the intrinsic elements. The reported extractidarmalism is quite unique to be able to express each intrinsic
methods for extrinsic inductances rely on either test structusement in a mathematical form independent of all extrinsic
measurements [1] or forward-biased measurements under highuctances [7]. In [6], an extrinsic-inductance insensitive
base currents [2]-[6]. However, there are still some empiricakpression for extracting the base resistance has been proposed
difficulties in both techniques. The former technique requiress a starting point for extracting the intrinsic elements. The
separate measurement®fparameters in a shorted test strucentire formulation is still extrinsic-inductance-dependent and
ture with an identical interconnection pattern in a real devicet least needs some rough figures for all extrinsic inductances
To evaluate the parasitic inductances effectively, the intercdmefore extracting the intrinsic elements.
nection pattern is usually designed simply but not practically Fig. 1 shows the Gummel-Poon small-signal model of an npn
enough for modeling multiple HBTs in an array form for poweAlGaAs—GaAs HBT in consideration of negligible substrate ef-
amplifier applications. The latter technique takes $hparam- fects. The coefficienk ;. with quantity between 0-1 represents
eter measurement when HBTS’ base—collector and base—emitter splitting in the base—collector junction capacitance to ac-
junctions are maintained forward-biased. The injected baseunt for the distributed effects at high frequencies in the base
current densities have to be sufficiently high so as to make thegion. Such distributed base effects complicate the formulation
junction impedances negligible when compared to the extrins@make the direct parameter extraction more cumbersome. The
impedances. Under this scheme, the extrinsic inductances aperoaches in [2], [4], and [5] employ full knowledge of the
better extracted with larger reactances at higher frequenciestracted extrinsic elements to de-embed the intrinsic network
However, the range of base—current density and frequency farameters whose frequency dependence can determine the co-
efficient effectively. However, the calculated coefficients have
M . . L , q<een found to be quite sensitive to the extrinsic inductances that
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the extrinsic emitter inductance has been found to have a tighr 2.0
dependence on the coefficient and their mathematical relatior 1.5
has been derived skillfully. We can further exploit bias indepen- 1.0
dence of the emitter inductance to quantify precisely this coef-

e 0.5
ficient. S
et 0.0
© o5t
[I. EXTRACTION OF INTRINSIC ELEMENTS —— modeled
A0F measured
By referring to [6], the two-port impedance parameters for ;¢
the HBT's hybrids« equivalent circuit as shown in Fig. 1 are 20 L L L
derived as "0 20 40 60 80 100 120 140 160
o (rad/ns)
Z jw(Ly + L) + R + Zue B 2 Fig. 2. lllustration of f dure for estimating th
=jw e e .2, trat fit timating t et
11 J b 1 n GZbe Rb + Zbc + ij k:gandT. ustration or a curve-fit proceaure 1or estimating the parameiers
n Zye Ry 1)
(L + GZe)(By + Zpe + Zjz) Substituting (9) and (10) into (5), we inspect the resultant for-
‘ e mulation and omit some negligible terms based on the following
Z12 =jwle + Re + 15GZ,. assumptions:
Zye Ry 4C,
- be
PN GLI R+ e+ 23 Ao (R 05 ) o
. Zpe t
—. e R,C .
Zo1 =jwle + Re + 1+ GZ,. % < 7 < min(RyeChe, RyeCL.) (12)

ZyeRy — GZye Zye Zjo
(1 + GZbe)(Rb + Zbc + ZJJ;)
Zbe

+

Z22 :jw(Le + Lc) + Re + Rc +

Zyo(Ry + Zjz)
1+ GZe) (R + Zve + Zjz)

+

1+ GZbe

whereCf, represents the amount 6f. andC;,.. Note that the
above assumptions are mostly good for an HBT operating in
the forward active region. Finally, the equation in (5) is approx-
imated as

_ Cbe . Gue 2 . 3 w47_2
Zio — Zoy = (C}) 7L [ <‘7w —w’ —jJwiT 4+
G, e, 2

WhereZbe = (gbe +jwcbe)_'1: Zbc = (gbc —i—jUJCbc)_l, Zja}
(ijj,;)*l, andG = g,,e7“7. We rearrange the formulation
to find the extrinsic-inductance independent expressions given

+1+ 57 <g"£ +jw>} o (13)

as The most crucial step in this extraction algorithm is to derive
the phase of the difference between two mutual impedance pa-
ANAS rameters as
1o — Ziy1 = bty (5) 4,2
(1 + U)(Rb + Zpe + Zjl‘) W2 — w2 woT
—wi -
Ry Zj, cot ® = cot £(Z1g — Zay) & 2 (14)
real {2y — Z1o} =real { ———— 4% 6 — w3
real {Z1; 12} =rea {Rb+Zbc+ij} (6) wk — w3t
where
real { Zao — Z12} = R. +real {(Z12 — Z21)U} @)
ImGbe
1 wo =, [(1+p81) 22 (15)
real {Zlg} :Re + real {m} \/ Cbeczc
R =148t Iy Gbe 16
+ real {(Zlg — Zgl)lf Z—b} (8) ( +/ ) Che + lec ( )
NES

In the extraction, the measuré&dparameters are converted into
where the impedance parameters in which the cotangent of the phase
angle for the difference between two mutual terms is calculated
-1 1, Che\ jor as a function of radial frequency, as shown in Fig. 2 for an npn
U=(G4)" = </3 +Jw_> S © AlGaAs-GaAs HBT with q2.4>< Gy/im2 emitter aree?and biasedIo
' atV,. = 3VandI, = 2.88 mA (J. = 20 kA/cm?). The pa-
In(9), 8 = gm Rs. ande’“™ can be further approximated by therameterso, andk in (15) and (16) can be estimated from such
first three terms in the Taylor expansion series a cotangent function by its root and the inverse of its slope at
low radial frequencies, respectively. The delay timgdan be
w22 pinpointed by a match of the curvature at high radial frequen-
(10) cies. It is noted that thesg-parameters were measured via an

m

AT 1+ jwT —
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Fig. 3. The estimated quantities of the parameteysk, andr for the 24X Fjg 4. The extracted quantities of the total base—collector capacitance for the
6 um® emitter-area HBT biased at different collector current densities. 2.4x 6 um? emitter-area HBT biased at different collector current densities.

HP8510C network analyzer and Cascade Microtech probes with
a frequency sweep from 0.5 to 26.5 GHz. The pad capacitances 170
were calibrated in advance using the open pads. One caution is
that the calibration errors in pad capacitances will lead eventu-
ally to the errors in extractingo and 4, and subsequently the
intrinsic elements. This issue deserves special attention in mod-

165 [ .
=+ +
160 Frt++ +‘f++++++*"“‘*’J”L"‘*t++++++ ot -'-+ +
+
090000 Wx)O(WXXX»(WXXXX%&)O«XX;O( + e
155 F o A 560
S ABADAAAANMAANDNBNNANBNDDANSNAD A

a DA a
eling small-size HBTs when their junction capacitances are re- < 150 | <>°<>°Ww°°°°°°°°°°°°°°°°°°°°°°oo%°§§AﬁoiAi
garded as comparable to the pad capacitances. OnceJgoth € 1a5f quu:qgn“é,j
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formula with much better accuracy in determining the quantity. X Jo=20kAlem2 O Jo=50 kAjem?2
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Fig. 5. The extracted quantities of the base—collector resistance for the 2.4
As a result. the estimated quantitiewf k. andr against the 6pm? emitter-area HBT biased at different collector current densities.
HBT's collector current density are plotted in Fig. 3 and will be

used to extract the intrinsic elements in the next step. In (18)—(22), the intrinsic elements are all expressed in terms of
From (15) and (16), one can solve fgy,/Cye andgse/Cy. g k. 7, B, X.;.. R. and the impedance parameters. There are

in terms ofwg, k, andg and then substitute them into (6), (8) still three unknowns?, X.., R. to be determined before ex-

(9), and (13) to find the following intrinsic elements: tracting the intrinsic elements. Generally speaking, these three

W2 whe? parameters have a common feature of weak bias dependence.
Gy, ~real {(212—221)(1 +87) {Q <wo— T ) The current gairs can be measured statically from the Gummel
) 1 0 0 plots. In fact, the static value ¢f is slightly different from the
+jw <1+Q2— Qu T)} } (18) RF value, however, the influence due to the difference on the
wo intrinsic elements except the base—emitter resistaigg) (s
Ry, ~ (wOQOIfC)fl (19 q_uitg small. The coef'l‘icieni_’(cjc describing the nature of the
distributed base can be estimated roughly from the HBT geom-
R, ~ real{ Z11 — Z12} . (20) etry. It was also examined in all intrinsic elements that only the
real{(Z12—Z2 )(1+U)(woQ+jwXeje)Ch} base resistanceRf,) shows a closer dependence on this coeffi-
real{e’* (14+U) "1} (/:jienta'l;erefore, it is not.n.ece?sary to kljow tr)]oth qgaptiti(als of
gm = —— I = and X,;. to great precision for extracting the intrinsic ele-
real{Zio} — Re+imag{(Z1 = Zn)U}w B Gy, (1 —-Xcszl,) ments, ini:luding;‘zc, Rue, gm. andCy.. The emitter resistance
(21) (R.) was found simply using the static flyback measurement
Che ~ gm(14+871) Q (22) [8]. For the HBT_ mentioned above, the quantities[bf)_(cjc,
wo and R. were estimated as 59, 0.75, and 10.1 respectively. The
where intrinsic element®} , Ry, gm,andC,. can be then calculated
from (18)—(22) against the measurement frequency from 0.5 to
Q=1 Vi~ (2wok—1)? (23) 26.5 GHz under different collector current densities, as shown
2wok~1 in Figs. 4—7. It is obvious to find that each intrinsic element
andU in (9) can be rewritten as exhibits a weak dependence on frequency in a variety of bias

conditions, which implies a strong degree of accuracy and ro-
| diti hich impli g degree of y and
U=[8""+ jwwy Q1 + g7 H]e . (24) bustness for this extraction technique.
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Fig. 6. The extracted quantities of the transconductance for the B4m?  Fig. 8. lllustration of seeking the optimal quantity for the paramgter
emitter-area HBT biased at different collector current densities.
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Fig.9. The extracted quantities of the collector inductance for the B4 m?

Fig. 7. The extracted quantities of the base—emitter capacitance for the 2.8 mitter-area HBT biased at different collector current densities.

6 um? emitter-area HBT biased at different collector current densities.
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Although accurate extraction of the intrinsic elements P op = J;somiﬂz,[;:s,,.‘,

includingC},, Rye, gm, andCy. can be done without a precise +,
quantity for 8 and X, the remaining intrinsic elements ; °%a$ 280
Ry, R, as well as the extrinsic elements have relatively close %‘ﬁ"% %ﬁgﬁ
dependence on both parameters. In this section, the quantities
of 4 and X,;. are modified to better precision by exploiting
their relations with the extrinsic elements. By re-examining

(1)-(4), the extrinsic collector impedance can be derived as 0 5 10 15 20 25
Frequency (GHz)

+

Ze = Re +jwle = (22 = Z12) = (Z12 = Zn)U (29) Fig.10. The extracted quantities of the collector resistance for the 8 4m?

. . . emitter-area HBT biased at different collector current densities.
whereU has been expressed in (24) as a functio ofig. 8

shows the_calculated imaginary F;ar@""_ga!”“ frequency for Substituting (5) and (9) into (2), we can express the emitter
the HBT biased af/. = 20 kA/cm?®. In principle, such a reac- ; ;

: _ ; inductance in the form
tance should have an almost linear relation with frequency an
its slope can be regarded 2 times the collector inductance. L, = w™timag{Z1> — [gnme™?“"(1 4+ U)] "'}
However, we have found thaF the .reactance deviates from the ~RyCL(1 — Xoje)real{(Zia — Za1)}.  (26)
linear relation at low frequencies with the presumed quantity of
/3 equal to 59. We can seek the best linearity for the reactaridete that the above expression contains the base resistarice (
by adjustingg to 63, which can be considered as a more aend transconductanceg,(), which have also been expressed as
ceptable quantity. Under this scheme, the collector resistanfasctions ofX. ;. in (20) and (21), respectively. In Fig. 11, the
(R.) and inductances/{(.) of the HBT biased at different col- mean values of.. with respect to frequency have been calcu-
lector current densities are extracted from (25) with the modifi¢dted againstX.;. under different collector current densities.
quantities of3, and their results are demonstrated in Figs. 9 aridis observed that the emitter inductance has a close depen-
10, respectively. One can see that the extracted results can cdence onX,;.. In general, for a fixed bias condition, the cal-
cide with their extrinsic passive nature of weak bias dependermdated emitter inductance increases wiily.. by varying from
quite well. 0 to 1, but appears positive only whe¥).;. exceeds a certain
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Fig. 12. The extracted quantities of the base resistance for the B.4m?
emitter-area HBT biased at different collector current densities.
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Fig. 13. The extracted quantities of the base inductance for thg B.4m?
emitter-area HBT biased at different collector current densities.
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The extracted results for the base inductance are shown in
Fig. 13 and agree again with our expectation to have a weak bias
dependence. The modified quantity.®f;. can be also used to
recalculate the transconductance in (21) and subsequently the
base—emitter resistance for better accuracy.

IV. CONCLUSION

An extrinsic-inductance independent approach for direct ex-
traction of HBT intrinsic elements has been presented. This ap-
proach starts with a formulation of the difference between two
mutual impedance parameters that can exclude all the extrinsic
inductances. In addition, the phase of such an impedance dif-
f&rence has been characterized by several parameters, which es-
tablish the fundamentals of the whole extraction. This makes the
approach so unique to extract the intrinsic elements before ex-
trinsic elements. The advantages include higher efficiency and
stability in comparison with the other extraction techniques.
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