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DC to High-Frequency HBT-Model Parameter
Evaluation Using Impedance Block
Conditioned Optimization

Apostolos Samelis and Dimitris Pavlidisgllow, IEEE

Abstract—A new heterojunction bipolar transistor (HBT) for the extraction of the intrinsic and parasitic HBT-model
small-signal equivalent-circuit parameter-extraction procedure components, respectively, in [4], employing both analytic and

employing  multibias  S-parameter data is presented. The omnivica) fitting procedures. The technique presented in [5]
algorithm combines analytical and empirical parameter

evaluation techniques and results in a bias-dependent HBT employed the total emitter—to—colle_ctor delay time obtained
model. To minimize the risk of nonphysical parameter from the cutoff frequency, to constrain the model elements. Us-
estimation, elements such as the dc transport factore,, and ing “open” and “shorted” test structures, initial estimates were
the emitter—base conductance are evaluated from the device dc gptained for the HBT parasitics in [6], which were used in the

characteristics, and the frequency dispersion ok is related to it
the RC time-constant of the emitter—base junction. Moreover, optimization of HBT models. The latter approach was further

initial values for the extrinsic device parasitics are obtained from suppprted through the utilization of cutoff mo_Geparameter .
“hot” as well as “cold” S-parameter data. The method results datain [7] as well as HBT dc parameters obtained from device
in excellent fit between measured and modeleds-parameter Gummel-plots [8]. An all-analytic approach was developed
data in the frequency range dc-40 GHz and for a wide range for the first time in [9], in which the frequency dependence
of bias operating points. of equivalent circuit-impedance blocks derived from device
Index Terms—Analytical techniques, heterojunction bipolar S-parameter data was utilized allowing direct evaluation of
transistors, small-signal analysis. all HBT parameters. This method was slightly modified in
[10] to include the effect of external parasitic capacitances

|. INTRODUCTION obtained from “cold” S-parameter data. More recently, a

different approach was established in [11] where all elements

H ETEROJUNCTION bipolar transistors (HBT'S) haveyere optained by analytic expressions derived under certain

demonstrated their suitability for a multitude of elecaqqmptions. An analytic HBT parameter technique based on

trpmc apphce_ltlons. As the range of aPp,“Ca“P”S, constantlye approach developed in [9] and accounting for a distributed
widens, ranging from analog power to digital circuits [1], [2]yase-collector capacitance was presented in [12]. Finally, a
the need for accurate HBT models is a key factor for thelfiect extraction procedure of HBT elements was developed
successful employment in systems. __in [13] whereS-parameter data measured under open-collector
Physically significant HBT models offer one the abilityias conditions were utilized to derive the extrinsic device
not only to predict and to design a practical circuit with, ajtics and a distributed base resistance was accounted for.
great accuracy, but also to estimate the device parametery|| yirect HBT parameter-extraction methods [9]-[13] pre-
affecting high-frequency (HF) performance. This could allo‘ﬁict some of the HBT parameters through assumptions based

the evaluation of the manufacturing process and address fpfe frequency behavior of the deembeded equivalent circuit-
optimization of device design with respect to a particulgfy eqance blocks. Their great advantage is their speed as

application. o , well as the physical importance of the obtained parameters.
HBT equivalent-circuit parameter-extraction methods havg, e gisadvantage is, however, the fact that their formalism

been developed by many re_searchers in the past. ASysremét'%leveloped with respect to a particular model topology.
procedure was presented in [3], where all HBT parametesgnsequently, their applicability for a variety of devices
were extracted using test structures for the estimation of t\rﬂ)ﬁh different designs may be compromised in a case where
device parasitics. Low- and HF network parameters were usmg model topologies associated with these approaches are

. . , insufficient to describe device behavior. In such a case, ad-
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In this paper, the difficulties mentioned above were avoided 100 . . . — . —
by developing a new procedure for the extraction of the HBT L
parameters based on both empirical and analytical evaluations. =~ ———— Tte,

The HBT equivalent circuit employed here includes parasitic = of-----------smommmmmmmmomo ]
extrinsic capacitances and inductors. Due to the complexit
of this circuit, the parameter evaluation procedure is semis
analytic, i.e., it self-consistently couples analytical derivation% -100f °
(for the internal HBT model) and empirical fittings (for the é-lso- .
external HBT parasitics). To enhance the physical importancg

of the obtained parameters, the optimization of multibias% -200

S-parameter data is carried out simultaneously, some of the .|

-50} . W

. IRT Di d : Initial y-x Relati
HBT elements are constrainegsf, ag) or initialized (Rg, amones (:rbltrnyr;R:)a o *
R, Rp) according to the device dc behavior and initial values -300f Crosses+Line: g{:'__"l’é; g)e“““ .
for the extrinsic parasitics are estimated from “hot” and “cold” ., ) . .

data. Section Il presents the dc-parameter extraction proce- 2¢ -8 -16 -4 -12 -0 -8 -6 4 -2 0
dure. The HBT small-signal equivalent circuit is presented in * 7 Infic) tmA}

Section Ill. Section IV deals with the determination of th&ig: 1. Initial and finaly— relation. Slope ang-axis (x = 0) intercept of
initial values of the extrinsic parasitics. In Section V, the nefd! linearized relation are equal tg and—r; In(Ls), respectively.
HBT small-signal parameter-extraction method is presented

and results are discussed in Section V1. One could easily account for thermal effects by addifig=

§Rw(IcVer + IpVer) to Vag in the above equation, where
II. HBT DC MODEL PARAMETER EXTRACTION Ry, is the thermal resistance of the device afids the
temperature coefficient ofgg. This would lead to a larger

In this paper, a procedure for the extraction of the

Ebers—Moll dc parameters was developed. The procedl\flaeIue for Ry compared to the case where no thermal effects

employs Newton—-Raphson iterations and avoids usiﬁél: :ﬁ;?i?;egff%ré EZ?:;Z ZL;TrsibtggeinWtiriz ngt Zcransmered n
matrix manipulations based on singular value decompositi& Sincexrhe forwardl. is usually much lar gr F’Ehaﬁ an
employed in [14]. The dc parameters will be used later on ¢ y 9 B

for the evaluation of bias-dependent small-signal HBT-mod??jun;ﬁgoz tgrac: thzc\r/gg;ge ggﬁpbicrﬁ: n;t;gh If ss(:;rrl]age
parameters such agge and ap and the initialization of the voltag P B ’ @

device series resistancégz, Rg, and R-. Such parameters simplified to

can be used in HBT large-signal modeling continuously from Var — (I + IR

dc to microwave frequencies provided that no dispersion Ic = Isexp BE (chJr 5)Re . 2
VT

effects take place in the MHz frequency regime due to thermal
time constants.
The parameters required by this model are:

» forward saturation current/s), forward ideality factor y = —nsln(Is) + sz (3)
(ny), emitter series resistan¢élr);
* reverse saturation curretifsg), reverse ideality factor \yhere
(n-), base and collector series resistanc®g,(and R,
respectively); z = In(lp) 4)
« forward current gain(/3;), emitter space—charge region Vee — (Ic + Ip)RE
recombination saturation curreffsg), and its ideality = v ®)
factor (n.); T

* reverse current gaify,), collector space—charge regionand vy = kz7/q = 0.0259 V. Obviously, the above assump-
recombination saturation currefifsc), and its ideality tjon is valid only for devices with sufficiently high dc-current

Consequently, (2) can be rewritten in the form

factor (7). gain. To evaluatds, 7y, and Rg based on (3)—(5), one first
Each set of parameters is determined separately and tlebtains the sets of and y quantities based on the device
derivation will now be described. forward Gummel-plot. The relation betweenandy is linear

The device under study was an AlGaAs/GaAs HBT consistnly if the correct value of? g is used. One possible approach,
ing of nine cells, each having two emitter fingers o220 therefore, for determining?g is to linearize they versus
pm? area. The forward collector current was utilized for the relationship using an appropriate value fBf. This can
extraction ofIs, ny, and Rg. The approach is based on thebe done numerically without any complications by fittipg
assumption that the bias dependence of this current is givemd x to a second-order polynomial using least-square fitting
by the following equation: techniques and solve the equatiofRr) = 0, wherecs(Rg)

is the second-order expansion coefficient of theersusz

Vee — IpRp — (Ic + Ip)RE . (1) relationship. The Newton-Raphson-based scheme employed

Ic = Isexp Vi e : ) . )
nvr here converges within a few iterations and yields a unique




888 IEEE TRANSACTIONS ON MICROWAVE THEORY AND TECHNIQUES, VOL. 45, NO. 6, JUNE 1997
1 T v — 0.1 . —
Discrete Points: Measured Discrete Points: Measured
0.1} Lines: Simulated 0.01 Lines: Simulated
0-01¢ ] 0.001}
0.001
_ 2 0.0001} ]
<0.0001 2
8 g le0sp _* E
g le-05 = .
1e-06 ] le-06¢ Isr=1.456e-24 A
Is=3.637e-22 A feoe® nr=0.992
nf=1.17328 1e-07F * * : Br=0.5 ]
1e-07f, L v ees (£=30.8 Isc=3.5289e-14 A
. Ise=4.042e-16 A nc=1.75277
le-08F+ * ne=1.98084 ] 1e-08 Re=1.8164 Q 3
Re=1.29 Q Rb=1.6 Q
le-09 " X " 1 1 s n 1le-09 L N L L " .
0.8 0.9 1 1.1 1.2 1.3 1.4 1.5 1.6 1.7 0.8 0.9 1 1.1 1.2 1.3 1.4 1.5
Vbe (V) Vbe (V)
(@) (b)
70 T T r — _—
A A a A N
r'Y A a
2.0 mA ]
® x "
™ X x
1.6 mA
% = o . ]
‘a 1.2 mA
2 .. '
0.8 mA 4
Ib=0.4 mA )
Discrete Points: Measured
Lines: Simulated
1 1.2 14 16 18 2
Vee (V)
(©
Fig. 2. (a) Measured and modeled forward Gummel-plots of 388 AlGaAs/GaAs HBT. (b) Measured and modeled reverse Gummel-plots 0f:860

AlGaAs/GaAs HBT. (c) Measured and modeléd — Vo characteristics of 36qum? AlGaAs/GaAs HBT.

solution for Rg. Based on (3), one also sees thatand Is
can then be found easily from the slope andxis intercept
of the finaly—z relation. Fig. 1 shows the initial and fing-xz
relation after the linearization af—z by Rg is accomplished. where
The reverse Gummel-plot related parametégs,, 7., and
Rp + R¢ can also be found following a similar procedure. It
must be noticed that here, one calculates the sutii pfand
R, which is true ifIg is much larger thad g under reverse Vag — (I + In)Ra
HBT operation. y = . (9)
In the extended Ebers—Moll model, the base current consists Vr
of two components, one accounting for bulk recombination i}z can, therefore, be found by modifying it until thex
the quasi-neutral bas(ds//jf) and the other accounting forrelationship has been linearized. The other two unknown
space—charge recombinatiohs) or, in general, any leakagepParameters/sg andr., are obtained by evaluating the slope
mechanism. The parameters to be determined for the ba§eély-axis intercept of the linearizeg-x relation.
current aredy, Isg, ands, (forward mode) ands,, Isc, and A similar procedure can also be established for the reverse
n. (reverse mode). operating conditions, yielding in this case thgy, 7., and 3,
An optimization routine similar to the one presented abowlues.
was also developed for the calculation of base—current paramThe individual Rc and R values can finally be estimated
eters for each mode of operation. For the forward base currét adjusting R, while keepingRc + Ep constant, until a

This can be casted in the following convenient form:

Yy=—"e ln(ISE) + Nex (7)

z=In <IB - é—i) (8)

one writes good fit of the devicd — Vg characteristic in the saturation
region is obtained.
Ig = Ie + ISE{eXp [VBE ~ e +IB)RE} _ 1}_ (6) The device forward and reverse Gummel-plots are shown
B 7eVr in Fig. 2(a) and (b), respectively. Excellent agreement is
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TABLE |

EBERS-MOLL DC MODEL PARAMETERS c

Parameter Value Parameter | Value

Is 3.637-1072 A N4 1.17328

Isg 1.456 - 10721 A 7 0.992

By 39.8 Je 0.5

Isg 4.042 10716 A Ne 1.99094

Isc 3.5289 - 1071 A e 1.75277 B

Rc 1.8164 Rg 1.29 Q

Rp 1.6 Q

observed between measured and modeled dc characteristics.
The experimentally measured and theoretically estiméated

Ve characteristics of the device are shown in Fig. 2(c) and
also show excellent agreement. It should be mentioned that
thermal effects causing discrepancies at high bias conditions
were not incorporated in the dc model. Table | shows all dc
model parameters obtained from this procedure. The above
procedure was successfully used for a variety of devices
employing different emitter geometries and material systems.

I1l. HBT SMALL -SIGNAL EQUIVALENT CIRCUIT

The HBT small-signal equivalent circuit employed in this
paper has the T-model configuration and is shown in Fig. 3(a).
It is divided into three sub-shells, each of which is treated
in a different fashion. Thenalytic HBT shell is evaluated
analytically, i.e., its impedance blocks are derived directly
from the deembedefi-parameters provided that the elements
surrounding it can be evaluated by other techniques i.e., “cold”
tests, etc. The&Z’-shell surrounds thanalyticshell through the E
external parasitic capacitanc€’,; , Cy2, andC,,.. Finally, the (b)
entire device is defined through the external series paraslgg 3
mpedancestx = Ryx + jwlyz, Zex = Rey + jwler, and

Zew = Rer + jwL.; surrounding theZ’-shell.
The circuit schematic for théntrinsic HBT is shown in into the T-model configuration result in transport factors like

(a) HBT small-signal equivalent circuit. (bjtrinsic HBT schematic.

Fig. 3(b). The transport factors and«’ are given by the one given by (10) and (11). Furthermore, adopting such
ao . forms for @ and o’ subjects this procedure into its first
1+J—CBE exp(—jwTa) (10) constraint—namely, that the polg, of o/ can be related to
i _ 1
and gBE the emitter—base elements throufh— ST (emw grmyd
/ ag .
O = exp(—jwTy). (11)
14 jwcpette IV. INITIALIZATION OF EXTERNAL PARASITICS

g is the dc transport facto€;zr andCjy, are the emitter—base  The external parasitics of the HBT model of Fig. 3(a) are
diffusion and transition capacitances, respectivély, (gsr) the parasitic interconnect pad capacitan€gs, C,z, andC,,,,

is the emitter—base resistance (conductancCg),is the base- and the impedances,, = Ry, +jwLliz, Zex = Rew +jwleys,
collector capacitanceyy,. is the base-collector resistance, andnd Z., = R.. + jwL... Since the parameter evaluation
74 IS a phase delay associated with carrier transit throughocedure developed in this paper employs empirical opti-
both the base and the collector. It must be noted here tiitzation techniques, it is desired that the above elements be
the above form fora is not the same as in [9]. The poleproperly initialized. The extraction procedures described below

of o employed in [9] wasw, = 87;2 ~ L2875 is served in obtaining initial values of device parasitics. The exact
the base transit time and is related’ (i[53 and gsr by values of such parasitics were obtained after the optimization
78 = Cpr/gsr Under quasi-static approximation amg = procedure was completed. It should be mentioned here that

%CBE/gBE under nonquasi-static approximation [15]. In thi®pen/short interconnect structures [6] as well as single-cell

paper, the formvy = gpr/Crr Was adopted. This form wasHBT's could assist the estimation of the pad parasitics. Such
chosen instead of that in [9] to ensure consistency of tls&ructures are, however, not always available as was the
small-signal model with the Gummel-Poon large-signal modedse for the HBT's studied in this paper. The parasitics

defined in commercial circuit simulators. Small-signal circuitaere, therefore, estimated using the device structure itself as
corresponding to such large-signal models, when transformexplained below.
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Fig. 4. HBT equivalent circuit under cutoff operation (zérgy., zero:,
variable Vo), and for low frequencies.
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(zero Vgg, zero Ic, variable V). Under such conditions, Fig. 5. Imaginary part ofZ,; andZ;2 under forward operating conditions.

the HBT equivalent circuit of Fig. 3(a) and (b) exhibits full

capacitive behavior and is simplified as shown in Fig. 4.

In such a case, the device capacitances can be calculatedt this point, it must be noted that all the capacitive

directly by components derived so far can be used to initialize the cor-
responding model elements of Fig. 3(a). However, since their

Im{Yi,] + Im[Y1,] (12) derivation is based on low-frequency data, their location in

the circuit model can be defined arbitrarily. For examglg,

Cp1 + Che vi,o=0 =

w
Im[Y55] + Im[Y72]

Cp2 = (13) appears in the circuit schematic of Fig. 3(a) to be a parasitic
w feedback capacitance externally defined with respect to the
and .
Im[Y7,)] analytic HBT. However, C,,, could equally well represent
Ches = _Tm = Cpz + Ohse (14) the collector-base capacitance under complete collector region

depletion conditions (high reversésc). This would dictate
The first two quantities obtained from the “cold*parameter the incorporation ofC,, in parallel to theintrinsic HBT
data were found independent &g and had the values of collector—base capacitance rather than externally as shown in
Cp1 + Cpe,vi.=0 = 518.22 fF (G, is the total base—emitter Fig. 3(a). Thus, one has different options for the choice of
capacitance, i.e(he = Cpp+Cig) andCy; = 96.54 fF. Chex  the initial value of C,,, ranging from 0 to 172 fF. In this
is a bias-dependent quantity, which can be modeled througiper, the initial value fo€,, was chosen to be zero, i.e., it
a constant capacitands,,, and a bias dependent capacitanogas assumed that afl’,, is absorbed by the collector-base

Che. A suitable expression fo€y, is given by capacitance of théntrinsic HBT. Such an initial value was
Cheo found to improve the convergence and speed of the parameter
Che = —F—0re. (15) estimation algorithm to be presented next. Similar arguments
vV 14 ‘/cb/Vjco

can be made about the nature @f,. The initial value of
The above relation is suitable for HBT's whose collectdhis capacitance was chosen to be equal to 518.22 fF. As
depletion region is not fully depleted and is valid for thavill now be shown, this value appears to be high and most
range of applied reverse base-collector bi&, (< 6 V) of Cp1_|s fab;orbed by_the emltte_r—_b_ase junction capacitance
employed in this study. In case of extreme bias conditior@f the intrinsic HBT. Finally, the initial value forC,, was
however, one should employ more general expressions for thaintained at 96.54 fF as determined above, since no intrinsic
bias dependence @, [16]. The extraction of the parametersdevice capacitance exists which is in paralleCig and could
Cheor Vicor aNdC,y,,. is carried out adopting a procedure similapbsorb the effects af,, as in the case aof’,, or Cp,.
to the one used earlier for the extraction of the dc-model The initialization of the series inductors of the HBT model
parameters. One reiterates in this case, the above relation @1 also be addressed using “hétparameter data (nonzero
I, modestVgg). One can, in this case, use the device mea-

Y= © EC 2 = Ci n - 1V- T (16) sured.Z—paramet_ers. .With respect to Fig. 3(a) and assuming
bex pz beo beo ¥ jeo at a first approximation zer®.., R.., and R, due to the

wherez = V;,,. Thus, the abovey versusz relation can be negligible device interconnect resistivity, one can write
linearized by choosing a proper value 0., which for the ) .

case of the device under study was, = 172 fF. Once the Zyy = Z1y + jw(Lye + Lex) (17)
properC,,, is determined, the remaining two parameters can be Zyo = Ziy + jwhles. (18)
evaluated from the slope and intercept of the final linearized

y—z relation. These were determined &%., = 133.63 fF  The imaginary part of the measurefiparameterdm[7;]
and Vie, = 1 V. andIm[Z;,] showed linear dependence on frequency for the
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device under study as shown in Fig. 5. As can be seef¥;;] related to thef -parameters of thanalytic HBT model by
is independent on the collector current suggesting a strong _ HyyHyy — HysHoy — Hys

contribution by the inductive components of the HBT model. 1% (19)
In the case ofn[Z;,], a stronger bias dependence is observed. 1+ Hy, 22

This bias dependence is attributed to the bias dependent Zye + L. = (20)
intrinsic HBT parameters affectind’{,. In order to choose HH22

an initial value forL;,. andL.,, the arbitrary assumption was Zhe + Zo = 212 (21)
made thatlm[Z;] =~ w(Liz + Lez) andIm[Z1o] & wles, Hy

from which the two inductors were found ds, = 5 pH o D = M (22)
and Ly, = 68.9 pH. Similar to the discussion above regarding Hj

Cpl, Cpg, etc., these inductors can be distributed. For exampjﬁecording to the method in [9], all HBT parameters are
these inductors include the effect of the inductors of th%termined by uti”zing the frequency response of the above
analytic HBT-model, namely,L;, Ly, and L.;. The initial  impedance blocks. In the case where the device parasitics are
values forLy,, Ly, andLy; were, therefore, defined accordingknown, the latter approach can be applied directly, in order
t0 Ly, + Lyp + Ly1 = 68.9 pH. Similarly, the initial values for to evaluate the HBT elements. If, however, such parasitics
Le, and L.; were defined fromLe; + Le, = 5 pH. Finally, are either not known or are not included in the model, direct
it must be noted that a zero value fét, was employed as application of the method in [9] may result in impedance
the initial value since the imaginary parts 8, and Z»; did  plocks whose frequency dependence does not correspond to
not exhibit a linear frequency dependence due to the stroplysically significant circuits. Such an example is the case
effects of the collector-base capacitance on these parametgfsz, impedances corresponding to negatiRe values. The
Other HBT-model parameters that need to be initializa#lain idea of this paper is to evaluate these parasitics in
are Ry, Ryp1, Re, and R.;. Suitable initial values for these order to obtain impedance blocks that correspond to realistic
elements were obtained from the dc data and were discusggéuit blocks. Such evaluation has been implemented in a
earlier. Other parameters like the phase defgythe pole self-consistent manner: First, the impedance blocks of the
of o/, and f, are chosen based on physical consideratioggalytic HBT obtained from (19) to (22) are fitted to practical
derived from the device structure and material propertieircuits. For exampleZi.. + Z. is fitted to a circuit consisting
Assuming an electron mObI'Ity in the basW(; = 700 A, of a series combination of impedanc&l + jWLel and
N, = 5x 10% cm™?) of p, = 1000 cnP/V's gives a R,.//(Cpp + Cyp). The representation of all impedance
diffusivity of D, = 0.0026 m?/s which results in a baseplocks in terms of circuit elements can be seen in Fig. 3(a)
transit timerg = W3/2D,, = 0.95 ps. Thereforef, = 52— and 3(b). If the fit of impedance blocks to physical circuitry
was initialized with a value of 168 GHz. For the phase delay not satisfactory, the external parasitics are modified and the
74, @ saturation velocity in the collectar, = 107 cm/s was impedance blocks are re-evaluated. The procedure is iterated
assumed. Given the collector thickness Wt = 0.7 um, until convergence is achieved.
74 Was calculated for a completely depleted collector region The evaluation of both thanalytic HBT elements and the
by 74 = 0.5Wc /vs, Which resulted in a value of; = 3.5 external parasitics in the present procedure is achieved, mainly
ps. Both time constants were very close to the final valugsrough optimization. It differs, however, from a completely
obtained forr, and 75 under forward bias device operationempirical optimization procedure. Use of analytic expressions
as will be shown in the following sections. to calculate the four HBT-model impedance blocks implies
that the model parameters of thenalytic HBT shell are
sorted and optimized in independent groups (except parameters
related to they' Z;,. and Z,,.+ Z.. blocks). Each group employs
The extraction procedure of HBT small-signal model pa simple optimization goal that relates a limited set of param-
rameters developed here combines both empirical optimizatieters to the frequency response of an analytically calculated
and analytical HBT-impedance-modeling procedures. impedance block. Such a goal can be defined, for example,
An overview of the proposed algorithm is shown in Fig. 8o match the frequency response of the modeled with the
For a given set of initial device parameters, the proceduredsalytically calculated impedance block (i.iepedance block
carried out in a self-consistent manner and at various phasamditioned optimization The modeled impedance blocks can
Initially, the parasitic impedances,,., Z.., and Z.. are be easily identified from Fig. 3(a). Thmeasuredmpedance
calculated and subtracted from the measufeglarameters, to blocks are obtained from the deembedHdparameters of
obtain theZ’-shell parameters. The latter are then transformdide analytic HBT model using (19)—(22). Thus, each time
to the corresponding™-shell parameters. Subsequently, than element is modified by the gradient optimizer, only one
parasitic capacitanceg,;, Y2, andY,, are subtracted from (two) impedance block(s) is (are) changed leading to modi-
the Y’-shell parameters. This results in the evaluation of tHization of only one (two) goal(s). In a completely empirical
Y -parameters of the analytic HBT shell. optimization, changing one element would cause modification
Once the network parameters of tnealyticHBT shell have of all four goals (usually involving the modeled and measured
been obtained, the analytical expressions derived in [9] afeparameters). This implies a distinct advantage of the new
employed in order to evaluate the impedance blocks of theethod over the completely empirical procedure, namely,
HBT model. These ar&,., Zy,e, Ze, Z1e, 4., andc’, and are using the present scheme the user is able to identify and

V. HBT RF PARAMETER EXTRACTION
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Fig. 6. Procedure flowchart for the evaluation of HBT small-signal equivalent circuit parameters.

even manually modify the elements of the HBT model which ¢ conditioning of some elements according to dc and RF

cause a misfit between the measured and modeled HBT HBT operation.

characteristics. The above constraints imply the separation of the unknown
The above conceptual difference between this papeparameters into bias-dependent and bias-independent parame-

method and a completely empirical optimization does neérs. The bias-dependent parameters are shown in Fig. 6 and

necessarily imply better performance of the former methaie oy, Cpg + Cig, Ches Re1, Rpe, fa, @andry. The relations

since problems related to the existence of multiple sets wded to conditionR;,. and f, were

parameters leading to best fits still can exist. However, the

user has better control over the fitting variables in the former Ry = nsVr (23)

case, which implies a more systematic and reliable HBT Ic

parameter evaluation. Cpg + Cyp = _ 1 (24)
In order to enhance the physical interpretation of the ob- 27 foRye

tained results, the above-established approach was exterded I

and the information presented here is based on the use of the o = < (25)

following procedures: le+1p

« simultaneous use of multibiaS-parameter data files in It must be noted here that botf,. and oy are affected by
the optimization cycle; thermal effects. However, while, is directly obtained from
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1211

10.0 0.1 [S12]

[S21] 10.0 0.1 |S12]

Fig. 7. (a) Measured (solid lines) and modeled (dashed lifesarameters for bias operating conditidp = 11 mA and Vi, = 2.2 V. (b) Measured
(solid lines) and modeled (dashed lingsparameters for bias operating conditiin = 23.8 mA andVg = 2.2 V. (¢) Measured (solid lines) and modeled
(dashed lines)S-parameters for bias operating conditidp = 60.3 mA and Vo = 2.2 V.

TABLE I
SeTs OF BiIas OPERATING CONDITIONS USED IN OPTIMIZATION
Bias Set A || Bias Set B
IL (mA) 11 214
Vig (V) 2.2 5.2
1% (mA) 23.8 47.8
Vi (V) 2.2 5.2
2 (mA) 60.3 60.3
VEg (V) 2.2 2.2

the measured dé-—Vcg characteristics, calculation d®j,.
requires the knowledge of device temperatdre Although
this paper assumes isothermal device characterigties $00
K), an HBT large-signal model incorporating self-heatingarried out in the frequency range of 3—40 GHz, each involving
effects could provide more accurate conditioning relationa,set of three bias points. Table Il shows the dc-bias operat-
especially at bias conditions exhibiting significant self-biasg conditions for which the devic&-parameter data were
effects and for larger size power devices. This could leadeasured and HBT parameters were evaluated.

to smaller ambiguities of extracted parameters suclizgs
Finally, it must also be recalled that initialization of some of
the parameters, as described in the previous section, further
enhances the physical validity of the obtained results. Thus,
the solutions obtained by the procedures described in this paper
are very likely to lead to unique solutions for representing the
HBT model.

VI. RESULTS AND DISCUSSION

The new approach was implemented in the commercial
microwave simulator LIBRA and implements a simultaneous
optimization of S-parameter data measured at three different
bias points. Altogether, two optimizations (A and B) were
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Fig. 8. (a) Frequency dependenceéiaf|Zy,.+Z.| at different bias operating Frequency (GHz)

points (Bias Set A) The curve marked O corresponds to a solution obtain.:_:_ld 10
from the original approach proposed by the authors [9], [10]. (b) Frequen
dependence dim|[Z},. + Z.] at different bias operating points (Bias Set A).

Frequency dependence |of | at different bias operating points
ias Set A).

The measured and modelé&dparameters for the bias con-included in Fig. 8(a) the results obtained using their originally
ditions of Bias Set A of Table Il are shown in Fig. 7(a)—(c). Aproposed techniques [9], [10], as applied to the same HBT.
one observes, the fit between the measured and modeled datd;,. + Z.| is shown here to follow a nonphysical behavior
is excellent. The various impedance blocks used to establehobtained with the old technique since it is found to increase
the optimization goals of the present method can also héth frequency.
calculated. Fig. 8(a) and (b) show the real and imaginary partsFig. 9 shows the real part &f,;. Z,; is a bias-independent
of Z,. + Z. as a function of frequency for the three biaguantity. As one observes, the measui&gZ,;] quantities
conditions considered in the optimization. Very good fit iare in excellent agreement with the modeled one. Similar
again observed between the measured (i.e., the analyticafgreement was found for the imaginary partff .
deembeded quantities) and the modeled results. One noticeEhe frequency dependence of the transport fagtdf is
also thatRe[Z},. + Z.] decreases with increasing frequencyshown in Fig. 10 for different bias operating points. Excellent
This trend results from the physical interpretation of the emitit is observed between measured and modeled results. A
ter—base junction as a series connectior®ef 4+ jwl.; with comparison of those results with data obtained fief] as
Ry,.//(Csr + Cjg). Failure to incorporate device parasiticevaluated using the authors’ original approach again confirms
into the model could lead this component into an increasitige superiority of the new technique since the old approach
behavior with respect to frequency which is not physicaksults in values ofa’| greater than 1, which increase with
and does not correspond to the assumed representatiorfrefuency. Finally, the measured and moddfed | and max-
the junction. This is a result of the principles of the preseithum available gain,,. are shown in Fig. 11(a) and (b),
method, namely, the physical interpretation of the impedantespectively, for the three different bias conditions. Their
blocks is enforced during optimization. To demonstrate thexcellent fit further verifies the validity of the developed
superiority of the approach described in this paper, the authansthod.
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25.0 TABLE Il
Solid: | M ed DEPENDENCE OFBIAS-INDEPENDENT HBT PARAMETERS ON BIAS SET
Dashed: Simulated
Parameter | Bias Set A | Bias Set B
20.0 N
N Ci (IF) 0.0 0.0
N C,2 (IF) 113.9 109.7
NN Cpe (F) |00 0.0
5 100 - N\\ Ry (90 0.0 0.0
3 YN R.. () 0.0 0.0
E Ic=23.83 “‘AE \\\ Ic=60.287 mA R (@) 0.21 0.32
15.0 \ Ly (pH) 0.4 0.0
I=11,034 m4 \ \g( Lez (pH) 1.1 0.0
\ L.. (pH) 36.0 39.8
5.0 \\ R () | 0510 05
\ L (pH) 487 49.4
NN
\ZbT R (Q) 6.94 6.6
0.0 | pr (pH) 189 183
1.0 10.0 100.0 Ley (pH) 5.8 8.6
Frequency (GHz) R. (%) 0.013 0.0
(@) L. (pH) 22.6 18.6
25.0
| | |1Fr80.287 ma employegl optimization procedures,-as well as the omission of
20.0 ,\\\ self-heating effects from the modeling approach.
39\*&1% It must be noted here that the final estimatesfgr+ Ly, +
5 15.0 | >‘j}\\: 2 Ly, and L., + L., are close to the initial estimates determined
2 te=2383 ma | NN in the previous section. HoweveR,,, + Ry, and R., + R.
E 10.0 Tc=11.084 mA differ from the values determined from the dc measurements
© (Rp and R¢, respectively) shown in Table I. One reason for
5.0 \ this discrepancy may be attributed to the distributed nature of
\\ the base and collector contacts causing a frequency dispersion
0 \\\\ of the real part of the base and collector impedances. Another
o Solid:| Mdasxrefl reason may be due to the fact that the dc measurements were
Dashed: Simulated ' carried out using a different experimental setup than the HF
5.0 10.0 100.0 measurements; thus introducing different access resistances
' Frequency (GHz) between the instrument and the device which are not calibrated
(b) out to the same degree. Finally, it was observed that the

Fig. 11. (a) Frequency dependence |bf.|2 at different bias operating OPtimization of the HBT equivalent circuit was less sensitive
points (Bias Set A). (b) Frequency dependenceGef.x at different bias on R or Rg compared tak.;, which may also imply some
operating points (Bias Set A). uncertainty in the values obtained from the present procedure.
The bias dependence of the time constaptandr, = ﬁ
is shown in Fig. 12 for the case of Bias Set A. As one observes,
To further evaluate the validity and suitability of the present, can be directly fitted to an expressiop = a/lc, where
approach, the same procedure was applied for a different get 33 psmA. 7, shows a weaker bias dependence and can
of bias operating conditions, defined in Table Il as Bias Set Be fitted to7; = d; - I + d» whered; = 0.011 ps/mA and
involving not only data at different currents but also at different, = 2.84 ps.
Vcr operating conditions. An accuracy of four decimal points All bias dependent parameters are shown in Table IV.
was maintained in all data, discussed below, to comply withne sees from this table thaf,. shows a decrease with
the even higher resolution employed in the measured dc dnéreasing current (Bias Set 1). This variation @f. with
HF data. As for the case of Bias Set A, the fit betweegurrent was allowed in this paper’s procedure to account for
measured and simulatettparameters and impedance blockghe possible modification of the collector-base space—charge
was excellent for each set of bias points. Ideally, since thgyer by the injected carriers. For antype doped collector,
parasitics should maintain a physically meaningful characteie peak electric field in the collector is located on the base
these bias-independent elements should be identical for sille of the collector. As current injection increases, the peak
three sets. Table Ill shows all these elements for each setetdctric field is lowered and the electric field on the sub-
bias points. As one observes, the variation of these parametssBector side increases. The latter change causes electrons in
is indeed small for the two different bias sets suggestinge collector—sub-collector interface to move farther toward
the validity of the proposed approach. Moreover, some tife sub-collector region. That, in turn, translates to a widening
the elements have almost negligibly small values and werd, the collector space—charge region and, consequently, a
therefore, set to zero. The small variation observed in thelsevering of the collector-base capacitance as the current
data appears to result from statistical errors inherent in thgection increases. At high currents, however, the opposite
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expressions.

TABLE IV
Bias DEPENDENCE OFHBT MODEL PARAMETERS

Bias dependence of time constamis = 1/27f, and 745 for
operating conditions in Bias Set A. Both constants can be fit to closed-form

Bias Set A Bias Set B

Ic (mA), Vg (V) [ 11,2.2 ] 23822 [60.322 ] 21.4,5.2 [ 47.8,5.2 ] 60.3.2.2
ao 0.965 | 0.9675 [ 0.9679 [ 0.9639 [ 0.9598 | 0.9679

Ry (Q) 27514 | 1.274 | 0.5036 || 1.4193 | 0.635 | 0.5036

Rei (Q) 1.4681 1.3 11273 | 15154 | 1.292 | 1.4314

G (fF) 261.5 | 251.7 236.5 2204 | 2119 | 2346

f. (GHz) 53.99 | 110.5468 | 299.179 || 72.387 | 10043 | 2440

2 (ps) 2.9628 | 3.1067 | 3.4985 || 4.4216 | 4.5717 | 3.4381

effect will take place. As the current increases, the electric

Increasingl~ causes the dc dissipated power to increase.
The thermal resistance usually is a nonlinear function of
the dissipated power and increases as this power increases.
Therefore, the effective emitter series resistance, given by
Rpesg = Rp — 6RywWVer will decrease aslc increases.
Subsequently, such a trend will be reflected on the estimated
parameterR.; (and possiblyR..) determined for the HBT
small-signal model [see Fig. 3(a)]. Using valueséof 1.37
mV/K, Vog = 2.2 V, and the decrease dRg g given for

a change ofl- from 10 to 60 mA in Bias Set A (i.e,,
ARg s = 0.34 ), one can calculate the variation &},

from ARg .q = 6VerARy, resulting inARy, = 112 KIW.
Uncertainties in the model parameters can possibly be allevi-
ated by introducing additional constraints for these parameters
based on physics-based numerical device simulation rather
than the closed-form physical expressions such as the one used
earlier for the initial estimation off,.

VII. CONCLUSION

A new technique for the prediction of dc and RF HBT-
model parameters was developed. Dc parameters such as
og are R,. used as constraints in RF simulations while
others Rg, Rg, and R¢) are used as initial values. All HF
parameters are evaluated by employing, in part, empirical op-
timization and analytical evaluations. The optimization goals
are defined with respect to device impedance blocks calculated
from an analytical model. Simulations were simultaneously
carried out for multibiasS-parameter data. Excellent fit was
observed between experimental and modélgthrameter over
a wide range of bias operating conditions.
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