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Consistent Modeling of Capacitances and Transit
Times of GaAs-Based HBTs
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Abstract—This paper investigates how time delays and capaci-
tances observed under small-signal conditions can be consistently
accounted for in heterojunction bipolar transistor (HBT) large-
signal models. The approach starts at the circuit level by map-
ping the large-signal equivalent circuit (which consists of charge
and current sources) to the well-known small-signal circuit (which
consists of capacitances, transit-time, and resistances). It is shown
that and how bias dependent charge sources at either pn-junction
impact transit-time, base—collector capacitance, and their mutual
dependence. It is demonstrated for the example of a GaAs-based
HBT that the interrelation of the elements is observed in measure-
ments as predicted. The results of the investigation enhance under-
standing of HBT model characteristics and provide a criterion to
check model consistency.

Index Terms—Equivalent circuit, heterojunction bipolar tran-
sistor (HBT), semiconductor device modeling.

I. INTRODUCTION

N accurate description of transit times is crucial for HBT
model performance. This is especially true for GaAs-
and InP-based HBTs, where the transit frequency f; depends
strongly on bias point. It is a function of collector-base voltage
as well as collector current. One reason is velocity modulation
of the electrons in the collector space—charge region, which is
effective at lower current densities. It is caused by the nonlinear
dependence of electron mobility on the electric field in GaAs and
InP [1]. At higher current densities, base push-out occurs and
leads to drastically increased transit times. These effects have
been identified to be an important source of nonlinear distortion
[2], [3]. But not only transit time 7 is a function of voltage and
current, the same applies to the base-collector capacitance Cf,..
These small-signal quantities are caused by storage of charges
in the bulk neutral base, and the base-collector space—charge
region. Basically, storage of a charge () due to collector current
I, results in a time-delay
9Q
TT=35 1. (1)
while storage of charge due to base-collector voltage V. results
in a capacitance [4], [5]
oQ
a‘/bc .
In this paper, 75 and CY, . denote the forward transit time and
base—collector capacitance in general, respectively, without a

Che = @
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strict link to an element of a specific equivalent circuit. The in-
terdependence of transit-time and capacitance was discussed in
the small-signal domain and explained from HBT physics re-
cently [1], [6]-[9].

When formulating an equivalent-circuit based large-signal
model, one faces two main challenges concerning the storage
of charge.

1) The charge stored in the bulk material of the three-ter-
minal transistor has to be split and represented by two-ter-
minal branch charges in the equivalent circuit.

2) The total derivative of the charge sources must yield the
desired small-signal capacitances and time delays.

Compact models for bipolar transistors rely on two charge
sources, (1. between base and emitter node, and ()}, between
base and collector node. Each charge will result in a capaci-
tance and a time constant in the small-signal equivalent circuit.
Therefore, it is not possible to formulate a large-signal model de-
scribing only one of the small-signal elements without affecting
some others, too. The choice of the formulas for Q. and Q.
determines not only the values, but also the bias dependence of
the interrelated small-signal equivalent circuit elements.

In contrast to FET models, the implications of charge models
are unfortunately only sparsely addressed, even in case of highly
accurate HBT models. The respective publications rather dis-
cuss the results obtained for the key parameter—usually the
total transit time—but do not mention the impact on the other
small-signal parameters.

It is the aim of this paper to shed light on this blind spot by
addressing two important issues concerning the formulation of
large-signal HBT models:

1) The HBT large-signal model must yield S-parameters
identical to those of the common small-signal models.
However, the current gain of the small-signal HBT model
is dispersive, while the linearized large-signal equivalent
circuit elements are constant over frequency. Therefore,
any frequency dispersive element would have to be
approximated by appropriate nondispersive circuitry,
e.g., an excess-phase network [10]. On the other hand, a
charge being a function of multiple voltages will result
in transcapacitance elements in the linearized equivalent
circuit. These are not present in the small-signal model.
Since both models are accurate descriptions of the same
device, one has to clarify under which conditions and
to what extent the two descriptions can be considered
equivalent. At the same time, the implication of splitting
the bulk charge ) and representing it by branch charges
is to be addressed.
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Fig. 1. Standard intrinsic HBT small-signal equivalent circuit. The active
transistor is shown inside the dashed box. The elements R and C., describe
the parasitic base-collector diode due to the mesa structure and will be omitted
in the following.

2) Since capacitances and time delays result from a common
charge, they are interdependent in value and bias depen-
dence, as follows from (1) and (2). This interrelation has
an impact on the degrees of freedom one has regarding the
formulation of a model. It will be shown that the interde-
pendence can be validated by measurement data. Hence,
one has to make sure that it is described correctly by any
circuit-based HBT model.

In Sections II and 111, these two issues will be addressed sub-
sequently. The implementation in dedicated HBT models will
be addressed, and the findings will be verified comparing mea-
surement and simulation data of an InGaP/GaAs HBT.

II. CONSISTENCY OF SMALL-SIGNAL AND LINEARIZED
LARGE-SIGNAL EQUIVALENT CIRCUITS

In this section, we will show how the linearized large-signal
equivalent circuit, despite its different topology, can be under-
stood as close approximation of the common small-signal equiv-
alent circuit. The investigation focuses only on the intrinsic el-
ements, after deembedding of the parasitics.

Fig. 1 presents the intrinsic small-signal equivalent circuit of
an HBT in T-topology. In the following, we will concentrate
on the model for the active part of the HBT, shown inside the
dashed box. For sake of completeness, also the two parasitic
elements describing the mesa structure of the device are shown
in this figure. These are C.y which is the capacitance of the
reverse biased parasitic base-collector diode, and the intrinsic
resistance Ry which describes the resistance of the base region.
Commonly, the resistances of the reverse biased intrinsic and
extrinsic base—collector diodes are large enough to be neglected.

The current gain v used in this equivalent circuit is dispersive,
since it shows a time-delay 7,, and a low-pass characteristic with
a corner frequency w,

e IwTe
o=——"-". 3
e 3)
The corresponding large-signal equivalent circuit for the
active HBT shown in Fig. 2 is based on charges instead of
capacitances and on currents instead of resistances [11]-[15].
Small-signal resistances are modeled by diode current—voltage
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Fig. 2. Intrinsic HBT large-signal equivalent circuit.
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Fig. 3. Intrinsic HBT small-signal equivalent circuit derived from the circuit
shown in Fig. 2. V;,. denotes the base—collector voltage and V;,. the base—
emitter voltage.

(I-V) characteristics for the base—emitter and base—collector
pn-junction. The current gain is set to a constant value «, since
the large-signal model has to be defined in the time domain.
The contribution of the nonlinear charges is more involved,
and needs to be discussed in greater detail. In the general case,
both charges Q. and Q. are functions of base—emitter and
base—collector voltages V},, and Vj,.. Hence, the small-signal
current through the charge sources is given by

fo= 2@l et SOl @
8‘/be VsE a‘/bc Vso
= JwCheVbe + jwCisUpe
ihe = il Jwipe + OQue JWUhe
T OWhe |ve, Whe |y
= jwCiVhe + JwCheUbe ©)

where Vpg, Vpc denote the dc bias point, and vye, v are
the small-signal amplitudes of the voltages Ve, Vi, respec-
tively. The two elements Ci¢ and C}, are transcapacitances, i.e.,
voltage-controlled current sources, as shown in Fig. 3. In the
following, it will be discussed how the linearized large-signal
equivalent circuit can be understood in terms of the small-signal
circuit shown in Fig. 1.

In doing so we first substitute the current I/ driving the cur-
rent gain «, and V3, driving the transcapacitance Cy, by the total
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emitter current /. (see Fig. 3) that corresponds to the driving /.
current in the small-signal equivalent circuit (Fig. 1)

Rbe .
= m (Ie - chtfvbc) (6)

1 jwC,
I'=(—— .- (-2 Ywn. O
14 jwTpe 14+ jwrpe

with 7,6 = CpeRpe. It is now possible to write the total current
1. through the base—collector branch as a function of V},. and I

Vb e

Ic :jwcbcvbc + jwctrvbe - CM()Ié

. aoCis — JwCisCir Rpe
= jw (Cbc+ oLt J. tf Ctrdtb >Vbc
1+.]WTbc

_ ap — jw-RbeCtr I (8)
1+ jWTbe <

The first component of this current can be understood as ef-
fective capacitance, and the second one as an effective current
gain in terms of the small-signal equivalent circuit

I. = jwobr,,eﬂ‘/br, — Qertle )
with
Cyt — jwCiCoe Rie
Cbc,off =Chpe + el tfl ‘l;/jw;: b (10)
g — juJTC
off =T 11
ceft 1+ JWThe ( )

with 7. = Ci,Rype. Concerning g, it was shown in [4] and
[10] that this formula is a suitable approximation of « in (3) in
the frequency range of practical interest, since the expression
ap — jwT. can be understood as the first order approximation of
a time delay age™7%Te.

It should be emphasized at this point that the model as shown
in Fig. 2 can be called “quasi-static” since none of the sources
is controlled by a time-delayed voltage, as, for example, in case
of the model proposed in [16]. On the other hand, the same
equivalent circuit can result from a “nonquasi-static” physical
consideration. This is the case, e.g., for the approach called
“charge partitioning,” which assigns the base charge partly to
Qpe and Qp. [12], [13]. Therefore, the “quasi-static” circuit
model can describe also a strictly speaking “nonquasi-static”
physics-based model.

As shown in (10), Cyc g becomes dispersive due to Ci.
However, in the lower frequency range with wC' < 1 and
WThe K 1, Obc’eﬁ‘ = Cpe + aoCis holds.

While C}, can be fully absorbed into the effective current gain
aefr [see (11)], the second transcapacitance, Cy¢, mainly results
in a modification of Cy. g but it cannot be fully removed from
the equivalent circuit.

This becomes clear when considering the Y -parameters for
the equivalent circuit of Fig. 3

1 _
Y11 = jw[Cit + Che + Che + Cu] + (R—a“) (12)
be
Yiz = — jw[Che + Cif] (13)
v .
Y1 = R” — jw[Che + Cl (14)
be
Y22 :ijbC. (15)
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Fig. 4. S-parameters Si; and S;2, simulated with different intrinsic HBT
equivalent circuits, f = 50 MHz-50 GHz. The model parameters are: R,> =
4Q, Ry = 1.25Q, Cox = 201F, Cye = 301fF, 7. = 2 ps, The = 4 ps,
Che = The/ Rube. (Symbols) Equivalent circuit of Fig. 1, (dotted lines) collector
time delay replaced by BC-transcapacitance (C', = 7.), (solid lines) BC- and
BE-transcapacitances (Cys = 10 fF, Cy,. = 20 {F).

As can be seen, the sum of Cy,. and Cs is found only in Y77 and
Y12, but not in Y5, and Ys,. This difference might appear to be
of merely academic interest, but this is not true since it affects
parameter extraction from measurement data. It is common to
extract the total base-collector capacitance of the small-signal
equivalent circuit (Fig. 1) by [17]

1
Obc + Cex = _Im{ (16)
w

-1 }
Zon—Zas |’
In the case of the equivalent circuit Fig. 3, Coy is known and
deembedded beforehand. Due to the two additional elements
Cit and Cy,, (16) without C,, reads

{ -1 } . < 1+ jwCpelRpe >
- 5 (= JWC})C -
Zo1 — L 1+ jw (Che + Cts) Rpe

. ap — jwCiy Rpe
+jwCh - .7
Jwt <1 +]w (Cbo+ctf)Rbo> ( )

For typical values of capacitances, wC' < 1, and ag = 1,
the terms in brackets on the right-hand side of this equation ap-
proach unity in the lower frequency range. Therefore, we obtain

1 -1
—I —— b & Oy + Ci. 18
» 111{Z21 —Zzz} be + Ctr (18)

This result is similar to the one obtained for Cy,¢ o, (10), above.
The differences result in the fact that, in the first case, the base-
collector branch was treated isolated, while now, the full equiv-
alent circuit is considered.

To highlight the effect of Ci¢, Figs. 4-6 present small-signal
simulation data. Three simulations are performed, one with the
equivalent circuit shown in Fig. 1 (symbols), a second one with
the time delay replaced by a base—collector transcapacitance C',
(dashed lines), and the third one with an additional base-emitter
transcapacitance Cis (solid lines). In the last case, C},. was re-
duced by the value of Ci¢. The equivalent circuit parameters are
given in the caption of Fig. 4. Differences in the S-parameters
are in this case only observed in Sa2 beyond the kink, which is at
6 GHz in all simulations. The arrow in Fig. 5 denotes the point
where the simulation with the element Cs reaches 50 GHz,
which is close to S32 at 30 GHz simulated with the two other
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Fig.5. S3; and S»» (other data as in Fig. 4). The arrow denotes the value f =
50 GHz obtained with the equivalent circuit with BC- and BE-transcapacitances
(f = 30 GHz for the other equivalent circuits).

20 30
f (GHz)
Fig. 6. S, from Fig. 5 plotted as magnitude and phase against frequency.

(Symbols) Equivalent circuit of Fig. 1, (dashed lines) collector time delay
replaced by BC-transcapacitance, (solid lines) BC- and BE-transcapacitances.
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Fig.7. Total Cy,c 4+ Cex as extracted by (16) from simulations shown in Figs. 4
and 5. (Dashed line) C},. = 30 {F, C., = 20 fF. (Solid line) effective value
with transcapacitance Cyy = 10 fF, C,. = 20{F, C., = 20 1F.

topologies. The differences are better observed when plotting
Sas as a function of frequency; see Fig. 6.

Fig. 7 shows the capacitance value as extracted from the sim-
ulated Z-parameters by means of (16). As expected, in the ideal
case, the value C},. + Cox = 50 {F is obtained. For the solid
line, Cyy = 10 fF is added, and C},. is reduced by this value.
As expected from (17), the extracted capacitance is dispersive,
with a low-frequency value of 50 fF.

Summarizing we can state that the effective base—collector
capacitance Ch of i determined by Ch,c, but also by Cys. This
result is important since it shows that the charge function )
can be assigned either to the base—emitter or the base—collector
branch. Both formulations can be distinguished in measured
data only at high frequencies around f;. This results in an ad-
ditional degree of freedom in formulating a model, since the
charge function can be assigned partly to Q1 and partly to Qp..
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While both descriptions are quite similar at low frequencies, dif-
ferences increase with frequency. Thus, the partition of charges
can be used to fine-tune the RF behavior of the model.
However, the () description is important also because it de-
termines the interdependence of the small-signal elements CY,_
and 7. This will be treated in Section III.
III. INTERDEPENDENCE OF HBT CAPACITANCES
AND TRANSIT TIMES

As was shown in Section II, a charge Q,x can be located at
either base—collector or base-emitter branch of a large-signal
model, as Q. or Qpe, respectively. In both cases, it gives rise
to small-signal capacitance Chex = OQux/0Vhe, and transit
time 7, = 8be/8le = (8be/8vbe) (avbe/afe). In this
section, 7, denotes the transit-time component to be modeled,
being either 7, or 7. as defined above. The same applies to the
voltage-derivative of the respective charge, Cycx, Which con-
tributes to Ch eff-

This section addresses the interrelation of capacitance and
time-delay values and bias-dependencies due to the fact that
they originate from the same charge formula. Regarding mea-
surement-extracted data of a state-of-the-art GaAs HBT it will
be shown that the mathematical interdependence of the model
parameters reflects the physical behavior of the device.

Regarding bias dependence of transit time and thus cutoff
frequency f; in III-V HBTs, the following two main regions
can be distinguished:

1) at lower currents and higher voltages, f; increases with
current (Cy ., 7 decrease),
at higher currents and lower voltages, f; decreases with
current (CY,_, 7y increase).

The first effect, sometimes called f;-peaking, is due to velocity
modulation in the collector space-charge region. It is therefore
usually modeled using the base-collector charge source Qy, [4],
[15]. The other one is due to base push-out or even quasi-satura-
tion and usually is modeled employing the base-emitter charge
source Qe [11], [14], [15]. The latter model often is motivated
only by the increase of 7, without mentioning the impact on

| . at all. Fig. 8 shows 77 and CY _ as functions of I, and V..
Device under test is a 3 X 30 um? InGaP/GaAs HBT from the
FBH 4" process line [18]. The main layer structure consists of
a 30-nm InGaP n-doped (3 -10'7 ¢cm—3) emitter, a 100-nm uni-
formly doped (4 -10' cm—2) p-GaAs base, a 1-um GaAs col-
lector (n-doped, 2 -10'® cm™3), and a 700-nm-thick n*-GaAs
subcollector (5 -10'® cm™?). The values are extracted from mea-
sured (left) and simulated (right) S-parameters with an analyt-
ical extraction algorithm [19].

As discussed in Section II, 77 and Cj . are not independent
of each other. In case of velocity modulation, i.e., case 1, the
following interrelations are observed:

2)

_ 8be _ abe
Chex = Z— >0 == "
8C'bcx _ 82C?bx aTa: _ 82be
oL, ~oviol ~7 v, T arow. <V
ICher 0204 oty 9*Qux
Fbex _ Q; T _ 9 g (19)
Voo V2 oI, ~ oI
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Fig. 8. Values of C}_ and 7, (left) extracted from measured and (right)
simulated S-parameters.

This behavior is shown in Fig. 8 for V.. = 4V, I. = 15 mA
by the arrows which indicate a positive slope for 97¢/9Vj,. and
0C] . /OI.. Please note that V. o« —Vj,, and I. =~ I,.

The recent generation of HBT models, e.g., the Agilent [15]
and FBH [20] models, account for the mutual dependence of
7 and Cf_ by providing a unified charge formula. However,
even though it is the benefit of the UCSD model [21] to account
for the velocity modulation effects comprehensively for the first
time, this interdependence is not accounted for. Hence, two sets
of model parameters are provided which give the impression
that the current-dependence of 74 and Cy,_ can be controlled in-
dependently. In reality, however, the two respective charge for-
mulas add up and disturb each other while trying to describe
the same effect. A recent approach decouples 7 and Cj _, by
relying on nonlinear capacitances instead of charges [22]. How-
ever, this comes at the cost of giving up charge conservation for
the base—emitter and base—collector branches.

The simulations shown in Fig. 8 are performed using the FBH
model. The formula employed for @y, is slightly varied com-
pared to the previously published one in [4] in order to gain
higher flexibility

ch = ll - tanh(f)] LQ(‘ + (1 - XJO)Cmiancl

£(1.) o(Vhe)
+ XJOOmianc (20)
—_——
h(Vie)
with
S VA
Qc = - (C'CO - C'min)(z>¢ (21)
I 1—m
I, I\ "
&= 21, + (210> ) (22)

Q. is the usual equation describing the charge of a space—charge
region, and the additional parameters are a minimum capaci-
tance value C\,;, which is reached at the current limit Iy. X jg
and k;. are parameters that control the slope of ), with current.
The argument in [4] started from the approximately linear slope
of C. with collector current, therefore the charge description
is based on the depletion capacitance formula.
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In order to determine C',. and 7., the function Qy,. will be
split into three terms which depend only on I. or on Vj,, as
indicated in (20)

Qbe(Le; Voe) = f(Le) - 9(Vie) + h(Vie)- (23)

The derivatives with respect to .. and V},. are defined as f/ =
df(1.)/dl., ¢ = dg(Vie)/dVie, and b = dh(Vi,e) /dVise

kjo—1
, -1 1 kje < 1. > ae
=——— |5+ 24
I= it |26 "2 \ o @4
C'c - Cmin
F= L (1= X o) Clin (25)
1— Ve
(=)
b = XjOCmin~ (26)
The small-signal values now read
9Qbe
Coe =00 — (1) /() + (V) @D)
MWhe
9Qbe
o= S = (1) (Vi) e8)
OChe  OTc , ,
= = f'(1.) - ¢ (Vbe)- 2
oL = v =119 (Vo) (29)

This shows that 7. increases with V.. o« —Vje, and Cyp de-
creases with I, since f’(I.) < 0 and g'(Vi,c) > 0.

Under base push-out condition, on the other hand, the main
focus is on the reduction of f; with increasing current. There-
fore, it is traditionally modeled by an appropriate function of
Qve, by integrating 7¢ [11]. However, especially near saturation,
7¢ strongly depends on voltage, too, which results in a slope in
C] .. This is indicated by the arrows in Fig. 8 for V. = 0.7V,
1. = 27 mA. In this region, which corresponds to case 2 men-
tioned above, one has

_ abe o 8be
Ty = oL >0 Chex Vi, >0
aTm 62be ac(bca: aQbe
Ve  OLOVi. ~ | 0L oVidl ~
aTz aZbe ac1bcx aZbe
oI, oI v~ ove - G0

The formula employed for this region is taken from HICUM
[14]. Although this model was derived for Si-based transistors,
its Qpe description is suited for [II-V HBTs, too [15]. The
model will be recalled here only shortly. Refer to [14, (28)—(35)
and (45), (46)] for the full derivation. The charge is given by
current /.. and the width of the base push-out region w is given
by

Qbe,x = thcslf’,wz (31)
a 2
ST
with
p=1— Tok (33)

I
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thes and ay, are parameters, and /¢ is the current that defines
the onset of base push-out. It is given by

Ve 4+ V2 +10-3
Ick = |1+ 5 (34)
Tcio 1 + (%)

with z = (Veet — Viim )/ VP, and the parameters i, Viim, and
Vpr. The voltage Vi s is an effective collector-emitter voltage,
which is limited to positive values and shifted compared to V..
Within this discussion, we set dVeesr/dVie = —1.

The transit-time m,e = OQpe x/01. and capacitances Chex =
0Qbe,x/ Vi, become

21
The = thesw? | 14 — e (35)
Ic 192: + Ghe
_ (dICK)
dVie
Cbcz = 2thcs/w2 s (36)

\/ Z% + Qhe

The variation of C}, . with current is modeled indirectly, since
itresults only from the voltage dependence of Ick. Since Ick ~
Vee/Teio & —Vie/Teio at low voltages, 7 increases with Vi,
and Cf _, in turn, increases with I...

IV. CONCLUSION

It is the aim of the paper to clarify if and how large-signal
III-V HBT models are able to account for the bias dependence
of C{. and transit time 77 at velocity modulation and base
push-out conditions. From the results, the following conclu-
sions can be drawn.

* The theoretical treatment reveals that a charge source () =
f(Vbe, Vi) always impacts both C} . and 7¢, since they
result from the partial derivatives of (). () may be attributed
either to the base-emitter junction as (e or to the base-
collector junction as Q. This justifies model approaches
that allow the user to freely partition the charges between
the junctions, e.g., [15].

* Based on experimental data it is demonstrated that, in order
to obtain an accurate model for Cj . and 7, two functions
are sufficient to describe the charge sources. One of the
functions describes the effect of velocity modulation, the
other one the base push-out effect.

* The interrelation between Cj . and 7 can be used as a cri-
terion to assess model consistency. As described in Sec-
tion I1I, not all of the common HBT models are consistent
in this regard.
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