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Abstract—The base—collector capacitance and the collector Ve .
transit-time in GaAs-based heterojunction bipolar transistors Q VooV be)

depend not only on base—collector voltage, but also on collector
current. This has to be taken into account in a large-signal model.

- L . Base

However, since collector transit-time and capacitance are both o - o
caused by the charge stored in the collector space—charge region, o, Collector
it is not possible to model them independently of each other. This Y Roo(Vie)

. L X . . be e\ Y be
paper investigates the interrelation between collector capacitance Q(Vbe) I
and transit-time due to transcapacitance effects, and presents an I
analytical unified description for both quantities, that is derived Er?] tor = o

from measurement-extracted small-signal equivalent circuits. The
model is verified by comparison of simulation and measurement

data. Fig. 1. Large-signal equivalent circuit of intrinsic HBT.

Index Terms—Equivalent circuit, heterojunction bipolar tran-
sistor, semiconductor device modeling. both quantities. It is derived empirically from small-signal

parameters of GaAs-based HBTs and is implemented into a
| INTRODUCTION compact large-signal model.
HE collector of heterojunction bipolar transistors (HBTS) Il. BIAS DEPENDENTCOLLECTOR CHARGE
is commonly weakly doped in order to reduce base—col- L . . o

lector capacitance and to increase break-down voltage. ThY deﬂ_nmon, a capacitance is given as the dferlvatlve of
drawback is that high-current injection occurs already at lofiiar9€ With respect to voltage. In case of the HBT's base—col-
current densities. As a consequence, base—collector capacitaRei@" capacitancé,, the charge).. is the total charge stored
and collector transit-time are modulated [1]. This influencd® the base—collector space—charge region, which in case of
the HBTs RF behavior and especially has a negative imp&c{'Pn-transistor is given by the charge of the dopants, and
on linearity [2]. Therefore, it has to be taken into account ifhe charge of the elgctrons due to collector current. Hence,
large-signal modeling. Since physically, both capacitance afiéte P&cOmes a function of collector currehtand base—col-
transit-time are governed by the charge stored in the collect&Ctor voltagevic as well, in contrast to the capacitance of a
definition of a current-dependent collector capacitance wifnd!€ Pn-junction that depends only on the voltage across it.
inherently lead to variations in transit-time [3]. Since I, sa f_unc_tlon Qbec and base—_emltter voltage,.,

While the current dependence of the base—collector Capa@'r« for simplicity is _defmed as a fu_nct_lon_ of both voltages:
tance is accounted for in several recently published large-sigfeal = /(Vbe Vic). Fig. 1 shows the intrinsic part of the HBT
models [1], [2], [4], [5], the interdependence of capacitané@rge's'gr?al equivalent circuit. It cons_|sts pf the charge§ of
and transit-time has implicitly been mentioned, but not bedigSe—€mitter and base—collector p-n-junctions, the nonlinear
discussed in detail yet. Traditional nonquasi-static models figSistance of the base—emitter p-n-junction, and the current
HBTSs, on the other hand, account for the base transit-time Bgurcea. For 5|mpI|C|ty, th? h'gh resistance of the reverse
introducing a base charge in a similar way [6], [7], but negle ased base—collector junction is not shown, nor the extrinsic

the current dependence of the collector capacitance. base—collector diode and the parasitics. , ,
In this paper, first the influence of collector charge on In order to obtain the corresponding small-signal equivalent

transit-time is investigated. Then, a unified model for base—c&ircuit. all of its elements are to be derived with respect to the
lector capacitance and collector transit-time is presented. VRIl29est2. depends on two voltages and, therefore, yi€lgs

single formula for collector charg®. is given that describes and a transcapacitancg; as well

Q.
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?Fc I1l. | MPLEMENTATION INTO LARGE-SIGNAL MODEL
i The capacitance of the space-charge region of reverse-biased
JoCx Ve pn-junctions is given by
Base 1-m
- 1— Vie
° @ Collector Q. =—Cieod = Voe/$) ™™ (7
ogle 1—m
Voe| Coe= | | Roe Che = Cjeo(l = Vie/) ™ ®)
le
o le o The base—collector space-charge region of a real HBT, however,
Emitter is limited by the collector width, therefolémy; _,_ ., Cp,c =
i o ) ] ] ) . Cupin-Inour approach, fof. = 0, this is modeled by
Fig.2. Linearized large-signal (i.e., small-signal) equivalent circuit of intrinsic
HBT.
Qc = Qi; + C(min‘/bc (9)
Cbc = C]/,C + C(min- (10)

It is worth mentioning tha€’;, is of physical origin, and not

only amathematical problem. It reflects the fact thas mainly The advantage of this approach is that one has a single contin-

controlled byVj,.. It may be understood as a collector transit- Lo
time uous description for the complete voltage range.

. L . . The electrons of the collector current first lower the effective
SinceC;; lies in parallel with the current gaim, both can be

- o X .~ collector doping, leading to a reduction . While the cur-
joined to form a total current gain’ in the small-signal equiv- ping 9 Ofc

I o rent dependence may be linearly approximated [1], [2], [5], this
alen'_t circuit. In orde.r to do so, both current sources in Fig. 2 A€ ds to ar, that is constant up to the current whe, reaches
rewritten as follows:

its minimum value, and then drops to zero. The following em-
pirical expression on the other hand, is well-behaved:

ij’tere <:>ij“ L Ie, (3)
Yie 21./1, )
Gb Qc,med = <1 - m) Qc + Cminvbc (11)
Oéo.[é <~ Qg © 1. (4) /=0
be 21./1

Obc, med — <1 ) C]/,C + Chin (12)

_ g — jwctr/Gbe

~ ol = - 1+(Le/Do)?
14 jw/wey

oI, IJ? -1
Ctr, med — 0 e 0

with Gpe = l/Rbe, Yoo = Gpe + jwChe and MWhe (Ig +I<,?)2
Wa = 1/(Rbecbe)- . e

The locus of’ in the complex plain is a half-circle, starting™" e < Jo, with the fitting parametedo. For I. > I,
at ap for w = 0, approaching-Ci,w,/Ghe for w — oc. Qcymed = CminVier Che,med = Cuniny Ctrymed = 0.
The transcapacitance therefore does not yield excessive g%iﬁ%_ ale > OL/0Vie = Ic/(neViy) with the base—e_m|tter
at highest frequencies, but reaches a constant value. The tf{§f/Ily factor n., and the thermal voltagd’,,. The index

gain of the base—collector branch then is additionally limited b{?€d” indicates that this formulas are valid in the range of
jwChe. medium currents. They approximate the linear behavidrQf

Equation (5) is approximated in order to estimate the tot I0W currents, butak. = I, whenc,; reaches its minimum
transit-timer valueC,,;,, Ci, becomes zero. Thereby, regular expressions are
assured which is not the case for a purely linear approximation
, o @0 of Che. .
O R A Joll o+ CufCr) — 14 gt (6)  The onset of base push-out, or Kirk effect, depends/.on
and onV;,. as well. For simplicity, a constant curreti{ is
In the small-signal parameter extraction, onfyis visible, and defined that corresponds to the condition that the electrons of
only 7 can be extracted reliably. the collector current fully compensate the collector doping [1],
Three conclusions are to be drawn from this section. [2]. Above I, increasing current reduces the base—collector

- The current dependence 6. leads to a transCap(,m_space—charge region and, therefatg, increases again. This
behavior can be approximated by

I (®)
Qe (13)

tance.
* The transcapacitance adds a vaftie/G),. = 7. to the 9
total transit-timer. Therefore, it can be understood as the Qo i = <£ _ 1) Q" (14)
origin of the collector transit-time. This agrees with the ’ I
finding [1] that bothr,. and Cy,. can be assumed to be I 2
independent of temperature, in contrasita Che, ni <I_1i - 1) Cy (15)

« The formula for@. used in a large-signal model has to
representCy,. as well asr.. A unified collector-charge al. 2 <Ic 3 1) Q"

A (16)

C

model is required. Cor, 1 = Whe I,
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Fig. 3. Extracted ) and modeled (-) intrinsic base—collector capacitancgig, 4. Extractedq) and modeled (—) transit-times. The contribution of eq.
Cy.. Parameter i8¢ = —4.5, ..., 0 V. (13) to the transit-time. ,,,.q, and the total transit-time for the lower current
range Ts.1s4., that consists of base—emitter charging time, temperature

. dependent base and collector transit-times. Parametgyds= —4.5, ..., 0
forl, > Ip. Forl, < Ip: Qcni = Cheni = Conmi = 0.y

C” stands for a capacitance formula as in (8) and (12), but with
modified parametet:. While in p-n-junctionsyn is restricted to 16
arangeofl/3, ..., 0.5, itis usedin this formula to compensate
for the neglect of the voltage dependencd ofin case of the
HBTs under investigationy: = 1. The index “hi” indicates
that these formulas model excess charge at high cur@fits:

4 ) PR
f O(’:’ dVie. 0 %
The full formula for the collector charge is now given by a4l Tehi ]

1 21 4
Qc = Qc, med T Qc, hi- (17) 0 0 0 |03(0kA/CrT(I)2) 50 60 70

Extracted ©°
Model —— ]

12 L&

Vec

T (ps)

In addition of ., that has been studied in detail so far, ba - _

o . . . . Fig. 5. Extracted ) and modeled (—) transit-times. The contribution of
transit-time and emitter charging-time are modeled by the tingg) t the transit-time....,;, and the total transit-time. Parameter i =
constantl /w,[see (6)] of the base—emitter junction. While the-4.5, ..., 0 V.
emitter charging-time is given by the base—emitter p-n-junc-
tions.de_pleti.on capacitance, the diffusion capacitance, and bﬁ‘ﬁﬁnlyrc, 7, and the base—emitter charging time contribute
transit-time is modeled by to 7. T,. exhibits al/I- behavior, andr; increases linearly
with temperature [1]. The collector transit-timg that is mainly
; ) responsible for the bias dependence pis well approximated

o Lo _ by (13).
@b, 1 = (7 + 7,1 AT) Ve <Ik 1) (19) In the example, Fig. 3, the Kirk effect sets in aroukd =
35 kA/cm?. Although I, is approximated as a constant value,

e IS modeled well in a broad bias range by (15). Fig. 5 shows

Q, =(1p + AT, (18)

where @, 1n; describes the excess transit-time due to ba

push-out forl. > I. vy describes the base transit-time ang, .y tion of (16) te.. The higher the collector current,

base—emiiter diffusion capacitance, describes its tempera-the narrower the space-charge region becomes, and as a conse-
ture dependence)T is the difference in temperature due tg b ge reg '

) : quence, the number of stored electrons is reduced. Furthermore,
self-heating. The factor, describes the slope efdue to base . .
ush-out. andh . its temperature denendence the negative value of the transcapacitance correspon@$to
P ' kit P P ' thatincreases with current. Under base push-out condition, how-

ever, the total transit-time rapidly increases due to the effective

base widening. Therefore, negativevalues are not observed
The model has been developed for the FBH3&aINP/GaAs nor modeled. Fig. 5 also provides data on the total transittime

HBT process [8]. It is implemented into a commercial circuit Figs. 6 and 7 show a comparison of measured and simulated

simulator and now in routine use for MMIC design [9]. ConverS-parameters afc = 22 kAlcm?, Vep = 1.5V, 3V, 6 V of

gence of large-signal harmonic-balance simulations generaf3Ts with an emitter size of 330 zm?. At this current, transit

is good, since the new formula f@g. and its derivatives are frequencyf; is maximum for this sample, and, consequently,

continuous and well-behaved functions. In order to obtain tlkérk effect sets in at higher currents. Theparameters are mod-

collector-charge model parameters, first, the small-signal equeled well in case of the new model (see Fig. 6). The accuracy

alent-circuit elements are determined using an analytical algi-S»» deteriorates significantly, if’},. is assumed current inde-

rithm [10]. Then, the formulas given above are fitted to theg@ndent (see Fig. 7). In both cases, fhparameters are mod-

values. eled with a large-signal model using the same set of parameters.
Measured and modeled,. of HBTs with an emitter size of Only C;.o of (8) andr; of (18) are adjusted in the simplified

3 x 15m? is shownin Fig. 3. Up to 35 kA/ci Cy,. isgiven by  case in order to obtain the best fit fSrparameters and,; |

(12). Up to this current, the almost linear current dependencegisthe bias poinf = 22 kA/lcm?, Vg = 3 V. Consequently,

still well approximated. The contribution @f;. on 7 is shown . in this case is lower than the value one determines by mea-

in Fig. 4. In the current range below the onset of Kirk-effecguring the base—collector p-n-junction.

IV. RESULTS
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Fig. 6. S-parameters of % 30 m? HBT, measured (symbols) and modeled

with new large-signal model~ = 22 kKAlcm?, Vop = 1.5 V (0), 3V (0),
6V (W), f = 150 MHz—40 GHz.

Fig. 7. S-parameters of 3x 30 um? HBT, measured (symbols) and

modeled with large-signal model neglecting current dependencé’of

Ic = 22 KAlcm?, Vg = 1.5V (0),3V (0), 6 V ), f = 150 MHz—-40

GHz.

600
t (ps)

Fig. 8. Current and voltage waveforms of 38 30 um? HBT, measured
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V. CONCLUSION

High-current injection is observed in the collector of
state-of-the-art GaAs-based HBTSs. It modulates the base—col-
lector capacitancé€y,. as well as the collector transit-time.

This behavior has to be accounted for in large-signal models,
since it has an impact on small- and large-signal RF behavior
and on distortion characteristics.

Itis shown in this work thaf’},. andr,. can not be modeled in-
dependently of each other in a large-signal model. Furthermore,
the current-dependence 6f,. inherently leads to a transcapac-
itance. This transcapacitance can be understood as the origin of
7.. Measurement-extracted values of both quantities are taken
into account in order to derive an analytical model for a unified
collector charge).., that is capable of describing both,. and
7.. The new formulas improve the accuracy of an HBT model
in a broad range of bias points.
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