186 IEEE TRANSACTIONS ON MICROWAVE THEORY AND TECHNIQUES, VOL. 49, NO. 1, JANUARY 2001

A Unified Model for Single/Multifinger HBTs
Including Self-Heating Effects
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Abstract—This paper presents an unified analytical large-signal - of the large-signal behavior of the device. Several approaches
model that includes self-heating effects. The model is applied to that include the self-heating effect in the large-signal model
a single-finger AlGaAs/GaAs heterojunction bipolar transistor have been reported in the past [5]-[7]. These methods involve

(HBT) and a multifinger InGaAs/GaAs HBT. The self-heating . . .
effect in the HBT is simulated as a feedback from the collector & complex analysis of the coupling between the electrical and

current to the base—emitter voltage. The main advantage of the thermal circuits [8].

circuit presented here is that additional analysis of coupling  This paper presents a simple unified analytical large-signal
between electrical and thermal circuits is not required, as is the model, including self-heating effects, applied to single-finger
case with the existing models. The small-signal HBT model is AlGaAs/GaAs and multifinger InGaAs/GaAs HBTs. The model
implemented based on theS-parameters at multiple frequen- hat | d ids th | \vsis of th i
cies measured at multiple bias points. This model is verified that Is presente "?‘VO' s the comp ?X qnays!s of the C(_)uplng
by comparing the measured and simulatedS-parameters. The between the electrical and thermal circuits by Implementlng the
large-signal model is based on the forward Gummel plot and self-heating as a feedback from the collector to the base with a

is built over the small-signal model. This model is verified by current-controlled voltage source. A partial analytical approach

comparing the simulated and measured dd-V characteristics. 5 sed for the extraction of the small-signal model parameters.
_Index  Terms—HBT, model, multifinger, self-heating, The combination of analytical and numerical optimization pro-
single-finger. cedures is exploited to accurately extract the model parame-

ters. The collector current transit time is a very important pa-
rameter to be considered when modeling HBTs for microwave
] ] and millimeter-wave applications. The collector current transit
H ETEROJUNCTION bipolar transistors (HBTS) havgjme is included in the present model as a phase dependence
demonstrated high-power output densities at microwayg the pase-transport factor. The large-signal model is based
frequencies and are increasingly being utilized for large-signg}, ine measured forward Gummel plot and is built over the
applications such as power amplifiers, oscillators, and mixegg,a||-signal model. The overview of this paper is as follows.
[1]{3]. By virtue of their structure, HBTs offer high current = gection 11 presents the small-signal model of the HBT, which
handling capability and breakdown voltage, both of whicfy {he pasis for the large-signal model. Section IIl presents the
are valuable characteristics for the implementation of POWEfrge-signal model with an emphasis on the implementation of
amplifiers [4]. This has been possible because of self-alignggl seif-heating effect. This section highlights the main advan-
technologies and innovative isolation approaches used e of the model presented in this paper in comparison with
reduce effects of parasitics. These developments lead t0 {4 raditional models. Section IV presents the verification of
increased use of HBTs in microwave applications such @& model by comparing the simulated and measured charac-
wireless communications in the 0.8-6-GHz range, high-spegglistics for both the single-finger and multifinger HBTs. This
analog and digital circuits, and optoelectronics. The desigRtion highlights the fact that a single unified model is used to

of these circuits is challenging because of their nonlineg{yqe| poth single-finger and multifinger HBTS.
behavior, and accurate large-signal models are required to

expedite this process. Hence, for modern computer-aided
design (CAD)-based microwave circuit design, there is a need IIl. SMALL -SIGNAL MODEL
for a unified HBT circuit model that is valid for dc, microwave The small-signal equivalent circuit of the HBT used in this
small-signal, and large-signal operation. study is shown in Fig. 1. Although there are many variations
In the case of HBTSs, the high power densities associated Wihithe small-signal equivalent circuit, the intrinsic part of the
these devices can lead to significant operating temperatugggjivalent circuit is always a T or topology. The T-type in-
when the transistor is used in large-signal applications. Alsginsic equivalent circuit is used in this study since it is more
since the conductivity of GaAs is very low, self-heating OCCUlShysically meaningful than the circuit with thetopology. The
in the device, thereby increasing its temperature. This phenogitferent combinations of the lumped elements added to the in-
enon (self-heating) plays a significant role in the predictiofinsic HBT circuit, as seen in Fig. 1, are used to more accurately
characterize the frequency response of the HBTSs.
Manuscript received January 19, 2000. This work was supported in part byFig. 2 depicts the physical significance of each of the circuit
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Fig. 1. Equivalent circuit for the small-signal model.
Fig. 3. Schematic of the HBT's large-signal model.

and collector, respectively.

All the above-mentioned parameters of the small-signal
model are extracted using a partial analytical approach. RF
measurements indicate that the HBT under zero hias=( 0

the reverse-bias scattering-parameter measurements. These

Cpce oo A, Veg = 0 V) can be represented by a passive network.
Therefore, in this case, the transport factas negligible. The
parasitic element€,,e, Cphe, and Cpe. are evaluated from

Collector parasitics are deembedded from the circuit and the elements

of the equivalent circuit, excluding the parasitic effects, are
extracted from the resulting-parameters. The extrinsic and
intrinsic base resistances and the base—collector capacitance
are extracted by optimizing the error between the simulated
and measured-parameters.

Fig. 2. Physical significance of the small-signal equivalent-circuit elements. The ?lememﬁb’ Le, Re, and_Rc are baSICa"y constant Ov_er .
the entire frequency range of interest and do not show a signif-
icant variation with bias. Therefore, these elements can be con-

collector current_ transit time, an@ IS the_a 3'dB. frequency. sidered to be fixed. The bias-dependent element€£are’;.,
The contact resistance and emitter region resistance comprjise : .
ap, T, f«, andr.. It has been shown that the consideration

Ry, the extrinsic emitter resistance. The extrinsic collector reZ¢’ © £ - X -
) o . i of the bias variation of these elements is sufficient for accurate
sistance is divided into three partg;;, R.2, andR.3, due to

: small-signal modeling.
the n collector, the h access region, and collector contact, re- 9 9

spectively. The intrinsic collector resistance is represented by
R.;, which characterizes the distributed effect of the base—col-
lector junction at the collector side. Since it is difficult to dis- A modified Ebers—Moll model is used to model the large-
tinguish betwee?.;, R.1, R.2, andR.3, and also because thesignal behavior of the single-finger AIGaAs/GaAs HBT, as well
distributed effect at the collector side of the base—collector junas the multifinger InGaAs/GaAs HBT. The Ebers—Moll model is
tion is not as significant as at the base side, all four elements anplemented in the commercial circuit simulator LIBRA. The
lumped together ag. in Fig. 1. schematic of the modified Ebers—Moll model for the HBT is

Similarly, the extrinsic base resistance consists of a contatiown in Fig. 3. Four diodes are used to model the nonlin-
resistance,; and an access resistanBg;. R,; and Ry, are earity of the HBT. The variation of forward current gain with
lumped together a$?,,. in Fig. 1. Ry,; is the intrinsic base the collector current is modeled by the two diodBs. and
resistance. The distribution effect of the base—collector junctidh,.. The diodeD,,. represents the electron injection from the
is modeled by the elements,;, Ry, C¢, Che, andRy.. Cpne, €mitter, and the diodé),. models the neutral base recombi-
Chie, andCpce model the coupling between the base—emittemation, space—charge region recombination, surface recombi-
the base—collector, and the collector—emitter interconnectipation, and the other base leak currents. The two diddgs

{ layer. L., L;, and L. are the contact leads of the emitter, base,
G
L'
Rea

S1 GaAs Substrate
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and D,. model the dependence of the reverse current gain on
the bias. The diod®),. models the electron injection from the
collector to base and the hole injection from the base to the
collector. DiodeD,. models the neutral base recombination,
space—charge region recombination, surface recombination, and
the other base leakage currents resulting from the reverse oper-
ation. The distributed base—collector junction is modeled by the
split base—collector capacitance. The transit time is easily in-
cluded in the current gain of the Ebers—Moll model.

The effect of the collector transit time is included in the
base-transport factet. However, the transit time is a function
of the applied bias and it is difficult to implement the bias depen-
dence ofr in the commercial circuit simulator LIBRA. There-
fore, the value of the extracted at the bias point where the
large-signal analysis is carried out is used. Since the bias point
is almost in the middle of the load line loci, the extracted value
of 7 at the bias point should be approximately the average value
of 7 from the dynamic load line loci. The error in the assump-
tion does not significantly affect the present model as seen from
a comparison of the simulated and measured dc characteristics.

The Ebers—Moll model presented in this paper is very
similar in form to a previously published extensive large-signal
model developed by Grossman and Choma [5]. However, when
attempting to implement their model in SPICE, Grossman and
Choma had not been able to include the transit time effect
in their calculations because of the difficulties involved in
working exclusively in the time domain. This problem was
circumvented with the Ebers—Moll model in this paper by
implementing the transit time delay in the frequency domain.
Hence, the delay was simply represented @&*° ", wherem
is the harmonic number and, is the fundamental frequency.
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TABLE |
EBERS-MoOLL MODEL PARAMETERS FOR THESINGLE-FINGER
AlGaAs/GaAs HBT

Component

Value

L,

46 pH

87 pH

20 pH

35 fF

165 fF

0 fF

4Q

4Q

1Q

1.429e-23 A

1.035

0.45

1461V

131 fF

0.74 ps

9.0125e-19 A

1.4812

M;

0.61

V:*icl)

120V

Cj c0

75 fF

ap

0.95

Jfa

24 GHz

The conduction current of the diodes and the displacement-arge-signal parameters are extracted by fitting these equa-
current of the nonlinear capacitors are implemented in the tirfigns to the dc measurements. The forward Gummel plot at
domain, whereas the injection current generators are impksc = 0V is used to extract the current gai, forward satu-
mented in the frequency domain. The two domains, i.e., tiniation current/;,, the base—emitter leak saturation currépt

and frequency, are linked using the LIBRA harmonic-balandBe forward currentideality coefficient;, and the base—emitter

software.

leakage emission coefficient.. Since the power dissipation at

The base, collector, and emitter dc currents used to descrige: = 0V is relatively small, the self-heating effect is negli-
the device, which comprise the Ebers—Moll model, are egible in the model parameter-extraction procedure.

pressed as

The device self-heating effect is one of the major concerns in

microwave circuit design employing HBTs. Thermal effects in

I, =orp e [G@%E/wm - 1} — I [Gmgc/mm - 1}

I, [C('IVE@ca/nsckT) - 1} (1)
I, =1L, [@((IVE';c/nsckT) — 1} + 1. [e(qVéE/nsckT) — 1}

(1= )y [(VBE/AT) 1] 2
I =IM [em;;p/nfm _ 1} e [C@v;@p/nscm _ 1}

= I [elaThe/ M) ] 3)

whereV}, andVi, are the intrinsic base—emitter and base—cof-
lector junction voltages, which are calculated as follows:

HBTSs have been studied using numerical and analytical models
by several researchers [6], [7]. Technological solutions that pro-
vide thermally stable HBTs have also been addressed [9]. The
operating characteristics of an HBT with the self-heating ef-
fect can be modeled through the interaction between an elec-
trical and a thermal sub-circuit [10]. A practical feedback cir-
cuit, combined with the equivalent Ebers—Moll model of the
HBT, is traditionally used to simulate the self-heating effects
in the dc characteristics of the devices.

In this paper, a single circuit is used to simulate the
large-signal behavior of the HBT including the self-heating
ffects. The traditional circuit used for the Ebers—Moll model
is modified to include the self-heating effects. The modified

circuit used in this paper is shown in Fig. 3. The self-heating
is implemented as a feedback from the collector current to the

V]%E =Vpr — [.Rp — L, Ry
VléC =Vpe — LR, — I Iiy.

(4)
®)

base with a current-controlled voltage source. The transfer
resistance of the dependent source is a variable equal to the
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ThSLE
EBERS-MOLL MODEL PARAMETERS FOR THEMULTIFINGER InGaAs/GaAs i) 'E'-'i st1.2) sﬁmi
HBT
Component Value
Ly 69 pH
L, 99 pH
L, 12 pH
Chbe 80 fF
Cpce 71 fF
Chbe 0 fF
R, 350
R, 4Q
R, 30 Frequency 0.23 to 34.07 GHz
b 9.3%e-19 A Fig. 4. Simulated and measurédparameters: single-finger AlGaAs/GaAs
ny 1.46 HBT.
M; 0.46
Cjeo 54 fF
TF 0.74 ps
L, 6.026e-13 A
Nse 3.0
M; 0.5
Vieo 075V
Cieo 162 fF
ap 0.983
fa 25 GHz

Frequency 0.23 to 34.07 GHz

applied collector voltage. This feedback reduces the effective
base—emitter voltage at high-power consumption, thereEKS'T_E"
introducing a droop in the collector current, as expected at high
temperatures. However, the amount of feedback depends on

the thermal resistance of the device, and also on the variation — “fifmee B B e BEELLL
of Vgg with base—emitter junction temperature under constant

collector current. This is implemented in the model by using
the resistance®; and R,. The ratio of these two resistances
controls the amount of feedback given from the collector to the
base. The ratio aR; and R, is given by

Simulated and measurédparameters: single-finger AlGaAs/GaAs

= ¢Ra, ©)
where ¢ is a factor representing the variation &g with
base—emitter junction temperature under constant collector n:
current, and has a range of 1-2 mVIK,,, is the thermal resis- Frequency 0.23 to 34.07 GHz
tance of the device. This model has a physical significance Tg];
the way it is implemented, which is emphasized in Section IMgT

Simulated and measuregttparameters: multifinger InGaAs/GaAs

V. RESULTS AND CONCLUSION from one another. This is verified by comparing the simulation

The model presented in this paper is used to simulate singlesults with the measured characteristics.
finger AlIGaAs/GaAs and multifinger InGaAs/GaAs HBTs. The The extracted small- and large-signal model parameters are
multifinger HBT is treated as a single-finger HBT to extract thgiven in Table | for the single-finger AlGaAs/GaAs HBT, and
various elements in the equivalent circuit. This model for tha Table Il for the multifinger InGaAs/GaAs HBT. The small-
multifinger HBT is valid unless and until the HBT goes into theignal model is verified by comparing the simulated and mea-
current collapse region where the base fingers behave differerstlyed small-signa¥-parameters. From Figs. 4—7, it can be seen
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Fig. 7. Simulated and measurefiparameters: multifinger InGaAs/GaAs
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plots, and the simulated and measured €t characteristics.
. From Figs. 8-12, it can be seen that there is a good match
between the simulated and measured characteristics for both
] the single-finger AIGaAs/GaAs and multifinger InGaAs/GaAs
HBTSs.

Fig. 12 depicts the variation of base—emitter voltddee
with respect to the collector-emitter voltag&e for an In-
GaAs/GaAs multifinger HBT. It can be seen that there is a droop
i in these characteristics that is similar to theld®” characteris-
tics presented in Fig. 11. This leads to the idea that self-heating

Collector Current - Ic {mA)

o : L + ” L L o A effects cause a reduction in the base—emitter volidge as
Collector emitter voltage, Voa (V) the collector—emitter voltag€ce is increased at high base cur-
Fig. 9. Simulated and measured deV characteristics: single-finger r€nts. This reduction ifbe causes the collector curreft to
AlGaAs/GaAs HBT. decrease under high-power operating conditions. The model in

this paper is developed from these conclusions. The feedback
that there is a good match between the simulated and mé&am the collector currentc is applied to the base so as to re-
sured S-parameters for both the single-finger AlGaAs/GaAduceV be under high-power operating conditions. This shows
and multifinger InGaAs/GaAs HBTs. The large-signal modehat the large-signal model presented is valid for single-finger
is verified by comparing the simulated and measured Gumnaa well as multifinger HBTs.
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This paper has presented a simple unified analytical large-
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ified by comparing the simulated and measured characteristics.
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