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Analysis of the Large-Signal Characteristics of
Power Heterojunction Bipolar Transistors
Exhibiting Self-Heating Effects

Apostolos Samelis and Dimitris Pavlidisgllow, IEEE

Abstract—The large-signal microwave characteristics of Al- it to analyze the microwave power characteristics of HBT's.
GaAs/GaAs heterojunction bipolar transistors (HBT's) are mod-  To the authors’ knowledge, none of the above Gummel-Poon
eled using the conventional Gummel-Poon-based bipolar junction - Epers—Moll models has been used for the analysis of
transistor (BJT) model and extending it to include self-heating - . . .
effects. The model is incorporated as a user-defined model in the qu'Ce microwave large-signal Charac'[e”s“cs when S_elf'
a commercial circuit simulator. The experimental microwave heating effects are present. The analysis of such characteristics
characteristics of HBT's are analyzed using the new model consists of the prime objective of the work presented in this
and harmonic balance techniques and the impact of self-heating paper.
effects on the device large-signal characteristics is |nvest|gate_d. In this paper, the Gummel-Poon-based HBT model is ex-
Use of constant base voltage rather than constant current is ; ) -
more suitable for achieving maximum output power. Self-heating tended by incorporating self-heating effects and temperature-
induced by RF drive is reduced under constant base current dependent model parameters, such as saturation currents, cur-

conditions. Increased thermal capacitance values result in gain rent gain, junction capacitances, built-in voltages, and band-

enhancement at high power levels. gap energies. The implementation of the new HBT large-signal
Index Terms—Heterojunction bipolar transistors, large-signal Model in HP-EESof/LIBRA is presented in Section II. Section
modeling, thermal effects. Il describes the device dc characterization and the model

parameter extraction procedure. In Section IV, the large-
signal model is employed in the analysis of the microwave
power characteristics of AlIGaAs/GaAs HBT’s using harmonic
MAJOR obstacle for the employment of heterojunchalance techniques and is validated by means of load-pull
tion bipolar transistors (HBT's) in high-power, high-measurements. Finally, the impact of self-heating on device
frequency applications is related to device self-heating effectsas for two different amplifier biasing schemes and the role

Such effects are well known to cause significant degradationgifthe thermal capacitance is discussed in Section V.
the device operational characteristics, like degradation of the

device gain and thermal runaway. Thermal effects in HBT's
have been studied using approaches based on Drift-Diffusion Il. A FuLLY TEMPERATUREDEPENDENT
[1] as well as analytical physical models [2], [3]. Technological HBT LARGE-SIGNAL MODEL

solutions that provide thermally stable HBT’s have also beenThe AlGaAs/GaAs HBT under testing had a large emitter
recently addressed [4]-[6]. area (300um?) and was intended for power applications. A
Self-heating effects have been incorporated inan HBT Iar%nventiona| design was used emp|oying an abrupt emitter-
signal model by many researchers. Examples of them are fge heterojunction, a 700+hick base and a 1:m-thick
models in [7], [8]. Physically based SPICE-compatible HBEaAs collector. Self-aligned technology was used for transistor
large-signal models have also been developed. The modetdRrication. Similar to [8], the model described in this paper
[9] accounts for self-heating, carrier drift in the emitter, curreng complete, (i.e., includes temperature dependence for most
dependent junction capacitances, and emitter-base effec{i¢@ameters). Moreover, it is based on the SPICE2 model
barrier bias dependence. An Ebers—Moll HBT model wagrmulation [13] which served as the basis of the large-signal
implemented in [10] using LIBRA's user-defined elementgnalysis presented here. It must be noted here that bipolar junc-

Finally, [11], [12] proposed an HBT model that differs fromon transfer (BJT) models in SPICE follow the Gummel-Poon
the traditional Ebers—Moll or Gummel-Poon models and usegtmulation which does not account for thermionic emis-
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- AT I + where1} and 1>, are the substrate and device temperatures,
o— (1, P -0 respectively. Their differenceAT = 15 — 13, results in

a voltage difference across the thermal resistaritg, as
Fig. 1. Temperature dependent HBT large-signal mofjelis the dc dissi- explained below. Equation (1) accounts for the variation of
pated power which acts as a current source exciting the thermal sub-cwcug.f with temperature by employing parameters reported in [3]

(AE) and [13](X7g). As it turned out, only one parameter,
studied in this work, the HBTI~—Vgg characteristics were namelyAE, was sufficient for the analysis of thermal effects
evaluated using the analytic procedure described in [14], [18] the HBT under study. Therefore, the paramelgrs was
which accounts for thermionic emission and tunneling and &sumed to be zero for the modeling purposes of this work.
based on consideration of device design parameters such aghe key point in the developed technique is the addition of
layer thickness, dopings, etc. Simulation results based on t pins to the transistor, which permit connection of a current
above models revealed an exponential-Vo, dependence source to the HBT model in order to account for self-heating
with ideality factorr, and saturated curredi; values equal effects. The value of this current sourcg, is equal to the
to 1.16 and 3.810°23 A, respectively. In the case of thepower dissipated by the device and is given by

experimentally obtained data, the corresponding fits resulted I I

in n; = 1.31 and Is = 3 x 102! A. The authors have I, = </3— +Isee>vbe+ </T +Iscc>Vbc

also derived such characteristics using a drift-diffusion model ! V2 " V2 V2

and foundls = 1.29 x .10—20 A,. 7y ~ 1. By gomparing + (Iec — Inc)Vee + BB, | 'EE; | CC; )
the I-—Vgr characteristics obtained by the different tech- Rp Rp Re

niques one sees that the measured data (described by 1thg current source excites the externally connected thermal
Gummel-Poon model parametdts andr)y) are closer to the syp-circuit which consists of a thermal resistanggy,, in
exponential characteristics predicted by the thermionic emb?arallel to a thermal capacitanc@,y,, as shown in Fig. 2. A
sion/tunneling models. Moreover the measured data largghérmal circuit can be represented by its electrical equivalent
deviate from the drift-diffusion-based predictions. This implieg, which resistance$(?), capacitances (F), voltages (V), and
suitability of the Gummel-Poon model in modeling HBTcurrents (A) correspond to thermal resistances (K/W), thermal
provided that its parameters obtained by empirical fittingsapacitances (sW/K), temperatures (K), and power dissipation
result in exponential device characteristics. (W) of the thermal circuit, respectively [20]. Therefore, the

The model was implemented as an user-defgetdor mod- voltage across this current source is equal in value to the
ulein the commercially available microwave circuit simulatortemperature risé\T” of the device. It should be noted th&t;,
LIBRA, and is shown in Fig. 1. Its features include highlepends, in general, on the device temperature and geometry.
injection effects, a bias-dependent forward transit time, amdmore general dependence Bfy, on its terminal temperature
current crowding effects. A full temperature dependence fat{7" could be implemented as a separate user-defined SENIOR
most of the model parameters like the zero-bias junction capagedel linked together with the HBT model to LIBRA. The
itances, the band gap, the built-in voltages, the device forwaadsumption of a constar®;;, made in this work does not
and reverse gains, and the saturation currents was considerestrict use of the HBT model in conjunction to a more
All model equations of the SPICE2 BJT model [13] wereomplex thermal sub-circuit sincg;;, is externally defined
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Fig. 3. Measured and simulatdd-—Vr characteristics of power HBT. Bottom curvEz = 0.1 mA, Top curve:lg = 0.7 mA, Ig-step= 0.1 mA.

with respect to the HBT as shown in Fig. 2. Other trends TABLE |
such as nonlinear temperature dependenc&.qfcould, for GUMMEL-POON LARGE- SIGNAL MODEL PARAMETERS
example, be used as dictated by theory or experiments [2THrameter Value Parameter | Value || Parameter Value
[22]. Negligence of the nonlineaR;;, versusI dependence Is 3-01518:;1152-“ A By 13_935 Iﬂr 123880.110 -
h s . . - .05 A 210718 4
in the authors’ model does not, however, have a major R (TR e By e 00 T 7o
consequence on the reported results and assumption of a singles- 1.734 7 1.96 Var 0.0
constant forRy, is sufficient for the range of power levels ‘I’;: > ;;CM LTI 2 Zf; 155% 1
dissipated by the device of this work. 7 ips % 1ps Xir 0.0

Fig. 2 shows the macromodel used in the analysis of Yzr L0 Irp 0.0 Cup 50 fF

. . . Vie 14V Mg 0.5 Cie 350 fF

the power HBT. The thermal sub-circuit consists Bf;, Vic T4V Mo 05 Xoro 1
and C;y,. The HBT dc characteristics can consequently be _£¢ 0.5 Xr1p 0.0 Xy 0

dified h h | eff b [ lati h Eg 1.43 eV T 300 K a 0.0007
modified when thermal effects are present by calculating the—; 108 AE T ooV

dc dissipated powet,,, then calculating the temperature rise,
AT, across the thermal sub-circuit and finally, udd” to
evaluate the new device currents. The procedure is iteratégluded two leakage diodes between the base-emitter and
until convergence of the device terminal characteristics [p@se-collector contacts, respectively. The model parameters
achieved. Moreover, the same circuit topology can be appliggre empirically estimated using the data obtained from the
to individual HBT emitter fingers. In this way, one can accourstevice forward and reverse Gummel-plots and faeVer

for the temperature rise due to heating by adjacent fingdiaracteristics.

and evaluate, therefore, the overall thermal characteristics of

multifinger HBT’s. This approach allows an extension of the [l. DEVICE CHARACTERIZATION AND

standard HBT model available in LIBRA. MODEL PARAMETER ESTIMATION

All node currents, charges, and their derivatives were de-The device model parameters were empirically extracted
fined in LIBRA. The latter not only involved voltage- butfrom dc data. The forward collector current paramefersnd
also temperature-dependent quantities. The linearized (small-were estimated by fitting of the forward Gummel-plot. The
signal) device model was developed, including temperatusgturation current/sz, and ideality factory., of the base-
dependent small-signal current sources parallel to the bagenitter recombination diode were empirically specified from
emitte(rHand B}’JISG-CO"%C}IOF conductances. Finally, the derithe measured data. Similarly, the reverse operation related
tives W ave and # of the current source,, of the parameters/sg, 7., Isc, andn. were determined from the
thermal subcircuit were analytically calculated and added teverse Gummel-plots.
the model. The inclusion of these derivatives in the model The ideal forward common emitter gaifi;, was adjusted
allowed better convergence of the harmonic balance algorithtn.obtain a good fit of thé~—Vr characteristics of the device

The extended Ebers—Moll HBT large-signal model [19] wais the low-current active region where thermal effects are
used as the reference for the device dc characterization. Tissially not significant. Finally, the reverse common-collector
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Fig. 4. Power characteristics of HBT operating under one-tone excitation.

current gain,3,., was set to a value of 0.1 so that the/3,.- the Al,Ga _,As/GaAs system it is given bAE, = 0.45z

base current component could be kept small. The latter welé [25]. For the device under study = 0.35 resulting

necessary since the emitter current was smaller than the tatalAE, = 0.157 eV. This value was used as a starting

base current by more than two orders of magnitude. value for AE and was modified until best fitNE = 0.12
Assuming that in the reverse operation mode the voltag¥) was obtained between measured and modeled device dc

drop acrossR¢ due to I is much less significant than thecharacteristics. Finally, a thermal capacitanceCof = 107°

voltage drop acrosstz and R¢ due tolg, one can easily sW/K was assumed in device modeling giving a thermal time

estimate the sum of the base and collector resistances fré@fstant of 0.1%us (i.e., significantly larger than the period

the reverse Gummel-plots. This sum was estimated to 8&the applied RF-signal).

Re + Rg = 3.77 Q and the individualR, Ry values were  Table | shows all parameters used for the HBT macromodel

assumed to be equal to 2 and 1(Z7respectively. The emitter iN LIBRA. Fig. 3 shows the fitted and measurkg-Vcr char-

resistance was adjusted in order to obtain a good agreenfFiristics of the tested device. The key dc model parameters
in the Ic—Vep characteristics between the measurements afif @S0 included in these figures. The results demonstrate
the simulation in the saturation region of operation. A valu@" excellgnfn agreement between experimental and simulated
of Rg = 4.5 2 was found appropriate for this purpose. characteristics.

Ry, and AE were chosen to be 150 K/W and 0.12 eV,

respectively, so that a proper negative slope could be obtainegl/, | ARGE-SIGNAL CHARACTERIZATION AND MODELING

for the IE_VSE c haraCte”S“ﬁSR“‘ can be (f)bta(;rlf? d by mea- . power characteristics of the device were measured using
suring the devicelc—Vpg characteristics for di erenVCE_ lectromechanical tuners by Focus Microwaves, Inc. The bias
and substrate temperatures. One then plots, for a part'CLﬁ%rating conditions were set & = 10 mA and Vep =
current, Vg as a function of temperature and the devicg \/ ang the excitation frequencies were 8 GHz (one-tone
dissipated power as a function bhg. Eliminating Veg, one  gycitation) and 8 and 8.0001 GHz (two-tone excitation). The
finally obtains the dependence of temperature on dissipajgghiinear products were measured using a Tektronix 2755P
power and, therefore, the thermal resistance of the HBT frogiectrum analyzer. Measurements taken undef2 36ading

the slope of thel” versus power characteristics. The authokspngitions were used in the analysis which follows.

employed this technique for extractidgy, for AIGaAs/GaAs  The capacitive components of the HBT model were cal-
devices of similar design but different geometries and foura”ated using “C0|d"S_parameter measurements, (i_e_, mea-
good agreement with data reported by other groups [23]. Basiffements undefz = 0) and variableVcy, conditions as

on such considerations and by accounting for comparapeviously described by the authors [26]. The parasitic pad
geometries as, for example, reported in [5] the authors selectgghacitances at the input and output of the device were
a thermal resistance value &;, of 150 K/W for the HBT extracted from these measurements and were both determined
used in this work AE is a constant representing the valenc be C,; = C,» = 166 fF. The base—collector capacitance,
band discontinuity of the emitter—base interface [24]. FaPgc was analytically calculated from bias dependefit
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Fig. 5. Power characteristics of HBT operating under two-tone excitation.

parameter data [27]. Its zero-bias value was found to bés schemes. Good agreement is observed for the gain and
Cj. = 350 fF. Furthermore, the forward transit time wadPAE values as a function d@?,, under constanis (Ip = 0.34
chosen asr; = 4 ps and the zero-bias emitter junctiormA) as shown by the experimental data which are repeated for
capacitance was chosen @s. = 50 fF. comparison. One observes a PAE improvement over the entire

The microwave power characteristics of the HBT wergange of power levels when constaVisr is used. At low
analyzed under single- and double-tone excitation using thewer levels the collector current is lower under consiast
large-signal model presented above in conjunction with Lhjas. Self-bias and thuf-, is low when constant/zr bias
BRA'’s harmonic balance simulator. Five harmonics were usegl | sed resulting in lower gain in this case. Furthermore, the
to assist convergence of the algorithm. gain under constaniz conditions shows flat characteristics

Fig. 4 shows the power of the fundamental and secofgfiowed by a region of compression while under constant
harmonics generated by the device under one-tone excitatiof}. pias a slight gain expansion is observed.

as a function of the available input power of the RF-excitation Self-heating effects are enhanced in case of HBT's with

P Fig. 5 shows tr_le power of the fundamental and the thirijeirgerRth values. By employing ai,;, value of 500 K/W one
order |nterm(_)du_lat|on (IM_D3) components generated undSBtains the characteristics shown in Fig. 6(b). Here, a higher
two-tone excitation conditions. Good agreement between tBu se current off; = 1.4 mA was used for the constadi

%ia:zl;rgﬂ daZSpSF;?rl:l?;:%:ﬁ;ﬁf;?ﬁg%%ére results of b8| ulation scheme. The overall trends resemble those shown
' in Fig. 6(a) where good agreement was demonstrated between
experimental and theoretical results &, = 150 K/W. The
V. INVESTIGATION OF IMPACT OF SELF-HEATING characteristics depicted in Fig. 6(a) and (b) can be understood
ON DEVICE GAIN, BIAS, AND EFFICIENCY by examining the dependence &f on available input power.

Using the developed HBT large-signal model, one can study?€S€ &ré shown in Fig. 7 for the case offéq value of 500
the impact of large-signal excitation on the device large-sigrffV: @ high Ru, permits, again, better demonstration of the
characteristics such as gain, self-heating, and power-ad@&§uring effects without any impact on the ove_rall trends and
efficiency. The HBT was terminated with a complex outpdionclusions. Use of a constafig forces Ic;, which follows
load which consisted of an 1-nH inductor in parallel to ag50-2an approximatedc = - Iz dependence, to be less sensitive
resistor. The device large-signal performance was investigad input power. On the other hand, use of constasit bias
under various base bias conditions. Two different dc bi@ows rectification of the base current flowing through the
schemes were considered for this purpose. The first employaage-emitter junction. Fig. 6 also shows that self-bias effects
a constant base current while the second employed a consgfrihis type are much stronger under constégi bias. The RF
voltage ¥er = 1.4 V) across the base—emitter junction. Botlinput excitation turns on the device in this case at high power
used a collector bias o¥og = 6 V. levels causing a collector current increase by self-bias which is

Fig. 6(a) shows the dependence of the gain and the powefthe order of 60 mA; self-bias under constdgatbias is only
added efficiency (PAE) on available input power for the twof the order of 5 mA. Current rectification by constariig
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o . . . . .
601 |l r 500 ¢ both bias schemes is attributed to HBT operation in both the
_______________ i1 saturation and cutoff regimes during the input signal RF-cycle.
5 5.0 L 40.0 E The differences in self-heating are also significant among
E a the two bias conditions. As Fig. 7 shows, the risk]
3 a0 gzz::::::’bbe . 30.0 E of the junction temperature above 300 K follows tlig
2 characteristics and increases considerably with input power
3.0 L 200 5 when constanfi’zg is used. On the other hand, the device
’ ' 3 temperature drops with increasing RF-excitation if constant
< Ip is used for device bias. This behavior can be explained
- 10.0 L : - eXp
2.0 1 : by considering that the HBT temperature is determined by the
- power dissipated by the device as already described by (2).
1.0 femmzzonil 0.0 i i
200 100 00 0.0 20.0 The net power absorbed by the device can be written as
Available Input Power (dBm)
(b) Pﬂet :PdC+Rn_Pout :PdC(]' _PAE) (3)
re'gélg' (af"z‘%':‘ha”:d f?fgﬁﬁﬂ‘f”f o8 4d%]t:f‘s(§)°r}§t’:eszaggoR}Z‘Vevxc'taU\ﬂqere Pie, P, and P, are the dc dissipated power,
Iz = 1.4 mA). the RF input power (absorbed by the device), and the RF

output power (absorbed by the load). As one sédés, and

thus AT will depend on two factors, namely, the PAE and
bias results consequently in highley and, thereforel- values Fy.. The former is expected to increase with input power
causing the gain to increase as the input power increases. Tipsto a certain power level and will consequently lead to a
explains the gain enhancement characteristics shown in Figdécrease of,.;. P on the other hand, is increased with input

Fig. 7 also shows that the gain is compressed at high inpagwer due to the self-bias effects ff described earlier and

power levels. This effect takes place earlier under constar@uses an increase 8%.. and, thus, device temperature. Both
I than constani/sg conditions. As a result, although thethe above mechanisms are present under large-signal HBT
gain and, thus, output power are smaller under condfgnt operation and their particular characteristics for individual
they present superior characteristics at large input power leveesices will determine whether the HBT temperature will
due to delayed gain saturation. This is caused by the incre@smrease or decrease with input power. Fig. 8 provides a
of I~ due to RF-excitation which reduces gain compressidretter insight to the above effects by showing the device
due to device cutoff under constalkg conditions. On the dissipated powerP,.; as a function of the available input
other hand, cutoff is more pronounced under consignbias power. As one observes, when a constipt; is used, Py
conditions and leads to stronger gain degradation. As a resiritreases with input power causing the temperature to increase.
there is more than 2-dB gain advantage at input power levels@f the contrary, when constaii is used, P,.; decreases
20 dBm when the constantzg bias scheme is used. Finally,with input power causing the temperature to decrease with
the gain compression manifested at high power levels fircreasing input power. Such a trend was also anticipated in
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[28] for devices operating under constahf bias. Thus, the

dependence of PAE on input power dominates over self-bias 50.0

under constanig. The trends for constatgg, are speculated Rth=500 K/W Pin=10 dBm
to be opposite to those present under consfantOverall, 40.0 1 O 5 dBm
it appears that while maximum power and efficiency can be
achieved at high input power levels using constégt bias, 30-01 0 dBm
self-heating is more pronounced than in the case of constant ,, -5 dBm
Ip bias. _

Finally, the role of the thermal capacitance on the device§ 10.0 | z ol =\
large-signal characteristics was also investigated. The thermal B & & Y
sub-circuit considered in the authors’ model (Fig. 2) consists 0.0 - — — T
of the parallel combination of a resistor and a capacitor. For ,
large thermal capacitanc€y,, values (16° sW/K) its RC —10.0 9 B Curve: 0.1 mA
time constant is of the order of 0/% which is much higher . Top Curve: 0.7 mA
than the period of the applied RF-signal. The authors will Step: 0.1 mA
treat this problem by considering the sweep of the output _., , - —

RF-signal through the dé-—Vgg characteristics for devices
with very large or zero thermal capacitance. Although this
hypothetical situation corresponds to extreme variations 'gf- 10. Simulated load lines of HBT witl,;, = 500 K/W and zeroCi

Cyy, values which are not encountered in practice, it is usefifp = 0-32 MA).

for demonstrating the overall impact @f;;, on large-signal

characteristics of HBT’'s with different’;;,. During the time By way of comparison, the effects df;;, on the RF load
that the signal sweeps through tde—Vcg characteristics, lines in the case of constardfz bias conditions {z = 0.32

one goes through different, Vg and, therefore, different mA) are shown in Figs. 9 and 10 fafy, = 1077 sW/K
temperature conditions. One would intuitively expect that fand C;, = 0, respectively. As one observes, the RF-swing
a zeroCy, system any temperature changes due to differemt high power levels is larger in the case of lar@g,

I, Veg values will be felt instantaneously by the devicevalues. This is attributed to the fact that, in the zerg,

This is not, however, true for larg€;, values where no case, the temperature sweeps during part of the RF-cycle
temperature variation occurs during signal sweep. The HBRArough values that are higher than the invariable temperature
temperature remains, in this case, constant and equal téeel corresponding to larg€;;,. In the zeroCy;,, case, the
value determined by the originally selected bias point amiitput signal sweeps through—V,. values that follow the

the self-bias, PAE trade-offs discussed earlier. Comparidg /-—V-g characteristics and are lower than the values
the operation of devices with large versus sn@@l}, values, swept in the case of larg€;;,. Furthermore, the gain at high
one can consequently expect that the latter will manifegbwer levels is by more than 3 dB higher for largg;,
temperature variations during RF-sweep which could lead values. Overall, it appears that presence of thermal capacitance
a different range of RF-load line values and, thus, gain amthhances the capability of the device to deliver high output
power differences. As will be shown below, this is found t@ower levels when constatd}; is used for bias.

degrade the large-signal performance of HBT's with sragj] The above-described characteristics were found to be dif-
when constantfg bias is used. ferent for the HBT’s of this study in the case of constant

Vee (V)
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Vs bias. Thermal effects enhance, in this case, the turn-

on of the HBT leading to a change of the slope of the
Ic—Ver characteristics to more positive values. A slightl

Ga)

larger RF-swing was found in this case for z€fg, values and [14]
as a result enhanced self-bias and self-heating effects will be
manifested compared with the lar@g;, case. Further analysis

of these effects showed, however, that the gain at high indi®l
power levels is the same regardless the valu€igfwhen the

constantVgg bias scheme is used.

[16]

VI. CONCLUSION

[17]

A Gummel-Poon large-signal model incorporating self-
heating effects was employed for the analysis of the microwaug)
power characteristics of HBT's. The model has been imple-
mented in a commercial microwave circuit simulator. The
impact of self-heating effects and bias on HBT large-signal9]
performance was studied. RF-excitation was found to reduce
self-heating effects on devices biased with a consiantOn

the

other hand, constartzg bias enhances the ability of[20]

HBT's to deliver maximum output power. The HBT thermabl]
capacitanceCy;, was found to be beneficial for large output
power operation when constahg is used but does not play

a significant role in the case where constdfdg bias is

[22]

employed. Constaritgg, bias is more suitable for high-power
HBT applications.

(1]

(2]

(3]

(4]

(3]

(6]

(9]

[10]

[11]

[12]
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