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Large-Signal Microwave Characterization
of AlGaAs/GaAs HBT's Based on a
Physics-Based Electrothermal Model

Christopher M. Snowderkellow, IEEE

_Abstract—A physics-based multicell electrothermal equivalent ~ Detailed two-dimensional (2-D) physical models, which
circuit model is described that is applied to the large-signal solve a set of transport equations have been reported (for
microwave characterization of AlIGaAs/GaAs HBT's. This highly example [4], [5]) and provide a valuable insight in to the

efficient model, which incorporates a new multifinger electrother- . ) . ,
mal model, has been used to perform dc, small-signal and load- physics be_hmd the oper_atlon of HBT's. However, there_ are a
pull characterization, and investigate parameter-spreads due to number of issues that still need to be addressed to obtain good
fabrication process variations. An enhanced Newton algorithm is quantitative correlation between these physical models and
presented for solving the nonlinear system of equations for the measured data (including hot electron effects, representation
model and assom_ated circuit simulator, whlch_allows afaste_r and of hetero-transport properties, processing dependent junction
more robust solution than contemporary quasi-Newton nonlinear . . .
schemes. The model has been applied to the characterization/d€ality factors and saturation currents). Furthermore, although
of heterojunction bipo|ar transistor (HBT) microwave power these mOde|S are Suitable for modern Workstations, they St|”
amplifiers. require substantial computation time to execute single bias
point simulations and are unsuitable for microwave computer-
|. INTRODUCTION aided-design. An attractive alternative that combines some of
. . the advantages of physical models with the relative simplicit
ETEROJUNCTION bipolar transistors (HBT's) have ges ot phy plcity

. . ) of implementation of equivalent circuit models is found in
demonstrated high-power output densities at microway P d

frequencies and are increasingly being utilized for large-si r‘[)‘?IWSiCS_baISGd models, where the element values can be related
quenc gly being ) 9€-SI9MA the structure and semiconductor properties of the device.
applications such as power amplifiers, oscillators, and mixer

[1]{3]. The design of these circuits is challenging becau?ﬁ his paper describes a physics-based multicell electrother-
e

of their nonlinear behavior and accurate large-signal mod al HBT model, Fig. 2, which can be used to predict the
'r nont Avior u ge-sig pgrformance of the transistor for dc, small- and large-signal
are required to expedite this process. In the case of HBT

the high power densities associated with these devices %des of operation. It is suited to process-oriented design. The

gh pow i . model has been integrated into a harmonic-balance simulator
!ead to glgnlflcant_ operatlng tem peratures when the tranSIS{g rperform simulated load—pull characterization of power tran-
IS usi_d .Ln Ia]:rtge—sgr;al apphcattlons_. AI_thq:cJ_gh tthfe teﬂqtperatusr*%tors. The results obtained from this analysis are compared
Sensilivity ot transistor parameters IS signiicant for all ypes @iy, easyred data obtained for prototype devices. An en-

power transistqrs, itis particularly !mportant_ for the HBT Wiﬁh?nced Newton algorithm is presented which allows very rapid
its high associated power densities, relatively poor therm onvergence of the nonlinear solution algorithm compared

conductivity, and strong dependence of junction behavior on

temperature. This means that it is essential to characterize ith contemporary modified-Newton schemes. Finally, a novel
per: ' . . l‘fltiﬁnger coupled electrothermal model based on a thermal
large-signal model of the HBT as a function of operating an

ambient temperatures in order to obtain an accurate model O%istance matrix concept is described that accounts for local
. P . ) ﬁeating and thermal runaway effects.
CAD. Finally, there are a number of advantages in relating the
operation of the device to the structure and transport properties

of the transistor. In particular, this allows the design of the Il. PHYSICSBASED EQUIVALENT CIRCUIT MODEL

device to be optimized for a particular application, and the o humber of large-signal equivalent circuit HBT models
model can be used to predict the parameter spreads fof Qe peen described in the literature [6]-[9], including no-
particular design and fabrication process. In the case of powgf|e examples of physics-based models and modified SPICE
transistors, with many emitter fingers distributed throughoutbq\pmar transistor models [10]. However, few of these have
repeating cell structure (Fig. 1), it is desirable to model the.ounted for the process-dependent nature of the transistor
electrical and thermal aspects of individual cells, which may, require extensive microwave and dc data to extract the
vary across the structure. This generally requires a physigglment values. In other cases the complexity of the model

model. leads to difficulties in obtaining fully converged solutions
Manuscript received February 19, 1996; revised September 23, 1996. from the nonlinear solver and additional convergence problems
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Fig. 1. Schematic view of a typical multicell power HBT chip structure with detail cross section of one cell containing two emitter fingers (data from
the cross section forms the basis of the physics-based description).
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Fig. 2. Multicell electrothermal model for a HBT, illustrating coupling of cells and self-consistent solution of 1) electrical and thermal equiralié
models inside each cell and 2) entire device. Each cell corresponds to a section of the transistor associated with a single emitter finger I{fstratezlls il
here). The notationiy; and v, indicate the voltages across the terminals of each cell.

usually empirical in nature and are again difficult to relate tbecause the base current in HBT's is dominated by surface
device structure and material parameters. The Gummel-Paonjunction space charge region (SCR) recombination, rather
model, which is essentially a charge-control model, providéisan hole injection from the base into the emitter as in BJT's.
a superior representation in terms of the physical operatibarthermore, the base current at low current densities is mainly
compared with the basic Ebers—Moll model, remaining validue to surface recombination [13], [14]. The temperature
in the high injection regime and including recombinatioependence of the equivalent circuit element values suggests
effects present in the space-charge regions. However, the b#éisat the base current at high current densities is largely
Gummel-Poon model it is not directly applicable to HBT sattributable to SCR recombination. A consequence of this is
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Fig. 3. Physics-based dc and large-signal equivalent circuit model of one cell of the HBT model.

that the ideality factor of the base current is always higheespectively). The electron injection into the base from the
than the ideality factor of the collector current. This results iemitter is modeled by the diod®r (Isp,Nr) and the
two regions of increasing current gain in the HBT, defined bglectron injection into the base from the collector by the
the component of base current that is dominant in each regidinde Dg (Isg, Ngr). This arrangement of six diodes allows
(surface or bulk recombination). This contrasts with the clatiie diode parameters to assume physically meaningful values
sical Gummel-Poon model, where the current gain increasesoss the full range of bias conditions in contrast to HBT
initially, flattens, and then decreases with increadiag. models utilizing four diodes. The latter cannot satisfactorily
On the basis of investigations performed using 2-D numamnodel surface recombination and often lead to compromised
ical models, it was found appropriate during the developmeidits to Gummel data, when the full range of currents are
of the model described here to neglect hole injection into tleensidered. The electron injection into the base is characterized
emitter from the base; recombination through deep levels liy ideality factors close to unity/ NrandVg). The surface
the base—emitter space—charge region; hole injection into tieeombination components typically have ideality factors in
collector from the base; and recombination through deep levéie region of 1.6 to Z Ngs and N¢g). The thermal voltage
in the base—collector space charge region. Emitter crowdinglis;(kT%/q) in the diode equations (Table 1) reflects the
negligible in HBT’s, unlike the situation in BJT's. This resultdemperaturel; of the individual cell?, associated with the
in a useful simplification of the model without compromisingliodes in the model for each cell. Note that the diode currents
the accuracy from the point of view of microwave CAD. are functions of the intrinsic base—emitter and base—collector
The electrical equivalent circuit model of one emitter “cellVoltagesvy, andwy, respectively, of each cell.
of an HBT, developed during this work is shown in Fig. 3, The saturation currents and ideality factors associated with
and can be considered in terms of forward and reverse ctive ideal diodes that model the junctions are very sensitive
rent components. This diagram shows the six ideal diod&sprocessing conditions and have proven difficult to unam-
which describe the behavior of the transistor junctions. Theguously extract from physical models, although recently
forward and reverse base current has two components—thported results indicate that such an extraction is feasible [15].
SCR recombination (described Wyg, Ng and Isq, N for  Forward and reverse Gummel pldieg(Z)/V) [16] are used
Dggro andDpco, respectively) and the surface recombinatioto determine the diode parameters, shown in Table |. The tem-
(described bylsgs, Ngs andiscs, Nes for Dgrs and Dpes,  perature of the transistor must be accurately determined and
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maintained during the duration of the measurement. If accurate o

temperature measurement is not possible, the average device oo ICFit
temperaturel’ can be estimated by assuming an idealized ex- ,|| 99 1C Measured
10 B------ a IBFit

ponential characteristic for the base—collector junction (where 6--—e IB Measured
Ng is assumed to be unity), when the device is operating ir),
the reverse mod@xp(Vac/Vr)). The average device temper- g
ature can be extracted from the reverse characteristics usifig
T = (¢/k)[0Vec/d In(Ig)]. A constant device temperatureg 10°
can be achieved using a pulse-measurement capability to av@d

self-heating, with the device held in a temperature stabilized 10°
environment (such as a temperature controlled oven or probe-

107

station stage). The saturation currdit can be obtained by 1010

determining the intercept of thivg(l) axis, corresponding

to Vg = 0V, and the ideality factorN is determined 08 10 12 14
from the gradient of the collector current characteristic using

N = 1/(gradient - In(10) - V7). A typical measured forward Ve Volts

Gummel_ pl.Ot O_f an AlGaAs/GaAs HBT is _Shown In Flg.. 4'Fig. 4. Forward Gummel plots for an AIGaAs/GaAs HBT showing measured
The deviation in IC at low current levels is due to limitethnd fitted data (SVD algorithms and a six-diode model were used to obtain
sensitivity in the measurement system. At high current levetghigh quality fit).

the characteristics bend principally as a consequence of voltage

dropped across the base and emitter resistances. One offég [10]:

difficulties encountered in extracting the saturation currents _T

and ideality factors from measured data is the sensitivity to In(Is) = TS + In(Zso) (1)

the “choice” of line used to approximate the characteristic if

a manual estimation is made by simple inspection. A superi¢ghere?” is the temperature in Kelviril’s and s, are con-
method of determining these values is to use singular valS@nts that define the temperature dependence of the saturation
decomposition (SVD) in association with a least squares faurrent. The values dfs and [s, are extracted from plots of
The SVD method of extracting HBT parameters was used Egg(saturation current) againstZlby fitting a straight line to

Hafizi et al. [14], who developed an iterative least Squarégleasured data. The temperature coefficients of the saturation

fitting technique to extract the transistor diode and currefif/"éNts are also be extracted using the SVD least-squares

gain parameters. A singular value decomposition (SVD) mat {ting algorithm, when more than two sets of data points

factorization technique [14], [17], is used in this work. Thi?ret avaLlﬁbI%. Ir:.tthfe ?[asg of tempera;tucqe dppen:dent |detaI|ty
approach ensures that linear dependence among the bagisrs: the ldeaily faclor 1S approximated using a temperature

Sis
functions and limited machine and data accuracy haveagpendence as follows:

minimal adverse effect on the quality of fit achieved. The N(T) = Ns(T = 0)[1 + aAT]. 2)
problem of bending in the Gummel plots at high current o )

levels and the associated problem of obtaining a suitableHere, the ideality factolVs is referenced tq” = 0 K. The
linear approximation to finds and N, can be overcome €mperature coefficient of the saturation current and ideality
by plotting log(3) againstlog(Z.) [18]. The use oflog(I.) factors require data taken from at least three different die

as the independent variable corresponds with the use of {ﬁ@peratureg. This can _be obFained from measureq data or
intrinsic base—emitter voltagy., because the high dopingextracted using thermal simulations of the type described later

in the base of HBT's eliminates high injection effects. Thé this paper.

parameterdsg, Ng, Isgs, and Ngs can be obtained using the The current sources in the model represent the four pro-

. . . esses of base transport, collection of injected electrons, base-
log(/3)/ log(L.) characteristics as described in [10] and [18ﬁollector avalanche breakdown, and base—emitter zener break-
Again the SVD least squares algorithm is preferred here ’

o . , ) wn. The recombination processes in the base are modeled
minimize errors. The quality of fit to measured data is shown lfking time-dependent electron collection current soufges

Fig. 4 and the associated parameters for a typical power HBlq;  (taple 1). A fraction oy of the injected electron
are shown in Table I (the chi-square test for the fit is typically, rent Ir is collected by the collector (the parametef
better than 10° for all diode parameters). It is important tojs the pase transport factor, which in an ideal device with no
appreciate at this stage that after the initial fit to Gummel datgcombination would be unity). The model (Table 1) utilizes
and extraction of parasitic element values (usually determingf forward Early voltagé’sr and reverse Early voltagég,
during microwave calibration), no further fitting is carried oupoth of which assume high values in HBT’s. Most of the
and the measured data is compared directly with the prediciggirent source parameters are defined on the basis of the
simulation results in the remainder of this paper. transport and physics of the device (see Table I).

The saturation currentélsg, Isgs, Isc, Iscs, Is, Isr) are Velocity overshoot can have a significant effect on the
assumed to have a simplified temperature dependence of tla@sport of carriers in HBT's and plays a significant role in
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TABLE |

FUNCTIONAL FORMS AND TYPICAL PARAMETER VALUES FOR DIODES AND CURRENT SOURCES
FOR THE PHYSICS-BASED MODEL OF A 16 X 3 x 20 pm (16-BwTTER FINGER) TRANSISTOR

2
Vins = £2€ N gpaee NV popines V@0 N 4 N )

Abase”™ " Demitter-

Model Description Functional Form Typical parameter

Element and comments values per cell for

16x3%20 pm emitter
HBT
(2 emitter fing./cell)
Dy Electron injection from v,.() Jogo = 2.65%10" Am?
cmitter to base 1) = I lexp RN Toro = 18,450 K
' NV, N0)=1.028
' o= 0.0 K"
Note: individual cell temperature 7;used to calculate Vo,

Dy Electron injection from Functional form as Dy, with Ip(t), g, V'scand Ny Jspo = 7.33%x10" Am™

collector to base T'ero = 18,520K
Nz(0)=1.002
a;= 0.0 K"

Do Optical recombination Functional form as Dy, with [5p0(1), I, v'5e and Ny I = 1.62x10"° Am?
in the B-E space charge Ty = 18,600 K
region. N (0)=1.036

g = 7107 K?

Dyco Optical recombination Functional form as Dy, with c0(t), Iso vigcand N. Jso = 4.00x10" Am™
in the B-C space charge | (comment: negligible) Tseo = 18,400 K
region . N(0) =1.656

Opro = 2x10° K

D Base-emitter surface Functional form as Dy, with Iy54(t), I Ve and Nyg Igso = 9.19x10 A/m

recombination. Tase=9760K
Ngg(0) = 1.663
O = -1x10° K

Dy, Base-collector surface Functional form as Dy, with Ip0g(t), Jycs, V'pe and N Iqo= 8.10x107% A/m

recombination. Tgeso = 9740K
Ne(0)=1.910
g, = -1x10°K!

fce fgp Collected electron 1, try, Vo= 3%10°ms’

currents : 1 Voo = 1x10°ms™
N o —|v I.(t)drt ~ f],, d sat
(iEE is similar in l(,(, W(v ov (,z( ) v.ml (.z( T) T T = 1pS
functional from to i, ’ oo Trte 5= 09ps
shown here for brevity) .= 35ps
we - thickness collector v, (1-1,) v,.(7) we= 0.5 um
depletion region I (v) = a0yl 1 - B 5 || exp| 2 -1 Ve =1500 V
; : ' V,. N V. -

wy - thickness of base AF Fm wg = 0.1 um
region Ww 2 Lgp=0.8 pm

B .

o, = 1-05 " if Lyy»w,

BD

feay {gzen | Collector avalanche feg = 1().(24.46020% - 212.8380° + 1003.66(* Vicno =185V
breakdown ig,, for a ’ s 6 ; g. | (Ta=40°C)
given base-collector - 26492607 + 3993.69¢° - 3202.85(" + 1067.62(° Noy =41
breakdown voltage V. Q= Tx107 K
Vicpo, (Emitter zener where C= Veg! Viewo) ™ Vg =12V
preakdoyvn is m9dcllcd with Vo - Vo (T« a. AT) (T,=40°C)
in a similar fashion for Negen =5.0
Vies) N 2 O, = - 9x107 K

w EBz | .
“pcpo ® Eoax Weort - 4 oo Weat abrupt junction £ and £, are doping
’ 2.0e dependent breakdown
fields.

the base—collector space—charge region [10], [12], [19]. Ataken here a8 x 10° ms™! and1 x 10° ms™!, respectively,
approach similar to that of Grossmaat al. [10] has been for n-type GaAs). The currenigr is evaluated in a similar
adopted here, where the curreiic in the base-collector manner toicc.

space-charge region is calculated using a simplified two-The bulk ohmic resistance®ipgxi, Rogxt, REExt, Ver-
section velocity profile. The two velocitiespy and vsar  tical contact resistance?gcon;, lateral contact resistances
correspond to the average velocity in the overshoot regidthcont, Kccont, aNd spreading resistance spreading resistances
and the average velocity in the saturated region, respectivellgs, Rcc, and the resistance of the undepleted collector
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R; and empirical relationship of Grossman [10] was used to
—— describe the associated capacitanggs,.
It is very important to distinguish clearly between the
Ry Ry equivalent circuit element values corresponding to variations
— —1—¢ with dc bias (and varying temperature due to self-heating) and

those corresponding to changes in the instantaneous values
B of voltages and currents occurring at a faster rate than the
T, [ thermal time constantry (that is at a constant temperature).

T,
' ' The former correspond to the change in small-signal element
value as a function of bias and temperature, whereas the latter

P1 T ] RA PZ P3 [ R(‘,

Ry correspond to the instantaneous large-signal microwave values
(where f > 1/2rrrg—that is, above 1 MHz for power
. : devices). The latter parameters are evaluated at a constant
cmitter/cell 1 emitter/cell 2 emitter/cell 3 temperature corresponding to the temperature at the dc bias
(@ point.
The simulator described here has been developed to model
structures with multiple emitter, base and collector contacts,

TP R TP R T P as depicted in Fig. 1, and can handle any configuration. The
272 i ' Bt simulation divides the structure in to a number of basic “cells”

Tp3 R, Tp3.R23 T P, R, containing usually one or two emitter fingers. Each emitter
e

T, T, 5

finger “cell” is treated as a separate heat source, which deter-
P, t P, I@ mines the local temperature (for the immediately surrounding
base—emitter and base—collector structures) and is solved as
a separate electrical cell, coupled to the transistor contacts.
Ry R [] Rs; The paraSitiC elemeanBparv LCpar7 LEpar7 RBparv RCpar and
Rrpar, in Fig. 3, each represent a series inductance and resis-
] | tance representing the connecting lines (and probe) parasitic
emitter/cell 1 emitter/cell 2 emitter/cell 3 elements (and are usually small for power devices). Parasitic
(b) capacitanceprpar; CBcpar, and Cerpar Model the pas-
Fig. 5. Multicell thermal equivalent circuits of a three-emitter finger ngrSive inter-contact capacitances. CapacitanCegaa; Crpad;
(a) Conventional model. (b) Model based on thermal resistance matrix methaild Ccpaq Mmodel the pad capacitances of the base, emitter,
and collector, respectively. The functional form and typical
glarameter values of the capacitances and resistances in the

regior_1 RcundeP? are defined using the established physic hysics-based model are shown in Table II.
descriptions (see, for example, [10], [20], [21]). The model Self-heating generally has a more pronounced effect in
simplified by neglecting the vertical base contact resistan 2As/AlGaAs HBT's than in silicon BJT's because of the

intrinsic vertical bulk ohmic base resistance, and the intrinsli(gWer thermal conductivity of GaAs. Heat dissipation can
emitter vertical resistance, which assume very small valuesyp largely attributed to line sources and has a time constant
practice compared with the other associated resistances. 1, typically in the region of a microsecond. A new model

The capacitances associated with HBT's have been m —S’ been developed by the author to model the thermal
eled using well-known physical depletion region approximasoperties of multicell HBT's. Liouet al [22], [23] have
tions and space—charge region charge-storage relationsiiggyn that the variation in temperature between individual
described in [10], [20], and [21], taking full account ofce|is in HBT's can be significant and will eventually lead
the graded heterojunction at the emitlefsr and Cges). to thermal runaway and thermally triggered collapse of the
The base—collector junction in most HBT's is an abrupdojiector current. The collapse of the collector current at high
homojunction, consisting of the highly doped base and lightpower densities occurs because of the negative temperature
doped collector regions, Fig. 4. The lightly doped collectqipefficient of the collector current and base—emitter voltage
region interfaces with the highly doped collector contact layest constant base current. Liou’s analysis is based on large-
The base—collector depletion capacitance model represesiigle numerical solution of the thermal problem. This reveals
the two regimes when the base-collector depletion layer igry interesting and useful data, but is too slow for CAD and
contained within the lightly doped collector and when theveryday usage. A thermal equivalent circuit-based approach
depletion layer extends into the highly doped contact lay@fas described by Baureis [24] who developed a multicell
(as in [10]). This capacitanc€pc is also attributed to both thermal model based on transforming measured inter-emitter
the intrinsic and extrinsic base regions (using the establishgghperature measurements to a thermal equivalent circuit with
X dependency). Hole storage in the emitter was assumedttie interaction between each emitter described by thermal
be negligible in HBT's and the associated capacitance wassistances coupling each emitter. In this way each emitter
omitted from the model. Charge—storage in the base—emitieiconsidered as a thermal source interacting with every other
space—charge region can be significant at low current levelsitter stripe.

S
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TABLE 1

FuNcTIONAL FORMS AND TYPICAL PARAMETER VALUES FOR CAPACITANCES AND RESISTANCES
FOR THE PHYSICS-BASED MODEL OF A 16 X 3 X 20 pm (16-EMITTER FINGER) TRANSISTOR

Model Description and Functional Form Typical parameter values
Element Comments per cell for 16x3x20 pm
emitter HBT
(2 emitter fingers/cell)
Cpe, Cgp | Base-collector and | N.=6
base-emitter C Ne v. |7 | M.=05
JC N c >
depletion V<0 Cye i, * Colpn | M;=0.52
capacitances (both I Vee | (M =0.33 for lin. graded jn's)
have similar v Vie=14V, V=16V
functional forms - Tz A= area of B-C junc.
Cyc is shown here for X=025
brevity) C, -A.JgeN, N, 2V, (N, N, ) n; = Intrinsic carrier density
Forward bias JC c \/ Deolt Y Abase JC Y gbase * Y Deott 8E,, = collector conduction
modelled using kT N band discontinuity
SPICE model [21]. Vie = =N o Npeor' 1)+ 8E Nupases Npeor» Dase and intrinsic
9 collector doping
Cagy Charge storage in Chpo =8 1F
base-emitter SCR. ko (Vo - Fo.V ) F;=075
Cpgy = 0.5Cg 1 - tanh e ot kg, =18
Vi
Cacy Diffusion Then = 1 1S
capacitance C - —T(‘H I exp Vac 1 )
.. H S SBCH -
(usually negligible) N, BCH VTi N BCH Vi
(assumes a constant lifetime, I, models hole inj. into base)

Rocoms Lateral contact L 1 Rygons = 354 Q

Reoonts resistances. R - R/ G./| Wtanh T L.= G Reeo = 082 Q

Rieon NB: L is the contact & s Reoe =083 0Q

length Wis the Ry sheet resistance of layer, G, contact conduct./ unit area, W=20 um
width. L=3um
2 fingers per cell

Rug, Bulk ohmic I Won-v,) Rypq = 1.56 Q

Repu resistances. Ry - RS W R(‘umlap - RS = I = (Wc < ww//) Repe= 0.69Q

Rz (again L is length and (3 R = 0.66 Q

Reunaep W width). Rty is the resistance of the undepleted collector layer. Rensep =0103.4 Q (per cell)

Rieont Vertical emitter R 1 Ao 1S contact area Rpeon = 1.67 Q

contact resistance ot~ (metallization) . 2 fingers per cell
cont — C

Rap Base and collector RoL Ryy=176Q

Ree spreading Rsp,md = x W Rec= 1.04 Q

resistances. geom (values per cell)
(equation is similar Kieom = 3 Tor current enetering from one side (single contact)
for both resistances) Kieom = 12 for current entering from two sides (two contacts)

Lpgarfege: | Terminal parasitic Lppae =110 pH, Ry, = 0.05 Q
cparfopr | inductance and Ly = 100 pH, Re,, = 0.03 Q
pardtcon | TESIStANCE Ly =70pH, Rp,= 001 Q

C, Epar Inter-electrode C, ‘sipr = 190 1F

Cocons parasitic capacitances Crcpe = 90 fF

CCEpax CCEpar =180fF

Chpua Pad capacitances Cpa =€ Apu d/ S betrate Copa =271F

Copua Copaa =29 fF

C Epad Sbstrs 1S SUbstrate thickness, Apad, pad area, € permittivity. CElmd =231F

The multicell thermal analysis in this work is based ofis easy to interpret, but difficult to associate directly with a
new thermal resistance matrix scheme. This can be understgederalized characterization technique (this approach is closer
by considering the two forms of thermal equivalent circuiio the idea of a thermal conductance matrix) and becomes
for of a three emitter finger HBT shown in Fig. 5. It isincreasingly topologically complex with increasing numbers
possible to analyze a specific design of HBT using the tymé emitter fingers. However, a more generalized and flexible
of equivalent circuit shown in Fig. 5(a) (as in [24]), whichanalysis can be based on the model shown in Fig. 5(b),
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TABLE 11l
THERMAL RESISTANCE MATRIX FOR AN EIGHT-FINGER 8 x 3 x 20 um AlGaAs/GaAs HBT, (mTTER FINGERS
ARE GROUPED ON CELLS OF Two FINGERS), CALCULATED USING THE HEATWAVE 3-D THERMAL SIMULATOR

803.7 257.9 47.2 39.4 17.0 1541 8.1 6.6
2579 8034 63.8 47.1 21.0 17.0 8.9 8.1
47.2 63.8 8028 2578 489 39.3 17.0 15.1
39.4 471 257.8 8025 63.7 46.9 20.7 17.0
17.0 21.0 46.9 63.7 8025 257.8 471 39.4
15.1 17.0 39.3 469 2578 8028 63.8 47.2
8.1 8.9 17.0 207 469 63.8 8034 2579
6.6 8.1 1541 17.0 39.4 472 2579 803.7
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Fig. 6. Temperature distribution on the surface of a 16-finger X18 x 20) um emitter) HBT, with emitter fingers group in subsets of two. (a) HBT
layout showing schematic position of emitter fingers. (b) Contour plot of surface temperature of full chip devige54mm), contours are spaced

4 °C apart with a die mounting temperatu¥é,.unt Of 70 °C. (c) Temperature profile at section AA across the HBT comparing simulated data with
infrared measured data (resolution of IR measured data is°C)7

which can immediately be associated with the concept ofaae readily extracted from measured or simulated data, and
thermal resistance matrix. This is conceptually slightly hardére model is very easy to expand to devices with large
to visualise at first inspection as the elemeatasotcorrespond numbers of emitter fingers. In fact, as we will see, the coupled
directly with equivalent circuit resistances of Fig. 5(a), buhermal equivalent circuit resistances in Fig. 5(a) increase
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with increasing cell separation, whereas the coupled thermaligo

resistances in the matrix associated with Fig. 5(b) decrease in _ N ] |
value with increasing separation. 80 Y ek Rk S N — ; SB A
Following the model topology of Fig. 5(b), the temperatures I
of the cellsT" are related to the power dissipated in each cell ] /7 emmnpa ’ L PP

. < 50
P defined by £ //
[ ==aEsssre=== ====3 0.9 mA
[T~ To) = [Ren][P] B, 4 T
where the power dissipatioR; in each cell is given by [/’" __________ T SSSSpesssERssy0omA
20 / _—

P =Vep - Ie, + Voe - In,. 4) [g ----- D s ==== 03 mA

Note that in the multicell model the emitter and collector ©

currents are all a function of the individual cells and the ther- 0 ! VZ 3 4 >
mal interaction with associated cells. The thermal resistance CE (Volts)
matrix [Ryy] is defined as in Fig. 5(b), by the matrix Fig. 7. Simulated and measured dc characteristics 96 & 3 x 20 um
emitter HBT (T mount Of 50 °C).
Ry Rpp Ry
_ | Ra1 Rz R
[Ben] = Rs; Rsy Rsz - where are measured. In this way the thermal resistance matrix is
calculated usingR,,, = (T, — Tp)/P, and R, = (T, —
T - T To)/F, whereFy - P,_1, Poy1--- Py = 0. This process is
Rij = —5— . (5) repeatedN/2 times for anN finger transistor (symmetry),
P
J PyPj_1,Pjq1,,P,=0

requiring /2 test structures with electrically isolated fingers
Note that for the matrix entry,j Rty ; = Rry,; (i.e., and can be carried out experimentally, using fabricated test
Rrye = Rrpor, Rrims = Rrps, €tc). P, P, ... are the structures (for example, as part of process monitor area of
power dissipations in each respective finger. This leads tlte wafer) or by utilizing a three-dimensional (3-D) thermal
a matrix with some elements of symmetry. Also at lovanalysis simulator.
temperatures and as an initial estimate at low-moderate currenf 3-D thermal analysis simulatiotjeatWave was written
densitiesRtnss = Rrnir (With similar symmetry for larger to calculate the thermal resistance matrix using the highly
numbers of emitter fingers). However, it is important tefficient technique described in [22], [23], and [25]. The
appreciate that the whole matrix must be developed durihgat flow equation V - x(T)VT = 0 is solved for a 3-
the analysis because at high power densities it is possible Bbrtemperature distribution using the method of Liou [22]
any one of the cells to experience thermal runaway (in whiémd Gaoet al [25], utilizing the Kirchhoff transform for
case Rtyaz # Rruiy etc). The thermal resistance matrixemperature-dependent conductivity, to yield the temperature
must be evaluated at each simulation point where the bidistribution close to the surface (in the active region of the
has changed as the thermal resistance element valygg transistor). This method uses a double Fourier expansion
are a function of temperature. In this paper it is assumed tiaethod to speed up the solution. The heatsink is assumed
the temperature of the device is a function of the large-sigrtal be attached to the bottom of the substratel{at Zinount ),
operating dc voltages and currents at the transistor terminaiilst all other surfaces except the heat sources (region below
as the microwave signal varies at a rate far higher than ttie emitter fingers) are assumed to be adiabatic. The model
thermal time constant. accounts for the heat—shunt effect of an airbridge. The test
In practice the self-induced thermal resistanBgy; is structures with isolated emitter stripes, described above, are
usually close to the thermal resistance of an isolated singlgnulated for the actual die size, for a given die mounting
cell. The magnitude of the coupled thermal resistafigg;; temperature. The matrix for a power HBT with 16 emitter
depends on the design of the transistor and in particular thegers requires 16 separate thermal simulations, but can typi-
separation. If the separation between cells is large fey); cally be extracted in 30 min on a personal computer, yielding
tends to zero, and if the separation is very small its val@etypical accuracy of better than 5% (when compared with
tends toR1y;. Hence, the coupled thermal resistance betweeesults obtained from infrared measurement). A typical thermal
distant cells is significantly smaller than the coupled thermedsistance matrix for an eight-finger HBT (with emitter fingers
resistance of adjacent cells. In practice, the interaction betwegnuped two per cell) obtained using this approach is shown
adjacent cells overwhelms the influence of other cells ammd Table Ill. This approach avoids the need to perform an
errors in determining coefficients, other than those of closedxperimental temperature characterization of each design. The
coupled cells, have only minimal impact of the model. same simulator has been used to validate the thermal aspects
The thermal resistances at a given average die temperatfréhe electrothermal model by comparing the temperature
can be determined for test structures where individual emitiistribution of the full simulated device with measured infrared
fingers are electrically isolated from adjacent fingers. Thiata. A typical surface temperature distribution for an eight
finger n is biased at an appropriate level, dissipating poweell device with two closely spaced emitter fingers per cell (16
P,, and the temperatures of all the other unbiased fingersemitter fingers in total) is shown in Fig. 6. Note that it is not
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Fig. 8. Physics-based small-signal equivalent circuit model of HBT (active region).

possible to distinguish the temperature of individual emitter [ll. NUMERICAL SOLUTION

fingers_ in e_:ac_h_ cell beca_\us_e of_ their close proximity, althoughthe HBT nonlinear equivalent circuit model is analyzed
there is significant variation in temperature between celiging 5 nonlinear nodal analysis routine, solving each emit-
(simulated aor = 4 V I = 0.25 A, below current collapse o «ce|l” simultaneously. The nodal analysis proceeds by

or thermal runaway). The 3-D simulatéteatWaveutilized  ggtaplishing the microwave equivalent circuit matrices such
over 13300 mesh points on the surface of the device to obtgip;;

these results, achieving very good agreement with measured
IR data, shown in Fig. 7 (note that the IR measurements have (7)
a resolution of 1.7°C).

The electrothermal utilizes the thermal resistance matnxhereY is the nodal admittance matrix arld and I are
in conjunction with (4) and (5) to calculate the distribute¢he nodal voltage and current vectors (dc or time-dependent),
temperatures, which are then used in self-consistent fashiéspectively. The current matrik contains both linear and
with the physics-based electrical model to determine tt@nlinear sources. In the case of a solution scheme where the
instantaneous terminal currents and voltages. The thermal tithermal model is not simultaneously solved directly with the
constantry of the device is simulated using a simplified comelectrical model, the matrices are re-arranged into the form
bination RryCty Where Rry is the net thermal resistance ®)

of the device. In this paper the thermal time constant was
measured for sample dies, for a given average die temperaturg\ modified Newton scheme was implemented to solve the
nodal matrices using the scheme

Yv=1I

F=YV -1 soling for F=0.

(typical values were found to lie in the range 0.1-p8). The
thermal resistance (and the thermal resistance matrix element
values) is a function of temperature and is approximated using

d
lz;H (6) whereF’ is the Jacobian (with entrieB] ; = dF;/0V;) and
. . 6V is the vector of valuesV; = Vv — V4, Here
The rate of change of the thermal resistance with tempera-
ture was taken as 5 W in this paper.

F§V=-F %)

Rry = Rrp(300) 4+

(T = 300).

F=Y-T. (10)
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Fig. 10. Simulated and measured power transfer characteris-
tics of 16 x 3 x 20 um emitter AlGaAs/GaAs chip HBT
10 0.1 (Veg = 42 V,Ic = 40 mMA Tumount = 60°C), operating

in Class AB mode at 900 MHz, tuned for maximum power with
Tsource = 0-75L—175O,Fload = 0.5/155°.

work and takes the form:

1
7= ‘ <]— + Mnax&na.x) ‘ (12)

where V,,. IS the maximum of the nodal voltages at that
iteration and&,,.. is the maximum error at that iteration
(6Vmax). This algorithm allows stable convergence rates of
up to 100 times faster than when using conventional means of
determining the relaxation parameter [26].

This solution scheme involves the development of several
large and complex matrices. The extraction of the Jacobian is

(b) particularly involved because of the inter-dependency of the

Fig. 9. S parameters of 16« 3 x 20 um emitter AlGaAs/GaAs HBT current sources on several of the nodal voltages. However,
(Vor = 3 V., Io = 40 MA, Tnouny = 40°C). simulated, - - - - once the scheme was coded it has proven to be robust and
measured data. normally requires between 4 and 30 iterations to achieve
convergence ta).1 pV at every node in the model (i.e.,
typically 107°%).

Here the admittance matrix has been linearized. The implé-Te fy|| electrothermal model can be solved for the system
mentation of this scheme results in an iterative scheme where

each matrix is re-evaluated each iteration; the nonlinear ad- oIy OFq rey —F

mittance matrix elements being updated using values obtained gg gT —

with the most recent nodal voltage values. The updated nodal oFy 0F §T _F
| i i ov 9T

voltages are obtained using Fl=YV_1I

where (13)

F2 = }?q’HPdiss — AT.
This system of equations is solved f&f and T using
Note that a relaxation factoy multiplies the vectordV an adaptive relaxation factor similar to (13). In practice
in this scheme. This is essential to ensure convergence uding efficiency and convergence properties were found to be
the linearized admittance matrix in this nonlinear schemimproved by solving the temperature dependence and thermal
An adaptive system is used to select the optimum value @fuations as a separate iterative loop (containing the above
~, based on the rate of convergence and the requiremeglgctrical solution) rather than performing a full nonlinear
| Fev||<||[F°. The use of modified Newton schemes isnatrix solution. This approach is particularly expedient since
discussed in detail in [26]. A particularly effective algorithnthe temperature solution is well behaved over most of the
for selecting the relaxation facterwas developed during this operating region of the device and convergence of the outer

Vv = vold 446V, (11)
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Units: %

Units: %

(c) (d)

Fig. 11. (a) Simulated and (b) measured load—pull characteristics; (c) simulated and (d) measured power added efficiency characteristicoras a functi
of impedance (at 1 dB compression point) of 323 x 20 gm emitter AlGaAs/GaAs HBT chigVer = 4.2 V,I¢ = 35 mMA, Timouns = 50°C),
operating in Class AB mode at 1.88 GHE,;ource = 0.8/—175°

temperature loop occurs normally within two to three iteratiors current gain of 53 was obtained dg = 1.5 mA and

(except during thermal runaway or current collapse whenlitg = 4 V. The simulation has been used to investigate

may require up to ten iterations). current collapse at high power densities, arising from the
nonuniform temperature distribution in the HBT.

IV. DC SIMULATION RESULTS

The simulation has been used to model a variety of Al- V. SMALL-SIGNAL EQUIVALENT
GaAs/GaAs and InGaAs/InP HBT'’s. Transistors consisting CIRCUIT MODEL AND 5 PARAMETERS
of 2, 8, and 16 emitter fingers and finally multicell devices A small-signal equivalent circuit model is established by
with repeating sets of 16 fingers have been investigatedplacing the ideal diodes in the large-signal model with
These larger power devices are of particular interest from theremental resistances based on determining the small-signal
perspective of validating the model for large-signal purposeacremental resistance of the diode at the bias-point
Fig. 7 compares the measured and simulated results for dc OV NET oV
characteristics of a 16 3 x 20 um AlGaAs/GaAs HBT, for  ryiqe = —wode — exp < 4 d“"“’)
base currents in the range 0.3 to 1.5 mATaf, ., = 45°C. IMaiode als NkT

(14)

Vdiode
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state CW operation is assumed, utilizing the time-independemt
thermal model in conjunction with the large-signal model of
22 | . - Fig. 3. The harmonic-balance scheme is based on a secant-
target base thickness solver algorithm, which is computationally more efficient
—- «measured gain |  than traditional Jacobian schemes for small workstations and
personal computers. The input and output load reflection
- coefficients are specified and the bias point is chosen by
the user for a given die-mounting temperature. The simulator
- then performs a dc simulation to establish the initial bias
and thermal conditions under small-signal conditions. This is
-1 followed by a number of simulations at varying power levels,
starting at small signal conditions, where the power level at
the input is steadily increased in steps until power saturation
occurs at the output. The dc bias and temperature distribution
are re-evaluated at each new increasing input signal level,
Fig. 12. Variation of amplifier gain as a function of base layer thickness f5p0difying the dc nodal voltages, microwave performance and
a 0.5-W power amplifier utilizing 46 x 3 x 20 xm emitter AiGaAs/GaAs the temperature as the transistor operates in an increasingly
chip HBT (Vep = 4.2 V. Ic = 40 MA, Timouny = 40°C), @t 900 MHz,  nonlinear fashion. The harmonic-balance scheme tests for
With DCsource = 0.752—=175°,Tpaq = 0.5£155°. . : )

convergence by checking the time-domain voltage waveforms

at the input and output for convergence over a number of

This leads to a small-signal circuit model of the form showgerations and testing for the rms error (with a minimum of

in Fig. 8, which can be evaluated in the frequency domaiflg ,,\/ accuracy normally available). This is carried out in
The resistances and capacitances of this model are ObtaiBSF#unction with a test for convergence in the input and output
from the physical bias-dependent relationships. Steady-st@dfection coefficients to within an error of 0.02.
small-signal CW operation is assumed in this model and theThe large-signal performance of a ¥63 x 20 ym emitter
time-independent thermal model is utilized here. AlGaAs/GaAs HBT operating at 900 MHz as a Class AB am-

_The S parameters 01_‘ an HBT are caI_Culqted using thsjifier is shown in Fig. 10 (tuned for maximum output power),
bias-dependent small-signal equivalent circuit model. A dgith simulated and measured dafa = 40 mA,Vep =

simulation is performed to calculate the temperature of they v 7, — 60°C. When Tipoun Was varied from 40
device and establish the dc currents and voltages for the model. 15 90°C the small-signal gain decreased by 1.5 dB and
The bias-dependent element values are calculated to provigg p, ;; decreased by 1.8 dBm (measured and simulated data
the data for the small-signal equivalent circuit model. Thgacked closely). The load—pull characteristics for a larger 32
equivalent circuit model is analyzed to extract the nodal ag-3 » 20 ;m emitter device are shown in Fig. 11, illustrating
matrix is calculated at each frequency and then reduced t@@npression poinc = 35 MA, Veg = 4.2 V, Tount =

2 % 2 matrix using a pivotal condensation technique. They°C, The agreement between measured and simulated data

two-port admittance matrix is then converted in to a two-pof§ good, with deviations in the region of 1 dB and 5% PAE
S parameter matrix. This approach leads to a faster solutiger the range of impedance investigated.

for small-signal parameters than the alternative time-domain
simulation with the large-signal model.
It should be noted that thé& parameters are a function VII. M ODELING PARAMETER SPREADS

?f t_)la'ls-potlntfand amblznt tedmperafutrga The co;npa;ston_of aPhysical and physics-based models allow device and circuit
ypical set ol measured and simulatedparameter data 1s parameter spreads due to variations in processing and wafer

shown in Fig. 9 forlc :d 40 mA alnd Ver = :; V. Tge vﬁr wth to be evaluated. The model described here has been
transistors were measured using coplanar on-wafer probes d to investigate the impact of variation in the thickness and

a HP8510C network analyzer, calll_)rated usmg_LRM e_md ing levels of the emitter, base and collector layers of the
impedance standard subsrate. It is also possible using ice. Fig. 12 shows the variation in amplifier gain for a 0.5-

model to extracts para_meters over the entire dc operatiqgv 900 MHz HBT amplifier design as a function of base layer
range for a constant given ambient temperatqre and reQUtfiRkness. It is interesting to note that for an expected layer
only a matter of seconds on a workstation. This scenario CPhickness of 0 1um, the corresponding measured gain was
responds to datg_ extra_\cted using puﬂbparameter meth(_)ds 1.4 dB for the specified load and source reflection coefficients
and could be utilized in conjunction with other Iarge-5|gna( t a mounting temperature of 4@C). The model predicts a
design methods. gain of 21.1 dB for this base thickness, with a spread in gain
of 2 dB as the thickness was varied from 0.05 to QiB.
This model allows designers to rapidly evaluate the spread in

Large-signal simulation is performed using a harmonienicrowave and dc parameters as a function of geometry and
balance scheme, which allows the harmonic performance lafer specification, and is thus particularly suited to process-
Class A, AB and B HBT amplifiers to be assessed. Steadydented design.

21

ource = 0.75 £-175°
20 | [ygaq =05 2155°

Amplifier Gain dB

B L L e R
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VI. LARGE-SIGNAL SIMULATION
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