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Large-Signal Modeling and Characterization of
High-Current Effects in InGaP/GaAs HBTs

Mikhail S. Shirokov, Sergey V. Cherepko, Xiaohang,Dbdember, IEEEJames C. M. Hwand-ellow, IEEE and
Douglas A. TeeterMember, IEEE

Abstract—High-current effects in InGaP/GaAs heterojunction Ig (A)
bipolar transistors (HBTs) were modeled and characterized. Inad- 7,
dition to the self-heating effect, high currents were found to de- (A)
grade large-signal performance mainly through Kirk and quasi- J’
saturation effects. New formalisms in terms of base transit time “<
and base—collector diffusion capacitance were used to modify the I
conventional Gummel-Poon model. This new model was verified Jg
against large-signal characteristics measured at 2 GHz. The va- V5 (V)
lidity of the new model for HBTs of different emitter geometry was Vac (V)
also explored. v '

BCI

Index Terms—Charge carrier injection, charge carrier lifetime,
charge carrier processes, heterojunction bipolar transistors, mi- E (V)
crowave devices, microwave power amplifiers, semiconductor het- y

erojunction. gA(I\E//(;m)
T (°C)
NOMENCLATURE AND TYPICAL VALUES T (K)

A. Physical Device Parameters

€ = 1.16 x 1072 F/cm. Dielectric constant of 8
GaAs. 56

Np = 4 x 10*° cm~3. Base doping. t (s)

x (pm) Depth from the metallurgical base. -

Wg = 0.08 um. Base thickness. VT

AWpg (pm) = (6). Extent of base push out. kT

¢cB = ¢cpo + S¢cp(Ty — 298). Collector-base
built-in potential. %/TO

$cBo = 1.31V. ¢cp atT; = 298 K. p (cm™3)

bpcr = —1.68 x 103 V/K. Temperature coefficient n (cm—3)
of ¢cn.

Ne = 2 x 10'® cm~2. Collector doping. ne

We = 0.5 um. Collector thickness. "

Xco — 0.5. Area ratio of emitter mesa versus base®
mesa. N

Ap = 300 ym?. Total emitter area. 5¢

Ig (A) Base current. New

JB = Ip/Ag. Base current density. o
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Emitter current.

= Ip/Ag. Emitter current density.

Collector current.

= Ic/Ag. Collector current density.

= (3). ThresholdJ for Kirk effect.

= (4). ThresholdJ- for quasi-saturation.
Base—emitter voltage.

Base—collector voltage.

= Vge + IcRce. Intrinsic base—collector
voltage.

Collector—emitter voltage.

Electric field.

Power-added efficiency.

Chuck temperature.

=273+ T + 610VCE{1 - exp(—t/TT)}.
Junction temperature.

= B¢ + 66(T — 25). Thermal resistance.

= 280 °C/W. © atTy = 25 °C.

= 0.57/W. Temperature coefficient &.
Time.

= 8.6 us. Temperature rise time.

= kT;/q. Thermal voltage.

= 8.62 x 10~® eV/K. Boltzmann constant.

= 1.60 x 1071 C. Elementary charge.
=26mV. Vy atT; = 298 K.

Hole concentration.

Electron concentration.

= (7). n at the junction between the extended
base and remaining collector.

= Nschv/Nc = 1.7 x 102° cm—3. ne —
Je/qusar With Vper = Eg.

= 4.7 x 10*" cm~3. Density of states in con-
duction band.

= 7.8x10'® cm—2. Density of states in valance
band.

= 1.4 eV. Energy gap of GaAs.

= 6.5 cm?/s. Hole diffusivity in extended
base.

= 78 cm?/s. Electron diffusivity in extended
base.

= 250 cm?/Vs. Hole mobility in extended
base.

= 3 x 10® cm?/Vs. Electron mobility in ex-
tended base.

= vgaro + 6vsar(Ty — 298). Electron satu-
rated velocity.

= 8.33 x 108 Cm/S.USAT at’; = 298 K.
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dvsar

f (GH2)

W

= —1.5 x 10~2 cm/s K. Temperature coeffi- Ny

cient ofvg 7.
Frequency.
= 27 f. Angular frequency.

B. Small-Signal Model Parametet¥-r = 1.6 V, Jo =
9.3 x 10* Alen?, T = 25°C)

GpE
CprJy
CgED
Ccer
Gpgec
Cpge

Gex
Cex
ap

Qo
™8

= 7.72 S. Emitter conductance.

= 2.4 pF. Base—emitter depletion capacitance.
= 55.8 pF. Base—emitter diffusion capacitance.
= Cpgp. Collector—emitter transcapacitance.
= 3.3 x 10~? S. Intrinsic collector conductance.
= Cpgcy + Cgcp = 0.9 pF. Intrinsic collector ca-
pacitance.

= 6.0 x 10~* S. Extrinsic collector conductance.
= 0.3 pF. Extrinsic-collector capacitance.

= waoexp(—jwre)/{l + jwlrs + reCsri)}.
Common-base forward current gain.

= 0.991. DC value ofa.

= 7.3 ps. Base transit time.

= 0.6 ps. Collector transit time.

= Vr/NgIg. Dynamic emitter resistance.

= 1.0 Q. Intrinsic base resistance.

= 0.74 Q. Extrinsic base resistance.

= 0.75 2. Extrinsic emitter resistance.

= 2.3 Q. Extrinsic collector resistance.

= 40 pH. Base inductance.

= 26 pH. Emitter inductance.

= 42 pH. Collector inductance.

C. Large-Signal Model Parameters

TBQ
TC

TC0
TCI
Tev
Ipr
Icr

Isro

Var

= 1.8 ps. Small current base transit time.

= 12 ps. Characteristic increase i due to
Kirk effect.

= (11). Semiempirical expression fof .

= 4.0 x 10* Alcm®. J}. atT; = 298 K.

= 6.6 x 10* Alch. TB = TBO+TBK when
Jo = Jk + Jo.

Nro
O6Np

Br

Bro
Tsro

Tsr
MBF

IpERr

Isrro
Varr
Nrr

Nrro
ONFpr

Ipr
Igr

Isro

Var
Nro
6Ng

Br
Bro
88n
Ipcr

Isrro
Varr

= 2.2 V. Collector-base punch-throughNggr

voltage.

= 3.0. Fitting parameter fodx dependence on Nggg

Vscr.

= 0.4 uSs. Fitting factor for quasi-saturation.
= Tco(l + 1crde — TCVvBC[). Collector
transit time.

= 1.0 ps. Low-power value of¢.

= 2.0x10~° cm?/A. Current coefficient of.
= 0.36/V. Voltage coefficient ofrc.

ONRR

Igx

Rp
Rpo
6Rp

= (Icr/Br) + IpEr. Base current in forward Rg

operation.
=Isro eXp(VAF/VT){eXp(VBE/NFVT)—1}.
Collector current in forward operation.

Ero
ORE
Rc

= 5.91 x 10%® A. Forward collector saturation R¢

current.

ORc

= 1.62 V. Forward collector activation poten-Cgg s

tial.

= Npgo + 6Np(Ty — 298). Forward collector
ideality factor.

= 1.04. Np atT; = 298 K.

= —6.5 x 1073 /K. Temperature coefficient of
Np.

= fBro/ {1+ (|Ts — Tsrol/Tsr)""F}. For-
ward current gain.

= 250. Peak value ofig.

= 370 K. Temperature at whichz peaks.

= 150 K. SF rolloff temperature.

= 4. 3 rolloff factor.
Isrroexp(Varr/Vr){lexp(Vee/NrrVr) —
1}. Forward base—emitter current.

= 42.9 A. Forward base saturation current.

= 1.16 V. Forward base activation potential.
= Nppro + 6Npgr(Ty — 298). Forward base
ideality factor.

= 1.52. Npr atT; = 298 K.

= 3.5 x 10~*/K. Temperature coefficient of
NFR-

= (Igr/PBr) + Ipcys. Base current in reverse
operation.

= Isroexp(Var/Vr){exp(Vec/NrVr)—1}.
Emitter current in reverse operation.

= 5.66 x 10° A. Reverse emitter saturation cur-
rent.

= 1.69 V. Reverse emitter activation potential.
= 1.12. Reverse emitter ideality factor at 298 K.
= —1.1 x 10~*/K. Temperature coefficient of
Ng.

= Bro + 68r(Ty — 298). Reverse current gain.
= 0.55. fr atTy = 298 K.

= —7.0 x 10~*/K. Temperature coefficient of
Or.
Xclsrroexp(Varr/Vr){exp(Vee/NrrVr)—
1}. Reverse base—collector current.

= 12.0 A. Reverse base saturation current.

= 0.864 V. Reverse base activation potential.
= Ngrro + 6Nrr(Ty — 298). Reverse base
ideality factor.

= 1.94. Ngrgr atT; = 298 K.

= —1.1 x 10~*/K. Temperature coefficient of
NRR-

= Ipcr(l — X¢)/Xe. Extrinsic reverse
base—collector current.

= Rpo + 6Rp(T; — 298). Base resistance.
=0.45Q. Rp atTy = 298 K.

= 2.3 mQ/K. Temperature coefficient ak 5.

= Rpo + 6Re(T; — 298). Emitter resistance.
=09Q. Rg atT; =298 K.

= —1.2mQ/K. Temperature coefficient & .
= Reo+ 6R(Ty — 298). Collector resistance.
=14 Q. Re atT; = 298 K.

= 7.3 mQ/K. Temperature coefficient aRc.

= Cyg(1 — Vge/¢es)~’F. Base—emitter
junction capacitance.
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Cie = Cyro + 6Cyp(T; — 298). Zero-bias 1
base—emitter capacitance. “g
Ciko =1.1 pFCJE atl; = 298 K. .,3
6Crg = 6.87 x 10~* pF/K. Temperature coefficient <
of C)p. § 0.5 |
PEB = ¢rBo + 6(/)EB(TJ — 298). Emitter—base 3
built-in potential. z
$EBO =221V. ¢pp atT; = 298 K. & .
Sdrn = —1.14 x 1072 V/K. Temperature coefficient g |
of ¢rp. 8
MJE = 0.45. Emitter grading factor. 3
QBEJ =  [CprsdVpg. Base—emitter junction 8 o5 .
charge. 0 4 8 12 16
Cpep (PF)  Base—emitter diffusion capacitance. COLLECTOR-EMITTER VOLTAGE (v}
QBED - f CpepdVsp. Base-emitter diffusion Fig. 1. (—) Measured dynamic load lines of ax475 ym? HBT at 2 GHz
charge. versus that (—) modeled with both high-current and high-temperature effects
Cgcy = and (—) modeled with just the high-temperature effect. Under quiescent
Xc {Oue(l = Vae/¢pie) M7 + Cocrr}. OIS © 00 T = dowire, o e
Intrinsic base—collector junction capacitance.
Cie = Cyco+6Cyc(Ty—298). Zero-bias collector
capacitance. the operating frequency is much less than the cutoff frequency,
Cico = 0.85 pF.Cj¢c atTy; = 298 K. the Kirk effect can be relatively benign. Thus, there exists wide
6Cic = 1.48 x 102 pF/K. Temperature coefficient latitude, over which significant performance improvement can
of Cyc. be achieved by driving the HBT beyond the onset of the Kirk
MJC = 0.5. Collector grading factor. effect, but before the onset of the quasi-saturation effect. There-
Crerr = 0.12 pF. Collector punch-through capaci-fore, the most salient feature of the present large-signal model
tance. is a newly developed forward diffusion charge model. This new
Qpcy = [ CgcsdVecr. Base—collector junction charge model can account for the variation of base transit time
charge. and collector diffusion capacitance over a very wide current
Cex = Cpgcy(1 — X¢)/Xc. Extrinsic collector range. The present large-signal model eliminates the deficien-
junction capacitance. cies of the standard Gummel-Poon model and accurately pre-
Qrx = [ CgxdVgcs. Base—collector junction dicts the HBT performance under deep gain compression, as
charge. will be shown in Sections I1-IV.
Cgcp = (9). Base—collector diffusion capacitance.
QBcp :har{]eCBCDdVBCL Base—collector diffusion I EXPERIMENTAL
This analysis is based on InGaP/GaAs HBT devices with one
| INTRODUCTION emitter finger surrounded by two base fingers and one collector

finger on one side. Except in Section IV-D, the emitter finger is
S THE trend toward lower supply voltage continues}-;m wide and 75-m long. After the HBTs are fabricated on a
current-induced phenomena such as the Kirk ar@aAswafer, itisthinnedto 106m before eutectic mounting on
guasi-saturation effects [1] become increasingly important farcopper carrier. On-wafer ground is provided by through-sub-
power heterojunction biploar transistors (HBTs). For examplstrate via holes. For deembedding of parasitic pad capacitances
Fig. 1 shows that, although the HBT is typically biased with and line delays, transmission-line test structures were fabricated
quiescent/ of the order of 16 A/cm?, under a large RF input together with the HBTs on the same wafer.
signal, the instantaneous current can reachA/ém?. The HBTs were characterized under dc and RF, small- and
The high-current effects are often mixed with high-temperéarge-signal, and CW and pulsed conditions, with = 0 to
ture effects because, even at 1V, a current density dAI€m? 3 x10° Alcm?, f = 2 to 30 GHz, andl = 5 to 145°C.
can eventually increase the junction temperature by the orderand 7’; are extracted from the measured collector charac-
of 100 °C. Thus, although high-temperature effects of HBT&ristics in a conventional manner [12] then reoptimized to fit
have been investigated extensively [2]-[11], high-current el Gummel plots. A voltage supply is used to bias the base
fects of HBTs have seldom been studied separately. The Kitkough a 33R series resistor. Pulsed measurements are per-
effect is often modeled empirically [8], [9] while the quasi-satformed with a 3.0xs collector voltage pulse and a 2.5-base
uration effect is simply ignored. This paper attempts to analyxzeltage pulse, the leading edge of the latter trails that of the
the high-current and high-temperature effects separately beftoemer by 0.3us. Ig-, I¢-, VBE-, VBe-, andS-parameters are
their joint manifestation. sampled at 1.7:s after the leading edge of the base voltage
Through this analysis, it was found that, if the self-heatingulse. This time delay is a compromise between measurement
effect is under control (i.e., the HBT is thermally stable) andccuracy and self-heating.
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Fig. 2. Measured forward Gummel plots of—) base and (—)

collector currents versus (—) that modeleize = 0. T« =
5°C,15 °C,25 °C,40 °C,55 °C,70 °C,85 °C,100 °C,115 °C,130 °C, Fig. 4. (symbols) Measured versus (—) modelef-parameters.
and145 °C right to left. Veg = 16 V. Jo = 93 x 102 Alem®*. T, = 25°C. f = 1to
30 GHz. Arrows indicate lower frequency limits.
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Fig. 3. (—) Measured versus (—) modeled dc colledte¥” characteristics. Fig. 5.  Small-signal equivalent circuit model. The intrinsic HBT is encircled
by a dashed line.

Assuming an exponentidl; rise over time (see Nomencla-
ture and [13]), the amount of self-heating at LS is reduced are obtained after deembedding the extrinsic elements from
by approximately 80% as compared to continuous wave (CWe measured-parameters. The model parameter values for
measurements. The pulsed measurements allow the HBTSs tdttgesame bias as in Fig. 4 have been included with this paper’s
characterized under very high current biases so that the Kirk dd@menclature.
quasi-saturation effects can be better separated. Pulsed measufer-om the small-signal equivalent-circuit models extracted at
ments also allow one to separate electrical and thermal effecifferent bias points, a modified Gummel-Poon model was con-
Fig. 2 shows typical forward Gummel plots. Fig. 3 shows typstructed with a new diffusion charge model (Section IIl). Base
ical collector characteristics. Fig. 4 shows typiSaparameters and collector saturation currents, ideality factors, junction ca-
under a high-current and low-voltage bias. pacitances, and extrinsic resistances are all made to depend on
The measuredS-parameters were fitted to an equivalen?’;. Forward and reverse saturation currents are assumed dif-
—circuit model of the “T” topology (Fig. 5) in a semianalyticalferent in contrast to the standard Gummel-Poon model. Fig. 6
manner [14], [15]. In particular,z and7 were extracted from illustrates the large-signal model topology. Definition and typ-
«, afterrp was calculated from the measuredigcandCr s  ical values of the large-signal model parameters have also been
was extracted from the so-called “cold HBT” measuremeiiicluded in this paper’'s Nomenclature.
(Ver =0V, Vgg = 0V) (see [16]). The cold HBT measure- Compared to other HBTs of comparable emitter area, the
ment also yield€ sy andCgx, after X is determined from present HBTs have a relatively largg- due to a relatively long
the device layout. Knowin@'scs, Cscp is evaluated at each collector finger. For the same reason, the temperature depen-
bias and temperature by fitting the intrindicparameters that dence ofRR¢ is characteristic of Au instead of GaAs.
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E Le *C WhenT’; increases due to ambient change or self-heating,
Re would decrease with increasirifiy mainly through the tem-

perature dependence of 7. Thus, atl; = 498 K, Jx =
1 2.2 x 10* A/lcm*—almost one-half of the room-temperature
Qsx orex Tome D (rerse e P
Quasi-saturation occurs whekly: approaches another level
A N Ortes - 1ex Uem Jg so that most 0¥ g drops acrossic. In this casegcp ~
? Rat * Vscr and the base—collector junction is no longer reverse bi-

Ls . . ased. Therefore,
N Tazx CD-E— ngnu +Qaep)
8 be I ¢cB — Vbe @)
@ RoAg
ij Re Notice that, while/ is a threshold above which the Kirk effect
Ie becomes significant/q is a practical limit so that quasi-sat-
_ ' _ o uration needs to be considered even whignis only a frac-
Fig. 6. Large-signal equivalent-circuit model. tion of Jg. In general,J,, decreases with increasing tempera-

ture mainly through the temperature dependencg&eof With
The correlation between the small- and large-signal modelg. = 0 and7; = 298 K, Jo = 3.1 x 10° Alcm?, which

can be found by considering the low-frequency limit of theyould seem too large to be relevant. However, With= 498 K,

small-signal model. From the small-signal model Jg is reduced to 1. 10° A/cm? and becomes a real concern.
The cumulative self-heating, Kirk and quasi-saturation ef-
e =Igar (w) , fects have been analyzed in detail. One-dimensional continuity
—GppVee . age 7T equations were solved analytica]ly for holes gnd electronsinthe
1+ jw(rs +reeCiEs) extended base under the following assumptions.
%aoGBEVBE{l — jw(tp +71C + 7’BECBEJ)} (1) 1) Quasi-neutrality is maintained in the extended base so
that the hole concentration quickly drops from the order
Cpep =apTGpE = 9QpED (VBE’VBC)_ ) of Np in the base to the order df. in the extended
A% base then follows the same distribution as the electron
Thus, the diffusion capacitand€ggp and transcapacitance concentration.
Cepr = Cgep of the small-signal model correspond to the 2) The electrical field is constant and low in the extended
diffusion charge sz of the large-signal model. base that most @fc s — Va7 drops across the remaining
The large-signal model was installed in a commercially avail- ~ collector (the collector region that has not been taken over
able harmonic-balance circuit simulatofhe simulated large- by the extended base) and holes and electrons simply dif-

signal characteristics were compared with that measured. Large-  fuse through the extended base. _
signal characteristics in both frequency and time domains were3) The electron diffusivity is much higher than the hole dit-
measured by using an HP 71500A microwave transition ana-  fusivity and both satisfy the Einstein relationship [17]
lyzer. Typically, the HBT is biased with- = 5 V. The base with the low-field mobility.
current was derived from a voltage supply through &B8eries 4) Electrons drift across the remaining collector at a constant
resistor, which gave a quiesceht = 1.3 x 10* Alcm?. USAT-
Based on these assumptions, (A3) and (A5) for electric field
lll. ANALYSIS and electron carrier density arise (see the Appendix for a more
Kirk effect occurs when/e: > Jy so that the field at the detailed derivation). The analytlcgl results were found in rea-
: . . . ) . sonable agreement with that obtained by using a commercially
base—collector junction vanishes. Without the retarding fle|§</ailabletwo-dimensional hysical device simulatsig. 7(a)
holes spill from the base into the collector, thus extending th pny 9-

effective base thickness. The main impact of the Kirk effect Odﬁeplcts the Kirk effect in terms of the distribution of electrons

large-signal model parameters is in terms of a longerdue and holes across the extended base. In this ease indepen-

to the extended base thickness and a lafgee due to the dent of Vg and is a function of/ only. Fig. 7(b) depicts the

. . istribution of electrons and holes after the quasi-saturation ef-
hole charge in the extended base. Following [1], the thresh(ﬂe(it also sets in. In this caseg is determined by bottie and

collector current density for the onset of the Kirk effect may b

H BCI-
approximated as Under the above assumptions and according to the derivation
-V shown in the Appendix
Jg =1+ 25%137320[ qNcvsar- ©)) PP
aheWe (AWR)?
B
For the present n-p-n HBT#cp > 0 and Ve < 0. As- Qpcp = ICTN + gAWpgncAg (5)

sumingVper = 0, Jix = 3.7 x 10* Alem? atT; = 298 K.

1Agilent Technologies Inc., Westlake, CA. 2Sjlvaco International, Santa Clara, CA.
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20 T —— T T On the other hand, the derivative of the second term with re-
spect toJ is dominated by the exponential dependenceof
onVgcr. Therefore, substituting (6) and (7) into (5) and taking
corresponding derivatives of (5) yields

EXTENDED BASE

—
©
'

N
o
L

B

COLLECTOR

avVBei—Eg

=7po+7BK + F (Jo,VBer)+TBge *77 (8)
Cgep
Ag

LOG CONCENTRATION (cm?)
2
EMITTER CAP
SUBCOLLECTOR

&
LAYERS

0.4}
IVper

J aVpor—Eg
L aTmede R
@ F(Jc,Vser)

_J
20 — = 1+tanh {%—1} (10)
Jo

=TBK {F(J07VBCI)_F(07 VBCI)}

15

9)

1
JK

Svsar dcs—Vaer \M<
=J 1= T7;—298 1+— .
1‘0{ 1cm/s( J )} < + Ppc+Vpr )
(11)

T
]
]
]
]
]
]
]
]
'

-
©
.

EXTENDED BASE

-
(-4
L

COLLECTOR

Notice that the analytical expression of (3) has been replaced by
the semiempirical expression of (11) to facilitate more accurate
fitting of data.

Fig. 8 shows that (8) and (9) fit extracteg andCpj rea-
sonably well. Equations (8) and (9) were then integrated with
respect toJo and Vg to yield Qgep. Fig. 8(a) also shows
0 0.2 04 0.6 08 1 that7¢ increases approximately linearly with. Therefore, a

DEPTH FROM EMITTER CONTACT (pm) treatment similar to [18] was adapted fq¥, as listed at the be-
(b) ginning of this paper.

2
SUBCOLLECTOR

LOG CONCENTRATION (cm®)
>

EMITTER CAP

LAYERS

15

Fig. 7. Schematic illustration ¢) p and (—) n after onset of: (a) Kirk effect

and (b) both Kirk and quasi-saturation effects. The self-heating effectis included

in both (a) and (b). In (8)Jc = 0.83 x 10° Alem?, Vaeor = 0, AWp = IV. DiscussioN
0.38 um, ne = 7.1 x 10'® cm=2, andT; = 403 K. In (b), Jo = 1.3 x

105 Alcm?, Vaer = 0.5V, AW g = 0.42 pm,ne = 2.3 x 1017 cm3,and  A. DC Results

T; = 453 K. D = ) Decpn. .
! @oep = @pepr +@oenn Fig. 2 shows a good agreement between measured and mod-
eled temperature-dependent forward Gummel plots. The quasi-

where according to [1] saturation effect is obvious and is exacerbated by temperature.
In comparison, the dc Kirk effect appears to be negligible. This
2¢ (pcs — Vaer) is because the hole charge in the extended base is much smaller
AWp ~ We — To (6)  than that in the original base. The hole charge in the extended
venr qNc base can be approximated by (AWg)?/2Dx. With a gen-

erous estimate of = 10° Alem?, AWg = 0.5 pm, and

~

and by adding to the term duefg: an additional Shockley term Dn = 25 € /s, Jo(AWp)? /2Dy & 5 x 10-° Clent. By

due toVger contrast, the hole charge in the original base can be approxi-
mated byyNg Wz = 6 x 10~% Clent.

qVeer — Eg Jo By properly accounting for the temperature dependence

o =~ Mo €xp kT, - qUsaT (7) of thermal resistance, saturation currents, ideality factors,

and terminal resistances, Fig. 3 shows that the modeled and

Using the above equationsy andCgcp can be evaluated measured collector characteristics are also in good agreement
by considering the partial derivatives ©fz¢p with respectto up to 3x10° W/cm? dissipated power under which severe
Jo and Vger, respectively. The first and second terms of (5elf-heating takes place. Notice that, although power dissipation
are related to the Kirk and quasi-saturation effects, respectivelythe quiescent point is approximatelx10° W/cm?, under a
The derivative of the first term with respect #: can be ap- large RF drive, dissipated power can increasexd 8 W/cm’
proximated by a hyper-tangent function becausd’s has a due to the self-biasing effect. In this case, both high-tempera-
sublinear dependence ofy: and is ultimately bound by¥-. ture and high-current effects need to be modeled accurately.
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B. Small-Signal Results
aslong ad’zcr < 0, 75 would increase approximately linearly

Depending on the current density, different interplays b&Yen forJc ~ 2 x 10 Alem?’.
tween the self-heating, Kirk, and quasi-saturation effects are
manifested. For example, fofc: between approximately 0.4 ¢ | arge-Signal Results
and 1.2x10° Alcm?, the Kirk effect dominates so thag; and
Cgcr increase approximately linearly with-. However, the  Fig. 10 shows the power performance at 2 GHz with the input
temperature and quasi-saturation effects cannot be entirely agd output matched for maximum PAE. Up to seven harmonics
nored even within this current range. The effect of temperatungre included in both measurement and simulation. In each
on Jx was discussed in Section Il and is reflected in Fig. 8. Tease, the measured performance was compared with that mod-
separate out the effect of quasi-saturation, Fig. 9(a) replpts eled with the cumulative self-heating, Kirk, and quasi-saturation
atTc = 25°C under different/zc; values. It can be seen thateffects, or with just the self-heating effect.
so long asVger < 0.65, 75 increases approximately linearly In general, both models are in good agreement with the mea-
with .Jo under CW conditions. sured fundamental output power and gain. However, without

For.Je > 1.2 x 10° Alcm?, the quasi-saturation effect domi-the relatively abrupt quasi-saturation effect, the model with just
nates under CW conditions so that andC g increase expo- self-heating underestimates even harmonics, but overestimates
nentially with J-, as predicted by (8), given the linear relationedd harmonics. In addition, the model with just self-heating
ship between/c and Vgcr. On the other hand, under pulsedinderestimates the dc current level hence underestimates
test conditions, self-heating, hence, quasi-saturation, is signtfie junction temperature, but overestimates the efficiency. In
cantly reduced, and the region where the Kirk effect dominatesmparison, the model with the cumulative self-heating, Kirk,
can be further extended. Fig. 9(b) pletsextracted from pulsed and quasi-saturation effects are in agreement with all aspects
S-parameters under differeffzc; values. It can be seen thatof power performance, even under deep gain compression.
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Fig. 10. (a)(e) Fundamental output poweil) gain, and A) PAE. (b)(l) second(e) third, and(a) fourth harmonic output power. (¢M) collector current
density and—) junction temperature measured at 2 GHz on an HBT that is matched for maximum PAE. (—) Modeled with both high-current and high-temperature
effects. (—) Modeled with the high-temperature effect only. Under quiescent conditiers= 5 V. Jg = 1.2 x 102 Alcm?.

The deficiency of the self-heating only model is probably The simulation of Fig. 10 has been repeated with or without
caused by neglecting the displacement current associated wfi# Kirk effect ¢z = 12 ps or0), but always with self-heating
Cgcp, thereby underestimating harmonic powers and currerifid quasi-saturation effects. It was found that, under light com-
associated with the displacement current when the HBT Fﬁession, the Kirk effect reduced power gain by approximate|y
driven into compression. This is consistent with the dynamigs 4B and PAE by approximately 3%. The Kirk effect also re-
load lines measured under the same conditions, as shownyieq clipping in the time-domain waveforms, hence, increased
Fig. 1. even harmonics. For example, the second harmonic was reduced
Measured and modeled power performance under othgrapproximately 2 dB under the same input power. This is be-
bias, match and drive conditions are in similar agreement. Thguse without the Kirk effect, the HBT has a higher gain and
present large-signal model is based on smooth functions si@inpresses at a lower input power level.
as hyper tangent and exponential functions, and is specificallwye also performed the simulations¥at = 3 V and found
designed for robust harmonic-balance simulation of POWg{at when output match was Compromised for peak PAE and
HBTs. Typically, convergence is reached within the same tinme, .., the Kirk effect was still shunt by the quasi-saturation
frame as that of the standard (without any modification fQinder heavy compression. Similar simulations were repeated
self-heating or quasi-saturation effect) Gummel-Poon modelynder the same bias conditions, but with the input and output
According to (8), increase img by the Kirk effect alone matched for the maximum output power at 10 GHz. In this case,
(before quasi-saturation) is rather moderate. For example redluction of power gain of2.5 dB and PAE of~10% was
Tc = 25°C, 75 increases from 2 to 5 ps whefr: increases found due to the Kirk effect under slight compression. This con-
from 0to 10 A/cm?. Such an increase in; was found to have firms that the Kirk effect will have a more severe impact when
relatively mild impact on large-signal performance at 2 GHzhe frequency approaches a significant fraction of the cutoff fre-
but may be more critical at higher frequencies. quency of the HBT.
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TABLE | saturation. The quasi-saturation effect has not been considered
EFFECT OFEMITTER GEOMETRY in HBTs perhaps because HBTs are not expected to sustain as
Emitter Emitter Collector Thermal high a static current density as the BJTs due to the more se-
Width Length Resistance Resistance vere self-heating effectin HBTs. However, this paper shows that
—um) (um) Reo () ©o(°C/W) high current density can be reached momentarily under large RF
3 17050 (1):3 ggg swings, whereas the more severe self-heating effect can bring
6 50 18 350 about the quasi-saturation effect at a lower current density.
Recently, an empirical model was reported for the Kirk ef-
2 fectin HBTs in whichrz was modeled as an exponential func-
tion of J¢ [9]. The studies in this work indicate that more accu-
rate modeling of 5 occurs by separating contributions from the
Kirk effect and the quasi-saturation effect. As explained in Sec-
tions Il and IV-B, the contribution teg from the Kirk effect
is gradual and eventually saturates with increasipgAt very
high current density, an exponential dependeneg;adn J- is
observed, butitis due to the quasi-saturation effect, not the Kirk
effect. Although the empirical model of [9] apparently works in
the medium current range, when extended to higher currents, it
may erroneously regard quasi-saturation as an extension of Kirk
effect.

& 3

BASE TRANSIT TIME {ps)
3

0 0.'5 ‘lr 1.'5 2‘ 25
COLLECTOR CURRENT DENSITY (10°A/cm?) V. CONCLUSION

Fig. 11. (—) Extracted versus (—) modeled base transit time for an emitter of Accur'ate predICtI.OI’l. of HBT Iarge—5|gnal characteristics
3x 100, 4x 75, and 6<50 um? right to left. Vge = —1 V. Ty, = 25°C. under high currents is important because, as the trend for lower
supply voltage continues, higher peak currents are required for
RF power generation. It was found that, in addition to cause
self heating, high currents can cause Kirk and quasi-satura-

Since the emitter geometry can potentially affect other highpn effects that are critical for large-signal characteristics of
current effects such as the emitter crowding effect [1], two aghGap/GaAs HBTs, especially when these HBTs are driven
ditional types of HBTs with a narrower or wider emitter, bufntg heavy compression to maximize their power output or effi-
the same emitter area were characterized. The results were {§@Rcy. Other high-current effects, such as the emitter crowding

compared with the first type of HBTs. As shown in Table I, th@ect, appear not as important for the present devices.
main effect of emitter geometry was for thermal and collector re-

sistances to increase with emitter width, as one would expect by
inspecting the layout of the devices. Once the proper values of APPENDIX
O andR¢ are used in the model, the model predicts the correct DERIVATION OF (5)

characteristics such ag for all three types of HBTS (Fig. 11).  pe tota] electron charge in the extended base can be obtained
Therefore, the emitter crowding effect appears to be negligiflg jnteqrating the electron distribution there after the onset of
in the present HBTSs, probably due to their relatively high gaifye ki effect. Electron distribution can be obtained by solving

the continuity equation

D. Effect of Emitter Geometry

E. Comparison With Literature

The Kirk effect has been extensively studied in Si bipolar In(z) _J
junction transistors (BJTs) [19]. Base push-out was deemed as DNﬂ + unE(x)n(z) = —< (A1)
a possible cause for the observed bending in€¢ charac- Iz q

teristics da]:t hign_ ctt:rrents(.j Iggéﬁq_t!y, ahphysics-base% mogel VYi%%uming the collector current is mostly carried by electrons
reported for a high-speed Si BJT in which was considered as 0 1 their higher diffusivity than that of holes. On the other

a function ofJ, Vor, andTy [20] . Athigh Vg, the model oy o electrical field can be found by solving the continuity
predicted a gradual increase of after the onset of the Kirk equation for holes

effect, which was followed by saturation of for .J~ > 3.5 x
10° Alem?. Such a behavior is very similar to that predicted by
the hyper tangent term of (8). At loW g, [20] reported a steep
increase inrg, but did not dwell upon the reason. The simi-
larity between their results and the present observation suggests
self-heating, as well as quasi-saturation effects are responsibl S
for such a steep increase of.

By comparison, none of the large-signal HBT models known
to us considers the base—collector diffusion charge under quasi- ~ pp p(z) 0z pn nlx) O

dp(z)

-D
P o

+ ppE(z)p(e) = 0. (A2)

(A3)
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according to the quasi-neutral assumptiofx) ~ p(x) (ne-
glecting N) and the Einstein relationship. Substituting (A3)
into (A1)

Integrating (A4) with respect to with the boundary condition
n(AWg) = ne, we have

Finally, (5) can be obtained by integrating (A5) once more with
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