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INAIAs/InGaAs HBTs with Simultaneously High
Values of /- and Fiax for Mixed Analog/Digital
Applications
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Mark J. Rodwell Senior Member, IEEE

Abstract—We report the design, fabrication, and measurement
of InAIAs/InGaAs heterostructure bipolar transistors (HBTS) de-
signed for high speed digital circuits. At 0.96 VV¢g the current v
gain cutoff frequency, f-, is 300 GHz and the maximum frequency -
of oscillation, fi,ax, is 235 GHz. This value off. is the highest re-
ported for bipolar transistors. At a slightly higher V¢ g bias, a high y
value of 295 GHz for f,- and f.,.x Were obtained simultaneously. b

Index Terms—HBTSs.
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. INTRODUCTION
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AST HBTs have become key components in digital com-

munication systems, direct digital frequency synthesizers,
and radar. ICs for these applications frequently combine digital
and analog subcircuits. While for analog applications the values
of f, and fy,.x are important, for digital circuits the base col-
lector capacitancé,.;, base-emitter junction capacitancg..,
current density, and. are the main parameters determining the
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base contact

.
w,

emitter
base contact

AlAs/InGaAs transferred-substrate HBTs have shown very high
current-gain and power-gain cutoff frequencies [1], [2]. In this
work, the HBT was designed for high-speed digital circuits while
maintaining a highf,,... for wide-band analog circuits. This was
achieved by adjustment of the collector to emitter stripe width
ratlc.)’.by using a thin collector drift layer'. "."”d by mtmduc.mg aln—i 1. Schematic top and side view of a transferred-substrate HBT.
additional process step to reduce parasitic layout capacitanCenfiyi,, are emitter length and width, respectively. is the alignment width
record 300 GHZ, witha corresponding 235 GHz,., was mea- tolerance between the collector and emitter stripes Bpdand L, are the
sured ata 1.5 mA/m? current density and 0.96 W . Simulta- alignment length tolerances between the collector and emitter stripes.
neously, a high value of 295 GHz f@y andf,,,.. was measured

ataslightly increaset- . Device speed is only slightly reducedPr€Ssion in which the time constar@s, AViegic /o, Ky C-,
at a high 2 mA&m? current density. and 7 are significant terms. Herg}., is the base collector

capacitancely the driving currentAVi., ;. the voltage swing,
Ry, the base resistanc€. the large-signal base-emitter capac-
itance, andr the forward delay. Using the dimensions defined
A detailed charge control delay analysis of emitter couplad Fig. 1, the delay term associated with, can be written as

logic (ECL) gates, similar to the one shown in [3], and applie@|lows:

to two-level series-gated ECL circuits [4], results in a delay ex AViogic . ) 2, ) L.+1, .
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Il. DEVICE DESIGN FORDIGITAL APPLICATIONS
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Fig. 2. Measured data and curve fitlof, and Mason’ Gain() at (a)VCE = 1V and (b)VCE = 0.96 V. Current density was 1.5 mAn?. Device mesa
dimensions: Emittet x 8 pm?, Collector2 x 8.5 pm?.

In this designd; was 0.4um and the base sheet resistance wa s H———t—— e L
800¢2/sq. The emitter mask stripe width was chosen to be 1. ] f (12mA)
pm corresponding to 1.0m junction width. AfterWg is deter- K
mined, the value of.z is determined from the required device ¥
operating current. e
High current density operation is essential for high-spee
logic [see (1)]. This is one of the reasons for the success of Si( u-hE
based digital circuits [5]. For a given value Bf. g, maximum
current density as limited by the Kirk effect is proportional to
1/dZ. [6]. For a device operating at the Kirk effect threshold, the
time constan{AViqg;. x Cep/Ic) is therefore, proportional
to de and is reduced by thinning the collector. The breakdow
voltage of the base-collector diode determines the minimui
value ofd-. This enhances the importance of wide bandgap
collector structures for digital design. ,FigF-.3- 2Dep$ﬂdenc”e o/tf,— andfmatxdon C,C:_IlectogBlr voltfg?f’ci/for tge dgvlicg
Reducing the value ofc also improves » because the col- :;A,'ﬁ?ﬁ]zl(a)' € collector current densiiies wete = 1 mAjpm= and 2.
lector delay is reduced. As shown below the collector delay is
the dominant delay term ingc = 1/(2n f;). The value ofi-
for the device presented here was 200 nm which supported cur-

rent densities of the order of 2 myh?. The values off;- and f,,,. were extracted using a single pole
approximation fit toho; and Mason’s gaini(), respectively.

The measured data and extrapolations/fer and I/ on two
different devices are shown in Fig. 2(a) and (b) ¥erz = 1V

The HBT layers were grown by molecular beam epitaxgnd Vg = 0.96 V, respectively. The current density for both
using Be for p-doping and Si for n-doping. The layer struegneasurements wak: = 1.5 mA/um?. The figures present data
ture consisted of & x 107 cm~2 n-type InAlAs emitter, from devices that demonstrate simultaneous 295 GHand
digital grading layers between emitter and base, a 30 nffp.x and arecord 300 GHE.. Fig. 3 shows the dependence of
p-type InGaAs base doped tbx 10'® cm™2 with a 2 kT  f, andf...x onVer measured at current densities of 1 m#a?
composite grading, and & x 10'® cm~2 n-type doped 200 and 1.5 mA/Lm? for the device shown in Fig. 2(a). The slight
nm InGaAs collector. The devices were fabricated using decrease of.- for high V- values is due to decreased electron
substrate-transferred process, as described in [7]. The emittelocity in the collector under high fields. At low g values
and collector dimensions were 1uPh x 8 um and 2m x 8.5  f..x IS relatively low due to the Kirk effect, which results in a
#m, respectively. high C., value.

The s-parameters of the devices were measured as a functiorfhese transistors have very loVogo. The BVepgo is
of bias. On wafer, line reflect line (LRL) calibration standardsomewhat higher at2.0 V at 2 mA/jum?; because of this,
were used for measuring theparameters up to 50 GHz. Thewe were able to build and test ECL 2:1 static frequency
use of the LRL method eliminates the necessity to de-embed theiders with these transistors. These dividers operated at a
input pad capacitance, a step that greatly affects the extraatealximum 53 GHz clock rate. Further thinning of the InGaAs
value of f.. collector region to achieve highgt would result inBVego
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|¢ Tcr = 1/(2r f,) are also shown in Fig. 4. The forward transit
Cpp =641F R 34500Q delay, 7r, contributed~74% of the total delayr(. ~ 285 fs,

B R,, =49Q C,, =3.71F c 7, ~90 fs) while the base—emitter junction capacitance,,

o J/\/\, T J_ ’ ) and the base collector capacitan€g,, contributed~14% and
==C, = ? D) 2.V ~12% of the total delay, respectively. When comparing these re-
I 01F | T 3300 sults to previously published data in [2], the higher valugf,of

- C,,,-ﬂ = C,= shown here is due to a thinner base, a reduction ofth&”.,

time constant, and the elimination of a parasitic base-to-ground

182fF 38 fF C,=37fF SR=430
| capacitance(;,,. The latter was achieved by inserting an ad-

& = &, SXP(—jOOT,) E

Cag = & ditional polyimide dielectric spacer layer into the process. The
g, =460 mS additional polyimide layer shown in Fig. 5 increases the spacing
T, =3956 C.lg,=8f% between the base contacts and the wide metal ground plane de-
1, =290% C,lg,=20% livered through the BCB via. Process constraints prevent the
R.C, =396 (R,+1/g,)C, <1B etching of narrow vias through the;/am thick BCB dielectric.

In order to further increase the value f and simultaneously
Fig. 4. Small signal equivalent circuit and delay terms at a bias point ghaintain highjf,,.., it is necessary to reduce the thickness of
Vep =1V, Jo = 1.5 mAjum?. the collector together with a lateral scaling of the device dimen-
sions. A wide bandgap InP collector layer might be necessary
collector contact in order to prevent the thin collector from breaking down at less
then 1.5 V bias.

collector depletion layer . . . .
base In conclusion, InAIAs/InGaAs HBTs with simultaneous high
o SO polyimids 1 bas_:’t °°”ta':1 t values off, and f,,.. were fabricated and tested. The resulting
2. emitter contaci i i i isS-
faacincts f- of 300 GHz is the highest ever reported for bipolar transis
polyimide 2 tors.
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