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Abstract—Using substrate transfer processes, we have fab- mitters, modulation bandwidths can then be increased and
ricated heterojunction bipolar transistors with submicrometer  frequency agility improved.
emitter-base and collector-base junctions, minimizingRC' para- A 100-GHz clock rate IC technology would permit signif-

sitics and increasing fmax to 500 GHz. The process also provides . t ad in th f f h si | .
a microstrip wiring environment on a low-e¢,. dielectric substrate. ICant advances In the periormance of such signal conversion

First design iterations of emitter-coupled-logic master—slave flip- 1C’s. To permit clock rates exceeding 100 GHz, significant
flops exhibit 48 GHz maximum clock frequency when connected issues in transistor design, interconnects, packaging, and ther-

as static frequency dividers. Baseband amplifiers have been ma| design must be addressed. The transistor current gajn
demonstrated with bandwidths up to 85 GHz. and power gain(f..x) cutoff frequencies must be several
Index Terms—Baseband amplifier, heterojunction bipolar tran- hundred gigahertz. Wiring parasitics must be minimized. The

sistor (HBT), static frequency divider, substrate transfer. interconnects must have small inductance and capacitance
per unit length, and the wire lengths, and hence transistor
I. INTRODUCTION spacings, must be small. Given that fast HBT's operate at

~10> Alcm? current density, efficient heat sinking is then

PPLICATIONS—present and potential—for heterojuncéssential. To provide predictable performance, interconnects of

tion bipolar transistors (HBT's) include radio—frequenc%ore than a few ps length must have a controlled character-

(RE)/mlcrowave analog—gjlgltal conversion, microwave q're%tic impedance. To prevent circuit—circuit interaction through
digital frequency synthesis, and fiber-optic transmission in the

range of 40-120 Gbits/s, ground-circuit common Iegd |nduc'Fance (“ground loops”), the
o : A . . . IC technology must provide an integral ground plane for

The motivation for high circuit bandwidth varies with the . - R
round-return connection. Similarly, to prevent circuit—circuit

appllcatilon. In flber—opt|(? t.ra.msmlss[on, fast IC's W.'" qlrecuyi%]teraction between the IC’s input and output lines, common-
enable increased time-division-multiplexed transmission rat

N . . : ead inductance between the IC and package ground systems
complementing increases in channel capacity provided L
2 ; . ust be made vanishingly small.
wavelength-division multiplexing. For oversampléd—%.) . . o .
- : . . Competing technologies for 100-GHz logic include submi-
analog—digital converters, in-band quantization noise power : N .
decreases in proportion to the fifth power of the oversam “r(]:rometer SiGe (and Si) bipolar transistors [1], InP/InGaAs [2]
. prop POWE P InAIAS/InGaAs [4] HBT's, and InAIAs/InGaAs HEMT's.
ratio (second-order modulators). Very-high-speed IC technolo- . . . ;
. . L INAlAs/InGaAs high electron mobility transistors (HEMT'S)
gies offer the potential ofA—>> analog-to-digital converters

(ADC's) with clock frequencies in the tens of gigahertzhave extremely high bandwidths (200-300 GFiz 300-500

- . . a . Hz f...x) and have been used in quasi-dynamic IC’s operat-
providing high dynamic range—and large instantaneous bar%g above 50 GHz [3]. Yet, circuit design is more difficult with

idth—over radio frequencies and lower microwave frequell? e .
w M ! quenci W erowav au GaAs/InAlAs HEMT's (level shifting due to the negative

cies. In direct digital frequency synthesis, increases in logj | logi ina due to the | 7 o). Due to dif
IC clock rates and digital-to-analog-converter bandwidths wi/|&%’ arge logic swing due 1o the |0y, / L. ratio). Due to dif-

result in increased synthesizer bandwidth. Used in radar tral ggltles with 0-174“ I|thog.raph)( and gate recess etch cc,JntroI,
present scales of integration with InAlAs/InGaAs HEMT's are

well below the~3000 demonstrated with InP-based HBT's
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« Collector capacitance reduces with scaling: Cop =W,

. . . . Fig. 2. Band diagram, under bias, of a typical device.
« Bandwidth increases rapidly with scaling: f,.. = /W,

Fig. 1. Scaling of transferred-substrate and triple-mesa HBT's. W. andW, progressively reducek,,;,C.;,, and f,,.x increases
rapidly with scaling (Fig. 1). With lateral scaling along,.x

Wide-band HBT's are also needed in the gain blocks féfould approach 1 THz as dimensions are scaledd ,m.
these mixed-signal IC’s and RF/microwave circuitry. We haveubsequently thinning the _base and coIIt_actor layers increases
also designed and tested simple broadband amplifiers as a first the expense ofu... Simultaneous high values for both
step in the development of these larger systems. These ghin@Nd /max are thus obtained.
blocks will be converted to differential form and automatic
gain control added to produce a gain stage for a fiber receiver, I1l. GROWTH AND FABRICATION
while differential versions of these amplifiers with capacitive

Fig. 2 sh h i i ith ical
feedback will be used as the integrators in delta—sigma ADC; 'g. 2 shows the band diagram associated with a typica

transferred-substrate HBT layer structure. The InGaAs base is
nominally 400-50QA thick, has kT—2kT bandgap grading,

Il. TRANSFERREDSUBSTRATE HBT'S and is Be-doped at 5 10'%/cm?. The InGaAs collector has
Transferred-substrate HBT IC's [5] offer high transistoR000—30004 thickness. A collector N pulse-doped layer
bandwidth, low wiring capacitance, and low wiring inductancelaced 400A from the base delays the onset of base pushout at
In this process, a substrate transfer step permits two-stiigh collector current densities. Devices typically use Schottky

processing of the device epitaxial layers, allowing definition allector contacts [8], although HBT’s with-N subcollector
a transistor with narrow and aligned emitter-base and collecttayers (ohmic-collector devices) have also been fabricated.
base junctions. While ohmic-collector devices have nonzero collector series
In HBT'’s, f, is primarily determined by the base transitesistance, and hence lowgr.. [6], the 0.2-V barrier present
time 73, the collector transit time.., and the emitter charging in the Schottky-collector device increases the required
time Cj.(kT/ql.). Increases inf, are obtained by thinning to suppress base pushout at high current densities. Ohmic-
the collector, by thinning and grading the base, and lopllector devices thus show highef,,.. under the low-
increasing the emitter current density. Unfortunately, thinning.. conditions associated with current-mode logic (CML).
the base and collector epitaxial layers increases the collecBmhottky-collector devices are used for emitter-coupled logic
capacitanceCy, and the base resistanch®y,;,, decreasing (ECL), where the operatingf,. is higher.
Smax = (fT/87erchbi)1/2. The base-collector junction is Fig. 3 shows the process flow. Standard fabrication
a distributed network andzy,,C.,; represents an effective,processes [4] define the emitter-base junction, the base
weighted time constant [6For a fixed emitter stripe length, mesa, polyimide planarization, and the emitter contacts.
decreasing the width’. of the emitter-base junction decrease$he substrate transfer process commences with deposition of
the base spreading resistance but does not decrease the th@s®ECVD SiN, insulator layer and the benzocyclobutene
contact resistance. Scalif. reducesy,;, toward a minimum (BCB) transmission-line dielectric (bm thickness). Thermal
set by the contacts. Decreasing the width of the base-collecamd electrical vias are etched in the BCB. The wafer is
junction W, decrease<’y,. electroplated to metalize the vias and to form the ground plane.
In normal double-mesa HBT's (Fig. 1), the collector-basBubsequently, the wafer is indium-bonded to a GaAs carrier
junction and base ohmic contact are defined in a single proceabstrate and the InP substrate removed in HCIl. Schottky
step. The ohmic contacts must be at least one contact transfa@tectors are then deposited, completing the process.
length, setting a minimum collector junction width and a In the collector deposition step, collectors must be aligned
minimum collector capacitanc&;,,C;, has a minimum value, to the HBT emitter stripe. Prior to substrate transfer, the
independent of lithographic limits, anfl,. does not improve alignment marks are metal features (formed during the emitter
with scaling. In the transferred-substrate device, the collectmetal deposition) lying on the surface of the semiconductor
width need only be larger than the emitter width. Reducingubstrate. During substrate transfer, these marks are first
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Fig. 4. Transferred-substrate HBT defined by contact lithography.
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400 GHz. Fig. 5 shows HBT emitter-base and collector-base
junctions defined by electron-beam lithography. Submicrome-
ter devices fabricated by E-beam lithography (Fig. 6) exhibit
500 GHz f,..x [9]. Neither contact lithography nor electron-
beam lithography is suitable for fabrication of large IC's. We

carrier substrate have recently fabricated HBT IC’s using a Q& projection
' lithography system and have obtained microwave gains (and
Fig. 3. Transferred-substrate HBT process flow. fmax) Significantly higher than that shown in Fig. 6.

In determining the transistor power-gain cutoff frequency

enveloped by the BCB and subsequently exposed durifigax, We have extrapolated at20 dB/decade using Mason’s
substrate removal. The alignment marks are thus visible on fR¥ariant (unilateral) power gai/’ [10]. I/ does not vary if
wafer surface during collector lithography. The IC's reporteﬂﬂe transistor is embedded in a lossless reciprocal network. For
here were fabricated on quarters of 2-in-diameter wafers. Mdfds reason{/, and hencef,.x determined from extrapolation

recently, transferred-substrate IC’s have been fabricated on RAIU, is rigorously independent of the extraction of transistor
2-in wafers. pad parasitics. Further/ is independent of the transistor

In addition to HBT's with narrow emitter and collectorconfiguration (common base versus common emitter). Other

stripes, the process provides thermal vias for HBT heatsinkirg@mmonly quoted power gains include the maximum available
NiCr resistors, SiN, MIM capacitors, and microstrip wiring Power gain (MAG), relevant for those frequencies where the
on ae, = 2.7 dielectric with vias, ground plane, and thredlevice is unconditionally stable, and the maximum stable
levels of interconnects. To tolerate high power densitieBOwWer gain (MSG), relevant for those frequencies where
the NiCr resistors must have thermal vias, which results {Re device is potentially unstable. As only one of these
significant parasitic capacitance. Pullup resistors in ECL d¢0 gains is relevant at any particular frequency, MAG and
not require the thermal via. MSG are commonly plotted as a single function of frequency
A significant missing feature is in packaging. In the presefMAG/MSG).

process, the microstrip ground plane is isolated from the waferUsing a hybrids equivalent-circuit model with typical HBT
back surface by the GaAs transfer substrate, increasing therRfiameters [Fig. 7(a)], Fig. 7(b) plots MAG, MSG, and Ma-
resistance and preventing low-inductance connections betw&8R'S gainl/ in common-emitter, common-base, and common-
the IC and package ground. A modified process with a fu|5pllect0r configurations, as computed using a microwave cir-
metallic electroplated copper substrate is in development [#}it simulator. It is evident that MAG and MSG are strongly
This will provide highly effective heatsinking (395 W/M for ~dependent upon the transistor configuration. Although not
Cu versus 74 for InP) and, with a package-IC ground interfaéBown in Fig. 7, MAG and MSG are also dependent upon

over the full IC back surface, very low package-chip grounifose transistor pad parasitics that create parasitic feedback
inductance. (source/emitter inductance, parasitic capacitance between input

and output pads). As required by circuit theory, MAG, MSG,
and U, independent of transistor configuration, all reach 0
IV. DEVICE PERFORMANCE dB at a single and unique power-gain cutoff frequerfgys.
Devices have been fabricated using contact lithography Rdr a transistor well characterized by a hybridnodel, the
1-24.m resolution, using a 0.pm stepper and electron-beamvariation of I/ with frequency conforms very closely to-a20
lithography. Fig. 4 shows a device with a 0.6 by®? emitter dB/decade slope, while MAG and MSG show no particular
and a 1.6 by 12:m? collector. In this device, the base ohmidixed variation with frequency.
contacts are 4um wide on either side of the emitter stripe. In characterizing a transistor whogg,,. exceeds that of
The device exhibits 215 GHz pegk, and peakf,... above the available instrumentation, extrapolation of MAG or MSG
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ness and had Schottky collector contacts. Devices in the CML
dividers were of 2000 collector thickness and had ohmic
contacts to a 1008-thick, 1 - 10*%/cm? Si-doped subcollector
for improved performance at low,. bias. The differential
logic swing is 600 mV. The collector pullup resistors are
50 ©2; hence the divider outputs directly drive $D-output
lines without buffering. Circuit design is entirely standard.
The CML divider uses series-gated master and slave latches.
Emitter-follower buffers are added to the CML clock and data
ports to form the ECL divider. The IC’s are shown in Fig. 8.
Measurement results are shown in Figs. 9 and 10. The
@ (b) CML and ECL static frequency dividers operated at maximum
Fig. 5. E-beam HBT: (a) test structure with 0.4 emitter-base junction clock frequencies of 47 and 48 GHz. The circuits dissipate
and (b) 0.4«m Schottky collector stripe. 380 mW (ECL) or 75 mW (CML) from a-5-V supply and
have pad-limited 0.6x 0.6 mn? die areas. The peak ECL
. 10 clock speed of 70 GHz predicted from SPICE simulation (in
which efforts were made to model all significant device and
L8 interconnect parasitics) does not correlate with the measured
48 GHz. We suspect that this discrepancy arises from strong
emitter-follower gain peaking at 50 GHz. We have observed
very strong~50-GHz gain peaking—inconsistent with SPICE
simulation—in resistive feedback amplifiers [12], [13] and
S P have suppressed it with shunt resistive loading at the emitter-
1 K_}s_'g_“‘r"ze”‘ follower output, as shown in the next section. Design studies
 e— —t Lo now in progress suggest the feasibility of 100-GHz clock
10 Frequen:;"’GHz rates with the present HBT's, but the device models—and the
circuits—remain to be validated.

Mason's Gain, U

Gains, dB

M 405084 Anqers

Tt =500 GHz
L

Fig. 6. W-band gains of device with a 0x4 25 ym? emitter and a 1.0«
29 um? collector.

VI. AMPLIFIER DESIGN AND RESULTS

at —20 dB/decade will result in an extrapolat¢l.x whose 1,4 resistive feedback amplifiers have been fabricated. The
value depends upon the highest frequency of measuremgpls i 5 simple Darlington feedback amplifier. The second is

v d_oes no_t su_ffer from thls difficulty. In mlcr_owa}/e m_rcuna mirror doubler amplifier [15] driven by an emitter follower.
design, a circuit power gain equal to the transistor’s umlatergbth amplifiers were fabricated on material with a 2000-

gainU is obtained by the combination of impedance matchirmick, Schottky contacted collector for high (250 GHz).
and unilateralization through the addition of lossless reactiveA circuit diagram for the Darlington feedback amplifier

feedback. Without unilateralization, the maximum gain i& <hown in Fig. 11. A chip photo is shown in Fig. 12.
constrained by the MAG/MSG. With HBT's, this is generallyProvision is made for independent biasing of the collector

highest in common-base mode. of Q1, requiring a third pad. The area of the chip is then

Device scaling also reduces dc current gain and breakdowgd limited at 0.52x 0.43 mn?. or 0.224 mrd. Simulated
voltage. Base current in narrow-emitter INAIAs/InGaAs HBT'S a1ues of dc gain and 3-dB b:;mdwidth are 15.2 dB and 52

is predominantly due to conduction on the exposed INGafg, respectively. The radial stub bypass capacitors have a

base surface between _the emltter mesa an_d the base o |‘ﬁulated) capacitance of 300 fF. Tuning inductors and shunt
contaf:t.ﬁ .decreases with emitter Wldth. bu'F increases as thesistors to ground are used on input and output to reduce
base is thinned, as base bandgap grading is increased, and@i tion loss and increase bandwidth. The feedback path
the expense of;..x) as the emitter-base spacing is increasedqists of 4 350 resistor in series with a small inductance.
B > 50 has been obtained with Ou2n emitters. The 2508 A hermal via is provided on each device, which on the
InGaAs collectors have very low breakdown, 1.5 V- BY  jnt device represents a small but not negligible parasitic

5 9 .
2V BVa,o at 1-2- 10° Alem” current density Clearly, InP capacitance from the emitter to ground. This capacitance arises

collectors should be used for highly scaled devices. from the overlap of the M1 to the grounded M2 through the
SiN dielectric.
V. DIGITAL IC DEMONSTRATION Figs. 13 and 14 show a circuit diagram and chip photo of the

As first digital IC’'s demonstrations, we fabricated ECLmirror doubler amplifier. A third pad is also used in this design
and CML master—slave D flip-flops, configured as 2:1 statio provide independent collector bias of the emitter follower,
frequency dividers [11]. Circuits were fabricated using contaotsulting in the chip area of 0.224 mnSimulated dc gain and
lithography, producing devices with 06 8 ;:m? emitters and 3-dB bandwidth are 7.5 dB and 94 GHz. Tuning inductors are
1.6 x 12 um? collectors. The devices operate at 1.25 paA?.  also used in this design, as well as a shunt resistor to ground on
Devices in the ECL dividers were of 3000 collector thick- the output. The diode Q4 is for dc-level shifting, to maintain
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Fig. 9. CML static frequency divider output for 47-GHz input.
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Fig. 13. Circuit diagram of mirror doubler.
Fig. 10. ECL static divider output for 48- and 43-GHz inputs.
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Fig. 11. Circuit diagram of Darlington amplifier. Line section characteristic
impedance and electrical length as indicated. Fig. 14. Chip photo of mirror doubler amplifier.
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Fig. 15. Measured' parameters of the Darlington amplifier.

by a current mirror bias source. As this resistance in the
Fig. 12. Chip photo of Darlington amplifier. amplifiers reported here provides shunt stabilization of the
emitter follower, in the redesigned amplifiers the current mirror
the V.. of Q5 near the region of peak RF performance. THeias source is bypassed at high frequencies by a séés
feedback path consists of a 18D+esistor in series with a network.
small inductance. The amplifiers were measured on wafer from 0.5 to 50 GHz
In second-generation designs now in fabrication, the emitt@nd from 75 to 110 GHzS-parameters versus frequency are
degeneration resistance of the emitter follower is replacetbtted in Figs. 15 and 16 for the Darlington amplifier and
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Fig. 16. Measured’ parameters of the mirror doubler amplifier.

8]
the mirror doubler amplifier, respectively. The dc gain of the
Darlington amplifier is close to simulation at 15.6 dB, with a
3-dB bandwidth that is greater than 50 GHz. The gain peaks &l
16.0 dB and falls to 14.9 dB at 50 GHz. At 75 GHz, the gain
has fallen to 8.8 dB, preventing precise determination of the
3-dB bandwidth.S5» remains below-13 dB from dc—50 GHz, [10]
but S, rises to—4.5 dB at 50 GHz. Amplifier designs wereyq
based upon device models from previously processed wafers.
The device characteristics and the BCB dielectric thickness
have evolved since that time. In this case, the input tuning;
network is not appropriate for the input impedance of the
realized device. The power dissipation is 36.3 mW.

The dc gain of the mirror doubler amplifier is 6.8 dB. Thei3)
gain steadily rises with frequency until at least 50 GHz, where
it reaches 9.5 dB. The frequency at which the gain has dropqggj
to 3 dB below the dc gain is 85 GH#;; rises to—3.5 dB at
W-band, andS,, rises to—6 dB. This is again due to improper
device modeling during circuit design. The power dissipatio[q5]
is 24.2 mW.

VII. CONCLUSION

Digital IC’s of 100 GHz require a high-bandwidth transistor,
low-parasitic interconnects, and effective heatsinking. Usir
substrate-transfer processes, HBT's can be fabricated w
highly scaled lithographic and epitaxial dimensions, givin
both high f, and high f,... Initial designs yielded 48-
GHz digital I1C’s [11] and 50-85-GHz amplifiers [12]-[14].
With further scaling and improved circuit design, 100-GH

flip-flops and baseband amplifiers, promising significant per-
formance improvements over the results reported here. This is
due to improvements in the circuit design as well as reduced
transistor critical dimensions resulting from the incorporatic
of a projection lithography system into the process. The
IC’s are still undergoing testing, and results will be reporte
subsequently.
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