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InGaAs—InP DHBT:s for Increased Digital IC
Bandwidth Having a 391-GHz f; and 505-GHz fax

Z. Griffith, M. Dahlstrém, M. J. W. Rodwell, Fellow, IEEE, X.-M. Fang, D. Lubyshev, Y. Wu, J. M. Fastenau, and
W. K. Liu, Senior, IEEE

Abstract—InP-Ing 53 Gag 47As—InP  double heterojunction
bipolar transistors (DHBT) have been designed for use in high
bandwidth digital and analog circuits, and fabricated using a
conventional mesa structure. These devices exhibit a maximum
391-GHz f, and 505-GHz f,,,ax, which is the highest f, reported
for an InP DHBT—as well as the highest simultaneous f, and
fmax for any mesa HBT. The devices have been aggressively
scaled laterally for reduced base—collector capacitance C.p. In
addition, the base sheet resistance p, along with the base and
emitter contact resistivities p. have been lowered. The dc current
gain B is ~36 and Vgr,ceo = 5.1 V. The devices reported
here employ a 30-nm highly doped InGaAs base, and a 150-nm
collector containing an InGaAs-InAlAs superlattice grade at the
base—collector junction. From this device design we also report
a 142-GHz static frequency divider (a digital figure of merit for
a device technology) fabricated on the same wafer. The divider
operation is fully static, operating from f.;x, = 3 to 142.0 GHz
while dissipating =~ 800 mW of power in the circuit core. The
circuit employs single-buffered emitter coupled logic (ECL) and
inductive peaking. A microstrip wiring environment is employed
for high interconnect density, and to minimize loss and impedance
mismatch at frequencies >100 GHz.

Index Terms—Heterojunction bipolar transistor (HBT).

1. INTRODUCTION

EVELOPMENT of digital logic and mixed-signal sys-

tems operating at higher clock speeds and bandwidth
require continued improvement in transistor performance [1],
[2]. Target heterojunction bipolar transistor (HBT) specifi-
cations for 160 Gb/s systems include an f, and fy,.x higher
than 440 GHz, a breakdown voltage exceeding 3 V, operating
current density greater than 10 mA/um? at a base—collector
voltage V., = 0.0 V, and low base—collector capacitance
(Cen/I. < 0.5 ps/V) [3]. When designing an HBT for use in
emitter coupled logic (ECL), it should be done with emphasis
on minimizing the major delay term 7 = Co,AViggic/ I,
where AViggie = 300 mV for ECL. If the operating point for
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these devices can be maintained at the Kirk threshold current
density Jkjx for the respective V., (the bias for which the
electric field at the base—collector junction becomes zero),
the delay Cc, AViggic/I. scales proportionally to the collector
thickness, T.. To increase digital circuit speed, the collector
must be thinned, but as Jkix o Tc’z, the collector should
not be thinned to where the voltage drop on the emitter par-
asitic resistance AVparasitic = Lo - Rex & Jxirk - pe o< T2
becomes a significant portion of AV,.i.. Recently fabricated
state-of-the-art InP DHBTSs with a 150-nm collector used in dig-
ital benchmark circuits [4] have an emitter p. ~ 20 - yum? and
operate at J, ~ 6 mA/um2—pr0ducing a AVparasitic = 120
mV. As the collector is thinned to 100 nm, Jk; will increase
to >10 mA/um? and without reductions to Pe,AVparasitic Will
be >200 mV—a considerable fraction of AVjyg;c, and circuit
bandwidth will suffer. By simultaneously thinning the collector
and reducing the emitter contact resistance p., device and
circuit bandwidth will increase.

In addition to vertical scaling of the collector thickness, lat-
eral scaling of the base and collector junctions is necessary to
reduce delays associated with Ry, and C.y,. For our mesa HBT
process, this scaling is limited by alignment registration toler-
ance and by the ohmic transfer length Ly of the base contact.
The minimum base contact width Wg feasible in our labora-
tory is 0.3 pm based on typical base contact resistivity and col-
lector undercut. Scaling W any further than this will increase
Rubycont X coth(Wpg /L) at a rate greater than the reduction of
C., < Wpg, and the device and circuit performance overall will
be poorer.

Prior to this letter, the highest f, reported for an InP DHBT
was 370 GHz with an f,,x of 459 GHz [5], having a 30-nm
base and 150-nm collector. The highest reported f.x for a
mesa HBT is 519 GHz, with a 252 GHz f; [6], having a 40-nm
base and 150-nm collector. Here we report a 391-GHz f, and
505-GHz fiax InP DHBT—the highest f, reported for such a
device.

II. DESIGN, GROWTH, AND FABRICATION

The epitaxial material was grown by commercial vendor IQE
Inc. on a 3-in SI-InP wafer and the HBTs were fabricated in
an all wet etch, standard triple mesa process. The device layer
structure is similar to that reported in [7] and details of the base
and collector design are given in [8]. The improvements in the
device design here compared to [5] include the use of an indium
rich InGaAs emitter cap doped at 3 - 10!? cm~2 for reduced
emitter contact resistance, and slightly reduced base doping
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Fig. 1. Schematic of static frequency divider with design details—including
the values of circuit load resistance IR, peaking inductance Leax, and the
emitter junction areas Aje.

combined with the use of benzocyclobutene (compared to poly-
imide for [5], [8]) for device passivation to increase dc current
gain 3. This lighter doping also brings with it an increased hole
mobility p,, producing an overall increased doping-mobility
product and, hence, lower base sheet resistance—pu, ~ 52
and 61 cm?/V- s for a 8 - 101% — 5 - 10'° cm™3 [5], [8] and
7-101 — 4.10" cm~2 doping grade, respectively.

The static frequency divider is a master-slave flip-flop with
the output cross-coupled to the input to generate f./2 fre-
quency division of the clock source (Fig. 1). The divider de-
sign techniques are similar to those reported in [4], with de-
tails provided in Fig. 1. Thin-film dielectric microstrip wiring is
employed by the RF device test structures and circuit intercon-
nects for its predictable characteristics, controlled impedance,
and reduced line coupling at very high frequencies within dense
mixed-signal ICs. This is realized by placing 3.5 pum of ben-
zocyclobutene (BCB) above the signal interconnects (M1) and
using the top-most interconnect layer (M3) as a large ground
plane.

III. RESULTS

Standard transmission line measurements (TLM) show
the base p, ~ 564 Q and p. ~ 9.6 Q - um?, and the
collector p, =~ 11.9 Q and p. =~ 54 Q - pm?. Scan-
ning electron microscope images of the TLMs were taken
to account for variance between the photomask and fab-
ricated spacings to ensure accurate extraction of ps and
pe. The emitter p. was determined from RF parameter ex-
traction (Re(Y12)™! = Rex + Run/B + (NKT)/(ql.) and
~ 10.1 Q- pm?. This emitter p. is consistent with other devices
on the wafer with varying emitter dimensions. The HBTs have
B ~ 36, a common-emitter breakdown voltage Ver,cro = 5.1
V (at I. = 50 pA), and a collector leakage current /., = 108
PA (at Vb ofset = 0.3 V). A plot of the common-emitter
current—voltage (/-V) and Gummel characteristics are shown
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Fig. 2. Common-emitter /-V characteristics and Gummel characteristics.
Device junction dimensions A;. = 0.6 X 4.25 pm?, Ajc = 1.3 X 6.5 pm?.
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Fig. 3. Measured microwave gains.

in Fig. 2. DC-50 GHz RF measurements were carried out
after performing an off wafer line-reflect-reflect-match cali-
bration on an Agilent 8510 XF network analyzer. An on-wafer
open circuit pad structure identical to the one used by the
devices was measured after calibration in order to de-embed
this associated capacitance from the device measurements.
A maximum 391-GHz f, and 505-GHz f..x (Fig. 3) at
I.=131mAand Vee = 1.54 V (Vop, = 060V, J. = 5.17
mA/um?, C, /1. = 0.51 ps/V) was determined from |Ho|
and Mason’s unilateral gain |U|—extrapolated at —20 dB/dec
using a single-pole fit to the small-signal hybrid-m equivalent
circuit (Fig. 4) for the device. This device has a 0.6 x 4.25 pm?
emitter semiconductor junction area Aj. and a 0.3 ym wide
base contact width —1.3 pum base mesa width, and collector
to emitter mesa width ratio W./W, = 2.17. Note that the
Cepbi/Cepx ratio of the model is smaller than expected from
geometry [9], [3] an effect which may be due in part to capaci-
tance cancellation [10], [11], [3]. Peak f; and fi,ax is between
J. = 5.0-5.5 mA/um? at Vg, = 0.6 V for different HBTs on
the wafer.

Divide by two measurements for clock frequencies ranging
from 3 to 142.0 GHz were performed without the use of an
input clock driver to the divider core. Because of this, an offset
voltage Vogset = —0.6 V at all clock input devices is required
to maintain their V, reverse biased while the clock signal is ap-
plied. All measurements took place without any surface cooling
and with the wafer chuck temperature at 25 °C. The divider was
clocked as low as 3 GHz (P.x ~ 13 dBm) to demonstrate that
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Fig. 5. Divider output spectrum at 71 GHz, foax = 142 GHz. The

measurement includes 17 dB of attenuation; not corrected in the output
spectrum.

it is fully static. For measurements at 142 GHz, the synthesizer
signal is quadrupled using a Virginia Diode (VDI) doubler chain
with the output amplified and delivered on-wafer with a WR-05
wafer probe. The output spectrum of the divide by two operating
at 142 GHz is shown in Fig. 5, and the signal drive power at
the probe tip is =12 dBm. Sensitivity measurements were per-
formed and the self-oscillation frequency is =~ 84 GHz. Most
HBTs in the circuit are biased closely t0 Jxirk = Jdesign fOr a
minimum Cb,}, /1. ratio [3], however, because the devices at the
data level (Fig. 1, Q1, Q2) are biased at ;s >> Ikjk due to
a lower fabricated sheet resistance than designed for the biasing
1esiStors (Psheet, fab = 40 € VErsus psheet, design = 90 ), cir-
cuit performance suffers compared to [4] and [12].
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