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Abstract— We report InP/InGaAs/InP double heterojunc-
tion bipolar transistors (DHBT) fabricated using a conven-
tional mesa structure. The devices employ a 14 nm highly
doped InGaAs base and a 60 nm InP collector containing
an InGaAs/InAlAs superlattice grade. Devices employing a
400 nm emitter exhibit a maximum f. = 660 GHz with a
218 GHz fy,4z — this is a record f for a DHBT. The devices
have been scaled vertically for reduced base and collector
electron transit times, and the base-collector mesa has been
further scaled to minimize the capacitance C., associated
with the base contact area. The peak current gain (5 =~ 95,
BVceo =25V, BVego = 2.7 V, and the devices operate in
excess of 30 mW/um?.

Index Terms—InP heterojunction bipolar transistor

I. INTRODUCTION

Amongst InP HBT manufacturers, efforts are now under
way both to obtain high circuit yield at > 10,000 devices
per IC and to simultaneously extend device and circuit
bandwidth, where the typical emitter junction width is
~ 500 nm. From geometric scaling theory [1], [2], the
key HBT scaling challenges for balanced increases to
frs fmaz, and digital logic speed are: making narrower
emitter and collector junctions, and reducing the emitter
and base Ohmic contact resistivity, while being able to
operate the device at higher current densities in the limit
expected by the Kirk effect J,,q, TgQ. At the 250 nm
emitter node, the scaling requisites include an emitter
and base p.e = 9 Q- um? and p.p = 10 Q - um?, a
collector to emitter area ratio A./A. = 2.4, and a Ja0
=9 mA/pm?. Recent modifications to the HBT process at
UCSB have allowed these scaling requisites to be satisfied
at the 250 nm node through the use of I-line lithography
and results employing a 150 nm collector have been
reported [3], having a simultaneous 420 GHz f;, 650 GHz
fmaxz- The work presented here looks to investigate the
challenges associated with vertical scaling for the 125 nm
and 62.5 nm emitter scaling nodes — where the effects
of epitaxial scaling on breakdown, current density, transit
time, and thermal resistance can be measured on HBTSs
with larger emitter dimensions, as was done here.

Prior to this work, the highest f, reported for an
InP DHBT was 544 GHz with an f,,., of 347 GHz,
having a 20 nm base and 75 nm collector [4], where
BVceo = 3.2 V and BVgopo = 3.4 V. Here we report
InGaAs/InP DHBTs having a 14 nm base and 60 nm
collector, exhibiting a peak 660 GHz f,, a record for a
DHBT, simultaneous with 218 GHz f,,,,, and breakdown
voltages BVocrpo = 2.5V, and BVgpo =27 V at J. .
=1 kA/cm2. In comparison, InGaAs collector InP SHBTSs
having a 20 nm base, 62.5 nm collector have demonstrated
604 GHz f; and 246 GHz f,,,4. [5]. Additionally, 12.5 nm
base, 55 nm collector InP SHBTs have demonstrated
710 GHz f, and 340 GHz f,,4. [6]. Both devices report a
breakdown voltage BVcgo = 1.7 V. The results reported
here provide evidence that at similar base and collector
thicknesses, type-1 InP DHBTSs (where base-collector grad-
ing is required) are continuing to demonstrate competitive
bandwidths in comparison to their InP SHBT counterpart,
while having significantly higher breakdown voltages and
maximum operating power density before failure.

II. DESIGN

The full Type-I InP DHBT layer structure is shown in
Table I, and the associated band diagrams [7] of the device
at an applied bias of V3. =095V, Vi, = 0.0 V for J, =
0, Jrirk, and 1.5-Jg;, are shown in figures la-c.

A base thickness of 14 nm was selected having a doping
grade of 10-7-10' ¢m™3:C that in-turn produces ~ 35-
40 meV of conduction band grading to establish a quasi-
field across the base. Assuming 100% carbon activation at
these doping levels employed across the base, an average
hole mobility p; = 36 cm?/V-sec is extracted from the
measured base sheet resistance.

Through the previous collector scaling generations of
UCSB InP DHBTs (from 200 nm down to 150, 120,
100, 75 nm), the InGaAs setback and InP layers were
progressively thinned — the InGaAs/InAlAs grade and InP
d-pulse doping were kept unchanged. In order to maintain
higher breakdown voltages and lower device self-heating at
similar bias conditions compared to InP SHBTSs, both the
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Simulated band-diagram: 60 nm collector, 14 nm base InP DHBT

Thickness,nm Material Doping, cm™ Description
10 Ing.g5Gag.15As 5.10% : Si Emitter cap
15 In;Gag_zAs 4-1019 :Si | Cap grading
10 Ing.53Gag 47As 4-1019 : Si Emitter cap
85 InP 3.109 : si Emitter cap
10 InP 1.2-10%8 : Si Emitter
30 InP 1.0- 1018 : Si Emitter
14 InGaAs 10 - 7-10'°: C Base
7.5 InGaAs 7.5-1016 : S Setback
18 InGaAs/InAlAs | 7.5-1016 :Si | B-C grade
3 InP 3.1018 : Si § - doping
315 InP 7.5-1016 : Si Collector
7.5 InP 1.0- 10 : Si | Subcollector
7.5 Ing.53Gag 47As 2.10% : Si Subcollector
300 InP 2-1019 : Si | Subcollector
— InP Semi-insulating Substrate

setback and grade were thinned for the DHBTSs reported
here. The setback was thinned to 7.5 nm and the grade was
thinned in the following manner: 1/4 of the superlattice
periods were removed, the InGaAs/InAlAs alloy ratios
adjusted for each period such that the alloy ratios of
the first and last periods were consistent with the thicker
24 nm grade, and the pulse doping appropriately increased.
From the Bandprof simulation of the HBT shown in
figure 1b, electrons entering the collector from the base
are accelerated by the ~ 230 meV of potential difference
across the conduction band of the setback layer before
entering the grade at a simulated current density J. =
14 mA/um? and V,; = 0.0 V. At higher simulated values
of J., the potential difference across the setback changes
little; however the field across the grade progressively
reverses (fig. 1c) and significant reductions in the electron
velocity in the collector is expected.

III. GROWTH AND FABRICATION

The epitaxial material was grown by IQE Inc. on a 3”
semi-insulating InP wafer and the HBTs were fabricated in
an all wet-etch, standard triple mesa process. All physical
features of the DHBT were defined by I-line projection
lithography. The narrowest emitter contact feature that
can be realized is 400 nm. The wet-etch of the emitter
semiconductor forms an undercut as small as 50 nm
per side, such that 300 nm wide emitter junctions and
smaller can be formed in this self-aligned base process.
The devices are passivated with and the wafer is pla-
narized in benzocyclobutene (BCB) to minimize device
leakage currents associated with semiconductor surface
states. BCB also provides a low-¢, spacer (¢, = 2.7,
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Fig. 3. Gummel characteristics

Tpcp = 1.6 um) between the device interconnects and
InP substrate to reduce spurious resonances in the RF
measurements through substrate mode coupling.

IV. MEASUREMENTS AND RESULTS

Standard transmission line measurements (TLM) show
the collector sheet resistance ps = 12.1 2 and Ohmic
contact resistance p. = 4.7 Q - pm?. TLM extraction of
the base Ohmic contact resistance produced values of p.
> 200 € - qu; however, the value of base resistance
Rypp, determined from RF parameter extraction suggests the
base p. is more likely 70 - um?. The emitter Ohmic
contact resistance from RF parameter extraction varies
between p. = 5.5 to 7.0 - pm?.

The common-emitter current-voltage and Gummel char-
acteristics are shown in figures 2 and 3, respectively The
DHBTSs have a peak current gain 5 = 95, and common-
emitter and common-base breakdown voltages BVogro =
2.5V and BVepo =27 V (at J. . = 1.0 kA/cm?). The

A= 040%7.0 um?
I =36.1mAV =115V
S5J =129 mAum’ V =01V f =218 GHz "
E ch max . N
0 T
10° 10" 10" 10"
Frequency (Hz)
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N
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Fig. 4. Measured microwave gains associated with peak 660 GHz f-
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Fig. 5.  Hybrid-7 equivalent circuit at the bias associated with peak
660 GHz f; from figure 4.

collector and base ideality factors are n. = 1.17 and n; =
1.82 respectively, and a low collector leakage current Iy,
< 500 pA (V,p offset = 0.3 V) is observed.

DC-67 GHz RF measurements were carried out af-
ter performing an off-wafer Line-Reflect-Reflect-Match
(LRRM) calibration on an Agilent ES361A PNA. An open
and short circuit pad structure identical to the one used
by the devices was measured after calibration in order to
de-embed their associated parasitics from the S-parameter
measurements. From an HBT having emitter dimensions
Aje=0.40 x 7.0 um?, a peak 660 GHz f, with a 218 GHz
fmaz (fig. 4) were determined from extrapolation through
a least-square-fit between the transfer functions

- Hsi pco
|Ha1(f)]" = 1+H21,DC'(f/fr)2 W
e Upc 2)

- 1+UDC : (f/fmam)2
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Fig. 6. Trend of f; and finae for various bias conditions. Aj. = 0.40
x 5.0 pm2, Ajc = 0.65 x 7.0 pm?.

to the measured microwave gains Ho; and U at measured
frequencies at a bias of I, =36.1 mA and V. =1.15V (V,
=0.1V,J. =129 mA/qu, Cep/I. =0.39 ps/V). A hybrid-
7 equivalent circuit (fig. 5) of this device was generated
from the measured S-parameters and device parameters
modeled at the bias associated with peak 660 GHz f,.
Table II details the variation of peak f. for different
emitter junction dimensions, and the variation of f; and
fmaxz With operating current density J. and base-collector
potential V,; are shown in figures 6a and 6b. Figure 7
shows the variation of C¢;, versus operating J. and Vi
for use in current mode logic (CML) circuit design.
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TABLE II
VARIATION OF PEAK fr ASSOCIATED WITH DIFFERENT EMITTER
DIMENSIONS. NOTE: FOR ALL DEVICES, THE COLLECTOR MESA
EXTENDS 150 NM PER SIDE OF THE EMITTER MESA.

Aje | - | e ] Ca/le | fmas |
0.40 x 2.0 580 15.1 0.62 249
0.40 x 3.0 600 13.5 0.54 228
0.40 x 5.0 643 14.5 0.39 230
0.40 x 7.0 660 12.9 0.39 218
0.40 x 9.0 618 13.9 0.45 186
0.30 x 5.0 634 15.2 0.47 259
0.35 x 5.0 629 12.9 0.48 238
045 x 5.0 654 13.9 0.38 220
045 x 7.0 657 12.8 0.37 201
0.30 x 2.0 539 14.9 0.73 294
0.55 x 5.0 641 13.2 0.36 196
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Fig. 7. Variation of Cy, with Vi and Je. Aje = 040 x 5.0 pum?,
Ajc =065 x 7.0 pm?.
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