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Abstract—We examine the potential design and performance of
100-300 GHz wireless communications systems, examine the
required transistors performance, and describe our present efforts to
develop InP bipolar and field-effect transistors to serve in the
transmitters and receivers of such systems .
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I. INTRODUCTION

Communication by radio is growing rapidly worldwide,
exhausting the allocated 4G radio spectrum. In response,
industry is introducing 5G wireless systems, these using
carriers at sub-6, 28, 38, 57-71(WiGig), and 71-86GHz, though
most deployments are still at the lower frequencies. Longer-
range resecarch now explores next-generation systems, these
potentially using 100-300GHz carrier frequencies. For these,
the large potential channel bandwidth permits very high data
rates per signal beam, while the short wavelengths permit the
use of compact multi-beam (MIMO) phased arrays supporting
many simultaneous independent signal beams, each carrying
independent information. Such massive spatial multiplexing
can further greatly increase the transmission capacity of short-
range wireless hubs and backhaul communications links.
Aggregate capacities can approach or even exceed 1Tb/s. Here
we will consider the transistors and integrated circuits required
for such systems.

II. 100-300GHZ WIRELESS SYSTEMS

Consider two application examples [1, 2]: a wireless
communications hub (base station) serving many mobile users,
and a spatially multiplexed point-point backhaul link,
connecting such hubs to the internet.

Figure 1 shows a 140GHz spatially multiplexed hub,
supporting 16 users per array face. Each array has 32 antennas,
but is only 41mm long. If we assume that the hub's power
amplifiers each provide 125mW at the 1dB gain compression
point, that the handset has a lcm? array (8x8 at A/2 spacing)
and has 8dB noise figure, that it is raining S0mm/hr., and that
the signaling is QPSK modulation at 10~ uncoded error rate,
then the hub can provide each user with 10Gb/s data rate at
40m range, even with 17dB total safety margins for partial
beam blockage, equipment aging, and manufacturing
variations. The net transmission capacity is 160Gb/s per array
face. A longer 256-clement array having otherwise the same
parameters could provide 10Gb/s per user to 128 users over
100m range; the net capacity is then 1.3Tb/s.
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Figure 2 shows a spatially multiplexed backhaul link. N
transmitters, carrying independent data, form an array of length
L. The receiver, at distance R, has a similar array but uses
MIMO [3] beamforming. If the array angular resolution A/L is
smaller than the element apparent angular separation L/NR,
then the signals can recovered without channel-channel
crosstalk degrading the SNR. Link capacity is increased N:1.
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Figure 1: Spatially multiplexed network 140GHz picocell hub. The
hub has 2 faces, each a 32-element MIMO array, each providing up
to 16 independent signal beams. At 40m range, 10Gb/s transmission
per beam is feasible with large operating margins.
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Figure 2: Spatially multiplexed wireless backhaul link, using linear
transmitter and receiver arrays, with each element being a 4x4
subarray

Short wavelengths are of great advantage, as a short array
can then carry many channels; at 500m range, an 8-clement
array must be 2.1m long at 210GHz, 2.6m at 140GHz, and
3.5m at 75GHz. At 210GHz, if each array element is an 8x8
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subarray of 70 by 7A elements (for small beam angle
adjustment) then, with 20 dB total margins, QPSK at 1073
uncoded error rate, and 6dB receiver noise figure, transmitting
640Gb/s over 500m range in 50mm/hr. rain requires only 63
mW/element output power at the 1dB gain compression point.

A

Figure 3: Representative 100-300GHz ICs, including power
amplifiers at (a) 131GHz with 200mW power and 17.8% PAE, (b)
194GHz with 55mW power and 8.5% PAE, and (c) 266GHz with
48mW power and 4% PAE, (d) a 200GHz transmitter with 34mW
output power, (¢) a 200GHz receiver with 7.7-9.3dB noise figure, and
an as-yet-untested prototype of a 140GHz 8-channel MIMO
transmitter, with CMOS frequency conversion ICs and InP power
amplifiers, designed for the system of figure 1.

III. HIGH-FREQUENCY TRANSISTOR & IC TECHNOLOGIES

These and similar systems will drive high-frequency
transistor development. The baseband beamforming, which
recent work [4.5] suggests might be feasible by digital
processing, is performed in a central module by CMOS VLSIL
The RF front end ICs are mounted at regular spacings within
the array; these convert the low-frequency information streams
to the carrier frequency, and will use come combination of
CMOS, SiGe, and ITI-V (InP, GaAs and GaN) technologies.

CMOS works well at 140-150GHz, providing low receiver
noise and moderate output power [6,7], but receiver noise and
power amplifier output power and efficiency degrade sharply
at higher frequencies [8]. Best CMOS performance at 100-
200GHz is reported for the 65nm through 32nm nodes, not for
more highly scaled technologies. Longer-range ~150GHz
wireless links can use CMOS with external I1I-V or SiGe
power amplifiers for increased output power, and can also use
InP HEMT or GaAs PHEMT or MHEMT low-noise amplifiers
for better receiver sensitivity. For systems having >200GHz
carrier frequencies, though CMOS can still be used for
frequency conversion [9,10], for best IC performance, and to
reduce the number of high-frequency IC-IC connections, it is
attractive to build the entire RF front end from III-V or SiGe
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technologies. Figure 3 shows some representative ICs [11, 12,
13, 14]

Because scaling CMOS VLSI below 32nm has not
improved its performance in 100-300GHz wireless systems,
progress in high-frequency wireless systems requires
development of application specific mm-wave IC technologies,
including SiGe HBT [15], GaN HEMT [16, 17], GaAs/InGaAs
PHEMT [18], InP HBT [19,20], InP HEMT [21] and mm-
wave optimized CMOS [22.,23]. We will focus below on our
own work, InP HBTs and MOS-HEMTs. Before doing so, we
first consider performance objectives in developing a high-
frequency IC technology.
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Figure 4: Impedance and current limits to power in mm-wave
amplifiers. (a) Multi-finger FET and (b) multi-finger HBT power
transistor cell layouts. Shifts in the impedance presented to the
transistor limit the maximum cell width, while gate and base metal
resistance limit the FET gate width /7y and the emitter finger length
Le.

IV. TRANSISTOR AND IC TECHNOLOGY REQUIREMENTS

While fm, the transistor power-gain cutoff frequency, is
the maximum usable frequency, and while Singhakowinta [24]
derived the maximum gain obtainable in an unconditionally
stable amplifier, practical amplifiers are rarely designed for
maximum gain. Instead, receivers are designed for minimum
cascaded noise figure, while transmitters are designed for
maximum output power and maximum power-added efficiency
(PAE). Regardless of circuit configuration, the cascaded noise
figure of an amplifier cannot be less [25] than (A7+1), where M/
is the transistor minimum noise measure. We can similarly
show [26] that, if the load impedance is kept constant, the
relationship between added power (Pouw-Pin) and power-added
efficiency (PAE) of a transistor does not change if it is
embedded into an arbitrary lossless circuit. Though more
difficult to measure than cutoff frequencies, the variation with
frequency of noise measure, A, for transistors used in low-
noise amplifiers, and peak PAE and added power density (in
W/mm), for transistors used in power amplifiers, are therefore
key transistor figures of merit.

The Johnson (voltage) figure-of-merit is not the only limit
to output power; there is also a current limit. Transistors have
some maximum output current per finger length (gate width or
emitter length), and long fingers have low fmax from high metal
resistance. There is therefore a maximum current per finger. In
a power transistor cell, fingers are tied in parallel (Figure 4) to
further increase the current, but there is a maximum number of
fingers so connected: because the finger-finger interconnects
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are not controlled-impedance (specifically, are not terminated
in their characteristic impedance), they must be kept much
shorter than a wavelength to maintain uniform and controlled
load impedances for all fingers. The power transistor cell
therefore has some maximum output current /. Given some
maximum realizable impedance Zcombiner, C.a. 75€2, presented
by the power-combining network to the power transistor cell,
there is a maximum voltage swing /maxZcombiner . IN SOME cases,
this can be considerably less than the transistor breakdown
voltage. This current limit sets the maximum output power per
multi-finger transistor to 7., 7. .. /8. We can show that this
power limit varies as /. This limit is particularly important
at very high frequencies, when the transistor breakdown
voltage is large or its output current density (mA/um) is low, or
if the transistor minimum finger pitch is large.
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Figure 5: Dependence of power-combining losses on power transistor
cell size. (a) Compact 16:1 combiner that acts effectively as a single
A/4 line, minimizing losses. (b) Simulated combining losses for a
Wilkinson binary tree, for the combiner shown in the figure, and for a
combiners with a larger transistor cell size that forces longer
interconnect lines hence greater losses. Ag is the guide wavelength.
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Another limit to power is the loss of combining, on-wafer,
the output power of many such power transistor cells. The
smaller such losses, the larger the feasible output power and
PAE for a given IC technology. A 2V:1 combiner (Figure 5a)
can be synthesized from a single A/4 line section. With such
small total length, the insertion loss (Figure 5b) increases only
slowly with combining ratio, but only if the 2V power cells can
fit within the available width, slightly larger than A,/2. Beyond
this N, combining losses then increase rapidly. Again, greater
output power, at higher efficiency, is obtained if the transistor
fingers can be tightly packed.

Although we focused above on power amplifiers, dense
layouts are important in other 100-300GHz RF-front-end
circuits. The MIMO systems of Figure 1 and Figure 2 can
require as many as 128-256 separate RF front-ends. For
manageable cost, the IC area per RF channel should be low. In
2D monolithic phased arrays [6], the IC area for each RF
channel must be less than (A/2)%; extremely dense circuits are
then imperative. 100-300GHz ICs can be made more dense by
selecting the smallest feasible passive elements and by
providing multiple controlled-impedance, low-loss signal
planes within the wiring stack. The RF front-end can be made
more compact by using IC technologies [27] with very high
transistor cutoff frequencies, as higher stage gain implies fewer
needed stages, and because, with higher transistor gain, fewer
stage-stage interfaces require impedance-matching
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V. INP BIPOLAR TRANSISTORS

InP HBTs have high cutoff frequencies, moderate
breakdown voltages, can support moderate integration scales,
and thus are useful for 100-650GHz RF front-ends and power
amplifiers. When lowest noise is imperative, an InP HBT
receiver might be paired with an InP HEMT low-noise
amplifier.

to double the bandwidth: change

emitter & collector junction widths decrease 4:1

current density (mA/ptm?) increase 4:1

current density (mA/pm) constant
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Figure 6: HBT scaling laws (top). scaled mesa HBT (bottom left) and
HBT with regrown extrinsic base (bottom right).

HBT design is straightforward (Figure 6). Each 2:1
increase in cutoff frequencies ( f; . f,,.) Tequires a 2:1 thinner
collector, a base between 2:1 and 2%:1 thinner, 4:1 narrower
emitter-base and base-collector junctions, 4:1 smaller emitter
and base specific contract resistivities, and 4:1 greater current
density [19]. Base metal resistance can also significantly
reduces [, [28].

max

The key challenges are making narrow emitter junctions
and low resistivity contacts [29]. InP HBTs with performance
close to the scaling roadmap [19] have been realized through
the 128nm node, with 1.1THz f,, demonstrated [20]. Many
ICs, from 50-650GHz, have been demonstrated using the
128nm and 256nm nodes.

Though the necessary low emitter and base contact
resistivities have been demonstrated in test structures [29], it is
difficult to obtain, in a processed transistor, the base contact
resistivity necessary for the 64nm node. This is in part because
of contamination and damage to the base contact surface
during prior processing. Though we have used [28] Pt/Pd solid-
phase-reaction base contacts [30] to penetrate through the
surface layer 2-3nm into the base, it is difficult to use such
contacts at the 64nm node, where the most-heavily-doped
portion of the base is only 4-5nm thick.

We have therefore explored [31] base regrowth (Figure 6).
In this process, after forming the emitter contact and etching
through the emitter to access the top of the intrinsic InGaAs
base, an extrinsic P++ GaAs base is grown by MOCVD.
Because the emitter-collector electron current does not pass
through the extrinsic base, the extrinsic base P-type doping can
be increased to the limits of growth without loss of DC current
gain through Auger recombination [32]. Further, because the
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regrown base can be 20-50nm thick, penetrating Pd/Pt contacts
can be used. These two factors may permit reduced base
contact resistivity.
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Figure 7: InP HBT with extrinsic P++ GaAs base regrowth (a) and
DC common-emitter characteristics (b).

The emitter contact (Figure 7a) is a dry-etched Ti:W alloy;
we regularly fabricate 64nm contacts. A Mo contact layer [29]
serves as a diffusion barrier at the metal-semiconductor
interface, and the metal layers are encapsulated and protected
by SiN sidewalls during MOCVD regrowth.

To permit very high doping without hydrogen passivation
of the carbon base dopant, the extrinsic base regrowth is
lattice-mismatched (and relaxed) GaAs. This presents a
valence-band barrier at the InGaAs/GaAs heterointerface,
hence the GaAs must be heavily doped to provide low GaAs-
metal and GaAs-InGaAs interface resistivities. Though
variable between growths and difficult to measure, we observe
between 4x102%m and 1x10%'cm™ extrinsic base doping and
less than 1 Q-um? base contact resistivity.

Figure 7 shows DC characteristics of a device with narrow
emitter-base but wide base-collector junctions. We are now
working to yield a fully scaled device, secking to obtain high
cutoff frequencies.

VI. INP HEMTS AND MOS-HEMTS
InP HEMTs have, at ~1.5THz f,__, the highest reported

transistor cutoff frequency [33] and, at 1.0THz, the highest
demonstrated operating frequency for a transistor amplifier
[21]. In part because of higher cutoff frequencies, but primarily
because their normalized input resistance g,R,,, is smaller
than that (g, R,, ) of HBTs, InP HEMTs have the lowest noise
figure of all transistors. They are therefore of value in sensitive
100-300GHz receivers. A 3dB smaller receiver noise figure
would permit 2:1 smaller transmitter output power, with
considerable savings in hardware cost and DC power

consumption.

Consider HEMT scaling (Figure 8). To reduce 2:1 gate
transit delay at fixed electron injection velocity [34], we reduce
the gate length 2:1, but this alone is insufficient to double f;,
as 1/2z f, includes substantial delay terms C, /g, and
C,, / g, associated with charging inter-electrode capacitances.
The extrinsic transconductance per unit gate width must
double, requiring a doubling in the intrinsic transconductance
and 2:1 reduced access resistivities. Because g,, is the product
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of electron velocity and gate-channel capacitance density, the
latter must double if the former is held constant. The remaining
relationships in Figure 8 are derived from ballistic transport
theory [34,35]; the channel and dielectric must be thinned not
only to double g, but also to maintain a constant g, /G,
ratio given the reduced gate length.

FET parameter
gate length
current density (mA/um)

change
decrease 2:1

increase 2:1

contact resistivities decrease 4:1

specific transconductance (mS/um) increase 2:1
— transport mass constant

— 2DEG electron density increase 2:1
— gate-channel capacitance density increase 2:1

— dielectric equivalent thickness decrease 2:1

— channel thickness decrease 2:1

— channel state density increase 2:1
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Figure 8: III-V HEMTs scaling laws (top), III-V HEMT (bottom left)
and III-V MOS-HEMT (bottom right). The scaling laws are derived
in the ballistic limit, assume a fixed (J/gs-I'in) across scaling
generations, and require several parameters (increased 2DEG
electron density at fixed transport mass) that are difficult to obtain.

Both channel transport physics and transistor construction
impose limits to such scaling. Considering first transistor
construction (Figure 8), in a typical HEMT the wide-bandgap
InAlAs layer lies both between gate and channel and between
the channel and the source/drain contacts. The barrier cannot
be thinned much below ~6nm without excessive gate leakage,
and the barrier increases the source and drain access
resistances.

Replacing the 6nm InAlAs (& =12.5) with a 2nm ZrO,
(& ~25) gate insulator [36,37,38] would increase the gate-
channel capacitance density, thereby increasing the
transconductance. Further, the InAlAs barrier is removed from
the source/drain contact regions, potentially reducing the
access resistances. Yet, given that we have not changed the
channel material, hence have not increased the channel 2D
state density (Figure 8), the expected increase in
transconductance is not immediately clear.

From ballistic theory [39], assuming bands with parabolic
E-k dispersion, g, /W, =126mS/um-K, -((V,, —V;)/1V)"*
where K, a function of channel and dielectric parameters, is
plotted in Figure 9. This approximate analysis suggests that
g,/ W, can indeed be significantly increased. Yet, g, is also
increased by increasing the gate overdrive (V,, V) ; given
the reality of nonparabolic £-k dispersion, g, is maximized
when the channel Fermi level is that giving maximum electron
group velocity in the channel. The gate overdrive can also be
limited by carriers populating the channel satellite valleys or

Authorized licensed use limited to: Univ of Calif Santa Barbara. Downloaded on July 05,2022 at 16:34:38 UTC from IEEE Xplore. Restrictions apply.



g(l)pula‘ging the_ bzck barrier at large (V,, —77,) . A more rigorous
ecoty is required.

Snm InAlAs Gate 2nm Zr0O, Gate Insulator

* InAs
* InGaAs
InP

0.2

+ InAs tp =1—10nm
* InGaAs

InP

Ving
limited

Vinj
limited

ten=1—10nn

DOS
limited

0.1 il
*
m /mo

1 1
*
m /mu

Figure 9: Normalized drain current K plotted for as a function of
carrier effective mass m* and channel thickness f.» for 5 nm thick
InAlAs and 2 nm thick ZrO gate-channel insulators. The overlaid
points are in-plane m* , vs. fer given wavefunction leakage into the
InAlAs (for InGaAs and InAs) or Al1AsSb (for InP) back barrier.
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Figure 10: Cross-sectional TEMs of InGaAs-channel MOS-HEMT
(a) and (b) with the InA1As modulation-doped layer only partly
removed from the S/D contact regions and (c) a different device with
the InAlAs layer entirely removed from the contact regions.
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Figure 11: High-frequency gains of a InGaAs-channel MOS-HEMT
with Lg=40nm

Experimentally, we fabricated [40] InGaAs-channel MOS-
HEMTs in a process with separate MOCVD regrowths
pattering the modulation-doped access regions and forming the
N+ source/drain contacts. Figure 10 shows a device cross-
section, Figure 11 shows RF data, and Figure 12 shows
extracted small-signal parameters. It is evident from both the
device cross-section, from the large C,q, and from the variation
of Cg with gate length, that the device suffers from large
parasitic capacitances arising from the misalignment between
the gate and the recess in the InAlAs modulation-doped layer.
We are developing a self-aligned process.
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VII. CONCLUSIONS

The 100-300GHz spectrum can support short-range
wireless backhaul and endpoint communications links with
aggregate capacities approaching or exceeding 1Tb/s. To
obtain such high capacities, such systems can employ massive
spatial multiplexing, using compact transmitter and receiver
arrays with tens or hundreds of elements. CMOS can support
short-range systems to c.a. 150GHz, and, longer-range systems
with the use of SiGe or III-V power amplifiers and LNAs;
higher-frequency systems can be realized in III-V and SiGe
technologies. Important transistor parameters include the
frequency-dependent noise measure, the PAE, and the output
power density (W/mm). Power amplifiers for such systems will
require ~10-200mW output power; feasible power depends on
transistor performance, interconnect losses, and IC integration
density. Transceivers will be complex, with 10's-100's of RF
channels, hence dense RF IC integration is desirable;
technologies with high transistor gain (high finax) provide
greater IC density as well as better performance. Best reported
100-300GHz CMOS IC results are in the 65-32nm nodes;
future advances in 100-300GHz systems will require
developing application-specific mmWave IC technologies,
including SiGe, III-V, and mmWave-optimized CMOS.

ACKNOWLEDGMENT

This work was supported in part by the Semiconductor
Research Corporation and DARPA under the JUMP program .

REFERENCES

[1] M.J. W. Rodwell et al., "100-340GHz Systems: Transistors and
Applications," 2018 IEEE International Electron Devices Meeting
(IEDM), 2018, pp. 14.3.1-14.3 .4, doi: 10.1109/IEDM.2018.8614537.

[2] M.J. W. Rodwell, "100-340GHz Spatially Multiplexed Communications:
IC, Transceiver, and Link Design," 2019 IEEE 20th International
Workshop on Signal Processing Advances in Wireless Communications
(SPAWC), 2019, pp. 1-5, doi: 10.1109/SPAWC.2019.8815433.

Authorized licensed use limited to: Univ of Calif Santa Barbara. Downloaded on July 05,2022 at 16:34:38 UTC from IEEE Xplore. Restrictions apply.



—
w2

] C. Sheldon, M. Seo, E. Torkildson, M. Rodwell and U. Madhow, "Four-
channel spatial multiplexing over a millimeter-wave line-of-sight link,"
2009 IEEE International Microwave Symposium, Boston, MA, doi:
10.1109/MWSYM.2009.5165715.

[4] M. Abdelghany, U. Madhow and A. T6lli, "Beamspace Local LMMSE:
An Efficient Digital Backend for mmWave Massive MIMO," 2019 IEEE
20th International Workshop on Signal Processing Advances in Wireless
Communications (SPAWC), 2019, pp. 1-5, doi:
10.1109/SPAWC.2019.8815585.

[5] S. H. Mirfarshbafan, A. Gallyas-Sanhueza, R. Ghods and C. Studer,
"Beamspace Channel Estimation for Massive MIMO mmWave Systems:
Algorithm and VLSI Design," in IEEE Transactions on Circuits and
Systems I: Regular Papers, vol. 67, no. 12, pp. 5482-5495, Dec. 2020,
doi: 10.1109/TCSI1.2020.3023023.

[6] S.Li, Z. Zhang, B. Rupakula, G. M. Rebeiz, "An Eight-Element 140-
GHz Wafer-Scale IF Beamforming Phased-Array Receiver with 64-QAM
Operation in CMOS RFSOI" submitted to IEEE JSSC.

[7] S.Li, G. M. Rebeiz, "A 130-151 GHz 8-Way Power Amplifier with 16.8-
17.5 dBm Psat and 11.7-13.4% PAE Using CMOS 45nm RFSOI", 2021
IEEE RFIC Symposium, June.

[8] M. Varonen A. Safaripour D. Parveg P. Kangaslahti T. Gaier A. Hajimiri,
"200 - GHz CMOS amplifier with 9 - dB noise figure for atmospheric
remote sensing", Electronics Letters, Volume 52, Issue 5, March 2016,
Pages 369-371

[9] 1. Momson, S. Lee, S. Dong and K. O, "425-t0-25-GHz CMOS-Integrated
Downconverter," in IEEE Solid-State Circuits Letters, vol. 4, pp. 80-83,
2021, doi: 10.1109/LSSC.2021.3067192.

[10] S. Kang, S. V. Thyagarajan and A. M. Niknejad, "A 240 GHz Fully
Integrated Wideband QPSK Transmitter in 65 nm CMOS," IEEE Journal
of Solid-State Circuits, vol. 50, no. 10, pp. 2256-2267, Oct. 2015, doi:
10.1109/JSSC.2015.2467179.

[11] A. S. H. Ahmed, M. Seo, A. A. Farid, M. Urteaga, J. F. Buckwalter and
M. J. W. Rodwell, "A 200mW D-band Power Amplifier with 17.8% PAE
in 250-nm InP HBT Technology," 2020 15th European Microwave
Integrated Circuits Conference (EuMIC), 2021, pp. 1-4, doi:
10.1109/EuMIC48047.2021.00012.

[12] A. S. H. Ahmed, U. Soylu, M. Seo, M. Urteaga, M. J. W. Rodwell, "A
190-210GHz Power Amplifier with 17.7-18.5dBm Output Power and 6.9-
8.5% PAE, IEEE International Microwave Symposium (IMS). 6-11 June,
Atlanta and virtual.

[13] A. S. H. Ahmed, U. Soylu, M. Seo, M. Urteaga, M. J. W. Rodwell, "A
compact H-band Power Amplifier with High Output Power", IEEE
Radio-Frequency IC Symposium (IMS). 7-9 June, Atlanta and virtual

[14] M. Seo, A. S. H. Ahmed, U. Soylu, A. Farid, Y. Na, M. Rodwell, "A 200
GHz InP HBT Direct-Conversion LO-Phase-Shifted
Transmitter/Receiver with 15 dBm Output Power" IEEE International
Microwave Symposium (IMS). 6-11 June, Atlanta and virtual

[15] B. Heinemann ef al., "SiGe HBT with ft/fmax of 505 GHz/720 GHz,"
2016 IEDM, San Francisco, CA, 2016, pp. 3.1.1-3.1.4.

[16] S. Wienecke ef al., "N-Polar GaN Cap MISHEMT With Record Power
Density Exceeding 6.5 W/mm at 94 GHz," IEEE Electron Device Letters,
vol. 38, no. 3, pp. 359-362, March 2017.

[17] A. Fung et al., "Gallium nitride amplifiers beyond W-band," 2018 IEEE
Radio and Wireless Symposium (RWS), 2018, pp. 150-153, doi:
10.1109/RWS.2018.8304971.

[18] B. Gashi et al., "Broadband and High-Gain 400-GHz InGaAs mHEMT
Medium-Power Amplifier S-MMIC," 2020 IEEE/MTT-S International
Microwave Symposium (IMS), 2020, pp. 484-487, doi:
10.1109/IMS30576.2020.9223968.

[19] M. J. W. Rodwell, M. Le and B. Brar, "InP Bipolar ICs: Scaling
Roadmaps, Frequency Limits, Manufacturable Technologies," in
Proceedings of the IEEE, vol. 96, no. 2, pp. 271-286, Feb. 2008, doi:
10.1109/JPROC.2007.911058.

[20] M. Urteaga, Z. Griffith, M. Seo, J. Hacker and M. J. W. Rodwell, "InP
HBT Technologies for THz Integrated Circuits," Proceedings of the
IEEE, vol. 105, no. 6, pp. 1051-1067, June 2017, doi:
10.1109/JPROC.2017.2692178.

[21] X. Mei et al., "First Demonstration of Amplification at 1 THz Using 25-

nm InP High Electron Mobility Transistor Process," in IEEE Electron

Device Letters, vol. 36, no. 4, pp. 327-329, April 2015, doi:
10.1109/LED.2015.2407193.

[22] H. Lee, S. Callender, S. Rami, W. Shin, Q. Yu and J. M. Marulanda,
"Intel 22nm Low-Power FinFET (22FFL) Process Technology for 5G and
Beyond," 2020 IEEE Custom Integrated Circuits Conference (CICC),
2020, pp. 1-7, doi: 10.1109/CICC48029.2020.9075914.

[23 ] C. Liet al., "5G mm-Wave front-end-module design with advanced SOI
process," 2017 IEEE 12th International Conference on ASIC (ASICON),
2017, pp. 1017-1020, doi: 10.1109/ASICON.2017.8252651.

[24] A. Singhakowinta, A. R. Boothroyd, "Gain Capability of Two-port
Amplifiers", International Journal of Electronics Volume 21, Issue 6,
1966, pages 549-560, DOI:10.1080/00207216608937931

[25] H. A. Haus and R. B. Adler, "Optimum Noise Performance of Linear
Amplifiers," in Proceedings of the IRE, vol. 46, no. 8, pp. 1517-1533,
Aug. 1958. doi: 10.1109/JRPROC.1958.286973

[26] A. S. H. Ahmed, M. Rodwell, unpublished.

[27] S. Kim, R. Maurer, A. Simsek, M. Urteaga and M. J. W. Rodwell, "An
Ultra-Low-Power Dual-Polarization Transceiver Front-End for 94-GHz
Phased Arrays in 130-nm InP HBT," in IEEE Journal of Solid-State
Circuits, vol. 52, no. 9, pp. 2267-2276, Sept. 2017, doi:
10.1109/JSSC.2017.2713528.

[28] J. C. Rode et al., "Indium Phosphide Heterobipolar Transistor
Technology Beyond 1-THz Bandwidth," in IEEE Transactions on
Electron Devices, vol. 62, no. 9, pp. 2779-2785, Sept. 2015, doi:
10.1109/TED.2015.2455231.

[29] A. Baraskar, A. C. Gossard , M. J. W. Rodwell, " Lower Limits To
Metal-Semiconductor Contact Resistance: Theoretical Models and
Experimental Data," Journal of Applied Physics, 114, 154516 (2013),
https://doi.org/10.1063/1.4826205

[30] E. F. Chor, D. Zhang, "Electrical characterization, metallurgical
investigation, and thermal stability studies of (Pd, Ti, Au)-based ohmic
contacts", Journal of Applied Physics 87, 2437 (2000);
https://doi.org/10.1063/1.372198

[31] Y. Fang, H. Tseng and M. J. W. Rodwell, "We=100 nm InP/InGaAs
DHBT with Self-aligned MOCVD Regrown p-GaAs Extrinsic Base
Exhibiting 1Q-um?” Base Contact Resistivity," 2019 Device Research
Conference (DRC), 2019, pp. 179-180, doi:
10.1109/DRC46940.2019.9046400.

[32 ] H-W Chiang, J. C. Rode, P. Choudhary, M. J. W. Rodwell,
"Optimization of direct current performance in terahertz InGaAs/InP
double-heterojunction bipolar transistors", Journal of Applied Physics
116, 164509 (2014); https://doi.org/10.1063/1.4899197

[33] R. Lai et al., "Sub 50 nm InP HEMT Device with Fmax Greater than 1
THz," 2007 IEEE International Electron Devices Meeting, 2007, pp. 609-
611, doi: 10.1109/IEDM.2007.4419013.

[34] K. Natori, "Ballistic metal - oxide - semiconductor field effect
transistor", Journal of Applied Physics 76, 4879 (1994);
https://doi.org/10.1063/1.357263

[35] A. Rahman, Jing Guo, S. Datta and M. S. Lundstrom, "Theory of ballistic
nanotransistors," in IEEE Transactions on Electron Devices, vol. 50, no.
9, pp. 1853-1864, Sept. 2003, doi: 10.1109/TED.2003.815366.

[36] A. Tessmann et al., "20-nm In0.8Ga0.2As MOSHEMT MMIC
Technology on Silicon," in IEEE Journal of Solid-State Circuits, vol. 54,
no. 9, pp. 2411-2418, Sept. 2019, doi: 10.1109/JSSC.2019.2915161.

[37]J. Wu, Y. Fang, B. Markman, H. Tseng and M. J. W. Rodwell, Lg=30 nm
InAs Channel MOSFETSs Exhibiting fmax=410 GHz and ft=357 GHz," in
IEEE Electron Device Letters, vol. 39, no. 4, pp. 472-475, April 2018,
doi: 10.1109/LED.2018.2803786.

[38] B. Markman, S. T. Suran Brunelli, A. Goswami, M. Guidry and M. J. W.
Rodwell, "Ino.s3Gao.s7As/InAs Composite Channel MOS-HEMT
Exhibiting 511 GHz fr and 256 GHz fmax," in IEEE Journal of the
Electron Devices Society, vol. 8, pp. 930-934, 2020, doi:
10.1109/JEDS.2020.3017141.

[39] M. Rodwell et al., "III-V FET channel designs for high current densities
and thin inversion layers," 68th Device Research Conference, 2010, pp.
149-152, doi: 10.1109/DRC.2010.5551882.

[40] B. Markman, S. T. Suran Brunelli, M. Guidry, L. Whitaker, M. J.W.
Rodwell, "Lg = 40nm Composite Channel MOS-HEMT Exhibiting ftr =
420 GHz, fmax = 562GHz" To be presented, 2021 IEEE Device Research
Conference, June.

Authorized licensed use limited to: Univ of Calif Santa Barbara. Downloaded on July 05,2022 at 16:34:38 UTC from IEEE Xplore. Restrictions apply.



