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Chapter 3
GaN-based HEMTs for mm-wave applications

Kathia Harrouche and Farid Medjdoub

1. Introduction

Today, the interest for millimeter-wave (mmW) band (30-300 GHz) is continuously increasing,
due to its reduced wavelength and wide frequency bands, which enable smaller component with
improved performances. Wireless communication systems are extending to higher frequencies as
system designers need more bandwidth for many emerging applications. However, several
challenges need to be overcome in order to use the mmW spectrum successfully. Monolithic
microwave integrated circuits (MMICs) based on I11-V semiconductors are the one key to meet
the requirements of mmW range. The targeted performances required for high frequency MMICs
include the combination high power/high efficiency, compact size and low cost. Gallium nitride
(GaN) is one of the most promising semiconductor in this frame.

In this context, this chapter focuses on GaN-based devices for mmW applications. Targeted
applications including high power amplifiers, broadband amplifiers and 5G wireless networks are
introduced. Various GaN-based material designs for mmW applications are described showing the
advantages and limitations for high frequency applications. Device design and fabrication of mmw
GaN devices are analyzed. Finally, an overview of MMIC power amplifiers is reported.

2. Targeted applications for GaN millimeter-wave devices

Recent improvements in GaN HEMT devices have allowed the demonstration of a variety of next
generation mmW circuits. As introduced in Chapter 1, with its wide bandgap, high saturated
electron velocity and higher breakdown voltage, GaN technology is a very promising candidate
for realizing circuits with high power, high efficiency and wide operational bandwidth. These
advantages are attractive for not only compact solid-state power amplifiers (PAs), but also for the
future transmitter design of 5G cellular communications. Figure 3.1 represents the provisional
investments on GaN until 2022 for several types of applications. GaN technology investment will
continue to grow over time until reaching $ 2.5 billion for the year 2022. Such growth is explained
by the fact that GaN will play a major role in many applications and is considered as a strategic
technology.
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Figure 3.1 Provisional investments on GaN up to 2022 for several types of applications.

2.1. High power amplification

Recent and ongoing progress in semiconductor device fabrication and processing technology has
pushed the limits of MMICs for mmW frequencies. MMIC components operating at these
frequencies will be used to improve the sensitivity and performance of radiometers, receivers for
communication systems and transceivers for radar instruments. The first MMIC was reported in
1976 [1] and progress in output power, gain and operating frequency are continually being
achieved afterwards. Latest literature has demonstrated that silicon (Si)-based MMICs such as
complementary-metal-oxide-semiconductor (CMOS) Si-On-Insulator (SOI) stacked MMICs, and
power-combining Si germanium (SiGe) MMICs, can achieve relatively high power at high
frequencies. Consequently, they can be applied to high power applications requiring a few watts
below Ka-Band. However, at higher frequencies, Si-based MMICs are limited to deliver the
necessary output power compared to GaN-based devices. High power amplifiers have been largely
developed in mmW range using other technologies based on I11-V materials such as Gallium
Arsenide (GaAs) [2][3][4] and Indium Phosphide (InP) [5-7]JHEMTSs. Despite the excellent
achievements, InP and GaAs-based mmW power amplifiers are also limited in saturated power
levels due to the low breakdown voltage and related drain bias operation. Advanced GaN HEMTSs
have demonstrated high power in the mmW range surpassing any other technologies by a factor
of 5 to 10 [8]. The superior mechanical robustness as well as the capability to operate at higher
temperatures as compared to Si, GaAs and InP materials are additional benefits of GaN [8]. GaN
MMICs revolutionize the field of mmW Solid State Power Amplifiers (SSPAs), and enable new
applications, that were previously not practical due to the limited output power of SSPAs and large
size of Travelling Wave Tube Amplifiers (TWTAS).
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Figure 3.2 Output power of MMIC amplifiers under CW operation based on various
semiconductor transistor technologies.

PAs based on GaN HEMT technology operating in mmW frequency range have been demonstrated
up to the W-Band. Figure 3.2 shows the main semiconductor technologies and theirs limits in terms
of output power and operating frequency. State-of-the-art power level amplifiers have been
reported with about 10 W and 3 W at Ka-Band [9][10][11] and W-Band [8][12-20] under
Continuous Wave (CW) conditions, respectively. As expected, the output power decreases at
higher frequencies due to the device scaling. Indeed, the gate length and the lateral device
dimensions (gate-drain distance) are key parameters for high frequency operation. Furthermore, in
order to reach high output power density, a high drain voltage is mandatory, which is typically
inversely proportional to the device downscaling. On the other hand, spatial power combining
enabled 5.2 W output power W-Band GaN MMIC [21]. GaN is well known for its high output
impedance and low output capacitance as well as high breakdown voltage. These features lead to
high efficiency and high power MMIC performances.

2.2. Broadband amplifiers
In recent years, the application of GaN based mmW MMIC has pushed the state-of-the-art
performance of power amplifiers to the next level. For many applications such as instrumentation
or communication systems that require the integration of several services with reduced number of
components and size, RF power amplifiers covering a wide bandwidth would be highly beneficial.
To date, systems covering a wide frequency range require multiple narrowband power amplifiers.
These amplifiers are connected by means of switches or triplexers. In either case, losses are
introduced by the additional circuity and therefore such a system is not favorable. To reduce costs
and system complexity, it is necessary to replace multiple amplifiers by a single broadband power



amplifier covering multiple bands. Wideband power amplifier MMICs based on GaN are thus key
components that are employed in numerous applications such as military and wireless
communication. For 5G, GaN MMIC PAs are expected to be widely deployed in cellular base
stations in order to reduce size and improve system integration. Consequently, it is essential for
MMIC implementation to develop low-loss and compact circuits in order to ensure high efficiency
and broad bandwidth.

The performance evaluation of power amplifiers is based on five key parameters: Efficiency,
output power, linearity, gain and bandwidth. The improvement of power amplifiers has generated
significant research and development in recent years. The optimum operation class of power
amplifiers depends on the targeted linearity, efficiency and output power. In the conventional
operation classes, (A, B, AB and C) the power amplifier operates like a voltage controlled current
source. Nevertheless, another aspect that has recently attracted a lot of attention is the enhancement
of the amplifier efficiency using the so-called switch-mode concepts such as class D, E and F with
the aim of reaching drain efficiencies of 70% and beyond [22].

Broadband MMIC Amplifiers
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Figure 3.3 Output power of Broadband MMIC amplifiers.

The state-of-the-art broadband high-power mmW GaN MMIC is summarized in Figure 3.3. These
results indicate the great potential of GaN-based PAs to increase solid-state power levels while
maintaining wide bandwidth. Broadband GaN MMICs have been reported up to 140 GHz with
output power ranging from 10 W over 32 — 38 GHz [10] to 47 mW over 90 — 140 GHz [23]. While
these MMICs have produced attractive power levels, the highest power level is associated to a
much narrower bandwidth as expected. However, by using on-chip traveling-wave power
combiner circuit techniques, several watts output power using GaN MMICs have been reported by



Quinstar with a bandwidth approaching the entire W-band [24]. Another reported technology
enabling wide bandwidth amplifiers with high gain is the non-uniform distributed power amplifiers
(NDPA). In this case, the amplifier uses dual-gate HEMTSs in the driver stage of an NDPA, which
boost the gain of the overall amplifier at wide bandwidth. 1AF reported NDPA MMICs covering
a frequency range from 6 — 37 GHz and from 8 — 42 GHz with an output power of 1 W and 500
mW with corresponding power gain above 11 dB and 8 dB, respectively [25][26].

2.3.5G

The ever-increasing data rate and number of connections for mobile communication offer exciting
user experiences in our everyday lives. Currently, the wireless communication frontier is shifting
from the current fourth generation (4G) to the forthcoming fifth generation (5G). Major
international communication companies and manufacturers are all competing to demonstrate 5G
capabilities and features, while simultaneously paving the way for mmW technology. The
broadband radio access and wireless networks underline the pioneering aspects of 5G, not only for
the telecommunication industry but also for a wide range of vertical sectors, including robotics,
automotive, factory automation, healthcare, and education. Although the expected features and use
cases for 5G are extensive and diverse, the start of 5G deployment will likely address only a few
of the highlighted use cases through three scenarios: ultra-reliable low latency communications
(URLLC), enhanced mobile broadband (eMBB) and massive machine type communications
(mMTC) as illustrated in Figure 3.4. Under the 5G umbrella, these scenarios have quite different
system-level performance requirements such as latency, mobility, number of users and data rate.

Enhanced Mobile Broadband

Gigabytesin a second
3D video, UHD screens

lay in the cl
Smart Home/Building Work and play in the cloud

Augmented reality

Industry automation

Voice
Self Driving Car

Smart City Mission critical
application
e.g. e-health
Massive Machine Type Ultra-reliable and low latency
Communications communications

Figure 3.4 Some usage scenarios proposed by International Mobile Telecommunications
(IMT)-2020 [27].



The key performance indicators (KP1) for evaluating 5G wireless networks include peak data rate,
user experienced data rate, latency, mobility, connection density, energy and spectrum efficiency
and area traffic capacity [27]. Table 3.1 summarizes the network features of human-oriented 4G
and internet of everything (IoE)-oriented 5G. The targets include the following:

- Apeak data rate of at least 20 Gb/s, which is 10 times that of 4G. For some special scenarios
such as mmW network backhaul.

- A user experienced data rate of 0.1 Gb/s, which is 10 times that of 4G. In hotspot cases,
the user experienced data rate is expected to reach higher values (e.g. 1 Gb/s indoor).

- An energy efficiency of three times and a spectrum efficiency of 10 — 100 times higher
compared to 4G.

- An over-the-air latency of 1ms and high mobility up to 500 Km/h. this will provide
acceptable quality of service (QoS) for uRLLC scenarios such as automated driving.

- Ten time the connection density of 4G. This will reach up to 10° devices/lkm?, for example,
MMTC scenarios and area traffic capacity of up to 10 Mb/s/mz.

Table 3.1 The network features of 4G and 5G. VR: virtual reality, AR: augmented reality, UHD:
ultra-high definition, V2X: vehicle to everything, loT: internet of thing, OFDM: orthogonal
frequency-division multiplexing, MIMO: multiple input-multiple output, HetNet: heterogeneous
network, D2D: device to device, LPDC: low-density parity check codes, SDN: software-defined
networking, NFV: network function virtualization.

4G 5G
Usage Scenarios « MBB * eMBB
* UuRLLC
¢ mMTC
* High definition videos * VR/AR/360° videos
* Voice * UHD videos
* Mobile TV * V2X
Applications * Mobile internet e loT
* Mobile pay * Smart city/Factory/Home
* Telemedicine
* Wearable devices
Peak data rate 100 Mb/s 20 Gb/s
Experienced data rate 10 Mb/s 0.1Gb/s
Spectrum efficiency 1x 3x that of 4G
Network Energy Efficiency 1x 10 - 100x that of 4G
KPI Area traffic capacity 0.1 Mb/s/m? 10 Mb/s/m?
Connection density 10° Devices/km? 106 Devices/km?
Latency 10 ms 1ms
Mobility 350 km/h 500 km/h
* OFDM * Mm-Wave
* MIMO communications
* Turbo code * Massive MIMO

Technologies

* Carrier aggregation

* HetNet

* D2D communications
* Unlicensed spectrum

* LDPC and polar codes

* Flexible frame structure
* Ultra-dense networks

* Cloud/fog/edge

computing

* SDN/NFV/networkslicing



e GaN for 5G

Compared with current 4G LTE network, the future 5G network for eMBB targets a 20 Gb/s peak
data rate, which represents a ten times improvement. New waveforms, along with MIMO,
beamforming, and mmW technologies are considered key features for 5G to enable dramatic
network performance in terms of both energy and spectrum efficiency. MIMO at mmwW
frequencies presents major challenges on the hardware design due to the requirements of mmw
front-end modules in order to favor beamforming functionality. This poses news challenges in the
development of high performances PAs for 5G network. Advanced PAs architectures have evolved
with the development of GaN technology to meet ever-greater system level requirements
especially in terms of efficiency, power levels and modulation bandwidth. GaN will surpass
conventional semiconductor materials for 5G network applications, requiring higher frequencies,
tight integration, and minimal implementation cost while operating under harsh environments.
These features result in high-efficiency and high power PA performance over a large frequency
range, leading to low-cost, large bandwidth, and small size base-station system [28].

e GaN base station PAs

To meet the complex requirements of PAs for 5G applications, the device technology selection as
well as the circuit configuration are critical. Several key directions for 5G have emerged. In turn,
Silicon still wins in the sub-6 GHz, but at higher frequencies, GaN is increasingly attractive. On
the other hand, the critical allocation of spectrum will dictate the design and implementation of
transceiver hardware. However, the available spectrum for high data rates is limited to the
microwave range. That is why, mmW frequencies are necessary extend the current 4G frequency
bands. Recently, various GaN PAs have been reported in this frame. Modulated signals with higher
bandwidth and a more complex scheme are used to realize greater data rate. Moreover, the demand
is increasing for efficiency under multiband, multimode operation. Various approaches such as
Doherty amplifiers, Envelope tracking amplifiers and a digital transmitter based on GaN have been
demonstrated [29][30][31]. While mmW 5G is being developed, it will be first implemented on
sub-6 GHz 5G systems using the same MIMO beamforming techniques but at lower, more
technologically accessible frequencies [32]. 5G communication network is designed not only for
spectrum bands below 6 GHz but also for high bands above 24 GHz (mmW). A number of sub-6
GHz 5G MIMO systems have been demonstrated at 3.3, 4.2 and 2.14 GHz [32][33]. In the mmW,
several GaN PAs have been proposed. Table 3.2 summarizes some performance results of PAs at
different frequencies especially in Ka-band for 5G applications.

With the increasing need of data rates, modern communication networks use high bandwidth
modulation schemes with high power average ratio (PAR) but at the expense of PA efficiency. At
high PAR, the PA must be operated with significant back-off from its saturation point in order to



achieve the required linearity at the PA output. Furthermore, the PA maximum output power level
must be reduced so that the entire signal is within the linear region thus decreasing the efficiency
[34]. A solution is the use of advanced PA architectures in order to enhance the PA efficiency
while maintaining high linearity. Examples would be Doherty, envelope tracking (ET), outphasing
and switch mode PAs based on class-D and class-S amplifiers.

Table 3.2 Performance comparison of different PAs for 5G applications. [29][32,34-38].

PA 2.9mmx 1.7 mm? 26.5-29.5 36.9to 38 17.9to 23 NA NA
Doherty PA 1.8 mmx 1.7 mm 28 36 51 NA 30
Switching mode NA 28-39 24.3 59 NA 8.2
PA

PA 3.8 mmx 6.2 mm? 26-28 43.3to41.6 19.8t013.2 NA NA

HPA 34mmx3.3mm 26.5-29 39 25 NA 21.1to 24
Doherty 3.4 mm x 2 mm? 23 36.9 27 29.4 15.4
Doherty PA 2.7 mmx 1.6 mm? 27.5-295 35.6 25.5 NA NA

The Doherty PA technology, which uses active load modulation, is a promising architecture to
enhance efficiency and linearity at back-off operation. Doherty amplifiers covering multiband
frequency range using GaN technology have been demonstrated with high efficiency up to Ka
band [32,34,38,39]. In addition, envelope tracking PAs based on dynamic modulation are also
competitive to increase PA efficiency. In this case, to maintain high efficiency in the back-off
region, the envelope amplifiers dynamically modulate the supply voltage of the RF PA. Both
advanced PA architectures will continue to dominate RF and mmW applications requiring
multiband and high efficiency for 5G applications. Nevertheless, bandwidth and linearity are still
one of the most important limitations in the Doherty and ET PA techniques. To overcome these
issues, several techniques have been proposed, including digital predistorsion technique (PDP)
[34][40]. The other recent progress in this frame is the linear-amplification-using-non-linear-
components (LINC) outphasing PA architecture, which is attractive for 5G systems because of its
strong potential to provide high efficiency with a large peak to PAR signal [41]. Despite the
proposed approaches, there are a large room for improvement of PA performances in order to
satisfy such practical requirements of 5G wireless communication network, such as mmWw, high
linearity, high output power, large bandwidth and compact size. GaN HEMTSs are among the most
suitable devices for power amplifiers and will certainly play a major role as broadband technology
for 5G wireless communication.



e Moving forward to 6G

The 5G network system has been defined as the key for 10E application. Research efforts invested
in mmW wireless communications and the success of 5G preliminary tests ensure that the
commercialization and first deployments of 5G wireless networks are expected to ramp up during
2020 [27]. The promised groundbreaking of 5G system operating essentially at high-frequency
between 24 and 71 GHz, will solve the spectrum deficit in 4G cellular communication systems
currently limited to sub-6 GHz frequencies. Although, the 5G systems that are being marketed will
support basic loE application, the increasing number of new applications such as wireless
backhaul, VR/AR and space travel makes it questionable whether they can satisfy emerging
services and newer applications that have not been conceived yet. This creates a motivation
towards sixth generation (6G) networks.

Recent investigations have identified the key enabling technologies that might define the 6G.
Future 6G wireless communication will be implemented in about ten years (2030) [42] with
devices operating up to the THz range. The key figure of merits for the evaluation of 6G wireless
networks include a peak data rate of 1 Tb/s, which is 100 times that of 5G, a latency of 10 — 100
us, an energy efficiency of 10 — 100 times better than 5G. The level of 6G maturity reachable in
ten years by sub-THz can make this technology a powerful enabler.

3. GaN-based material designs for mm-Wave applications

Historically, advances of semiconductor technologies based on MMICs have led to continuous
performance improvements. GaN represents a leap ahead as compared to other technologies for
many RF applications. In early 1990s, GaN has been recognized as a potential solution to satisfy
the combination of high power and high frequency requirements [43].

3.1. Intrinsic characteristics and comparison with other materials for RF devices
Figure 3.5 shows the material properties of widely used mmW semiconductors, demonstrating
advantages of GaN based material system for high frequency and high power applications.
Because of its excellent properties, GaN technology is recognized as a revolutionary material with
a wider energy gap of 3.4 eV that exceed 3 times those of InP, GaAs and Si thus allowing higher
breakdown voltage and higher operating voltage. The high-saturated electronic velocity of 2.5x10’
cm/s is another attractive characteristic of GaN. The electron velocity is related to the current
density, thus GaN is able to produce high current at high voltage. Since power is a function of
voltage and current, the wide energy gap and the high electron velocity allow for ideal high power
devices. Moreover, as described in Chapter 1, GaN-based heterostructures deliver a high electron
mobility of 1-2x10% cm?/Vs, which allows low on resistance. Therefore, high power added
efficiency (PAE) can be achieved at high frequencies. GaN thermal conductivity (in the range of
1-3 + 2.1 W/cm.K) is much higher than GaAs and InP. The thermal conductivity is a key factor
directly related to the power dissipation from the device. The comparison of the various materials



using the Johnson figure of merit (JFoM) clearly demonstrates the superiority of GaN HEMTSs
over its counterparts [44][45].

Critical electric field (MV/cm)

— GaN
GaAs
InP
— Si

SiC

Saturation velocity
4 (10" cm?s)

Electron mobility (10° cm?/Vs)

Figure 3.5 Material properties for millimeter-wave semiconductors.

In addition to the device performances, the associated reliability is crucial. For short devices
delivering high performances at high drain bias, the main limitation is the device reliability due to
a significant electric field peak and subsequent high junction temperatures. It can be pointed out
that the so-called field plates have been successfully implemented in the microwave range to
ensure high device reliability by spreading the electric field peak. However, this approach cannot
really be used for mmW devices due to high induced parasitic capacitances degrading the gain.
Assessing the reliability at an early stage of a technology development is of prime importance.
Tests are typically carried out under specific operating and environmental conditions (such as
temperature, voltage, current...) in a given time duration. The reliability and performance under
high temperature conditions have been studied [46]. GaN mmW HEMTSs can provide stable device
performance up to high junction temperature [47-52]. Figure 3.6 shows an example of RF
monitoring performed at 40 GHz on a promising AIN/GaN HEMT structure with a gate length Lg
=110 nm and gate to drain distance Lgq = 1.5 pum. The devices have been tested during 24 hours
up to a base-plate temperature of 140°C (corresponding to a junction temperature above 250°C)
by steps of 4 hours at Vps = 20V. A high PAE (50%) with a Pour around 3 W/mm at 40 GHz
remains stable (Figure 3.6a) with no increase of gate and drain leakage currents (Figure 3.6b).

GaN is well suited not only for high power and high frequency, but also lead to smaller and cheaper
chip size. The GaN MMICs reported so far have more than 5 times higher power density with
smaller size than GaAs MMICs [15][48][53]. As illustrated in Figure 3.7, GaN MMICs can be
reduced by 82% as compared to GaAs pHEMT MMIC while providing more than 4 times power
density. As a result, GaN MMICs can deliver higher efficiency due to the reduced on-chip



combining losses both at the MMIC and module levels. That is why, GaN MMICs will
revolutionize the field of mmW SSPAs and enable new applications, that were previously not
practical due to limited power of SSPAs or large size and high cost of TWTAs.
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Figure 3.6 (a) Output power and PAE monitoring for 24 hours up t0140°C, (b) transfer
characteristics before and after the stress [50].
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Figure 3.7 MMICs comparison with different technologies.

However, GaN HEMTSs are still plagued by two important phenomena, especially when reducing
the device dimension: the trapping effects and the self-heating, which can directly cause current
collapse and kink effect thus reducing the device performances [54][55]. Trapping effects that
occur at different location of the devices are mostly related to the crystalline imperfection induced
during growth and device processing as shown in Figure 3.8a. Surface [56][57] or buffer trapping
[58] is generally electric field dependent. Several techniques are used to assess the trapping effects
such as deep level transient spectroscopy measurements [59][60], temperature dependent threshold
voltage analysis [61] or pulsed measurements [50][59][62]. As shown in Figure 3.8b, pulsed I-V



characteristics performed with quiescent drain voltages up to 25V at Vgs = +2V of AIN/GaN
HEMT devices show rather strong trapping effects as seen from the gate and drain lag due to the
residual surface and buffer traps.
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Figure 3.8 Schematic cross section of AIN/GaN HEMT, showing electron trapping location (a),
Pulsed Ip-Vps characteristics with various quiescent bias points: Cold point: Vpso = 0V, Vgso =
0V, gate lag: Vpso =0V, Veso = -6V and drain lag: Vpso = [10V-25V], Veso = -6V (b) [50].

The trapping/de-trapping mechanisms induce electrical parasitic effects such as current collapse
and kink effect are shown in Figure 3.9a. Several investigations have demonstrated that current
collapse effects is related to the presence of traps and hot electron injection into the buffer layer
under high electric field [55]. It was also shown that the current collapse is attributed to trapping
under the gate and in the gate-drain access region using photo-transient measurements [63].
Another electrical parasitic effect due to the trapping mechanism is the kink effect that increases
the drain current, resulting in a shift of pinch-off voltage towards more negative voltages. Several
explanations have been suggested [64]: the impact ionization and subsequent hole accumulation
causing the change of surface or channel/substrate interface, field-dependent trapping/detrapping
in deep levels [65] and a combined effect of impact ionization and deep levels which induce a
modification of surface states, buffer or channel/substrate interface deep levels by the generated
holes [66]. Other studies have reported that kink effects in GaN HEMTs are related to both impact
ionization coupled with the presence of slow traps in the epitaxial layers under the gate, possibly
into the GaN buffer [67][68].

Figure 3.9b shows a comparison between large signal CW and pulsed mode at 40 GHz of output
power density, PAE and small signal gain as a function of Vps of AIN/GaN HEMTs. The gap in
terms of performances between CW and pulsed mode, especially for the PAE confirms the
presence of traps within these devices. That is why, the optimization of material quality, and related
process technology is necessary in order to minimize the trapping effect phenomena. Many efforts
have been carried out to minimize the parasitic effects due to electron trapping such as:



- The use of silicon nitride passivation (SisNa4) to improve the gate lag [54][59][69],

- The optimization of epitaxial growth conditions in order to suppress deep level traps into
the buffer layers [70],

- The use of gate field plates technology to spread the electric field in the vicinity of the gate
[71] or the use of an in-situ SiN passivation reducing drastically the surface states are key
parameters to improve RF performances.
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Figure 3.9 I-V characteristics showing the current collapse and kink effects due to electron
trapping (a) and CW (circle) and pulsed (square) output power density, PAE and small signal
gain as a function of Vps at 40 GHz of AIN/GaN HEMTs (b) [50].
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Figure 3.10 PAE (a) and associated Output Power Density (Pout) (b) of GaN HEMTSs
versus the frequency of operation.

High frequency operation requires aggressive device scaling to increase the gain and the frequency
performances of GaN HEMTs. Figure 3.10 shows a benchmark of PAE and Pout of GaN HEMTs



as a function of frequency. Very high efficiency up to 60% and Pout up to 8 W/mm at Q-band
have been reported [50]. However, at higher frequency, the efficiency of GaN HEMTSs is still
limited mainly due to an insufficient gain. At W-band, the highest PAE reported to date is 27.8 %
[72]. As shown in Figure 3.10a the PAE decreases with the frequency while Pout remains above
8 W/mm (Figure 3.10b). The major current challenge for mmW GaN based devices is to maintain
high PAE at high frequencies together with strong robustness.

On top of trapping enhancement and limited PAE, the device scaling can directly affect the
breakdown voltage (Vsk) due to the reduction of the gate-to-drain distance [73]. Figure 3.11 shows
the three terminal breakdown voltage as a function of Ly for different Lga. The plot demonstrates
that Lgq has more impact on the breakdown voltage than Lg. Therefore, high breakdown voltage
can still be maintained with short devices by using proper device designs.
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Fig 3.11 3-Terminal Breakdown Voltage of AIN/GaN HEMTSs as a function of gate
length and gate-to-drain distance (0.5 um and 1.5 pum).

Today, GaN HEMTSs are the most attractive electronic devices for high power mmW applications
owing to their intrinsic properties. High power and high frequency GaN HEMT performances are
continuously improving in the mmW range. Nevertheless, the robustness and subsequent reliability
remain under investigation as both scaled material and devices need to demonstrate high stability,
reproducibility and uniformity.

3.2. Specific material systems for RF devices
GaN HEMT epitaxial heterostructures based on Il1-Nitride materials consist of a wide bandgap
barrier layer (AIN, InAIN, InAlGaN or AlGaN), a GaN channel and GaN-based buffer layers
grown on top of a substrate using Metal Organic Chemical Vapor Deposition (MOCVD) or



Molecular Beam Epitaxy (MBE). GaN-based HEMTs are typically grown as follows from bottom

to top:

Nucleation layer: typically based on AIN, which is essential in order to accommodate the
lattice mismatch between the buffer and the substrate enabling high quality GaN hetero-
epitaxy.

GaN buffer layers: should be of high quality to avoid deep trap levels and lead to a high
electron confinement into the channel by using a back barrier or by incorporating acceptor
type dopants such as carbon (C) or iron (Fe) in order to increase the resistivity.

GaN channel: generally undoped to allow high electron transport quality, the channel
thickness is part of a trade-off between the electron confinement and the trapping effects.

Barrier layer: AlGaN-based for microwave devices and preferably ultrathin Al-rich
materials for mmW range in order to avoid gate recess, which can compromise the device
reliability. The thickness and alloy composition are key parameters to mechanical strain
and piezoelectric polarization, defining also the two-dimensional gas (2DEG) density [74].
SiN cap layer: enables to prevent the stress relaxation of the hetero-interface Al-rich
barrier/GaN channel, and passivate the surface states in order to reduce the DC to RF
dispersion [75][76].

Figure 3.12a shows an example of an AIN/GaN HEMT cross section consisting in 10 nm SiN cap
layer, 3 nm AIN ultrathin barrier, 100 nm GaN channel, a carbon-doped GaN buffer, and an AIN
nucleation layer grown on SiC substrate. Figure 3.12b reveals the transmission electron
microscopy (TEM) of this structure by MOCVD grown.

(a) (b)
10 nm SiN in-situ
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100 nm GaN \ZDEG
C-doped GaN

Figure 3.12 Cross section (a) and transmission electron microscopy (TEM) of the MOCVD

grown AIN/GaN/SiC with 3 nm AIN barrier (b).

The high spontaneous polarization between GaN and AIN lead to a significant sheet carrier density
[77], which combined to a gradient in alloy composition at the barrier/channel interface yields an
increasing amount of free carrier into the barrier layer. This results in a strong electron scattering
and a reduction in the 2DEG mobility [78]. Figure 3.13 shows the electrical properties of GaN



HEMT structures based on different barrier layers grown on SiC substrate. Room temperature Hall
measurements shows that the high sheet charge density of 1x10* cm obtained using an AlGaN
barrier layer can be increased to 1.9x10'® cm for an AIN barrier layer. Moreover, the 2DEG
mobility decreases as expected with the increase of the sheet carrier density from more than 2000
cm?/V.s for rather low Al content (<25%) AlGaN barriers to about 1000 cm?/V.s for AIN barrier
layer.
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Figure 3.13 2DEG properties for different barrier layers.
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Figure 3.14 TEM image of GaN grown on SiC.

As introduced in Chapters 1 and 2, an important aspect of GaN technology is the substrate material.
The choice of substrate depends on the available size, cost, thermal conductivity, coefficient of
thermal expansion (CTE), lattice mismatch and targeted applications. Since bulk GaN substrates
are still unavailable on large wafer diameter, GaN HEMTs are typically grown on SiC, Si and
sapphire. However, Sapphire has a low thermal conductivity with CTE and lattice constant



showing a significant mismatch with GaN. Si substrates present many advantages such as
compatible processing with advanced CMOS, availability of large wafer diameter and an
acceptable thermal conductivity. Nevertheless, it also suffers from a large lattice mismatch with
GaN as reflected by dislocations. Recent reported data confirm that SiC is the most attractive
substrate for GaN mmW power devices, because of its low lattice mismatch with GaN and high
thermal conductivity enabling superior power operations that are not reachable by any other
materials. Figure 3.14 shows TEM image of GaN grown on SiC showing a rather low dislocation
density.

4. Device design and fabrication of mm-Wave GaN devices
4.1. Description of key processing steps for various GaN device designs
e Device scaling for millimeter-wave

GaN HEMT device scaling is required in order to enhance the high frequency performances. These
optimizations are needed not only for the epitaxial structure but also for some processing steps
such as ohmic contacts, and gate module. The electron transit time is reduced by using shorter gate
lengths, however, a high aspect ratio Lg/a (gate length/gate-to-channel distance) above 15
combined with a high carrier density Ns should be maintained [79]. This allows preventing short
channel effects while improving the Fi/Fmax ratio that are defined by the following equations:
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where gm, Cgs, Cgd, Rg and Rgs are transconductance, gate-to-source capacitance, gate-to-drain
capacitance, gate resistance and drain-to-source resistance, respectively.
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Figure 3.15 Maximum oscillation frequency (Fmax) as a function of cutoff frequency (Ft) of GaN
HEMTs.

To increase Fmax, €ach parameter including Ftand parasitic elements such as Rgand Cgyq, needs to
be optimized. Following many efforts from the research community, the best Frand Fmax reported
to date are about 450 GHz (Figure 3.15). These performances have been achieved through
innovative device technologies such as T-shaped gate [80], n* GaN ohmic contact regrowth [81],
self-aligned gate process [82], vertically scaled epitaxy [80].

e T-shaped gate design

T-shaped gates are widely used for achieving both low gate resistance and parasitic capacitances
when reducing the gate length [83]. Parasitic elements become of paramount importance with
shorter devices. As a matter of fact, the frequency performances are currently mainly limited by
the short channel effects and parasitic elements. Figure 3.16a shows the schematic cross section of
a GaN HEMT illustrating the parasitic elements and the benefits of the T-gate with reduced gate
length, which basically enabled to achieve high RF performances [80]. Moreover, the reduction of
the gate length led to a significant increase of F; up to 450 GHz with a gate length of 40 nm as
shown in Figure 3.16b.
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Figure 3.16 Cross section of T-gate GaN HEMT (a) and Scaling of cutoff frequency (Ft) of GaN
HEMTs with the gate length (L) (b).

e Advanced ohmic contacts technology

For millimeter-wave applications, low contact resistances are mandatory to minimize total
parasitic resistances and enhance the device performances. Nevertheless, a low contact resistance
is difficult to achieve because the wide bandgap of Il1-nitride HEMT heterostructures. Moreover,
the high potential of barrier layer, especially when using high Al content may lead to high contact
resistances [84].Conventional planar ohmic contacts are the simplest and low cost method, which



are formed by alloying a complex metal stacks followed by an annealing at an optimum
temperature. However, high temperature annealing generally results in severe lateral ohmic metal
diffusion as well as rough metal surface. Typical contact resistances are about 0.25 to 0.5 Q.mm
leading to high parasitic resistances proportional to the device scaling. Several approaches have
been studied in order to successfully reduce the contact resistance such as: recessed ohmic contacts
enabling lower temperature and thus better contact definition [85][86], ion implantation prior to
the metallization [87], face treatment [88] and regrown ohmic contacts by MBE technique [80].
Among these approaches, regrown n*-GaN ohmic contacts is the most promising technology to
minimize parasitic access resistances. The ohmic contact regrowth approach enables direct contact
between n*-GaN and 2DEG layers that results in low interface resistance [82]. Very low contact
resistances are demonstrated [89][90]. As expected, the combination of high electron mobility and
high sheet carrier density reduce the access resistances where the gate-to-source distance needs to
be reduced leading to excellent device performances. This makes such a design attractive for
millimeter-wave applications.

e N-polar GaN HEMTSs

The conventional GaN HEMTSs are generally developed with a Ga-polar orientation where the
2DEG is formed at the barrier layer/channel interface while the polarization is inverted in N-polar
heterostructures as shown in Figure 3.17. The N-polar structure presents several advantages such
as low contact resistances due to the 2DEG induced above the hetero-interface and an excellent
electron confinement owing to the back barrier under the channel.

Ga-polar N-polar
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S o G SiN
AlGaN cap
AlGaN top barrier IDEG
I O GaN channel
GaN channel AlGaN back barrier
Buffer GaN Buffer

Figure 3.17 Device schematic cross section of Ga-polar and N-polar HEMTSs.

Development of N-polar GaN devices and recent results reported by University of California,
Santa Barbara (UCSB) show large potential for improvements in the mmW power applications.
Wienecke et al. reported an output power density of 6.7 W/mm with a PAE of 14.4% at 94 GHz
using N-polar GaN cap MISHEMT with a deep gate recess in order to control the dispersion [91].
Using a self-aligned gate to recess, Romanczyk et al. demonstrated high breakdown voltage and



high power density of 8 W/mm associated to a PAE of 28% at 94 GHz [92]. It can be noticed that
the device robustness under harsh conditions still need to be demonstrated with this configuration
system.

e AIN-based devices performances

Figure 3.18 shows the epitaxial structure and the schematic cross section of Hughes Research
Laboratories (HRL) fourth generation asymmetric self-aligned T-gate GaN HEMTSs. The gate
length was 20 nm and the ohmic contact regrowth technique is used which allows direct contact
of n*-GaN to the 2DEG enabling extremely low interface resistance of 0.026 Q.mm. An ultrathin
sub-5 nm AIN barrier is used, which delivers high electron density ns while maintaining a high
aspect ratio Lg/a. The asymmetric self-aligned gate with Lgs= 30 nm and Lgq = 80 nm allows high
speed with a breakdown voltage of 17V. This results in a high RF performance reflected by an F;
of 454 GHz and an Fmax 0f 444 GHz [93]. The same device with a gate length of 40 nm achieved
high large signal performances at W-band. Output power was 1.37 W associated to a PAE of 27%
at 83 GHz [19]. Furthermore, graded-channel AlIGaN/GaN HEMT demonstrated a large potential
to operate at mmW range. 30 GHz large signal measurements showed an excellent PAE of 72%
with an output power of 2 W/mm [94].
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Figure 3.18 Epitaxial structure (a) and schematic cross section of the AIN/GaN HEMT HRL
Gen-1V (b).
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Figure 3.19 Schematic cross section of an AIN/GaN HEMT (a) and FIB view of a 110 nm T-
gate (b).

Figure 3.19a represents a schematic cross section of an AIN/GaN HEMT structure based on a 3
nm AIN barrier grown on GaN/SiC substrate. The HEMT was capped with 10 nm in-situ SiN layer
used both as early passivation as well as to reduce trapping effects. The T-gate length shown in
Figure 3.19b was 110 nm and 3 different Lgg of 0.5, 1.5 and 2.5 um yielding high breakdown
voltage of 50V, 100V and 130V respectively. Fi/Fmax of 63/300 GHz are achieved at Vg4s = 20V for
Lg= 110 nm and Lg¢ = 0.5 pm. The Fi/Fmax ratio close to 5 is attributed to the highly favorable
aspect ratio: gate length / gate-to-channel distance (>25). Large signal characterizations have been
carried out in Q-band and W-band. Figure 3.20a shows typical pulsed power performances at 40
GHz of a 2x50 pm transistor with Lgg = 1.5 pm. a saturated output power of 5.3 W/mm with a
peak PAE above 60% at V4s = 30V and around 50% with a saturated output power of 8.3 W/mm
at Vgs = 40V. Despite the residual trapping effects, a high PAE around 50% up to Vgs = 40V is
obtained in CW mode as shown in Figure 3.20b. Furthermore, CW large signal characterization at
94 GHz have then been performed on the same devices. A high output power of 4W/mm is
obtained with a PAE of 14.3% at V¢s = 20V (Figure 3.21) [50].
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Figure 3.20 Pulsed (a) and CW (b) power performances of a 2x50 um AIN/GaN HEMT (Lg =
110 nm, GD = 1.5um) at Vps = 10V, 20V, 30V and 40V*. *Power matching only
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Figure 3.21 CW power performances of an AIN/GaN HEMT 2x25 pm with Le = 110 nm for
GD = 0.5um at Vps = 20V.

¢ InAlGaN-based device performances
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Figure 3.22 Device cross section of an InAlGaN/GaN HEMT.

Figure 3.22 shows the cross section of Fujitsu’s 80 nm gate length InAlGaN/GaN HEMT
technology. InAlGaN barrier was used to avoid the formation of surface pits thus reducing the gate
leakage current (lg) as compared to the ternary INAIN, which is required to improve the breakdown
voltage and device reliability [49]. In addition, InAlGaN barrier is well known for its high 2DEG
density combined to a high electron mobility. A double SiN passivation layer has been used to
eliminate the current collapse. The offset overhanging gate was adopted to decrease the electric
field without degrading high frequency performances. Load-pull measurements at 96 GHz show
high output power of 3.0 W/mm at V¢s = 20V under pulsed mode operation. Besides, an improved
80 nm gate length InNAIGaN/GaN HEMT demonstrated high power operation in the wide-



frequency range from S to W-band, using regrown n+ GaN contact layer, an InGaN back barrier
to reduce off-state drain leakage current and an AlGaN spacer layer to realize high 2DEG close to
2x10% cm. Moreover, a diamond heat spreader was introduced in order to decrease the thermal
resistance and further improve the output power density. The maximum pulsed output power
density of this INAIGaN/GaN MMIC amplifier was 4.5 W/mm at 94 GHz [95]. It is intended that
this power amplifier can be used in wireless backhaul communications.

4.2. State-of-the-Art mm-Wave GaN transistors

Figure 3.23 shows a benchmark of PAE as a function of Pout for GaN HEMTSs in the mmW range
up to W-band. In 2005, T. Palacios et al. reported a record Q-band Pout of 10.5 W/mm with a
PAE of 33% at 40 GHz using AlGaN/GaN HEMT technology with Ly = 160 nm, where the PAE
was limited mainly because of the linear gain of 6 dB [96]. J. S. Moon et al. reported gate recessed
and field plated AIGaN/GaN HEMT at 30 GHz with a Pout of 5.7 W/mm associated to a PAE of
45% [97]. Also at 40 GHz, F. Medjdoub et al. demonstrated in pulsed mode AIN/GaN HEMT an
outstanding PAE of 65% at Vps = 10V with a high Pout of 8.3 W/mm at Vps = 40V [50]. Hence,
compared to other technologies, much higher efficiency and Pout can be achieved with GaN
HEMTSs up to W-band and certainly beyond. Many efforts have been made in order to satisfy W-
band requirements such as a short gate length (deep sub-100 nm), high Fi/Fmax and low contact
resistances. Micovic et al. from HRL reported the first W-band GaN transistors with high
performance in 2006 (14% efficiency and 2.1 W/mm Pour) [98]. Mikiyama et al. from Fujitsu labs
developed 80 nm Schottky-gate InAlIGaN/GaN HEMT which provides more than 3 W/mm high
power density at 96 GHz [49]. Recently, F. Medjdoub et al. demonstrated a state of the art Pout of
4 W/mm at 94 GHz associated to a PAE of 14% using AIN/GaN HEMT technology [50]. While
these conventional GaN HEMT structures are developed on Ga-polar hetero-structures, recent
research from UCSB has shown the emergence of N-polar hetero-structures providing 28%
efficiency with a Pour of 8 W/mm at 94 GHz [92]. It can be pointed out that the optimum
technology choice is not based only on performances but also on the device reliability under harsh
conditions. This will determine in a near future which GaN-based structure will be best suited for
mmW applications.
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Figure 3.23 Benchmark of PAE as a function of Pour for mmW GaN HEMTs.

5. Overview of MMIC powers amplifiers

5.1. MMIC technology using I11-N Devices
e |11-V materials based MMICs technology

MMICs, based on I11-V semiconductors technology are one of the key building block to meeting
the requirements for mmW applications. Monolithic means that the full fabricated circuit is built
on a single piece of a semiconductor material such as GaAs, InP, SiGe or GaN resulting in highly
integrated and compact devices. Although high performance mmW GaAs and InP based MMICs
have been reported so far, the increasing bandwidth and power requirements for mmw
applications are limited with these traditional semiconductor technologies. GaN is a potential
solution to satisfy the RF mmW transmitter requirements for communications and SATCOM
applications [43]. For instance, GaN devices are being used in harsh environment receiver
applications owing to its low noise performances and robustness. Therefore, GaN-based can cover
any MMIC functions such as mixing, low noise amplification, power amplification and high
frequency switching. Figure 3.24 shows an example of typical elements in RF transmit and receive
modules in wireless communications. There are two key components inside the transmit/receive
module, which are the power amplifiers (PA) and low noise amplifiers (LNA). In addition to these
components there are different transmit/receive functions integrated in the mmW modules,
including the oscillators, filters, linear mixers, converters and RF switches [99].
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Figure 3.24 Schematic example of RF transmit/receive in communication base station.

Millimeter-wave MMIC systems need to deliver not only high performances but also low cost and
compact size. Along with active devices, standard passive components such as metal-insulator-
metal (MIM) capacitors, metal evaporated thin film resistors, bulk resistors and via holes are used
for the circuit realization [100]. A number of foundries use specific techniques for the MMICs
implementation such as grounded coplanar waveguide (GCPW), microstrip transmission lines
technology and Cu damascene multi-layer process for 3D interconnection. Microstrip transmission
lines are mostly used for MMICs and become more critical at higher frequency [101]. Cu
damascene multi-layer process for 3D interconnection provides high power, high current and low-
loss passive component [102]. The GCPW allows for low-inductive ground connection [103].
Moreover, CPW enables lower dispersion than microstrip technology for broadband applications
as well as simple and cheaper fabrication because of the absence of via holes and backside
processing, which is beneficial for mmW operation.

e Power amplifiers

Power amplifiers and circuits design are extensively investigated for mmW applications. The main
challenges for next generation power MMICs are the achievement of a high output power up to at
least 100 GHz combined with high PAE in order to reduce the power consumption.

Class-A, A/B and C for power amplifier GaN MMICs:

Power amplifiers are classified as linear class-A and non-linear A/B and C for analog design. Each
class has its advantages and drawbacks as they typically generate trade-offs [99]. Class-A
operation is the main class to provide high power density with better linearity but with a lower
efficiency. Indeed, in class-A the quiescent drain current is fixed to the half of the maximum drain
current leading to high power density and therefore significant power consumption [104]. Class-
A/B operation is quite popular. The quiescent drain current is set to the optimum value
corresponding to a trade-off between the linearity and efficiency. Finally, the class-C operation is
also limited by the linearity, it is used typically for narrow band applications, in driver amplifier
[105] and in rectifier mode to enhance efficiency [106].

Class D, E and F for Switch amplifier GaN MMICs:



Class D, E and F operations are used in switch mode GaN amplifiers in order to improve the
efficiency. Class-D operation is typically used for amplifiers operating at low frequencies. Class-
E amplifiers is designed to reduce the power loss during RF-switching. The ideal Class-E amplifier
is a switched-mode circuit which combines zero dissipated power with zero voltage switching and
zero derivative of voltage switching [107]. Class-E corresponds to a highly efficient tuned
switching power amplifier. In Class-F amplifiers, harmonic tune technique was developed to
further improve the performance beyond those of class-A, and A/B designs [108][109]. Therefore,
Class-F amplifiers can operate at higher frequencies, but are limited by the complexity of the
circuit and the tuning requirements.

e Low noise amplifier

The noise performance of the first amplifier stage affects the receiver noise figure and thus its
sensitivity. The aim of a low-noise amplifier (LNA) is to amplify the desired small powered signal
from the antenna while minimizing the degradation of the signal-to-noise ratio. A LNA is located
at the first stage in a RF receiver module and is a key element as its noise performance dominates
in a cascaded RF receiver system. The figure of merits of an LNA include high gain (typically >
20 dB) and a low noise (NF) figure (< 2 dB) for higher linearity. GaN is also a promising candidate
for reaching this overall figure of merits. They can provide a good sensitivity at low power input
and a reasonable gain thus a good linearity at high power levels. Several LNAs based on GaN
operating at various frequency have been reported. For Ka-band (27 GHz — 40 GHz), a NF as low
as 1 dB measured at 37 GHz with 24 dB gain using GaN HEMTs T4-A generation of HRL
technology [110]. In the frequency band (100 MHz — 45 GHz) a low noise gate-termination-less
Cascode distributed amplifier GaN MMICs demonstrated 10 dB gain and 1.6-3 dB of NF from
130 MHz to 26 GHz [111]. At high frequency, a highly-linear LNA MMIC using AlGaN/GaN
HEMTSs technology reported 25 dB gain and 5.6 NF at 84 GHz [112]. The required NFs of the
LNAs are in the range of 1 to 5 dB. GaN based LNA designs reported in the literature deliver
lower NF in comparison to other technologies based on 111-V materials, which proves that GaN is
promising for next generation robust receiver design.



5.2. MMIC examples from Ka-band to D-band frequencies
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Figure 3.25 Examples of millimeter-wave MMICs at different frequencies: Ka-band (a)(b), W-
band (c) and D-band (d).

Figure 3.25 provides examples of state-of-the art millimeter-wave GaN MMICs with different
designs. Figure 3.25a shows an image of 3-stages Ka-band design [11] with a chip size of
1.74x3.24 mm2. The MMIC technology is based on a 0.15 pum gate length AIGaN/GaN HEMTs
fabricated on SiC. The measured results under CW operation for the balanced 3-stages demonstrate
9.5-11 W output power and 26-30% associated PAE between 28-31 GHz. For single-ended
amplifier type, the measurement results show an output power of 5.8-6.4 W and 28-34% of PAE
for similar frequency range. Figure 3.25b illustrates Ka-band 0.15 pum AlGaN/GaN HEMTSs
MMIC amplifier. The gate pitch was optimally designed to obtain the maximum output power.
The designed amplifier is two-stage single-ended amplifier and the size is 3.8x6.2 mm2. The
achieved output power under CW operation is 20 W and the PAE is 19% at 26.5 GHz. In the
frequency range of (26 — 28) GHz the output power is greater than 15 W with an associated PAE
of 13% [36]. Figure 3.25c shows a fabricated W-band GaN PA MMICs using 80 nm
InAIGaN/GaN HEMTSs [13]. The MMIC consist of two-stage cascade units with two transistors
each and identical gate lengths in order to provide high gain and low loss matching circuit. The
size of the MMIC was 2x1.8 mm2. CW large signal characteristics were carried out at 86 GHz.
The maximum output power density was 3.6 W/mm with a PAE of 12.3% at V¢s = 20V. Figure
3.25d depicts a D-band PA MMICs using 100 nm T-gate AlGaN/GaN HEMTSs. The S parameters
of the active devices demonstrated an F; of 100 GHz and an Fmax around 300 GHz. The MMIC



consists of four actively matched cascode stages and the MMIC size was 3.75x2.0 mm2. Large
signal measurements show a maximum output power density of 1.4 W/mm at 120 GHz at Vs =
15V with associated PAE of 11.5% [103].

6. Conclusions

Nowadays, GaN-based HEMT is becoming a critical technology for mmW applications. Due to
the outstanding material properties, recent advanced GaN device design provided a sharp increase
in performances including high power, high efficiency, reliability and compact size. These
capabilities are ideally suited for numerous mmW power applications such as beam-forming
technology for both 5G, 6G wireless networks and PAs MMIC for W-band frequency and beyond.
Therefore, GaN will play a strong role in advanced RF and mmW applications including 5G and
satellite communications. Thermal management, especially when using small component sizes,
together with full control of surface and bulk traps will be the main challenge to ensure the required
device reliability.
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