GaN On Silicon

RF GaN on Silicon:
The Best of Two Worlds

CoVER FEATURE

INVITED PAPER

Ismail Nasr

Infineon Technologies, Neubiberg, Germany

hile the world con-

tinues to strive for

higher speed con-

nections paired with
low latency and high reliability, the
energy consumption for informa-
tion communications technology
continues to soar. These market re-
quirements not only position 5G for
many critical applications, they also
set constraints on energy efficiency
and performance. 5G network per-
formance targets impose a new
set of requirements for the under-
lying semiconductor components,
increasing the demand for highly
reliable RF front-end solutions, with
improved energy efficiency, larger
bandwidth, higher operating fre-
quency and smaller footprint. As the
number of semiconductor devices in
base station radios increases drasti-
cally, driven by the trend toward
massive MIMO (mMIMQO) systems,
the pressure on mobile network op-
erators to profitably deploy scarce
CAPEX and OPEX resources is even
more severe. Hence, limiting equip-
ment cost and power consumption
is of paramount importance for the
installation and operation of an ef-
ficient 5G network.
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The RF power amplifiers (PA)
deployed in modern 5G radio ar-
chitectures play a major role in
meeting the apparently contradic-
tory needs for everhigher per-
formance and lower cost. While
LDMOS technology dominated the
RF PAs for radio access networks in
previous cellular standards, this is
changing with the implementation
of 5G. GaN, with superior RF char-
acteristics and significantly lower
power consumption, is a contender.
There is one caveat to this storyline,
however: GaN on SiC, which is pre-
dominantly being used for new 5G
active antenna radios, remains one
of the most expensive RF semicon-
ductor technologies because of its
non-mainstream semiconductor
processing. This limits its potential
for large economy of scale. GaN on
Si, in contrast, combines the best
of both worlds: competitive perfor-
mance paired with large economies
of scale, enabled by its integration
into standard semiconductor pro-
cess flows. In this article, we ex-
plain how advances in GaN on Si
positions the technology as a very
strong contender for the RF PAs in
5G radios.

5G REQUIREMENTS

The surge of digital social media,
data hungry video calls and severe
internet usage on mobile devices
are increasing the demand for high
performance 5G radio networks
to provide sufficient coverage and
quality of service. This trend inten-
sified during the COVID pandemic
and, consequently, operators are
pushing for a sub-6 GHz 5G roll-out
as an efficient way to cope with this
exponentially growing data con-
sumption. The push for higher data
rates has, however, a huge impact
on the global energy bill, where it
is expected that information and
communication  technology  will
grow to 21 percent of global energy
consumption.

From an RF radio perspective,
new 5G features translate into
more challenging RF characteristics:
Higher carrier frequencies to 7 GHz,
instantaneous bandwidth greater
than 400 MHz, higher order modu-
lation, increased channel numbers
and mMIMO antenna configuration
are a few.2 Furthermore, as radios
become more complex, the need to
keep weight and power consump-
tion to a minimum was never more
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important, with both factors de-
manding higher energy efficiency to
save the costs of energy and cool-
ing equipment. The RF PA stages
remain mission-critical devices in 5G
mMIMO radios, the last active block
before air transmission, where up to
50 percent of the base station’s en-
ergy in consumed.3 Modern semi-
conductor technologies for RF PAs
need to meet certain harsh prereg-
uisites to fulfill the requirements of
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5G and pave the way to future gen-
erations.

In this context, GaN has estab-
lished itself as the leading high-
power RF PA technology for 5G
mMIMO radios because of its supe-
rior RF performance. However, cur-
rent implementations are cost pro-
hibitive: GaN grown on expensive
SiC wafers in Ill/V fabs with expen-
sive lithography, resulting in extraor-
dinarily high production cost com-

pared to Si-based technologies.
Initial attempts to grow GaN on Si
carriers did not made it to the mar-
ket because of limited performance
and unfavorable cost. This is chang-
ing. In this article, we describe a
new GaN on Si technology running
on an eight-inch process that meets
all technical requirements and offers
commercially attractive economics.

RF PA TECHNOLOGIES

LDMOS — LDMOS FETs (see
Figure 1) were introduced in the
late 1960s to early 1970s to increase
the breakdown voltage of power
MOSFETs.4 The performance, rug-
gedness and ease-of-use of the
laterally diffused structure®® sur-
passed that of Si bipolar transistors,
and LDMOS became the dominant
RF power technology in the 1990s.

Over the past 30 years, LDMOS
has been the standard technology
for the high-power transmit stages in
wireless infrastructure, achieving ex-
cellent performance to 3 GHz. With
the inherent cost advantage from
fabricating the devices on eight-inch
Si substrates and fully compatible
with standard Si process lines, LD-
MOS has been difficult to supplant in
the wireless base station market until
the advent of GaN HEMTs.

GaN on SiC — Arising from DAR-
PA programs of the early 2000s,’8
which followed the successful GaAs
MMIC programs of the 1970s and
1980s,° GaN RF devices (see Fig-
ure 2) were developed to meet the
demand for the higher power, wider
bandwidth and higher frequency re-
quirements of military applications,
such as radar.

Compared to LDMOS, GaN has
the inherent advantages of a higher
critical E-field and maximum carrier
density in the channel, which trans-
lates into higher power density with a
higher impedance for a given output
power and a lower decline in efficien-
cy versus frequency. The attributes
that make GaN attractive for military
applications make GaN attractive for
wireless infrastructure,’0 specifically
high-power density—typically 5x that
of an LDMOS transistor—combined
with low parasitic capacitance, which
enables the device to support wider
modulation bandwidths.

The market trend toward higher
frequency also favors GaN transis-
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the performance
between
LDMOS and GaN
is not as signifi-
cant. To address
the high cost of
GaN on SiC, GaN
grown on Si sub-
strates has been
pursued since the
early 2000s. The
main challenges
for performance and reliability relate to the difficulty
growing high-quality GaN on Si substrates, due to lat-
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A Fig. 2 GaN HEMT device functional
cross-section.

A Fig. 1 LDMOS device functional cross-section.

tors, which maintain higher peak efficiency as the power
and frequency scale. As shown in Figure 3, GaN-based
PAs are exceeding 80 percent efficiency, even above 2
GHz. These efficiency advantages are increasingly im-
portant for 5G and future communication systems.
GaN on Si — Cost has always been a major factor
limiting the adoption of GaN in cost-sensitive applica-
tions like wireless infrastructure. This is especially true
for applications at 2 GHz and lower frequencies where
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A Fig. 3 Psat vs. PAE vs. PA technology, measured over 2 to
6 GHz.1"
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A Fig. 4 Load-pull drain efficiency vs. Pout for packaged 5.8
mm GaN on Si transistor.

tice mismatch. A huge amount of research and devel-
opment during the last 10 years, especially for power
conversion applications, yielded much improved EPI
quality and, subsequently, the release of many GaN on
Si products, even for industrial applications.’?

STATE OF GAN ON SI

Despite this progress, several challenges were over-
come to demonstrate GaN on Si performance on par
with GaN on SiC, as well as good reliability. Through
this work, Infineon developed a GaN on Si technology
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for RF power that can reach its potential; after many
years of development, GaN on Si is ready to become
mainstream. The most important criteria determining
maturity—performance, thermal resistance, reliability
and cost—are discussed in the following paragraphs.

RF Performance — One of the most important
performance parameters driving the replacement of
LDMOS is RF efficiency. Figure 4 shows 2.7 GHz load-
pull measurements of a packaged transistor with 5.8 mm
gate periphery and biased at 28 V. At 3 dB compression
(P3db), indicated by the circles, the peak drain efficien-
cies are approximately 85 percent and the peak output
power density is more than 5.5 W/mm, performance on
par with GaN on SiC. The contours show fairly constant
efficiency from deep back-off to near saturation, which
indicates low trapping—making the device technology
suitable for Doherty PA applications.

Thermal Resistance — One of the fundamental dif-
ferences between GaN on Si and GaN on SiC is the
thermal resistance, reflecting the difference in thermal
conductivity of Si and SiC substrates. GaN on SiC has
better thermal conductivity. However, through wafer
thinning and device layout, the same junction tempera-
ture can be achieved with a GaN on Si transistor biased
at 32 V as a GaN on SiC device operated at 48 V. By
extension, assuming similar failure mechanisms, a GaN
on Si device operating at a lower voltage will achieve
the same reliability as a GaN on SiC device.

Reliability — Device failure and drift are two con-
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A Fig. 5 GaN on Si MTTF.

siderations when assessing device reliability. The mean
time to failure (MTTF) is determined by the failure
mechanisms, which depend on device temperature
(see Figure 5). At lower temperatures, the MTTF of
the GaN on Si transistor is limited by electromigration.
However, electromigration is independent of the intrin-
sic GaN transistor, determined by the metallization and
layout of the device. The MTTF due to electromigration
can be extended by changing the layout. The Infineon
GaN on Si device uses the same copper metallization
commonly used for Si processes, which has high robust-
ness to electromigration and achieves an MTTF of 108
hours at a temperature of 150°C.

Assessing the drift of the technology, Figure 6 shows
the Idq drift at 25°C and 100°C with the device biased at
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A Fig. 6 GaN on Si Idg drift vs. time, 25°C and 100°C.

10 mA/mm and Vds = 28 V. Extrapolating the measure-
ments, after 10 years the dq drift will be less than 25 per-
cent. Figure 7 shows the degradation in output power
versus time of a 20 mm packaged transistor undergoing
a high temperature reverse bias (HTRB) stress test. The
device is biased at Vgs = -15V, Vds = 100 V and the tem-
perature is 150°C. The output power degrades less than
8 percent through 1000 hours of HTRB stress.

Cost — The cost per area of a GaN on SiC device is
driven by the SiC substrate and the cost of processing
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typically small wafers in a lllI/V fab.
By comparison, the Infineon GaN
on Si technology runs on eight-inch
wafers in a standard Si fab, since it
is compatible with other silicon wa-
fer production. The GaN on Si wafer
production runs on modern, eight-
inch Si production equipment, tak-
ing advantage of Si's inherent in-
tegration, performance, yield and
supply chain infrastructure. RF in-
tegration leading to more complex
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MMICs is a longstanding trend, so
the cost per area of a volume Si fab
remains an important differentiator.

GAN ON SI PA MODULES

The key performance parameters
for a wireless infrastructure PA mod-
ule (PAM) comprise the power-add-
ed efficiency (PAE) at the nominal
RF output power, the dynamic peak
output power and the ability to lin-
earize the PA in both frequency-divi-

sion duplex (FDD) and time-division
duplex (TDD) modes.

A trend for the RF power per an-
tenna element in active antenna sys-
tems (AAS) is increasing the nomi-
nal linear output power of the PAM
from 3 to 8 W, possibly to 12 W and
higher. The frequency and antenna
array scaling impose a size restric-
tion on the PAM so it fits within the
element spacing on the RF printed
circuit board (PCB) to minimize the
system cost. Power GaN technol-
ogy supports this compact form fac-
tor because it can withstand higher
junction temperatures.

To assess the capabilities of Infi-
neon’s GaN on Si technology, a sin-
gle-stage Doherty amplifier PAM on
a multi-layer organic laminate sub-
strate was designed to have an av-
erage modulated linear power of 39
dBm in the 3.4 to 3.6 GHz band (see
Figure 8). In a Doherty design, the
input signal is split between “main”
and “peaking” amplifiers, and the
amplifier outputs are recombined
with a 90-degree phase shift in one
path. Biased at 28 V and with a sin-
gle-tone input signal, the gain and
drain efficiency (DE) of the PAM ver-
sus output power were measured at
room temperature (see Figure 9). At
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A Fig. 7 GaN on Si Pout drift vs. HTRB
time.
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A Fig. 8 Single-stage Doherty PA block
diagram.
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39 dBm output, 10.5 dB power gain
was achieved, including the 3 dB
splitter, combiner and other passive
losses. A maximum output power of
47.5 dBm was measured.

Using a clipped and filtered,
modulated 5G NR waveform with
7.5 dB PAR, the nominal RF operat-
ing power of 39 dBm is predicted,
with the first peak in DE expected
near this point, to ensure minimal
deviation of the modulated PAE
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from the single-tone PAE. The sin-
gle-tone PAE was 52 to 54 percent.
The performance of the GaN on Si
PAM is comparable to the perfor-
mance reported for GaN on SiC.13-

The dynamic peak power of the
PAM with a modulated signal and
using digital predistortion (DPD)
was measured at 3.6 GHz using a
spectrum analyzer (see Figure 10).
A peak power of 47.5 dBm was

measured. The figure compares the
modulated AM-AM dependency
with and without DPD, showing the
DPD yields excellent linear output
characteristics. The capability of
DPD to linearize the PAM reflects
low device nonlinearity and low
circuit and device memory effects.
Ease of linearization using com-
mercially available DPD engines is
an important characteristic of the
device technology and amplifier
design.

The fielded application for this
PAM is in FDD and TDD base sta-
tions. With the versatility of the
3GPP's 5G standards, the time dia-
gram of a transmitted signal can be
rather complex and irregular, with
single symbol transmission pos-
sible. Thermal, charge trapping
and video bandwidth determine
the dynamic response of the PAM,
which manifests in varying output
power and error vector magnitude
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A Fig. 9 Measured gain (a) and DE (b)
vs. input power of a single-stage Doherty
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A Fig. 10 Gain vs. Pout of the Doherty
PA with a 3.6 GHz modulated signal,
comparing the “raw” performance (blue)
with DPD linearization (red).
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along the symbol sequence within a
transmitted sub-frame. To illustrate,
Figure 11 plots the power spectrum
of the first symbol of a transmitted
sequence, showing performance in
FDD, mixed and TDD modes using
DPD without the long-term memory
model. Vc refers to the clamping
voltage or off-stage gate bias. The
TDD mode measurements used the
following modulated signal: 3GPPD
TM3.1a with a 1 x 20 MHz channel,
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5G NR OFDM 256-QAM, 60 kHz
SCS and 7.5 dB PAR.

TRENDS AND CHALLENGES

As the RF transmit power increas-
es, heat management becomes
more important. With mMIMO
AAS, there are several thermal man-
agement considerations: 1) system
overheating leading to component
performance degradation and re-
duced long-term reliability, 2) high-

er operating cost because of lower
energy efficiency and 3) passive
heat removal from the radio system.

While discrete module solutions
could provide better heat man-
agement through lower packaging
density, they can create BOM and
PCB-area bottlenecks in larger AAS,
requiring significant design opti-
mization by the system integrator.
Control over die thickness, use of
proper die attach techniques and
high-quality soldering of the PAM
onto the PCB are key to removing
heat from the PAM. Maintaining
near constant output power over
temperature requires a smaller de-
sign margin and yields higher PAE.
Infineon’s GaN on Si PAM products
have a -0.02 dB/°C power gain co-
efficient, which is comparable to
GaN on SiC and LDMOS PAs.

Wider instantaneous bandwidth
and use of frequency bands above
5 GHz are two additional market
trends leading to more integrated
PAM solutions on GaN. Infineon’s
GaN on Si technology has the ca-
pability for MMIC integration, which
offers substantial benefits, not only
for meeting the output power speci-
fications, but also overcoming per-
formance limitations from the para-
sitic effects of cascading discrete
components, transistor parasitics
and bond wires, which typically
result in reduced bandwidth and
poorer energy efficiency.

SUMMARY

This article discussed the devel-
opment of an RF GaN on Si tech-
nology for wireless infrastructure
that improves the cost-performance
value of GaN. After many years of
GaN on Si development, the tech-
nology has matured to deliver its
potential, providing efficiency on

FDD: 38.3 dBm

TDD: Vc = Off, 39.3 dBm
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A Fig. 11 Measured Doherty PA
spectrum in FDD and TDD modes using
DPD without the long-term memory model.
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par with GaN on SiC at a lower cost based on Si wa-
fer processing. This article has shown GaN on Si can
meet the efficiency, linearization and power density
requirements of 5G wireless communication systems.
We believe this is the start of a longer journey, where
further industry developments will push the capabilities
of GaN on Si to higher frequencies and higher power
levels, potentially expanding applications beyond wire-
less infrastructure. B
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