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G and Wi-Fi &(E) are creating new

user experiences that require un-

precedented network capacity with

on-demand data throughput at
record low latencies, To address these re-
quirements, spectral resources fram 100s of
MHz te mmWave frequencies have been as-
signed to these standards. Gbps data rates
are offered at these bands using record high
waveform complexity, tightening RFIC lin-
earity spr,—-.{;iﬁ:;atiq}r.s to minimize signal dis-
tortian.

Ower the last two decades, silicon on in-
sulator (501) has proven to be the semicon-
ductor solution of chaice far highly linear,
power efficient, integrated wireless systems.
At the same time, the world’s near to end-
less CMOS capacity and the demaonstrated
large-scale manufacturability of RF-501 sub.-
strates have enabled cost effective solutions
for 4G/LTE and Wi-Fi. Today, 5G and Wi-Fi
&(E) are benefiting from this demonstrated
capability. This article reviews the continu-
ausinnevation of 501 engineered substrates
to address the challenges of teday’s and fu-
ture wireless systems.

HR-501 TO TRAP-RICH 501
C:lmpa.'ed to bulk silicon technolooy,
SOI's key advantages for RF applications

have led to its general adoption in smart-
phone frent-end medules over the past de-
cade, spearheaded by RF switches. SOl wa-
fers are composed of a thin silicon layer, usu-
ally 50 to 150 nm where the active devices
are built, fully iselated from the underlying
ar "handle” wafer by a buried oxide (BOX)
layer.

This configuration has major benefits.
First, the shallow trench isolation reaches the
BOX and eﬁective!y eliminates any conduc-
tion path between devices. This, in turn, en-
ables transistor stacking to a level unsustain-
able using junction isolation. It alsc drastically
improves the isolation between circuit blocks.
The second benefit is the ability to engineer
the handle wafer specifically for communica-
tion applications witheut degrading the qual-
ity of the active device layer, leading to high
resistivity (HR) silicon being implemented as
the handle wafer material. Decreasing the
concantration of free carriers in the handle
wafer reduces the attenuation or insertion
legs (IL) of the propagated signal, resulting in
better power transmission efficiency. It also
reduces the power of the parasitic signals
generated at the harmonic frequencies of the
carrier signal, i.e., harmaonic distortion (HD) or,
when multiple signals are invalved, intermod-
ulation distortion (IMD).
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Though the HR handle is highly
beneficial, the HR-SO1 wafer has an
inherent capacitor-like  configura-
tion, which results in the possible
creation of a low resistivity, free car-
rier accumulation or inversion layer
underneath the BOX, dubbed the
parasitic surface conduction (PSC)
layer.! This issue can be circum-
vented with an engineered layer be-
tween the BOX and HR handle con-
taining a high density of electrically
active traps.2? Three game-chang-
ing effects of this trap-rich (TR} layer
are the Farmi level p.nning induced
by the traps, the trapping of free
carriers from the base wafer and the
reduction of mobility. & higher level
af signal fidelity can be achieved:
the isolation is improved because
the conductive coupling below the
BOX is suppressed, leaving only ca-
pacitive coupling. The fluctuation
aof carier concentration below the
BOX is suppressed, as the Fermi
level is pinned close to the middle
aof the semiconductar’s gap, linear-
izing the handle's resistance and ca-
pacitance and drastically reducing
HD. Finally, the constant HR further
reduces IL.

The following section discusses
Soitecs TR SOI family of substrates
and how the RF perfarmance com-
pares to HR-SO| for different wire-
less applications (see Table 1). The
measurements shown  throughout
the article, unless othenwise stated,
rfermed en 2.1 mm long co-
i avequide (CPW) at a funda-
mental frequency of 900 MHz. The

DC bias refers to the bias applied
between the central line and ground
lines; the latter connected to the
substrate backside. The second har-
manic power levels are referenced
to a fundamental frequency output
power of 15 dBm at a default DC
bias of OV,

RF-501 SUBSTRATES FOR RF
FROMNT-ENDS

Depending on the intended fune-
tion in the RF front-end (RFFE), the
diverse RF circuits impase different
req,li.’emer.:s an the RF-50| sub-
strate, i.e., for large signal {linzarity,
power handling) er small signal and
immunity to interferers (crosstalk,
digital noise).** Given the increas-
ing complexity of the RFFE, high
density integration of digital logic,
memaory and RF functions must also
ke carefully considered. The final
system application—such as infra-
structure or mobile user equiprment
{UE}—will also dictate specifications
including ruggedness and robust-
ness.

Large-signal switching, shaping
and amplification can introduce
signal distortion because of the in-
herent nonlinear nature of active
RF circuits. Soitec’s RFeSI™ sub-
strates help minimize distortion by
reducing parasitics, as previcusly
explained. Figure 1 shows the har-
monic and intermodulation prod-
ucts generated on three RFeSI TR
501 substrates th guaranteed
second harmonic power below -100
dBm (RFeSI100), -90 dBm (RFeSI90)
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and -80 dBm (RFeSIB0L The IMD
performance is measured with two
20 dBm tanes at 900 and 955 MHz.7

The complexity of the digital and
contral content of the RFFE has
been steadily increasing. For ex-
ample, several 26 MHz—up to 52

MHz—MIPI RFFES™ bus instances
are required te control the radics
in the modern smartphene, includ-
ing 5G, Wi-Fi, Bluetooth, GNSS and
NFC. Even with the complexity, the
contral and digital signals must not
interfere with the RF and vice versa,
A good RF sub-
strate should help
prevent unwanted
signals  cenduct-

ing from one part
of the system to

another—whether
contral, digital or

RF—as they can
disrupt system op-

eration.  Crosstalk
and digital noise
immunity are very

impertant  when
designing RF and

A Fig. 1 RF-50| substrate zecond and third harmenics (a) and
45 MHz IMD3 [b).

mmWave  front-
ends, and the de-
sign starts with the
substrate (see Fig-
ure 2).5
Smartphone an-
tenna  impedance
and aperture varia-
tion due to extar
nal elements, such
as the position of
the wusers hand,
have been widely
studied, leading to
the use of antenna
tuners (AT) in the
RFFE ta dynami-
cally compensate
such varation. Als
are  implemented
as close to the
antennas as pos-
sible and are the

-------- Substrate Lass (HR)

———— Matal Loss (HR)
Total Loss [HR)

- - Substrate Lot (RFSIR0

= === Maotal Loss (RFaSI90)

e Tritall Lo [RFeSI90)

=== Simulated Substrate Loss (HR)

= Simulated Maetad Loss (HR)

Simulated Total Loss (HR)
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first RFFE elements that must with-
stand large VSWR. Dapending on
the design, ATs may require the
RF-S01 substrate BOX to withstand
voltages greater than 100 V. Some
RFeS| substrates offer BOX soft
breakdowns greater than 150 V by
tuning the BOX layer thickness ap-
propriately (see Table 1).

When comparing RE mmWave
and integration capabilities, Figures
1 and 2 show a clear advantage of
TR SO1 over HR-50I. TR RF-5CH1
has greatly contributed to the sue-
cess of CMOS in RF and mmWave
front-ends. As RFFEs evolve, TR 501
substrates must also evolve to ad-
dress mere stringent requirements.
Higher frequency measurements,
substrate modeling and material de-
velopments are being pursued for
future applications, and these are
described in the following sections.

MMWAVE CHARACTERIZATION

Signal attenuation in transmis-
sion lines, particularly CPW lines, is
strongly affected by the free carri-
ers in the underlying substrate. The
total propagation loss, which com-
prises metallic losses in the lines as
well as losses from the substrate, is
often used to compare the RF per

immunity.

A Fig. 3 Measured insertion loss on HR-501 and RFe5I90 substrates (a) compared to simulated HR-50 substrate model (k).
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formance of dif-
ferent  substrates.
Figure 3 plots the
propagation  loss
la) versus freguen-
cy of CPW lines
on different silicon
substrates,  show-

ing the separate

contributions from

r Sl an -15 -1 -5 a 5 0 15
the meta If: and BC Bias (V)
substrate  losses, RERSIB per e B0 adalat

22 RFeS| easurs === RFg3| Modeio
For a 30 01 trans- —— HR ALDy Measured = HR 2203 Madeled
MISSIan |Iﬂ0, o s = HR Oxide Misiured === H& Owide Modeled
equivalent to the IL
oEr unit Eenqth. A Fig. 4 Measured vs. simulated second harmonic power.

CPW lines with
different e 8
{i.e, 426, 906, 2106, 2526, 2826
pm} and the same cross section
were measured and the multiline
thru-reflect-line  {mTRL) algorithm
apphied to extract the propaga-
tien constant.® The mTRL algorithm
with redundant line measurements
increases the extraction accuracy
by reducing the measurement
noise, which is inherently larger at
mmWave frequenc The separa-
tion of the metallic and substrate
losses was obtained using a proce-
dure described by L. Nyssens et al.%,
which is valid at mmWave frequen-
cies

The different samples were
manufactured with the same CPW
pattern, such that they have simi-
lar metallic losses versus frequency.
The increasing IL with frequency is
caused by the skin effect, a metallic
lass mechanism. The introduction of
HR silicen improved the IL by reduc-
ing the number of free carriers in the
handle substrate. Nevertheless, the
prasence of the PSC at the oxide-
silicon interface degrades the L
This is suppressed when a TR layer
is used, as with the RFeSI90 wafer.
Therefore, the TR SOl substrates
combining a HR handle silicon sub-
strate and TR layer have negligible
substrate-related losses. At suffi-
ciently high frequencies, when the
slow-wave mode is suppressed—
above a few tens of MHz for TR
substrates and above 10 to 20 GHz
for HR substrates—the substrate
losses are frequency independent
and agree with the substrate model.
The improvement in L for the RFeSI
subetrates is valid across the entire

mm\Wave frequency range.

SIMULATING RF-501
SUBSTRATES

Developing engineered materi-
als for acvanced applications is a
(:UT'IIF}IEJ(J :i."l'li-!- E]f1(_| resaurce-can-
suming process, which is more ef-
ficient with calibrated simulation.
Accurate small-signal modeling has
been developed using a combina-
tion of elactrom (EM) and
technology computer-aided design
(TCAD) tools to account for the
lossy nature of the silicon substrates
and conductive  interfaces.!®
While simulating a semiconductor
substrate’s large-signal behavior is
mare of a challenge, the authors
have developed the capability to
link material properties to RF per
formance. To model the distortion
induced by the substrate on a CPW
line's 5i:_.]'m|, modaling is based on
simplified EM propagation models
which are complementary to solving
the semiconductor transport equa-
tions and trapping phenomena in a
transient, large-signal, time-domain
TCAD approach. The model has
been validated with several HR and
TR samples having key differences
in material parameters, enabling
the relative impartance of such dif-
ferences on the linearity of the RF
substrates to be assessed.

Figure 4 shows the second
harmanic power levels versus DC
bias for three substrates, compar
ing measured and modeled per
formance, The DC bias induces a
mirror charge below the BOX. An
RFeSIB0 TR wafer is shown for refer
ence; the other two wafers are HR,
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introduced sig-

nificant Boron con-
tarmination  within
the pelysilican
layer, confirmed

by SIMS and SRP

data (not shown).

=T ] 5 10 15 20 Bell Boron degrades
Fundamental Cutput Power (dBm) the substrate im-

—— RFeSI3 (Referoncel RFeSIO0 —— Rresia0 [B-Doped ||| PEDANCE and raises
—=== Modil [Ralemanay)  ———-Madel Higher ———- Model [B-Depad) the harmonic lew-
Ryaksihiy als; adding the Bo-

A Fig. 5 Measured v, simulated second harmonic power
of two medified trap-rich wafers and the reference RFeSI130

sample.

each with a different BOX material:
the first axide, the second alumina
(A203). Oxide-silicon interfaces are
known to have a positive, fixed in-
terfacial charge density, reflecting
the creation of an electron PSC,1-3
while the charge density is nega-
tive at alumina-silicon interfaces,
reflecting creation of a hole PSC.
The interfacial fixed charge densi-
ties of the HR Oxide and HR A|2O3
samples were extracted fram low
frequency CV  measurements  of
classical MOS capacitor devices at 8
x 10 and -6 x 10" emZ, respec-
tively (not shown), and the same
values were used in the model, The
madel correlates well with the mea-
sured data, aceurately capturing the
strong dependence on bias voltage
and fixed charge.

By intraducing trap energy states
in the polysilicon TR layer, model-
ing predicts the increase in effective
resistivity, as well as the decrease in
power of the generated harmonic.
Figure 5 plots the second harmonic
versus fundamental output power
for three RFeSI substrates, compar-
ing measured and maodeled per
formance. One primary material
parameter difference distinguishes
each substrate from the others, and
the model captures the relative im-
pact of each parameter on the har-
manics generated by that substrate.
As a reference, the RFeSIB0 sub-
strate was modeled and measured.
Using a more resistive pelysilicon
layer and handle wafer, an RFe51100
was fabricated and modeled. Tai-
loring the resistivity in the model
is almest sufficient to justify the 20
dB difference in the second har
manic power levels between these
two substrates, Finally, the RFeSI80,

ron prcfile inta tha
model  generates
accurate estimates
of harmanic perfor-
mance.

This physical modeling gives key
insights into the effect of the funda-
mental material parameters an RF
loss and linearity performance and
is a useful tool when designing sub-
strates to meet given RF specifica-
tions

BETTER PERFORMANCE AND
TEMPERATURE STABILITY

RF-50I substrates need to evalve
to support new and more stringent
RF requirements, Today, RFFE linear
ity is often not limited by the sub-
strate, yet a large field of RF appli-
caticns would benefit frem RF-S0I
substrates with better HD and IMD
specifications. RFeS linsarity may be
enhanced by improving the handle
wafer resistivity and polyerystalline
silican trapping efficiency (see RFe-
S1100 in Figure 1). Howewver, there
are limits to the resistivity level that
can be achiewed with bulk silicon
while guarantesing stability, me-
chanical strength and affordatility.

Other limitations of HR silicon
are its relatively small bandgap and
high dielectric constant. A 1.1 &V
bandgap implies that the number of
intrinsic carrers in the bulk silicon,
which increases with temperature,
becomes higher than the residual
wafer doping in the range from
50°C to 90°C. Above this tempera-
ture, the resistivity and associated
RF perfn.'mance start degrading
(see Figure &). While this is not an
issue for most applications, some
require  performance  stability to
150°C, such as grade 1 and 2 auto-
mative, These applications require
materials with resistivity indepen-
dent of temperature.

Seitec has built SO wafers with

AMWIOURNAL.COM m OCTOBER 2020

08/11/2020 a 18:47



Firefox http://digital. microwavejournal.com/Vizion5/print.aspx?id=36&start=7...

High Accuracy Butler Matrix
for WiFimGE TESt

> AllWiFi £E Frequency Bonds in a Single Model
> Opinized for All Wifi & Frequency Bonds af the Some Time

» Fycellent Phose Accuracy, Amplituds Bolance , Amplifude Flatness

> Low VSWR, Low Inserfion Loss , High lsolafion , High Power Handling

Model Frequency Rango VEWER Insartion Loss* Amplitude Bal. Amplitude Flalness  Phase Accuracy  lsolation
i) M (8] M (Dl

M1} s o ) i o)
2.4-2.5 1.4 7.3 =0.5 =03 =4 14
dxd  SA-07-4B01 5.18~5.83 1.5 7.7 0.6 0.4 =5 13
5.5~7.25 1.5 7.8 0.7 05 =6 13
2.4~2.5 1.5 1.2 0.6 0.4 ) 13
BxB  SA.07-8BO1 518583 1.5 1.6 +0.8 =05 =10 12
59-7.25 1.55 1.8 0.9 0.7 =12 12
& Thasiateal L. Indudad
affiliated with (S aII
More Information- F Fuzhou Micable Electronic Technology Co., Ltd.
Scan the QR Code [M] 3 Tel: +86-591-87382856 Email; sales@micablecn Website: wwwmicable.cn

10 sur 11 08/11/2020 a 18:47



Firefox http://digital. microwavejournal.com/Vizion5/print.aspx?id=36&start=7...

TechnicalFeature

a porous silicon layer, which can be
viewed as thin silicon membranes
separated by gaps. It presents a
huge surface area, on the order of
500 mfem?, so the many dangling
[Steey Tradeo bonds and surface states act astraps.
[shatow Trace ot | Because the silicon membranes are
[ 10 so thin, all carriers are within trap-
ping distance of the surface and are

A Fig. & RFeSl second harmanic power A Fig. 7 Second harmonic vs. & for %::,0 subject mlo‘:"‘-'lf‘:"“b scattering.
s, temperature, porosification setups yielding steep and I5 SISUIR S DI ITes CaNTAT: cohe
shallow trade-offs. centration and mobility, even when

the temperature rises, The benefits
of porous silicon for RF applications
are well known, with demanstrated
temperature stability on relatively
thick layers, usually greater than 50
EREN

Using SOl wafers and a thin
buried porous silicon layer, to our
knowledge, Soitec is the first to
demonstrate very low HD levels
and complete independence versus
temperature up to 200°C, as shown
in Figure 6, This performance has an
added benefit: because porous sili-
con is essentially a compasite mate-
rial of silicon and empty spaces, its
permittivity is lower than the usual
11.7, Thus, the transmitted signal
sees a material with a reduced ef-
fective permittivity, which benefits
HD, IL and signal isclation.

The effective RF performance
and permittivity of porous silicon
layers is dependent on the porosi-
fication process and material prop-
erties, such as porosity level, struc-
ture type, pore size, surface state
and thickness. This is illustrated in
Figure 7, which shows second har-
monic pOWer versus permittivity
when different trade-off configura-
tions are used to fabricate the po-
reus silicen layer. The figure shows
abtaining adequate performance,
temperature stability and low per
mittivity requires the proper fabrica-
tion process.

RFaSI90
RFeSIR0T
RFeS1100

CONCLUSION

This article illustrates how sub-
strate engineering brings addi-
tional linearity and value for RF and
mm\Wave applications.  Measure-
ment setup and extraction proce-
dures enable evaluating the sub-
strate performance through repre-
sentative metrics, With a physical
understanding of material proper
ties, the EM behavier of the sub-
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