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Abstract: With the evolution of radio frequency (RF)/microwave technology, there is a demand for
circuits that are able to meet highly challenging RF front end specifications. Silicon-on-insulator (SOI)
technology is one of the leading platforms for upcoming wireless generation. The degradation of
performance due to substrate coupling is a key problem to address for telecommunication circuits,
especially for the high throw count switches in RF front ends. In this context, a fast, flexible and local
laser ablation technique of the silicon handler allows for the membrane suspension of large millimeter-
scale circuits. This approach enables the evaluation of the ultimate performance in the absence of
the substrate, i.e., without dissipative losses and substrate-induced non-linear effects, on capacitive
comb coupling structures and RF switches. Compared to high-resistivity SOI substrates, the high
frequency characterization of RF membrane switches reveals a superior linearity performance with a
reduction in second and third harmonics by 17.7 dB and 7.8 dB, respectively. S-parameter analysis
also reveals that membrane suspension entails insertion losses that are improved by 0.38 dB and
signal reflection lowered by 4 dB due to a reduced off-state capacitance. With reference to a trap-rich
substrate, the membrane suspension also achieves an additional 7.8 dB reduction in the second
harmonic, indicating that there is still scope for improvement in this figure of merit. The obtained
results demonstrate a new way to evaluate optimized circuit performance using post-fabrication
substrate engineering.

Keywords: RF/microwave circuits; RF switch; SOI technology; RF front ends; laser micromachining;
substrate engineering

1. Introduction

Radiofrequency (RF) front ends are constantly evolving to support new communica-
tion standards, leading to increasingly more stringent specifications in terms of loss and
linearity. As a result, RF designers continually need technology options to meet these
challenging specifications. RF switches are important components of the RF front end
as they allow the selective propagation of the signal through transmit/receive pathways
using antenna swapping, power and diversity switches to accommodate the increasing
number of communication standards. There is a demand for high throw count switches in
order to be able to support the integration of different communication standards such as
GSM, TD-SCDMA, WCDMA and LTE within the same chip [1]. Another example of the
demanding use of switches is given by carrier aggregation (CA), which is a key feature of
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the LTE-advanced and 5G standards. CA imposes extremely tight new specifications in
terms of operational bandwidth, insertion loss, isolation, linearity and power handling [2].
Traditionally, GaAs p-HEMT and silicon-on-sapphire technologies have been preferred
for switch design due to their superior substrate isolation [3,4], which was not possible
on silicon. The introduction of high-resistivity SOI with substrate resistivity greater than
1 kQ).cm was a breakthrough for the flourishing of RF technology on SOI. A large number
of switch designs have been reported ever since and a few examples are reported in [5-8].
The innovation in SOI has led to the development of two types of wafers: high-resistivity
SOI (HR-SOI) and trap-rich SOI (TR-SOI). In the former, despite a bulk substrate resistivity
greater than 1 k()-cm, a parasitic surface conduction layer (PSC) [9,10] is formed at the
interface between the buried oxide (BOX) and the silicon (5i) handler. This thin layer of
locally enhanced conductivity contributes to substrate-related losses and non-linearity. In
the latter, this effect is mitigated by the introduction of a polysilicon layer naturally rich in
trap states, which strongly pin the potential and prevents the formation of a parasitic con-
duction layer. The trap-rich layer greatly improves the loss and linearity figures of circuits
as has been shown in [11-13]. Despite significant improvements in SOI wafer technology,
substrate coupling still occurs, and degradation in performance is not negligible, especially
for bulky circuits such as RF power switches. Improving the performance of switches has
profound implications for the whole RF front end. Cutting the switch losses by 0.1 dB can
improve the front end Tx efficiency by 1%, and this improvement in efficiency takes around
two years [14]. Substrate coupling increases the overall capacitance of the OFF branches,
which leads to losses and a degraded Ron < Co figure of merit (FoM) [15]. Additionally,
the parasitic substrate impedance is a source of the non-linear behavior of the switch [16].
Thus, it is desirable to mitigate the substrate effects as shown in previous works where
the removal of handler substrate has proved to offer multiple benefits for different kinds
of RF circuits [17-22]. In the aforementioned studies, the handler substrate is replaced
with another host substrate, plastic or glass, with reduced losses when compared to silicon.
While there are improvements, the fabrication processes are cumbersome, and substrate
effects are not brought to a minimum due to the presence of the host substrate attached to
the BOX by means of a bonding material.

In this work, we cross a distinctive milestone in substrate optimization. We report,
for the first time to our knowledge, a methodology based on fast laser ablation to locally
suspend mm-sized RF devices/circuits with the silicon handler locally removed. After
processing, only a membrane a few micrometers thick remains in place, consisting of
the BOX, the active silicon layer and the interconnection network, which represents the
ultimate minimal layer stack beyond which the electrical functionality cannot be preserved.
The local suspension methodology is based on the use of a focused laser beam in order to
perform a precise ablation to control the extracted volume of silicon and the roughness of
the remaining material. For this purpose, a pulsed laser source is used to take advantage
of the fascinating light-matter interaction mechanisms associated to a focused beam [23].
For instance, in the femtosecond pulse regime and for a fluence close to the ablation
threshold, non-linear absorption is responsible for laser micromachining of silicon even in
near infrared for which silicon is transparent under ordinary conditions [24]. Femtosecond
laser processing is therefore utilized to etch handler silicon locally, which fully eliminates
substrate parasitics, leading to enhanced RF circuits. This powerful, flexible and post-
process short-loop technique is applied here to two test vehicles to quantify the impact
of the substrate on RF performance in the linear and non-linear regimes. The first is a
test structure composed of two interleaved combs on the first interconnect level to study
the parasitic coupling through the substrate in the small signal regime. The second is a
single-pole-9-throw (SP9T) switch test structure designed to evaluate second and third
harmonics’ generation in a demanding use case where one of the channels is passing with
the other eight in the blocked state. In the latter case, the sub-6 GHz frequency range is
addressed, which is of interest for 5G applications [25]. It is emphasized here that although
membrane suspension of devices/ circuits by laser micromachining may not be a relevant
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technique for mass production, the objective of this paper is to probe the ultimate margins
of performance gain achievable in the absence of a silicon handler and to position the
HR and TR substrates with respect to a suspended membrane free of substrate-induced
dissipative and non-linear effects. This paper is organized as follows. A laser-assisted
substrate removal process is briefly described in Section 2. To quantitatively study parasitic
substrate coupling in terms of losses, RF characterization of capacitive coupling combs is
first reported in Section 3. Finally, the performance of RF switch membranes are compared
with HR-SOI and TR-SOI substrate types in Section 4.

2. Laser-Assisted Substrate Removal

The key step for the fabrication of membranes of switches is femtosecond laser ablation.
A schematic explanation of the process is given in Figure 1. A focused laser beam is scanned
in a serpentine fashion as shown in Figure 1b to ablate material within the area covered by
the laser scan. Laser ablation is not uniform and ablated surfaces have finite roughness.
Hence, laser ablation alone is not sufficient to remove material up to the BOX as such an
attempt would result in unwanted etching of the oxide layer in some local areas. Laser
ablation is therefore performed until the remaining thickness of silicon is a few tens of
microns. The ablated cavities are then subject to a xenon difluoride (XeF;) vapor etching
step. XeF; is a highly selective etchant of Si over SiO, with a selectivity ratio of ~1000:1.

Active Si
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Figure 1. (a) Illustration showing the presence of substrate parasitics in RF switch; (b) trajectory of
laser beam in the milling process to locally remove silicon from the back side; (c¢) SOI membrane of
switch showing complete local removal of handler silicon and, consequently, substrate parasitics.

The areas of the die that are not to be etched are protected by a protective dry film
(Ajinomoto GX-T31). Etching is performed over multiple cycles. In each cycle, XeF; gas is
introduced into the chamber at a pressure of 2-3 Torr for a time period of 10-15 s and it
is vented out at the end of each cycle. About 25-100 cycles of etch are needed depending
on the thickness of the silicon to be etched to completely remove the handler silicon in the
ablated area to obtain membranes of circuits suspended on the BOX. The laser ablation
process, also referred to as FLAME (Femtosecond Laser-Assisted Micromachining and
Etching), is fully detailed in [26,27]. A high removal rate of up to 8.5 x 10° um3 s~ is
obtained by optimized laser milling parameters. The process is designed to retain handler
silicon under RF pads to withstand the mechanical forces applied during contact probing
on the pads. The thickness of handler silicon under the pads is also reduced to a few tens
of microns at the end of the process.

3. Capacitive Comb Coupling Structure
3.1. Device Structure and Post-Processing

Capacitive coupling structures are fabricated based on the 130 nm H9SOIFEM process
technology by STMicroelectronics [28]. This technology combines a 180-nm-thick SOI
film and a 400-nm-thick BOX layer. These structures are specially designed to study and
quantify the effect of substrate coupling in RF circuits. They also serve to demonstrate if
membranes of circuit stacks can be reliably fabricated. A schematic illustration of these
structures is shown in Figure 2. They contain long interdigitated fingers separated by a
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defined spacing. The fingers start from metal 1 and they are contacted to the active silicon,
which is p* doped. The fingers are separated by a shallow trench isolation (STI) as shown
in Figure 2c. The interdigitated structures are connected to RF pads on either side, which
allows two-port RF measurements. When an RF signal is sent from one side, coupling takes
place both through the layers above the BOX as well as through the substrate.

w ~ i Sio,
—>]
Metal 1  —

| |

Port 2 \STI , p+

Substrate

Port 1

b
Wﬁnger dif

(b) (c)

Figure 2. (a) Three-dimensional view of capacitive coupling structures showing interdigitated fingers;
(b) top view; (c) cross-sectional view.

Two versions of the coupling structures are characterized: CPL-A and CPL-B. The
different dimensions of the comb structures are listed in Table 1. The difference between
the two structures lies in the number of fingers and the spacing between them. CPL-A has
fewer fingers with higher spacing, while CPL-B has a higher number of fingers with smaller
spacing. After application of the FLAME post-processing step as described in the previous
paragraph, the suspended membrane is visualized using dual-light microscopy (DLM)
where both the front side and back side are illuminated with varying intensities. The high
intensity backlight through the cavity appears brighter in the microscope image outlining
the area of the membrane. The DLM images for CPL-A and CPL-B are shown in Figure 3.
It can be seen that bulb-like features appear at some places around the outline of the
membrane. These bulb-like features are a result of the uneven local etching characteristic
of XeF2. Some places have an enhanced etch rate in the lateral direction as compared to the
others. These features can be avoided by fine-tuning the process in order to have fewer
cycles of XeF; etching.

(c) (d)

Figure 3. DLM images of capacitive coupling structures suspended in a membrane after substrate
removal: (a) CPL-A/HR-SOIL (b) CPL-A/TR-SOI; (c) CPL-B/HR-SOIL (d) CPL-B/TR-SOL.
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Table 1. Dimensions of the studied capacitive coupling structures.

Reference No. of Fingers dig w Weinger
(um) (1m) (um)
CPL-A 6 18.3 269.7 10.7
CPL-B 8 11.3 269.7 10.7

3.2. Extraction of the Substrate Coupling Contribution

Two-port S-parameter characterization is performed over a frequency range of 20 MHz
to 26 GHz. The measurements are performed using a Rohde & Schwarz ZVA 67 vector
network analyzer, and Infinity probes (GSG type) from Cascade Microtech are used to
make contact with the RF pads on the die. The substrate is also DC-biased through the
chuck. S-parameter measurements are performed for different substrate bias conditions
covering the —2.5 V to +2.5 V range. In this study, the lateral capacitive coupling occurring
between the two ports is the parameter of interest. In order to extract this figure, the
measured parameters Sj; are converted into an admittance matrix Yj; and then identified
with the model shown in Figure 4a involving three admittances associated in a m-type
configuration. From this identification, it follows that the admittance Y¢ representing
the lateral coupling can be discriminated from the admittances Y4 and Y3 that integrate
parasitic capacitances associated with the measurement pads. It is thus possible to deduce
the coupling capacitance Cc between the two interdigitated electrode combs as reflected by
the following relationships

_|YatYe —Yc
Y= |: —Yc Y + YC:| @
Ce= imag(if) = —imag(%) = —imag(til) 2)

Sij 2 Yij=Li/Vj 2 Yc> Cc

Cc=CroraL
extracted from S parameters
measurements before sub-
strate handler removal

Cc=Cror
extracted from S parameters
measurements after substrate
handler removal

Cc=Csus= CroraL—Crop

substrate capacitance calcu- d

(d)

lated from above measure-
ments

Substrate

Figure 4. Extraction of capacitive coupling between interdigitated electrode combs. (a) Princi-
ple of extraction of coupling admittance Y¢ from the measured admittance matrix Yj; (b) extrac-
tion of coupling capacitance Ctor; (c) extraction of capacitance Ctop after local substrate removal;
(d) deduction of the substrate coupling capacitance.
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The following methodology was applied to assess the role of lateral electric field
coupling through the substrate, which is a well-established source of dissipative loss:

1.  S-parameter measurements are first performed on a structure with an unmodified
substrate. From this step, the evaluation of the total Ctorar capacitance is obtained
as shown in Figure 4b

2. After the local removal of the substrate down to the BOX, a second sequence of
S-parameter measurements is used to extract the Cyop capacitance, which mainly
reflects the electrostatic coupling introduced by the metal combs belonging to the
back-end of line interconnects (Figure 4c)

3. Finally, the substrate capacitance Csyp is deduced from the previous measurements,
considering that Crop and Cgyp are associated in parallel to yield the total capacitance
CTOTAL (Figure 4d)

In the above methodology, it is worth noting that the relation Csyp = CtoraL —Crop
is not exactly valid. When the silicon is locally removed (Figure 4c), the electric field
lines through the air below the chip constitute a fringe contribution, which is neglected
here. In reality, the fringe field lines in the air are involved in an attenuated manner in a
proportion which is that of the ratio of the dielectric permittivities, i.e., ~1(air)/11.7(silicon).
In this sense, Ctop is slightly overestimated and, consequently, Csyp is underestimated. As
the permittivity ratio is in the order of 8.5%, the conclusions on the relative contribution
of the substrate to the total capacity for the HR and TR substrates remain valid in very
good approximation.

Figure 5 shows the variations in the different capacitance components as a function
of frequency for the two types of starting substrates HR and TR. The chuck bias is here
kept grounded. Overall, the capacitance values of the CPL-A structure (Figure 5a) are
lower than those of CPL-B (Figure 5b) as expected due to a smaller finger gap and number
of fingers. It is worth noting that these structures are resonant devices that behave as a
capacitance at low frequency and are ultimately dominated by a parasitic inductance in
the high frequency range. This is exactly the opposite situation compared to suspended
integrated coil inductances, where the dominant influence of capacitive coupling occurs
above the resonance frequency [29]. In the following discussion, we limit the analysis to
the frequency range reflecting only capacitive coupling, i.e., below the resonant frequency,
which occurs around 15 GHz. A close examination of Figure 5 reveals two points of
particular interest:

1. Firstly, the substrate makes a substantial contribution to the total capacitance for both
types of substrates even though its relative importance is lesser in the TR case.

2. Secondly, Crop is the same regardless of the initial substrate, HR or TR. As this
capacitance is measured after local removal of the substrate, this result is expected
and verified, and validates the method of the dissociation of capacitive contributions
detailed in Figure 4. It can also be noted that Ctop remains strictly flat and frequency-
independent, as one would expect from an insulating dielectric material free of any
space charge.

It is important to note that the stack consisting of the doped SOI film, the buried oxide
and the silicon handler forms a MOS capacitor. On unprocessed structures, it is therefore
expected that a depletion region as well as a parasitic surface conduction layer (PSC), here
in inversion, will develop under the buried oxide when the chuck bias is negative because
the substrate is p-type. To this end, Figure 6 provides a deeper insight by considering the
frequency-dependent capacitive coupling for various chuck biases (Vnyck) applied to the
backside of the substrate handler. In the case of the HR substrate, Figure 6a shows the
impact of the depletion effect for a chuck bias of —2.5 V. A significant increase in Cgyp and
CrotaL at low frequencies can be understood by considering that any extension in depth
of the depletion region increases the cross-sectional area of the capacitance that connects
the electrodes of the combs. A marked dependence of Ctorar, and Csyp upon frequency is
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observed between 200 MHz and 2 GHz, followed by a convergence to the same values as
those obtained at Vgyg =0 and 2.5 V.
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Figure 5. Coupling capacitance between the electrode combs. Ctotar, is the total measured capacitance,
Crop is the capacitance mainly associated with the interconnects, Csyp represents the contribution of
the substrate to the lateral capacitive coupling. (a) Structure CPL-A; (b) structure CPL-B.

— 1.57] o

= - =

g 3 3

§ 107 g

5 ] Csus =

% 0.5 ] : —A—LCTOTAL %

o 1 \.} 3 o

é . 1 Csyp 46_,

o 1 HRsubstrate o 1 TRsubstrate — oV

) 1 Structure CPL-B o 1 Structure CPL-B —X— 25V

-0.5 I -1.0 I I I
0.01 0.1 1 10 30 0.01 0.1 1 10 30
Frequency (GHz) Frequency (GHz)

(a) (b)

Figure 6. Coupling capacitances between the electrode combs of structure CPL-B at chuck bias of
—2.5,0and 2.5 V. CrotaL is the total measured capacitance, Ctop is the capacitance mainly associated
with the interconnects, Cgyp represents the contribution of the substrate to the lateral capacitive
coupling. (a) HR starting substrate; (b) TR starting substrate.

This convergence at 2 GHz can be attributed to the charge dynamics of majority
carriers, which become limited by dielectric relaxation. The dielectric relaxation time (t4) is
given by the product of the dielectric constant and the resistivity of the substrate. For the
sake of illustration, T4 is typically equal to ~0.5 ns, which corresponds to a frequency of
2 GHz for a high-resistivity substrate of 0.5 k()-cm. Under these conditions, the transport
of majority carriers is impacted by an inertia effect, which no longer allows carriers to
respond fast enough to a high-frequency excitation. For the other bias conditions (0 and
2.5V), the small extension of the depletion region or the absence of the PSC layer leads to
the same lower value of the lateral capacitance, which becomes quasi-independent of bias
and frequency. For coupling structures initially fabricated on a TR-SOI substrate, Figure 6b
shows that all capacitance components remain almost perfectly flat with frequency and
independent of chuck bias. This behavior is naturally expected for Ctop, which is measured
after local substrate removal. A comparison with Figure 6a also confirms that Ctop is the



Electronics 2022, 11, 2333

8of 17

same (~0.11 pF) on the flat portion of the curves below resonance regardless of the starting
substrate and bias. The remarkable property inherited from the TR substrate is that Csyg,
and in turn Ctorar, remain quasi-constant as a function of frequency and independent of
the chuck bias. This behavior is attributed to the strong pinning of the Fermi level due to
the high density of charged states in the polysilicon trap-rich layer. Its presence creates an
equipotential plane under the buried oxide and therefore tends to verticalize the electric
field lines because equipotential planes and electric field lines are orthogonal. In this sense,
the presence of the trap-rich layer leads to the decrease in lateral electrostatic coupling
observed in Figure 6b.

3.3. Substrate Dissipation Losses

Figure 7 shows the forward loss factor FLF = 1— 5y | 2_ 1Sy 12 of the CPL-A struc-
ture for both types of substrate and various chuck biases. Prior to substrate removal, the
integrated coupling structures on the HR substrate (Figure 7a) exhibit substantial losses
(FLFtoTAL), the levels of which are exacerbated by the depletion state and the formation
of a PSC layer below the buried oxide at Vi, cx = —2.5 V. After membrane suspension,
losses (FLFtop) are considerably reduced and become independent of bias because of the
replacement of handler silicon by air. It is recalled here that our analysis is restrained to the
frequency range below resonance that reflects capacitance coupling. The same information
is provided for the TR substrate in Figure 7b. It is interesting to note that the losses before
removal of the TR substrate are strongly reduced and independent of V. due to the
potential pinning effect of the trap-rich layer. The variations in FLFyop show that the
membrane suspension provides a further reduction in substrate dissipative losses. In the
end, the results in Figure 6b show that while the TR substrate still contributes significantly
to the lateral capacitive coupling between the metal electrodes of the comb, its behaviour
is that of an almost lossless dielectric material from the RF point of view as outlined in
Figure 7b. While the studied comb structures are particularly suitable for exacerbating
capacitive coupling, they also quantify the role of the substrate in the level of isolation and
crosstalk. In order to compare the isolation performance before and after application of
the FLAME process, the difference in isolation efficiency ASyjur/TR) = S21(HR/TR) —S21(SR)
(dB), where the subscript SR refers to ‘substrate removed’, is calculated for CPL-A and
CPL-B at a chuck bias of 0 V and is reported in Table 2. Up to 100 MHz, the difference in
isolation ASy(R) is greater than 13 dB in the HR substrate case for both comb structures.
The difference ASy;(TR) is smaller for the TR-SOI substrate with values of 10.7 dB and
8.9 dB for CPL-A and CPL-B, respectively, at 20 MHz. At operating frequencies of practical
interest such as 5 GHz, the isolation improvement provided by the membrane suspen-
sion remains significant. However, for a chuck bias of 0 V, the enhancement amounts to
ASy1 (HR) = 6.8 dB and ASy (1r) = 7.5 dB for CPL-A. For the CPL-B structure, we obtain
the same non-negligible figure ASy gR) = ASy(TR) = 5.2 dB associated to the HR and
TR substrates.

Table 2. AS,; values depicting the difference in substrate coupling before and after removal of
substrate at chuck bias of 0 V.

Reference AS21 (dB) (HR-SOI) AS21 (dB) (TR-SOI)
20 MHz 5 GHz 20 MHz 5 GHz
CPL-A 15 6.8 10.7 7.5

CPL-B 13 52 8.9 52
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Figure 7. Forward loss factor of structure CPL-A at chuck bias of —2.5, 0 and 2.5 V. FLFporaL, and
FLFtop are the loss factors before and after substrate removal, respectively. (a) HR starting substrate;
(b) TR starting substrate.

By extracting the capacitances of membrane-suspended comb structures, the above
study shows that the coupling contribution of the substrate, whether it is HR or TR, remains
significant, which constitutes a point of concern on RF isolation and crosstalk requirements.
In the physics of metal/semiconductor contacts, it is well known that the Schottky barrier
height is not given by the work function difference between materials forming the junction,
contrary to what a first order interpretation might predict [30]. One possible interpretation
of this phenomenon, well known as the “fixed-separation model’ [31], is to recognise the
dominant role of trap states present in the silicon bandgap at the Schottky interface. These
surface states give rise to a dominant control of the electrostatics by the charged traps at
the intimate metal /semiconductor interface, referred to as energy level pinning. A direct
analogy holds with the polysilicon layer under the buried oxide of a TR-SOI substrate.
The same energy pinning effect helps to screen the presence of the silicon handler. This
further explains why the depletion effect and/or the presence of a PSC layer observed in
the capacitive response of the HR substrate in Figure 6a is absent in the TR substrate, which
therefore behaves as a quasi-lossless dielectric as shown in Figure 7b.

4. SP9T Switch Test Structure
4.1. Device Structure, RF Ports and DC Bias

An SPIT switch test structure is utilized in this work for a demonstration of practical
application. As in the case of capacitive combs, the switch is fabricated based on the
130 nm H9SOIFEM process technology by STMicroelectronics [28]. The switch features
nine branches, each composed of a block comprising unitary n-type MOS transistors
assembled in parallel to lower the on-state resistance and stacked in series to sustain high
voltage. It constitutes a variation with respect to the series—shunt architecture as described
in [32]. One branch biased in the ON state receives the input RF signal, which is propagated
to the output along a line on which the eight other branches in the OFF state are connected
as shown in Figure 8. As a result, this structure is a test vehicle. This means that it does
not embody the full functionality of the SP9T switch, but tends to replicate its operation
in a typical case where one serial branch is ON to propagate the signal from one port to
the output while the other eight serial branches are OFF to block the inputs of the other
eight ports. This structure has been designed to fully capture and better exacerbate the
effects of loss and non-linearity related to the substrate on the useful signal propagated
through the port in the ON state. The following parameters pertaining to the switch are
measured: small-signal losses and linearity with respect to second and third harmonic
(H2/H3) measurements. The OFF branches have a ground termination at the input. To
control the ON/OFF state of the different branches, the switch features two DC bias pins.
The ON/OFF terminals of the body and gate are controlled by these bias pins via a high
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series resistance for isolation between the RF signal and these control terminals [33]. The
first pin is V50N, Which puts one branch in the ON state by means of a positive bias
voltage applied to both gate and body. Two bias voltages for the ON branch are used,
namely, 2.5 V and 3.3 V, keeping in mind that a higher bias voltage gives a lower on-state
resistance (Rop) for this branch.

Figure 8. Layout of SP9T switch test structure showing the individual contact terminals in the
GSGSG configuration for probing with the ON or OFF state of each branch represented by Ron or
Coff, respectively.

The second pin is Vyi,50pr, which puts the remaining eight branches in the OFF state by
using a negative bias also applied simultaneously to both the gate and body. Here, Vy,;0s0rF
is set to —1.75 V. This negative bias enhances the cut-off state of the non-transmitting
branches and results in a lower off-state capacitance (C,¢). Two implementations of the
switch are characterized with different gate lengths: 180 nm and 220 nm. The layout area
of each implementation is 1.26 x 0.86 mm?.

From a post-processing point of view, microscopy characterizations ensure that the
silicon underneath the BOX is completely removed, leading to a suspended membrane
with only the useful functional layers. The cross-sectional image of the switch cavity after
laser processing and prior to XeF; etching is shown in Figure 9a.

Wafer back face W

Residual silicon "/

SP9T membrane S
(active layer)

(b)

Figure 9. (a) SEM cross-sectional image of cavity fabricated using laser processing. The hatched zone

corresponds to residual silicon left after laser processing and before XeF; selective etching; (b) 3D
rendered backlight illuminated optical microscope image.

This selective etching step is described in detail in [26,34]. After completion of XeF,
etching, the residual silicon handler is safely and cleanly removed as illustrated from DLM
images shown in Figure 9b. It is worth noting that pictures are taken with the die flipped
to ensure that no traces of silicon are left in the area of the switch after XeF; etching.
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4.2. DC Characterization

DC characterization is carried out to provide an initial analysis of the switch perfor-
mance after substrate removal. Additionally, the impact of the gate length on the switches
ON-state characteristics is also highlighted. The gate bias for the ON branch (Vp;,50n) is

varied and I4;— Vg5 characteristics are recorded. The results are plotted in Figure 10.

---------- Before Siremoval

—— After Si removal

— 02V — 03V — 04V — 05V 0.6V
20 \ ] s 20— T
151 o 151 1
< | < |
~E’10> - §,10j 4
= | Ly=0.18 um = Ly=0.22um
o L 1 0 4 L
0 0.5 1 1.5 2 0 0.5 1 1.5 2

(a)

(b)

Figure 10. Static I3,—V4s characteristics of the ON branch of the SPIT switch structure on TR-SOI
substrate before and after silicon removal based on unitary MOS transistors with two different gate
lengths (a) 180 nm; (b) 220 nm.

No significant difference in drain current (I45) can be observed after silicon removal
in the linear regime, indicating that any plausible variation in the strain level in the SOI
film due to the membrane suspension does not induce an appreciable change in mobility.
Instead, a slight increase in the saturation current is observed. Its amplitude is typically
within the chip-to-chip dispersion range since measurements were not strictly performed
on the same devices. Good agreement in I3,— V45 curves before and after substrate removal
suggests that the physical integrity of the circuit stack is maintained despite the large size
of the membrane. As expected, for the same applied gate voltage, the drain current is
smaller for a 220 nm gate length as compared to its 180 nm counterpart. Hence, a smaller
ON state resistance and insertion loss is anticipated for the 180 nm switch. Additionally,
increasing the gate voltage reduces the resistance as observed by the slope of the I3s—V 4
characteristics in the linear region which corresponds to its normal operation mode when
used as an RF switch. The use of a smaller gate length and a higher gate drive is therefore
favorable to a lower on-state resistance. This point is further corroborated when discussing
S-parameter measurements in the following section.

4.3. Two-Port S-Parameter Characterization

S-parameter measurements were performed on the SP9T switch test structure to
determine the insertion loss and matching condition. The value of the insertion loss can
be taken, approximately, as —S;; (dB) because the magnitude of the return signal on both
ports is negligible compared to the transmitted one. The plots of the forward transmission
coefficient Sp; are shown in Figure 11. Before substrate removal, a gate drive of 3.3 V is
favorable for smaller losses as compared to 2.5 V. Moreover, insertion losses are lesser for a
gate length of 180 nm as compared to 220 nm. Both of these improvements can be attributed
to the reduction in the on-state resistance of the transistor stack. Another observation is
that insertion losses increase at a slightly faster rate as a function of frequency for the
180 nm switch. The difference in on-state resistance can also be clearly observed in the
511 graphs shown in Figure 12. At 100 MHz, Ry, is the most dominant component as
parasitic capacitances are negligible in this frequency range. A lower value of R, entails
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less signal reflection at the switch input port and hence a lower value of Sq;. It can be
clearly seen that Sq; is lower for a smaller gate length and a higher gate voltage applied to
the ON branch. As the frequency increases, the influence of OFF branches become more
important in determining switch performance. It can be seen that at frequencies larger than
1 GHz, S;; curves overlap for both bias conditions. At 6 GHz, it is also observed that S5 is
slightly lower for a gate length of 220 nm as compared to 180 nm. In the case of suspended
membranes, the main insight derived from the S-parameter analysis is that the removal
of the substrate helps to reduce insertion losses (IL). They remain about the same at MHz
frequencies because Ry, dominates them and subsequently decreases more noticeably at
higher frequencies because C is reduced due to the absence of the silicon handler. It can
also be noticed that the HR-SOI substrate features a higher insertion loss even at MHz
frequencies. This can be appreciated by recalling the observations made in Figures 5 and 6,
which indicate that the substrate coupling is significantly greater at MHz frequencies for
the HR-SOI substrate due to the depletion effect. At 6 GHz, the average improvement in Sy;
covering the four cases is 0.38 dB for HR-SOI and 0.26 dB for TR-SOL. These improvements
can be directly attributed to the significant reduction in C,g in the OFF branches due to the
elimination of substrate parasitics. This is also validated by observing a ~4 dB reduction in
511 for all four cases and both substrate types.

-0.2 T

After Siremoval | e After Si
--------------- removal
-0.4fF e 1 -o0af E
-0.6} {1 -osf -
o Before Si removal .\ o ) )
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Y \ g 1
[7,) 5 )
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Figure 11. Sp; curves depicting the transmission characteristics of the switch before and after substrate
removal for different gate lengths and Vy,;,50n Values (a) HR-SOI; (b) TR-SOL
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Figure 12. Sy; curves depicting the reflection losses of the switch before and after substrate removal
for different gate lengths and Vy,;,s0n values (a) HR-SOI; (b) TR-SOL

From a practical standpoint, it is worth noting that improvements such as those
reported above can translate into a significant increase in the efficiency of the RF front end
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(1717x), which can be calculated by considering the Tx path consisting of a power amplifier
(PA) in series with the switch [35].

_ Pout
N1x = P, (©)]
Pout = 1pa Py — Poyloss 4)

where P;, is the input power to the PA, Pg0s5 is the power dissipated in the switch, P,y is
the power delivered to the antenna and #p4 is the power amplifier efficiency. If we consider
a PA with 50% efficiency delivering a power of 1 W (30 dBm) to the switch input, this
implies that P;, is 2 W. The overall Tx efficiency in the 180 nm case with V50N 0f 3.3 V
can be calculated at a frequency of 6 GHz as 39.5% and 40.4% for the HR-SOI and TR-SOI
substrates, respectively, while it rises to 43% after membrane suspension for both substrate
types. This corresponds to an efficiency improvement of 3.5% and 2.6%, respectively,
when comparing the suspended membranes to their HR-SOI and TR-SOI counterparts
without backside micromachining. While the actual improvement in efficiency depends
on the front end architecture, this calculation shows the importance of losses in the switch
building block.

4.4. Large-Signal Harmonic Distortion

Harmonic distortion measurements were performed to characterize the effect of sub-
strate removal on linearity. The measurement is performed at a fundamental input fre-
quency of 1.22 GHz, while the second and third harmonics (H2/H3) are measured at
the output at frequencies of 2.44 and 3.66 GHz, respectively. A low noise floor setup as
described in [34] is used for the measurement. The input power is swept at the fundamental
frequency and the second and third harmonic power is recorded as shown in Figure 13.
The number of processed samples for harmonics’ characterization is four and five for
the HR-SOI and TR-SOI substrates, respectively. As shown in Figure 14, the dispersion
of measured data is low before substrate removal and can therefore be expected to be
the same for the characterization after membrane suspension. However, the scatter after
substrate removal proves to be higher. This can be attributed to cumulative effects such
as processing defects, poor probe contact due to pad degradation after probing multiple
times, non-linearities introduced by the degraded pad and offset between the targeted area
and the actual area of silicon removal.
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Figure 13. Harmonic distortion shown for a sample with gate length of 220 nm and Vpj,s0n = 2.5 V.
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Figure 14. Second/third harmonic levels for different gate lengths (180 or 220 nm) and bias conditions
(Vpiason = 2.5 or 3.3V, Vy..0pr = —1.75 V) before and after substrate removal: (a) HR-SOI substrate;
(b) TR-SOI substrate.

Despite this difficulty, Figure 14 shows very clearly a distinctive downward trend in
harmonics with a reduction level well beyond the dispersion range. In a switch, the second
order non-linearities are dominated by C,¢, and third order non-linearities depend on both
Ron and Cg [16,36]. With an increase in the gate voltage of the ON branch, both second and
third harmonics levels reduce [37]. This trend is observed on switches with both 180 nm
and 220 nm gate lengths and for both substrates before and after membrane suspension.
There is an overall improvement in H2 for both types of substrate regardless of the gate
length and bias conditions after silicon removal. A detailed study of H2 for different
substrate types has been performed in [38]. For transistor stack in the OFF state, it has been
shown that at a body bias of <—1.5V, the substrate parasitics start to dominate over the
device parasitics. It was also observed in the case of the coupling test structures in Section 3
that the HR-SOI substrate has a much more pronounced non-linear behavior compared
to its TR-SOI counterpart. Before substrate removal, the H2 level is therefore significantly
higher for the HR-SOI substrate. As membrane suspension leads to the total elimination of
the substrate parasitics, less harmonic distortion is expected. Accordingly, a remarkable
average reduction in H2 is established at 17.7 dB and 16.1 dB for switches initially processed
on an HR substrate with gate lengths of 180 nm and 220 nm, respectively. More interestingly,
measurements show that after membrane suspension, H2 is also substantially reduced
by 10.3 dB and 9.8 dB at 180 nm and 220 nm gate lengths, respectively, for the switches
originally fabricated on TR substrate. This last observation might seem to contradict the
study of capacitive coupling structures in Section 3, which concluded that the potential
pinning effect introduced by the buried polysilicon layer of the TR substrate was shielding
the non-linear effects coming from the handler. Although this effect is particularly effective
in screening effects related to parasitic depletion or parasitic interface conduction in the
silicon handler, the 10 dB reduction in H2 after membrane suspension demonstrates that it
is still possible to progress beyond the use of a TR substrate, which echoes the objective
stated in the introduction of exploring the ultimate performance margins. For the third
harmonic, an average reduction of 7.8 dB is obtained in the case of the HR-SOI substrate.
On the other hand, the margin of dispersion of H3 measurements does not allow any
difference between the suspended switch and its reference on handler to be appreciated.
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5. Conclusions

A novel fabrication method using laser processing is presented, which paves the way
for local handler substrate removal of SOI RF circuits. Membranes of capacitive comb
structures were first studied to delineate the importance of substrate in the performance
of an RF circuit. Based on handler removal, it was shown that coupling is significantly
reduced and any starting substrate can be used to arrive at the same final performance. An
SPIT test structure was described and characterized to demonstrate the practical utility
of laser processing in a real application scenario. The impact of eliminating the silicon
handler locally on the reduction in the capacitive coupling of the OFF transistor branches
was highlighted. Substantial gains in improvements were obtained. A reduction in the
insertion loss by 0.38 dB and 0.26 dB was obtained for HR-SOI and TR-SOI substrates,
respectively. Calculations of front end efficiency revealed that ~3% improvement can
be reached by substrate removal. In addition to the amelioration of losses, large signal
linearity was also greatly enhanced. The second harmonic was suppressed further by
up to 17.7 dB and 10.3 dB for HR-SOI and TR-SOI substrates, respectively. These results
demonstrate the significance of local substrate removal methods to greatly improve the
RF performance of the circuit and open up new avenues for RF designers to evaluate
ultimate circuit performance in the absence of substrate-induced dissipative losses and
non-linear effects.
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