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ABSTRACT This work presents a detailed RF characterization of 28-nm FD-SOI nMOSFETs at cryogenic
temperatures down to 4.2 K. Two main RF Figures of Merit (FoMs), i.e., current-gain cutoff frequency
(ft) and maximum oscillation frequency (fmax), as well as parasitic elements of the small-signal equivalent
circuit, are extracted from the measured S-parameters. An improvement of up to ~130 GHz in f; and
~75 GHz in fpax is observed for the shortest device (25 nm) at low temperature. The behavior of RF
FoMs versus temperature is discussed in terms of small-signal equivalent circuit elements, both intrinsic
and extrinsic (parasitics). This study suggests 28-nm FD-SOI nMOSFETs as a good candidate for future
cryogenic applications down to 4.2 K and clarifies the origin and limitations of the performance.

INDEX TERMS 28-nm FD-SOI, UTBB MOSFET, cryogenic CMOS, RF figures of merit, small-signal

modeling, liquid helium temperature.

I. INTRODUCTION

Numerous studies focused on the cryogenic behavior of
advanced CMOS technologies are mainly driven by the
perspective of quantum computing applications [1]-[12].
Quantum computer operations are realized by quantum
bits (or “qubits”), working at extremely low temperature,
presently down to the mK range, while the control and
read-out circuitry is to be placed in a close proximity to the
qubits, typically at liquid-helium temperatures [2]. Bringing
the front-end electronics and the qubits closer has several
advantages in terms of scalability and latency [3]. However,
the degree of scalability is limited by the total dissipated
power that can be removed by the cooling system. The
co-integration of the qubits and the peripheral electron-
ics on the same substrate, the so-called quantum-integrated
circuits, would be the following step in the quantum com-
puting roadmap. Recent studies have already demonstrated
silicon qubit operating above 1 K [4], [5]. With further
engineering of qubits, it might be possible to increase the
operating temperature of qubits to ~4.2 K, therefore having

the whole system operating at that temperature. This rel-
atively higher operation temperature enables the use of
a different and more efficient cooling system, therefore
removing more heating power from the system. As more
dissipated power would be allowed, it would boost scalabil-
ity and ease the co-integration of qubits and the front-end
electronics.

The ultra-thin body and buried oxide (UTBB) fully-
depleted silicon-on-insulator (FD-SOI) CMOS platform is an
outstanding platform for cryo-CMOS, thanks to its very low
power consumption feature, large integration and very good
analog and radiofrequency (RF) performances [13], [14], as
required for qubit write and read operations. Furthermore,
the back-gate bias is a useful knob in its ability to tune the
power consumption, and adjust for process or temperature
variations [15]. 28-nm FD-SOI CMOS is also a viable solu-
tion for quantum-integrated circuits as the implementation
of qubits is compatible with this platform and just addition-
ally requires a few non-standard process steps, like e-beam
lithography [10], [11].
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To enable cryo-CMOS, it is therefore essential to embed
digital, analog and RF models in a process design kit in order
to predict the MOSFETs performances and power dissipa-
tion at cryogenic temperatures as required for reliable circuit
designs. This motivated several works [6]-[9] and [16]-[19]
towards the analysis of advanced MOSFETs behavior at
cryogenic temperatures. Those works widely addressed static
parameters, such as short-channel effects, threshold voltage,
subthreshold swing, etc. The influence of cryogenic temper-
ature on 28-nm bulk and FD-SOI CMOS technologies with
a main focus on analog parameters and modeling has been
discussed in [7] and [9]. In [16] and [17], the above studies
were completed by investigating the analog and RF figures
of merit (FoMs) in 28-nm FD-SOI CMOS technology at
temperatures down to 77 K. A strong improvement of both
analog and RF FoMs was demonstrated [16], [17].

The present paper extends our previous work [18]. It is
the continuation of our previous study [17] on the RF per-
formances of 28-nm FD-SOI transistors down to 4.2 K, the
liquid-helium temperature. The paper is organized as follow.
First the experimental setup is detailed in Section II. A brief
description of the measured FETsS is given and the extraction
procedure is explained. Then, in Section III, the extraction of
the full small-signal equivalent circuit of UTBB MOSFETs,
including both intrinsic and extrinsic parasitic elements, is
presented. The temperature dependence of these parameters
is discussed in details. Finally, an analysis on the RF FoMs
of the FETs is provided.

Il. EXPERIMENTAL DETAILS
Devices studied in this work originate from 28-nm FD-
SOI CMOS process of ST Microelectronics [13]. N-channel
MOSFETs under study feature a high-K metal gate stack
and gate lengths (Lg) from 25 to 150 nm. The Si film,
buried oxide (BOX) and the equivalent gate oxide thick-
nesses are 7, 25 and 1.3 nm, respectively. Studied nMOS-
FETs incorporate 60 fingers of 2 wm width, embedded in
Ground-Signal-Ground (GSG) pads for RF characterization.
The FETs are measured from DC up to 67 GHz under
saturation (Vgs = 0.6 and 1 V) and “cold” (Vg = 0 V)
conditions for different applied gate voltages (Vg) down to
liquid-helium temperature (4.2 K). The on-wafer setup con-
sists of a LakeShore cryogenic probe station with a pair of
GSG Picoprobe probes with 100 pm pitch and a 67 GHz
PNA-X vector network analyzer. Several dies with the FETs
and an impedance standard substrate (ISS) are placed inside
the probe station. Liquid-helium or liquid-nitrogen is used
to cool down the chuck and the inner part of the probe
station. At each temperature, an off-wafer Short-Open-Load-
Thru (SOLT) calibration is first performed with the ISS
calkit that is at the same temperature as the samples. Then,
the access parasitics are de-embedded by a dedicated open
structure for each device that reproduces the interconnects
upto the first metal layer. Therefore, the reference plane
after de-embedding in this paper is at the first metal layer
of the FETs. The Load standard resistance is measured at

VOLUME 8, 2020

Cgr!‘lzcgd,'v+cgri‘\
ng,e
N T
Intrinsic
Gate 8 d Drai
rain
0O J'A'AV d ILI JvAvAﬁo
i
- ; S’“’i ds,i c
/C..0= == G = " == Case
gs,e > -_ ,
{\..\ rCgs,i Tgd,l
- Cds,T:Cds,e+Cds,i
Cgs,Tzcgs,e+Cgs,\
=R
&Source

FIGURE 1. Small-signal equivalent circuit of the MOSFETs for this paper.

each temperature and its variation is found to be compara-
ble to the variation of one Load standard (not necessarily
a precision Load) to another. Its variation has therefore not
been taken into account. By neglecting its variation during
the calibration process, the worst deviation in the Load resis-
tance measured with respect to the expected value of 5092
leads to an error of maximum 5% in the extracted values of
the small-signal equivalent circuit elements. Therefore, this
simplification has a small impact on the extractions.

From the “cold” FET measurements, the extrinsic resis-
tances are extracted employing the method from [20]. The
extrinsic capacitances are also obtained from the “cold” FET
condition in accumulation. Then, the intrinsic parameters
are extracted at each bias point from the measurements
in saturation, from which the effect of the extrinsic ele-
ments has already been subtracted. More details about the
extraction methodology can be found in [14]. The small-
signal equivalent circuit used in this paper is displayed in
Fig. 1. The S-parameters measurements presented here are
extracted for a bias condition of V43 = 0.6 and 1 V and
a Vg corresponding to the peak transconductance (gm,max)-
The back-gate is kept grounded. Each element of the small-
signal equivalent circuit is extracted from an average over
a frequency range, specific to the element, for a best fit of
the S-parameters across all relevant frequencies. Almost all
the elements are extracted below 5 GHz, except the gate
resistance (Ry) and maximum oscillation frequency (fmax),
which are extracted above 10 GHz. These two elements
are therefore more sensitive to calibration accuracy. A more
detailed description of the variation with frequency of dif-
ferent parameters is available in the Appendix. The upper
bound of the relevant frequency range for the model fitting is
determined by the calibration and de-embedding procedure.
The lack of de-embedding structures and/or of on-wafer cal-
ibration structures limits the whole de-embedding accuracy
over ~20 GHz [21].

Another difficulty to be overcome is the quality of probing
contacts at low temperature. A mediocre contact quality at
the drain side mainly leads to inaccuracy in the source and
drain resistances (Rgs) and g, ; extraction, while a bad con-
tact quality at the gate side leads to wrong values of gn, Rg,
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TABLE 1. Dissipated power (P4.) and estimated channel temperature at the

two studied bias points: V45 = 0.6 and 1 V and Vgs yielding gm,max at an

ambient temperature of 4.2 K.
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FIGURE 2. Iy (left) and gy pc (right) for different Vgs from 300 K down to
22K (Vg =1V).

current-gain cutoff frequency (f;) and fp.x. Measurements
were repeated several times, changing the probe position on
the pad, to detect and if necessary replace outliers.

1Il. RESULTS AND DISCUSSION

This section presents the extracted small-signal equivalent
circuit parameters and RF FoMs at different temperatures
and for different devices. First, the effect of cryogenic tem-
peratures on each parameter is discussed, then the behavior
of fi and fihax versus temperature is explained in terms of
these observations.

A. DRAIN CURRENT AND TRANSCONDUCTANCE

Fig. 2 shows the drain current (Ig) and DC transconduc-
tance (gm,pc) versus gate voltage (V) for the shortest
device (25 nm) for Vg3 = 1 V. As expected, one can
observe an increase of the threshold voltage, I3 and max-
imum gy pc with temperature reduction. Furthermore, the
zero temperature coefficient (ZTC) point at which Ig stays
invariable with temperature (T) clearly appears at ~0.83 V. It
is also interesting to notice that the Vg yielding gm max
follows the threshold voltage (Vy,) dependence with tem-
perature, such that the overdrive voltage remains constant
across temperature for each device.

Due to the power dissipated in the MOSFET, the chan-
nel temperature of the measured devices is not as low as
the ambient temperature of its surroundings. Therefore, the
curves showing small-signal parameters varying with tem-
perature are referenced to the ambient temperature. Their
study referenced to the channel temperature of the device
would require a systematic study of self-heating effect [22]
and is out of scope of this paper. Nevertheless, an estimation
of the channel temperature for different devices is provided
in Table 1, along with the dissipated power (Pqc), at an
ambient temperature of 4.2 K. These estimations are com-
puted based on the thermal resistance extracted at an ambient
temperature of 77 K from [22]. The thermal resistivity of
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Gate length Py [mW] Channel temperature [K]
[nm] Vas=0.6V | V=1V | V4=0.6V Va=1V
25 20.7 41.2 34.2 63.9
30 19.5 38.4 36.9 68.5
35 20.04 38.4 30.9 554
45 20.34 37.7 374 65.8
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FIGURE 3. Maximum 8m,i and gm,e extracted from RF measurements

(Vgs = 1V).

doped silicon and dielectrics are known to increase with tem-
perature reduction below 77 K [23], [24]. Therefore, those
estimations represent a lower boundary of the actual channel
temperature in each device.

The maximum g, (from S-parameters) versus temperature
behavior is further detailed in Fig. 3. Both the “extrinsic”
transconductance, gme (i.e., as measured) and the “intrin-
sic” one, gm i (i.e., when parasitics are withdrawn using RF
extraction) are shown. For all device lengths, gn, increases by
~40% with temperature lowering down to 4.2 K (see Fig. 4),
mainly thanks to an increased mobility. As observed in Fig. 3,
below 100 K, the increase in gy, is attenuated. A small local
drop is observed at 77 K and a larger increase at 4.2 K in
gm,i for the 25 nm-long FET. Those two local singularities
are relatively small and might fall within the measurement
uncertainty, despite being repeatedly observed. This needs
more investigation in the 4.2 to 90 K temperature range.

From 300 K to ~100 K, the strong enhancement in mobil-
ity (n) is due to a reduced phonon scattering, dominant in
this temperature range. Then, as T decreases below 100 K,
a concurrent | mechanism, associated with impurity scatter-
ing (in the source and drain junctions and extension regions)
and known to feature a . reduction with T lowering, comes
into a play [17]. Remarkably, the maximum gp ¢ and gm pc
are very close. The difference between gm; and gme is
mainly due to the source and drain resistances. The stronger
discrepancy observed for the shortest device compared to
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FIGURE 4. Maximum 8m,i and gm,e extracted from RF measurements
(Vgs =1V).

the longest one is explained by a larger drive current in
the 25 nm-long FET implying a larger voltage drop across
similar Ryqs and hence a slightly different bias point for the
intrinsic device part.

B. EXTRINSIC RESISTANCES

Fig. 5 shows the total source and drain resistance behav-
ior versus T for the 30 nm-long FET. Rys accounts for the
resistive behavior of the source and drain regions across
materials with different properties (S/D extensions, heav-
ily doped regions, silicidation) having different temperature
dependences. Indeed, in doped silicon, the mobility degra-
dation due to Coulomb effect is related to the doping
level [25]. Therefore, the extensions and the highly-doped
Source/Drain (S/D) regions can have a very different behav-
ior versus temperature due to significantly different doping
levels. Furthermore, the resistivity of NiSi (present in the
silicidation) is known to decrease at lower temperature and
to stabilize below 50 K [26].

Therefore, as all these effects come into a play together,
it is difficult to identify the separate contribution of each
device region to the total Ryqs behavior versus T from the
measured transistors. The global trend in Rys displayed in
Fig. 5 is observed for all the FETs. The strong decrease down
to 77 K can be explained by the reduced phonon scattering in
the Si S/D and extensions regions and decreased resistivity
of the silicided contacts. Below 77 K, the apparent increase
could be related to a stronger Coulomb scattering in the
highly-doped S/D regions.

Fig. 5 also shows the Ry behavior versus T for different
device lengths. A monotonic decrease of ~30% with tem-
perature lowering is observed down to 70 K, then the value
stabilizes. Such a trend is in agreement with the TiN resis-
tivity behavior at cryogenic temperatures reported in [27].
Therefore, this decrease in Ry is explained by two phe-
nomena: (i) a lowered resistivity of the metal gate and
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FIGURE 5. Extrinsic Rg (left) at different T for three gate lengths (25 nm
in ‘v, 30 nm in ‘o’ and 150 nm in ‘d’). Extrinsic Rqg (right) at different T for
the 30 nm-long FET in black line (s").

(i1) an enhanced mobility in the polysilicon due to reduced
phonon scattering. The value of Ry at 4.2 K of the longest
device (150 nm) is not shown, because the accuracy of
the S-parameters of that measurement was degraded above
10 GHz.

C. EXTRINSIC AND INTRINSIC CAPACITANCES

Figs. 6 and 7 display the extrinsic (Cgge) and intrin-
sic (Cgg,i) gate capacitances for different device lengths.
The capacitances are extracted from an average over the
1.5 — 5 GHz frequency range. From repeated measure-
ments of the same devices at the same temperatures, the
error on the extrinsic gate capacitance extraction is esti-
mated to be about =1 fF. For the total gate capacitance
(Cgg, 1 = Cgd,e + Cgs e + Cgd,i + Cgs,i, including both extrin-
sic and intrinsic contributions), the error is estimated to be
as large as =7 fF. For the intrinsic capacitance extraction,
the error is therefore about £8 fF, since it is computed as the
difference between Cge 1 and Cgg .. This surprisingly large
difference between the error on Cgg e and Cgg 1 might be
related to a stronger sensitivity of measured S-parameters
to the probing contact quality when the FET is working
in strong inversion and saturation rather than in cold and
accumulation regime.

Despite the extraction uncertainty, Fig. 6 shows a decreas-
ing trend of the extrinsic gate capacitance as the temperature
goes down for all devices. The general trend of the intrin-
sic capacitance is less obvious as displayed in Fig. 7. Cgg
remains globally constant with a larger variation compared
to the extrinsic capacitance. Fig. 8 shows the total gate
capacitance variation with respect to temperature. A slight
decrease of a few fF is observed at cryogenic T for the
shortest devices in which the extrinsic capacitance domi-
nates. Fig. 9 shows the extrinsic and intrinsic contributions
of the gate capacitance versus gate length at room (300 K)
and cryogenic (4.2 K) temperatures. As the device dimen-
sions shrink, the extrinsic contribution dominates and does
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FIGURE 6. Extrinsic gate capacitance (ng e=C gd,e + Cgs, e) versus
temperature normalized at 300 K, for three gate Iengths (25 nmin ‘v,
30 nm in ‘0’ and 150 nm in ‘d’) from measurements (symbols) and the
error bars with an estimated uncertainty of +1 fF. The extrinsic
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(Vgs =0V, Vgs = —0.2 V).
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FIGURE 7. Intrinsic gate capacitance (ng =Cgq,i + Cgs, i) versus
temperature normalized at 300 K, for three gate Iengths (25 nm in ‘v,
30 nm in ‘0o’ and 150 nm in ‘d’) and the error bars with an estimated
uncertainty of +8 fF, at V45 = 1V and Vgs corresponding to gm,max-

not scale as well as Ly. This effect partially explains the
slower increase or even saturation of f; with respect to the
gate length independently from temperature (see Fig. 13).

D. OUTPUT CONDUCTANCE AND VOLTAGE GAIN

Fig. 10 and 11 shows the variation of the intrinsic (gq ;) and
extrinsic (gq,) output conductance and the voltage gain (Ay)
versus temperature. The voltage gain A, is an analog FoM
of transistors and is computed as the ratio of the extrinsic
gm and gq (i.e., gm,e/8d,c), both taken from S-parameters
measurements and including the effect of the series resis-
tances. Both gq; and gq . are stable above 150 K, then exhibit
a steadily increase down to 4.2 K. They follow the same trend
with an offset that depends on Ry, similarly to the transcon-
ductance. Ay, dominated by g, ¢, follows the opposite trend
with a slight increase in the temperature range from 300 K
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temperature normalized to the values at 300 K, for three gate lengths
(25 nm in ‘v, 30 nm in ‘0’ and 150 nm in ‘d’) and the error bars with an
estimated uncertainty of +7 fF, at V45 = 1 V and Vgs corresponding to
8m,max-
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FIGURE 9. Extrinsic (dashed lines) and intrinsic (solid lines) Cgg versus
gate length at 4.2 ('v) and 300 K (’s"). The intrinsic capacitances are
extracted at V45 = 1V and Vgs corresponding to gm,max- The error bars for
both the intrinsic and extrinsic components are present too. The
uncertainty in C, ; is about +8 fF, while for Cgg,e it is about +1 fF, which
is too small to be V|S|ble in the figure.

down to 150 K and then stabilizes. Fig. 12 displays gq.. and
Ay versus gate length at room (300 K, yellow) and cryogenic
temperatures (4.2 K, purple). As expected, gq . increases dra-
matically in shorter devices compared to the longest ones
due to short-channel effect. gq ¢ increases by 20-25% for the
shortest devices and only by ~10% in the longest one as
the temperature moves from 300 K to 4.2 K. Nevertheless,
the voltage gain is still improved by 1-1.7 dB (depending
on the length), because the gy . increase is much stronger
than the g4 degradation.

E. RF FoMS
The cutoff frequency and maximum oscillation frequency,
the two main RF figures of merit, are extracted from the
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extrapolation to unity of the Hp; (short circuit current-gain)
and the U (Mason’s gain or unilateral power gain), respec-
tively. The extrapolation uses a —20 dB/dec slope, which
interpolates either Hy; or U from 1 to 20 GHz. Knowing the
small-signal equivalent circuit elements, analytical expres-
sions of f; and fp.x are used to assess the consistency of
the extraction procedure. The variation of these two FoMs
with respect to temperature and device length is displayed
in Figs. 13-16 at a bias point of Vgs = 1 V and Vg cor-
responding to gm max. The data resulting from the gains
extrapolation are in solid line while the dashed lines show
the values obtained from the analytical expressions in (1)
and (2), using the extracted parameters that were discussed
in the previous section [14], [28].

8m,e (1)

£~
27TC5,ST|:1+ ng: + Ra ( ng(gme +gde)+gde>:|
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FIGURE 13. f; extracted from extrapolation (solid lines) and (1) in dashed
lines at 300 K ('s’) and 4.2 K ('V') for different device lengths, at Vgs =1V
and Vgs corresponding to gm, max-
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Although more accurate, these expressions are a bit too
complex to understand the separate contribution of each
parameter to the f; and fi,x. Simplified, but commonly used
expressions [14] are

8m,e
7T(Cgs,T + ng,T) 7

fi = 3)
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Vgs =1V and Vgs corresponding to g§m, max-

Ji

Smax = .
2\/27Tfthng,T + (Rs + Rg)gd,e

“4)

As shown in Figs 13-16, the extrapolated data agree
well with (1) and (2), which validates the extraction of the
small-signal equivalent circuit elements. Furthermore, they
are both affected by the same measurement errors as the
small-signal equivalent circuit is extracted for each device at
every temperature. This technology (28-nm FD-SOI CMOS)
is known to have excellent RF performance with f; and
fmax of several hundreds GHz at room temperature. Overall,
both f; and fj,x are improved at cryogenic temperatures. An
increase by approximately 50% is observed in f; for all the
measured devices while fi,5x increases by more than 50%
depending on the device length. The main reason for the f;
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improvement is related to the transconductance increase by
40% thanks to an enhanced mobility in the channel, whereas
fmax benefits from both a higher gn, and a lower Ry (30%)
at cryogenic T. The slight decrease in Cgg 1 for the shortest
devices also contributes in a lesser extent to the larger f;
and fiax. Similarly to the gn(T) trends observed in Fig. 3,
the f; increase slows down below 100 K and even saturates
for the shortest device. The value of f,,x at 4.2 K of the
longest device (150 nm) is not shown in Fig. 15-17, because
the accuracy of the S-parameters of that measurement was
degraded above 10 GHz.

Fig. 17 shows the f; and fi,ax of the different devices at
room (300 K) and cryogenic (4.2 K) temperatures at a lower
Vgs bias. Iy — Vgs curves measured at different tempera-
tures ensure that the devices are operating in saturation at
Vgs = 0.6 V. Operating at lower Vg4 reduces power dissipa-
tion (see Table 1) and thereby self-heating, which is a key
concern for circuits aiming quantum computing as explained
in the Introduction. Despite lesser performances (13-20%
lower f; and fin,x according to the device length) compared
to the nominal Vg5 of 1V, the devices still exhibit excellent
RF FoMs, well above the values needed for quantum read-
out circuits [29], for a ~50% reduced power dissipation. All
the trends discussed above about the small-signal equivalent
circuit elements and RF FoMs behavior at cryogenic temper-
atures are also observed at V43 = 0.6 V and will therefore
not be further discussed here. Nevertheless, for a fair com-
parison of transistor operation at different bias conditions
under cryogenic temperatures, it is of uppermost importance
to take into account self-heating. As displayed in Table 1,
working at a lower Vg, implies a reduced self-heating and
thus channel temperature. It might therefore affect the intrin-
sic properties of the transistor and this effect is particularly
pronounced at cryogenic temperatures, where the difference
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FIGURE 17. fg (solid lines) and fmax (dashed lines) extracted from
extrapolation from 300 K down to 4.2 K for the 25 nm (blue),

30 nm (brown) and 150 nm-long (red) devices at V45 = 0.6 V and Vgs
corresponding to gm,max- The devices are still operating in saturation at
Vds =0.6V.

in channel temperature for different bias conditions is in the
same order of magnitude as the ambient temperature.

IV. CONCLUSION

In this work, the prospects of 28-nm FD-SOI CMOS for
future cryogenic RF applications have been assessed by the
analysis of RF FoMs and complete small-signal equivalent
circuit elements in the cryogenic temperature range down
to 4.2 K. The temperature reduction has been shown to
result in a strong improvement of f; (up to ~130 GHz
for 25 nm-long device) and fpax (~75 GHz). The tem-
perature evolution of the RF FoMs is mainly explained in
terms of mobility enhancement (improvement of 40% in
gm.i) and gate resistance reduction (~30%). This was sup-
ported by the fact that the reconstructed f; and fax based
on the MOSFET small-signal equivalent circuit model agree
well with those extracted by the extrapolation of current
and unilateral power gains in the temperature range down to
4.2 K. A steady decrease in the extrinsic gate capacitance
Cgg e is also observed, which leads to a reduced total gate
capacitance that is more important in the shortest devices
where the extrinsic contribution dominates. Finally, the RF
FoMs for a lower Vg5 of 0.6 V are also presented. Despite
an overall reduction of approximately 13-20 % in f; and
fmax, compared to the nominal Vg of 1 V, the devices are
still operating incredibly well, exhibiting RF FoMs enabling
their low-voltage low-power operation at RF and mm-wave
frequencies.
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FIGURE A.1. Some parameters of the small-signal equivalent circuit versus
frequency at different temperatures (4.2 K in ‘s, 77 K in ‘h’, 150 K in ‘o',

300 K in ‘v’) for the shortest device (L = 25 nm) and at V4s = 1V and Vgs
corresponding to the peak transconductance (except for the extrinsic gate
capacitance in Fig. A.1(a) for which V45 = 0 V and Vgs = —0.2 V). The
extrinsic gate capacitance (a), total gate capacitance (b), intrinsic
transconductance (c), intrinsic output conductance (d). In solid lines:
measurements. In dashed lines: S-parameters reproduced by the
small-signal equivalent circuit extracted from the model of Fig. 1.

APPENDIX

SMALL-SIGNAL PARAMETERS VERSUS FREQUENCY

As specified in Section II, each element of the small-
signal equivalent circuit is extracted from an average over
a frequency range, specific to the element, for a best fit of
the S-parameters across all relevant frequencies. The differ-
ent frequency ranges are explained by the fact that different
phenomena affect each parameter in different ways. This is
illustrated in Figs. A.l1 and A.2 that show some parame-
ters (Cgge» Cgg T Em.i» €d.i» H21 and U) of the small-signal
equivalent circuit versus frequency. Both the measurements
(solid lines) and the extractions (dashed lines) are shown. The
curves from Figs. A.2(c) and (d) are common ways of cal-
culating f; and f,,x, respectively, that are valid if Hy; and U
exhibit a —20 dB/dec slope as predicted by the small-signal
equivalent circuit of Fig. 1. Deviations from this theoretical
slope lead to non-flat curves in Figs. A.2(c) and (d).

The strong increases in gn i and gq; above several GHz
are due to two phenomena: (i) the series inductances are
not taken into account in the small-signal equivalent circuit
(see Fig. 1), because their main contribution comes from
the accesses, and (ii) a lack of de-embedding or on-wafer
calibration (due to limitations in available de-embedding
structures). That is why these parameters are extracted
at lower frequencies (up to 3 GHz). On the contrary, U
has a —20 dB/dec slope only at higher frequencies (above
10 GHz). The low frequency data is unsuited to the fiax
extraction, because U is affected by dynamic self-heating
effect and substrate effect.
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FIGURE A.2. RF FoMs versus frequency at different temperatures (4.2 K in
‘s, 77 K in “h’, 150 K in “0’, 300 K in ‘v’) for the shortest device (L = 25 nm)
and at Vgg = 1V and Vgs corresponding to the peak transconductance. The
Hy; (a), U (b). Figs. A.2(c) and (d) represent a common way f; and fmax are
respectively calculated. Flat curves in Figs. A.2(c) and (d) correspond to
—20 dB/dec slopes in Hy; and U, respectively, and is expected by the
small-signal equivalent circuit. In solid lines: measurements. In dashed
lines: S-parameters reproduced by the small-signal equivalent circuit
extracted from the model of Fig. 1.

The gate capacitances (mainly Cgg ) and Hpy (from Fig.
A.2(c)) curves give a good estimation of the calibration/de-
embedding consistency at higher frequencies. A strong
deviation from the theoretical curves (in dashed lines) is
related to an unreliable calibration, which determines the
upper bound of the relevant frequency range in which the
model fitting is valid. As observed in Figs. A.1 and A.2,
this upper bound lies around 20 GHz.

REFERENCES

[1] E. Charbon et al, “Cryo-CMOS for quantum computing,” in
Proc. IEEE Int. Electron Devices Meeting (IEDM), San Francisco,
CA, USA, 2016, pp. 13.5.1-13.5.4.

[2] C. G. Almudever et al., “Towards a scalable quantum computer,” in
DTIS Tech. Dig., 2018, p. 1.

[3] F. Jazaeri, A. Beckers, A. Tajalli, and J. Sallese, “A review on quan-
tum computing: From qubits to front-end electronics and cryogenic
MOSFET physics,” in Proc. 26th Int. Conf. Mixed Design Integr.
Circuits Syst. (MIXDES), Rzeszéw, Poland, 2019, pp. 15-25.

[4] C. H. Yang et al. (Jun. 19, 2019). Silicon Quantum Processor
Unit Cell Operation Above One Kelvin. [Online]. Available:
https://arxiv.org/abs/1902.09126

[5] L. Petit et al. (Oct. 11, 2019). Universal Quantum Logic in Hot Silicon
Qubits. [Online]. Available: https://arxiv.org/abs/1910.05289

[6] S. Bonen et al., “Cryogenic characterization of 22-nm FDSOI CMOS
technology for quantum computing ICs,” IEEE Electron Device Lett.,
vol. 40, no. 1, pp. 127-130, Jan. 2019.

[7]1 A. Beckers, F. Jazaeri, A. Ruffino, C. Bruschini, A. Baschirotto, and
C. Enz, “Cryogenic characterization of 28 nm bulk CMOS technology
for quantum computing,” in Proc. 47th Eur. Solid-State Device Res.
Conf. (ESSDERC), Leuven, Belgium, 2017, pp. 62-65.

[8] H. Bohuslavskyi et al, “28nm fully-depleted SOI technol-
ogy: Cryogenic control electronics for quantum computing,” in
Proc. Silicon Nanoelectron. Workshop (SNW), Kyoto, Japan, 2017,
pp. 143-144.

654

[9]1 A. Beckers, F. Jazaeri, H. Bohuslavskyi, L. Hutin, S. De Franceschi,
and C. Enz, “Design-oriented modeling of 28 nm FDSOI CMOS
technology down to 4.2 K for quantum computing,” in Proc. Joint Int.
EUROSOI Workshop Int. Conf. Ultimate Integr. Silicon (EUROSOI-
ULIS), Granada, Spain, 2018, pp. 1-4.

[10] R. Maurand et al., “A CMOS silicon spin qubit,” Nat. Commun.,
vol. 7, Nov. 2016, Art. no. 13575.

[11] L. Hutin et al., “Si CMOS platform for quantum information
processing,” in Proc. IEEE Symp. VLSI Technol., Jun. 2016,
pp. 1-2.

[12] M. Shin et al, “Low temperature characterization of 14 nm
FDSOI CMOS devices,” in Proc. 11th Int. Workshop Low Temp.
Electron. (WOLTE), Grenoble, France, 2014, pp. 29-32.

[13] N. Planes et al., “28 nm FDSOI technology platform for high-
speed low-voltage digital applications,” in Proc. Symp. VLSI Technol.,
vol. 33, no. 4, 2012, pp. 133-134.

[14] B. K. Esfeh et al., “Assessment of 28 nm UTBB FD-SOI tech-
nology platform for RF applications: Figures of merit and effect
of parasitic elements,” Solid-State Electron., vol. 117, pp. 130-37,
Mar. 2016.

[15] D. Bol et al., “19.6 A 40-to-80MHz sub-4uW/MHz ULV cortex-
MO MCU SoC in 28nm FDSOI with dual-loop adaptive back-bias
generator for 20us wake-up from deep fully retentive sleep mode,”
in Proc. IEEE Int. Solid- State Circuits Conf. (ISSCC), San Francisco,
CA, USA, 2019, pp. 322-324.

[16] B. K. Esfeh, N. Planes, M. Haond, J.-P. Raskin, D. Flandre, and
V. Kilchytska, “28 nm FDSOI analog and RF figures of merit at N2
cryogenic temperatures,” Solid-State Electron., vol. 159, pp. 77-82,
Sep. 2019.

[17] B. K. Esfeh, V. Kilchytska, N. Planes, M. Haond, D. Flandre, and
J.-P. Raskin, “28 nm FDSOI nMOSFET RF figures of merits and
parasitic elements extraction at cryogenic temperature down to 77 K,”
IEEE J. Electron Devices Soc., vol. 7, pp. 810-816, Mar. 2019.

[18] L. Nyssens et al., “28 FDSOI RF figures of merit down to 4.2 K,”
in Proc. IEEE SOI-3D-Subthreshold Microelectron. Technol. Unified
Conf. ($3S), San Jose, CA, USA, 2019.

[19] R. M. Incandela, L. Song, H. Homulle, E. Charbon, A. Vladimirescu,
and F. Sebastiano, “Characterization and compact modeling of
nanometer CMOS transistors at deep-cryogenic temperatures,” [EEE
J. Electron Devices Soc., vol. 6, pp. 996-1006, Apr. 2018.

[20] A. Bracale et al., “A new approach for SOI devices small-signal
parameters extraction,” Analog Integr. Circuits Signal Process., vol. 25,
pp. 157-169, Nov. 2000.

[21] N. Derrier, A. Rumiantsev, and D. Celi, “State-of-the-art and future
perspectives in calibration and de-embedding techniques for char-
acterization of advanced SiGe HBTs featuring sub-THz fT/fMAX.”
in Proc. IEEE Bipolar/BiCMOS Circuits Technol. Meeting (BCTM),
Portland, OR, USA, 2012, pp. 1-8.

[22] L. Nyssens et al, “Self-heating in FDSOI UTBB MOSFETs
at cryogenic temperatures and its effect on analog figures of
merit,” IEEE J. Electron Devices Soc., early access, Jun. 3, 2020,
doi: 10.1109/JEDS.2020.2999632.

[23] M. Asheghi, K. Kurabayashi, R. Kasnavi, and K. E. Goodson,
“Thermal conduction in doped single-crystal silicon films,” J. Appl.
Phys., vol. 91, no. 8, pp. 5079-5088, 2002.

[24] D. G. Cahill and T. H. Allen, “Thermal conductivity of sputtered and
evaporated SiO2 and TiO2 optical coatings,” Appl. Phys. Lett., vol. 65,
no. 3, pp. 309-311, 1994.

[25] S. O. Kasap, Principles of Electrical Engineering Materials and
Devices. New York, NY, USA: McGraw-Hill, 2018, pp. 126-145.

[26] B. Li et al., “Controlled formation and resistivity scaling of nickel sili-
cide nanolines,” Nanotechnology, vol. 20, no. 8, 2009, Art. no. 85304.

[27] M. A. Wall, D. Cahill, I. Petrov, D. Gall, and J. Greene, “Nucleation
kinetics during homoepitaxial growth of TiN by reactive magnetron
sputtering,” Phys. Rev. B, Condens. Matter, vol. 70, Jul. 2004,
Art. no. 035413.

[28] U. Gogineni, J. A. del Alamo, C. Putnam, and
D. Greenberg. (Nov. 2010). Modeling Frequency Response
of 65 nm CMOS RF Power Devices. [Online]. Available:
https://dspace.mit.edu/handle/1721.1/59812

[29] D. Lammers. (Sep. 12, 2019). Global Foundries, Foundry Files
Blog, GF Plays a Role in Quantum Ecosystem. [Online]. Available:
https://www.globalfoundries.com/news-events/press-releases/gf-plays-
role-quantum-ecosystem

VOLUME 8, 2020


http://dx.doi.org/10.1109/JEDS.2020.2999632


<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles false
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 0
  /ParseDSCComments false
  /ParseDSCCommentsForDocInfo false
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo false
  /PreserveFlatness true
  /PreserveHalftoneInfo true
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Remove
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
    /Arial-Black
    /Arial-BoldItalicMT
    /Arial-BoldMT
    /Arial-ItalicMT
    /ArialMT
    /ArialNarrow
    /ArialNarrow-Bold
    /ArialNarrow-BoldItalic
    /ArialNarrow-Italic
    /ArialUnicodeMS
    /BookAntiqua
    /BookAntiqua-Bold
    /BookAntiqua-BoldItalic
    /BookAntiqua-Italic
    /BookmanOldStyle
    /BookmanOldStyle-Bold
    /BookmanOldStyle-BoldItalic
    /BookmanOldStyle-Italic
    /BookshelfSymbolSeven
    /Century
    /CenturyGothic
    /CenturyGothic-Bold
    /CenturyGothic-BoldItalic
    /CenturyGothic-Italic
    /CenturySchoolbook
    /CenturySchoolbook-Bold
    /CenturySchoolbook-BoldItalic
    /CenturySchoolbook-Italic
    /ComicSansMS
    /ComicSansMS-Bold
    /CourierNewPS-BoldItalicMT
    /CourierNewPS-BoldMT
    /CourierNewPS-ItalicMT
    /CourierNewPSMT
    /EstrangeloEdessa
    /FranklinGothic-Medium
    /FranklinGothic-MediumItalic
    /Garamond
    /Garamond-Bold
    /Garamond-Italic
    /Gautami
    /Georgia
    /Georgia-Bold
    /Georgia-BoldItalic
    /Georgia-Italic
    /Haettenschweiler
    /Helvetica
    /Helvetica-Bold
    /HelveticaBolditalic-BoldOblique
    /Helvetica-BoldOblique
    /Impact
    /Kartika
    /Latha
    /LetterGothicMT
    /LetterGothicMT-Bold
    /LetterGothicMT-BoldOblique
    /LetterGothicMT-Oblique
    /LucidaConsole
    /LucidaSans
    /LucidaSans-Demi
    /LucidaSans-DemiItalic
    /LucidaSans-Italic
    /LucidaSansUnicode
    /Mangal-Regular
    /MicrosoftSansSerif
    /MonotypeCorsiva
    /MSReferenceSansSerif
    /MSReferenceSpecialty
    /MVBoli
    /PalatinoLinotype-Bold
    /PalatinoLinotype-BoldItalic
    /PalatinoLinotype-Italic
    /PalatinoLinotype-Roman
    /Raavi
    /Shruti
    /Sylfaen
    /SymbolMT
    /Tahoma
    /Tahoma-Bold
    /Times-Bold
    /Times-BoldItalic
    /Times-Italic
    /TimesNewRomanMT-ExtraBold
    /TimesNewRomanPS-BoldItalicMT
    /TimesNewRomanPS-BoldMT
    /TimesNewRomanPS-ItalicMT
    /TimesNewRomanPSMT
    /Times-Roman
    /Trebuchet-BoldItalic
    /TrebuchetMS
    /TrebuchetMS-Bold
    /TrebuchetMS-Italic
    /Tunga-Regular
    /Verdana
    /Verdana-Bold
    /Verdana-BoldItalic
    /Verdana-Italic
    /Vrinda
    /Webdings
    /Wingdings2
    /Wingdings3
    /Wingdings-Regular
    /ZapfChanceryITCbyBT-MediumItal
    /ZWAdobeF
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 200
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages false
  /ColorImageDownsampleType /Average
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 200
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages false
  /GrayImageDownsampleType /Average
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages false
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 400
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages false
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e55464e1a65876863768467e5770b548c62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc666e901a554652d965874ef6768467e5770b548c52175370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA (Utilizzare queste impostazioni per creare documenti Adobe PDF adatti per visualizzare e stampare documenti aziendali in modo affidabile. I documenti PDF creati possono essere aperti con Acrobat e Adobe Reader 5.0 e versioni successive.)
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020be44c988b2c8c2a40020bb38c11cb97c0020c548c815c801c73cb85c0020bcf4ace00020c778c1c4d558b2940020b3700020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken waarmee zakelijke documenten betrouwbaar kunnen worden weergegeven en afgedrukt. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create PDFs that match the "Recommended"  settings for PDF Specification 4.01)
  >>
>> setdistillerparams
<<
  /HWResolution [600 600]
  /PageSize [612.000 792.000]
>> setpagedevice


