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1 EXECUTIVE SUMMARY

This deliverable reports on the second- and third-year efforts of the Consortium carried out by IMT and UofT
on the 300K and 2K characterization of transistors, inductors, quantum dot structures and circuits for spin
manipulation and readout.

DC and high frequency performance in 4 different technologies: 22nm FDSOI, 7nm FinFET, 5nm FinFET
and SiGe HBTs were characterized over temperature from 2 K to 300 K. All transistors and technologies show
better performance at 2 K than at 300 K and can be used in cryogenic circuits for quantum computing.

Strong Coulomb Blockade effects have been observed in all 22nm FDSOI, 7nm and 5nm FINFET quantum
dots at up to 50 K. The impact of process variation, transistor leakage, and of the intentional threshold voltage
control implants on the quantum dot behaviour was measured.

At 2 K, the quantum dots fabricated in 22nm FDSOI, 7nm FINFET and 5nm FIinFET technologies were also
tested under magnetic field up to 2.5T at DC and in microwave absorption experiments up to 70 GHz to
determine the gyromagnetic factor. To date, the latter results are inconclusive due to (i) uncertainties in probe
contact repeatability, (ii) instrument precision limitation, and (jii) testing challenges associated with the long
time required to conduct a single frequency sweep experiment (~15 minutes) and the probabilistic nature of
the physical phenomena to be characterized.

All circuits and quantum processor test vehicles tested at room temperature up to 220 GHz and at 2 K up to
70 GHz worked as expected with significantly improved performance at 2 K compared to 300 K. AU designed
some of the circuits and characterized them at 300 K. The measurements of all circuits (designed by UofT or
AU) at 2 K were conducted at UofT.

It is clear from the technology and classical circuit characterization at 300 K and 2 K that circuit
design at 2 K is predictable and can be carried out methodically to guarantee better performance for
all circuits at 2 K than at 300 K. This has been shown in this project for the first time, no other group
has demonstrated this, and in all relevant technologies: FINFET, FDSOI and SiGe BiCMOS.

This delivery report follows the original plan of the IQubits project where, as its title indicates,
measurements of FDSOI qubits and ICs are reported. The 10nm Si qubits and the iii-Nitride qubit
measurements will be reported at the end of the project, since they will only be fabricated by month
48.
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2 TECHOLOGY & CIRCUIT CHARACTERIZATION OVER TEMPERATURE

2.1 Introduction

The cryogenic testing was delayed by the Covid-19 pandemic. The UofT 2K mm-wave probestation with
vertical field magnetic became operational in June 2021, 1.4 years later than scheduled. Until then, the
cryogenic testing was limited to those performed on the IMT probestation and only on transistor, quantum dot
and inductor test structures.

Since June 2021, we have been able to recover the lost time on testing of 22nm FDSOI devices and circuits
and characterized three more technologies that were not in the original plan: 7nm FinFETs, 5nm FinFETs and
SiGe HBTs in STM’s commercial BICMOS55 process.

(b)

Fig. 1: Photograph of the 2-K probestation with 22nm FDSOI, FinFET and SiGe BiCMOS dies bonded on sample holder,
and differential dc-70 GHz arms with GSG probes on the east and west sides. b) Detail of the sample holder with different
technology dies and ISS calibration substrate attached to the sample holder with silver paste.
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All measurements were conducted on-die with a Lake Shore Cryotronics CPX-VF-LT probestation in the 2
to 300 K range, and a Cascade Summit 9000 probestation in the 300-400 K range. The 2-K probestation is
fitted with dual DC-70 GHz differential arms but only GSG probes were used for transistor characterization.
The dies and the ISS calibration substrate were mounted on the sample holder using a silver paste with
matched thermal expansion coefficient, as illustrated in Fig.1.

2.2 Classical transistor performance over temperature

For S-parameter measurements, LRRM(SOLT) calibrations using the ISS substrate were conducted at 2,
20, 300, 350 and 400 K. The 20-K calibration was also used in measurements conducted at 50, 77, 200 and
250 K. The pad and interconnect parasitics of the transistor test structures were de-embedded at each
temperature up to the edge of the transistor using transmission-line de-embedding with two on-die ~100-mm
and ~300-mm long microstrip lines measured at each temperature (22nm FDSOI and 55nm SiGe BiCMOS)
or with Open and Short de-embedding structures (FINFET case). The measured S-parameters de-embedded
using the t-line method reflect the true circuit performance of the transistor with all metal wiring up to the top
metal left on the transistor. The fr, fuax values thus measured are ~10% lower than those obtained with the
Open-Short de-embedding method which removes the parasitic resistance and capacitance of the interconnect
on top of the transistor. In general, the same transistor was measured at each temperature, except in some
cases where, due to degradation of the probe-to-pad contact resistance because of repeated landings on the
same pad, an identically sized transistor from a different die was measured.

The method for extrapolating fr from the measured H21(f) characteristics by averaging over the 20-45 GHz
range and assuming -20 dB/decade slope is illustrated in Fig. 2 at 2 K and 300 K. A similar procedure is used
to extrapolate fuax from U(f) at each bias point. It should be noted that, as can be observed in Fig.2, the S-
parameter measurements in the cryogenic probestation are a bit noisier at all temperatures than those carried
out in a conventional probestation with onventional GSG probes because of the longer mm-wave arms needed
in the cryogenic probestation and because of the differential arms and probes (GSGSG) required for complex
circuits and quantum, processor measurements.

60 500 ~ 50 350 —~
o : T
o~ : v~ 1 wr
m 40 m 30 T TR 250
530 S sl A - 200
= | g T {7 —~— 2
© | ©
20 i = 10 150 £
10 ' a 2 3 o . A 200 0 i . F i 4 i F 100
0 10 20 30 40 50 60 70 0 10 20 30 40 50 60 70
Frequency (GHz) Frequency (GHz)

@) (b)

Fig. 2: Measured 0.1mmx4.5mm SiGe HBT H2i(f) and extrapolated fr at each frequency for different bias points a) at 2 K
measured in cryogenic probestation and b) at 300 K in Summit 9000 probestation

a) SiGe HBT characterization over temperature (IMT and UofT measurements)

In the case of SiGe HBTs only (not for MOSFETS) it is possible to obtain the transistor noise parameters
directly from the measured Y/S-parameters. The noise parameters, Rn, Fmin, and Zsopt, were obtained directly
from the measured dc base and collector currents, I, Ic, the two shot noise sources assumed to be
uncorrelated below fr/3, and the measured Y-parameters of the HBT after de-embedding, following the method
in [1], without having to extract a small signal equivalent circuit for the HBT:

R,=rg+rg+

2VT{(Y21)12 (l)
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2 vr'|Y21F('"F+" )
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|Y11F B| 21F _32(Y11)
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(¥, )+ 1+
M Ic (2)

From (2), the minimum noise temperature, Twin = (Fmin -1) T is derived. V1 =kT/q where T is the sample holder
temperature. The external emitter, re, and the base, rs, resistance, the dominant thermal noise sources, are
extracted directly from the measured Z-parameters of the HBT.

MIN T

Fig. 3 reproduces the measured Gummel and output characteristics at 2 K and 300 K [2]. The peak S
increases from ~1,200 at 300 K to 15,000 at 2 K with the Ic(Vee), Is(Vee) curves shifting to higher Vee and
exhibiting steeper slopes than at 300 K. From the measured output characteristics, it can be seen that BVceo
decreases at 2 K because of the increased $, and that Rc improves, as evidenced by the steeper slope of the
Ic(Vce) characteristics at low Vce. Apart from the negative output conductance observed at the transition
between the saturation and active regions at very large currents in the output characteristics, which persists
up to 200 K, and whose origins, likely due to tunnelling at the base-collector junction [3], require further
investigation, the HBT shows excellent behavior at 2 K with no evidence of dopant de-ionization.

Fig. 4 shows details of the collector and base current variation with temperature, highlighting that most of the
change with temperature occurs between 300 K and 77 K below which there is little change in the diode ideality
factor. The latter reflects in the saturation of § and gm below 77 K, as illustrated in Fig. 5. We should also notice
the “bumps” observed in the base current, Fig. 4(b) which are attributed to tunneling current at the base-emitter
junction [4] and which affect the shape of the base resistance and of the fuax characteristics, Fig. 6(c), as a
function of collector current density.

An important figure of merit for low-frequency analog circuit performance, but also for LNAs and readout
amplifiers, is the gm/lc ratio (Fig. 7) which improves as the temperature is reduced to 77 K and then remains
practically constant down 7 K (and to 2 K) [5]

Finally, Fig. 8 compiles the extracted noise parameters over temperature with record low noise temperature,
< 1K below 8.5 GHz and less than 10 K up to 70 GHz, illustrating the excellent performance of SiGe HBTSs for
cryogenic readout amplifiers for both superconducting qubits and semiconductor spin qubits [5].
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(a) (b)
Fig. 3: Measured 0.1mmx4.5mm SiGe HBT a) Gummel and b) output characteristics at 2 K and 300 K [2].
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@

(b)

Fig. 4: Measured 0.1mmx4.5mm CBEBC SiGe HBT a) collector current and b) base current as a function of temperature
(UofT measurements).
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Fig. 5: Measured 0.1mmx4.5mm CBEBC SiGe HBT a) current gain (UofT measurements) and b) transconductance vs.

collector current, over temperature (IMT measurements).
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Fig. 6: Measured 0.1mmx4.5mm CBEBC SiGe HBT a) current gain vs. Veg, b) fr, and c) fuax vs, collector current density
at 2 K, 300 K and 400 K [2].
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Fig. 7: Measured 0.1umx4.5um CBEBC SiGe HBT gw/lc ratio, a figure of merit for low-power analog circuit performance,
as a function of collector current and temperature [5] (IMT measurements).

1000
20, T a 350 430
—~ 100 s = U =2K .
g,a 210 4300 & 250
‘@“; 10}, & 250 50 3
z V,. =05V ©z }200® {15 ©
1 = c (D
e — 2K—— TTK—— 300K : |~= — Tun x <
— 20K 200 K——350 K 1' —R 150 ‘10 E
TR ek —— MAG
0'10 10 20 30 40 50 60 70 0.5 P e 3 100 45
0 10 20 30 40 50 60 70
Frequency (GHz) Frequency (GHz)
(@) (b)

Fig. 8: Measured 0.1umx4.5um CBEBC SiGe HBT a) minimum noise temperature as a function of frequency and
temperature vs. Veg, b)Tmin, Rn, and MAG at Jopt VS. frequency at 2 K when biased at Vec = -0.25V and Jopt for the given
frequency. C) Zsopt at Jopt VS. frequency up to 70 GHz and temperature for Vec = -0.25 V [2].

b) FInFET measurements over temperature (U of T)

High-frequency (HF) transistor test structures with single and multiple, Ny, gate fingers and Nsn = 2, 4, and 6
fins per gate finger were designed and manufactured in 5nm and 7nm FinFET technologies along with
transmission lines, open and short de-embedding test structures, as illustrated in Fig. 9. The dc and S-parameter
measurements were conducted on die in the Lake Shore Cryotronics CPX-VF cryogenic probestation with
vertical field magnet in the 2-300K temperature and dc-to-67GHz frequency range.

— T e ae =
- B R B E—E B8 BE=cE B

ig. 9: Die photos for 5nm (left) and 7nm (right) FinFET test structures. Test structure design and die donation by Ciena.
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Fig. 10 shows the measured subthreshold swing for a variety of p- and n-type FinFETs. The subthreshold
swing follows the ideal ~kT dependence down to 30 K for a variety of 7nm and 5nm devices, except for one p-
type 5nm FIinFET. This ideal behavior extends to lower temperatures than that reported in [6] for planar CMOS.
It can be attributed to the fact that, in FInNFETS, the channel is undoped. Therefore, de-ionization of channel
doping at low temperature does not exacerbate short channel effects to cause degradation of the subthreshold
slope as it does in planar bulk CMOS. The V: of FinFETs is controlled by the gate metal work function and the
charge dipole in the gate oxide, rather than channel doping. Below 30 K, the definition of subthreshold slope
becomes problematic and rather meaningless in all devices and at all Vps values due to quantum effects, as
explained in the next section.

As illustrated in Fig. 11, the peak saturation-region gm at Vos = £750 mV improves by 30% in n-FinFETS,
irrespective of node, but only by 15-20% in p-FinFETS. Improvement in gm occurs mostly from 300 K to 100 K
and practically stops below 70 K. Therefore, in AMS and digital circuits where matched p- and n-MOSFETSs are
needed, the p-MOSFET must be sized 7-10% larger for operation below 70 K than at 300 K. Fig. 11(b) shows
that the triode-region gm at Vos = +1 mV continues to improve between 77 K and 2 K, suggesting that the low-
field mobility increases over the entire range of temperatures, doubling for electrons and increasing by about
50% at 2 K in the case of holes. The relative improvement at cryogenic temperatures is lower in 5nm than in
7nm p-FIiNFETSs. Fig. 12 shows that the gm/Ips ratio also improves by a factor of 3 between 300 K and 2 K and
reaches a value at low currents comparable to that of the SiGe HBT in Fig. 7. This means that at 2 K, FinFETs
are as suitable for implementing analog functions, such as high gain opamps, as SiGe HBTs, and that the
performance will improve compared to 300 K while the power consumption will be reduced.

Fig. 13 shows the measured gm vs. Vs and vs. Ips curves over temperature for selected 5nm and 7nm
FinFETs. The curves are normalized to the peak gm value at 292 K. Although V: changes and the gm-Ves
characteristics shift with temperature, the peak-gm current density remains constant across all temperatures,
simplifying circuit design even in the absence of transistor models valid at cryogenic temperatures. Because
extreme low-Vi devices are used, the V: shift of about 150 mV does notimpede operation at 2 K, with lon reaching
higher values than at 300 K for both device types. This implies that all digital circuits will have better performance
at 2 K than at 300 K without the need to compensate for V: variation or increasing the power supply and power
consumption.

The measured fr and fuax vs. Ves and vs. Ips curves at 2 K and 300 K are depicted in Fig. 14 for selected
5nm and 7nm FinFETSs. As in the case of gm, when plotted versus current density, the peak-fuax and peak-fr
current densities are not affected by the V:shift and remain constant over temperature. There is significant
improvement in fuax, at 2 K for all devices but a slight degradation of fr in 5nm FinFETs was observed which
was found to be due to a systematic 5fF increase in Cgs for all devices at 2 K compared to 300 K. A similar
calibration issue at 2 K was also noticed with SiGe HBTSs. Since, the measured Cgd¢ and Cnc remained constant
over temperature even at Vos =1 mV, where Cgs and Cga must be equal, the Cgs increase remains unexplained,
but it does not impact fuax.
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Fig. 10: Measured subthreshold swing as a function of temperature for 5nm and 7nm p- and n-FinFETSs.
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Fig. 11: Measured a) normalized peak saturation-region gm/fin, and b) normalized peak triode-region gm/fin vs. temp. for
5nm and 7nm FinFETSs.
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Fig. 12: Measured 5nm a) p- and b) n-FinFET gm/los ratio as a function of dtrain current and temperature.
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Fig. 13: Measured normalized to the 292 K value a) gm/fin vs.Ves and b) gm/fin vs. Ips/fin at Vbs = -/+750 mV as a function
of temperature.
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c) 22nm FDSOI characterization over temperature (UofT and IMT measurements)

A full set of n- and p-MOSFETSs with different gate length (Lg), finger width (Wr), number of gate fingers (N),
contact-poly-pitch (CPP), and threshold voltage were characterized over temperature. Additionally, devices
with different numbers of active dummies (measured as the distance between the edge of the active region to
the transistor gate, SA on the left and SB on the right) were characterized at room temperature. UofT uses the
convention “(Nf)Xx(Lg)x(Wr) (CPP/CPPwmin)X pitch transistor with (SA/CPP) dummies” to refer to a particular
MOSFET layout geometry, as shown in Fig. 15. CPPwmin is the minimum CPP allowed in the technology. Fig.
16 depicts a die photo of sample FDSOI MOSFET test structures used for characterization with GSG probes
and a PG probe for the backgate contact on the left. Fig. 17 depicts the transistor layouts optimized for high
fr, fuax performance.

The transfer and transconductance characteristics for the super low threshold voltage (SLVT) p- and n-
MOSFETs are depicted in Fig. 18(a) through Fig. 18(d). The MOSFET threshold voltage increases with
decreasing temperature, just like in the FinFETs, making the optimal Ves bias required for peak gm different
over temperature. When gm is plotted vs. MOSFET width-normalized drain-source current density, it is found
that the peak gm always occurs at the same current, again just like in FinFETs. Fig. 18(e) and Fig. 18(f) shows
how peak gm varies over temperature from 3.3 K up to 400 K. Most of the peak gm improvement occurs over
the 300 K to 100 K range for Vbos = +0.8 V and remains practically flat below 70 K. This behaviour is similar
with that observed in FinFETs and SiGe HBTSs. In the triode region, at low Vps, the peak gm continues to
increase down to 2 K, just as was observed in FinFETs. This suggests that low-field mobility continues to
improve below 70 K whereas saturation velocity, which impacts gmsatpeak in the saturation region the most,
does not change with temperature below 70 K. These are material parameters rather than parameters related
to a particular type of device: FDSOI vs. FinFET.
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Fig. 15: Example MOSFET layout geometries showing a) a 1x(Lg)x(Wr) MOSFET with 1 dummy and b) 3x(Lg)x(Wr)
MOSFET with 2 dummies. When referring to the number of dummies, the smallest SA or SB distance is used. The
semiconductor active is in green, MOSFET gate in red, and source/drain metal contacts are in blue.
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Fig. 16: Zoomed in iage of die micropotgraph contaiing multiple transistor test structures.
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Fig. 17: Fully wired 40x20nmx590nm 1x pitch transistor test structure layout showing a) metallization up to the pads for
probing, b) a zoomed-in image of the transistor and just the first 7 metal layers, and c) a top-down view of the transistor
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M3

layout [7]. Transistor source is connected to GND via extensive metal mesh (not shown).
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Fig. 18: Measured 40x20nmx590nm MOSFET a) lbs/W vs. Vs b) gm/W vs. Vs and ¢) gm/W vs. Ips/W at 3.3 K, 300 K, and
400 K at Vps = 0.8 V. d) Measured 40x20nmx590nm MOSFET gm/W vs. Ips/W at 2 K and 300 K at Vps = #50 mV. e)
Measured 40x18nmx590nm and 40x20nmx590nm MOSFET peak gm/W vs. temperature from 3.3 K to 400 K at Vps=+0.8V.
f) Measured 40x18nmx590nm MOSFET peak gm normalized relative to peak gm at 300 K vs. temperature from 3.3 K to
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Fig. 19: Measured 40x18nmx590nm MOSFET gm/lps &) vs. Ios/W for the indicated temperatures and b) vs. temperature
for the indicated current densities Ios/W at Vps = +0.8 V.
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Fig. 20: Measured 40x20nmx590nm MOSFET a) gm and b) voltage gain Av = gm/gas VS. Vbs at 3.3 K, 300 K, and 400 K at
Ves =+0.6 V and Vps = 0.8 V.

The transconductance per current (gm/lps) and intrinsic voltage gain (Av = gm/gas) figures-of-merit were also
characterized over temperature and bias. Fig. 19 shows the n-MOSFET has superior gm/los compared to the
p-MOSFET and that there is little improvement in gm/los from 100 K down to 8 K. Fig. 20 shows that there is
little degradation in gm from Vos = £0.8V to Vos = 0.4V at all temperatures, which is good for CMOS-based
amplifier and digital logic circuits required in the monolithic quantum processor. Av improves from ~6 V/V at
300 Kto ~10 V/V at 3.3 K at Vps = 0.4V.

The MOSFET fr and fuax vs. Ves and temperature are shown in Fig. 21. The same curves are plotted vs.
current density in Fig. 22. Like gm from DC characterization, the fr and fuax curves shift to higher Ves at lower
temperature but the current density bias for peak fr and fuax remain constant over temperature. From the
previously shown DC characteristics it is clear that FDSOI CMOS circuits should be designed for constant
current density bias (as opposed to overdrive voltage-based design techniques) to ensure optimal analog and
RF performance over temperature. The MOSFET parasitic resistance characteristics over temperature are
shown in Fig. 23. They are extracted by averaging over the frequency range at which the curves are constant
[8]. Any variation in the gate resistance is small enough to be buried in the measurement noise. The measured
source and drain resistance increase in the p-MOSFET at 3.3 K is attributed to the SiGe heterojunction barrier
between the source/drain regions and the MOSFET channel. Fig. 24 shows the MOSFET parasitic
capacitances vs. current density bias and temperature at Vps = £0.8V. UofT believes that there should be no
change in capacitance over temperature and that the differences observed in temperature in Cgs and Cas are
due to issues in the ISS calibration substrate used at 3.3 K. Measurement of Cgq in FDSOI MOSFETs and
FinFETs and of Cyc of SiGe HBTSs is less sensitive to calibration error, and the measured Cgd is constant with
temperature at the same current density bias. The same was observed in SiGe HBTs where Chxc is unchanged
between 300 K and 2 K. The measurements at 300 K are therefore most reflective of the actual MOSFET
parasitic capacitances.
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Fig. 21: Measured fully wired 1x pitch 40x20nmx590nm MOSFET fr and fmax vs. Ves at 3.3 K, 300 K, and 400 K at Vps=+0.8
V.
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K, at Vpbs = 0.8 V.
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Fig. 24: Measured fully wired 1x pitch 40x20nmx590nm MOSFET width-normalized a) Cgs b) Cga and c) Cas Vs. los/W at
Ves =+0.6 Vand Vps =0 V.

Since the DC behaviour of the MOSFETSs saturates by 10 K, measurements of the MOSFET DC behaviour
vs. backgate were conducted at 10 K by UofT in the 2 K probestation after the helium was consumed at the
end of a 2 K measurement. The sample holder temperature in the probestation rapidly jumps to ~8 K after
helium is consumed but then increases slowly enough to conduct measurements from 10 K up to 300 K without
additional helium costs. Fig. 25 shows the transfer and transconductance characteristics of the p- and n-
MOSFETSs at both 10 K and 300 K over a large range of backgate voltage values. As the MOSFETs are more
forward body-biased (i.e. more positive/negative Vsc for the n-/p-MOSFET), the threshold voltage decreases,
Fig. 26(a) enabling circuit designers to electrically control the MOSFET current density bias without loading
the signal path with additional capacitance. Additionally, it can be observed from Fig. 26(b) and (c) that the
peak-gm current density bias changes from 0.475 mA/um at Vec = -0.5V to 1 mA/um at Vec = 4V in the n-
MOSFET (increases up to 0.8 mA/um in the p-MOSFET at Vs = -4V).

From these measured |-V characteristics, UofT proposes that, in the absence of models valid at 1 — 4 K,
designers could still determine a reasonable estimate for the backgate voltage required for a target current
density by using the difference in Vse required to obtain that current density at 10 K compared to 300 K as a
VeG “correction” applied to the value found to be required by simulation or measurements at 300 K [7]. Fig.
27(a) shows that a linear fit is a reasonable approximation for the p- and n-MOSFET Ios vs Vec characteristics
for current densities above 0.1 mA/pm. Assuming the MOSFETSs are biased with Ves = £0.4V and either Vps
= 0.8V or Vbs = 0.4V, the Vsc correction between room and deep cryogenic temperatures required to
maintain a target current density can be found from Fig. 27(b).
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Fig. 26: a) Measured 40x18nmx590nm MOSFET V: vs. Ve at 10 K and 300 K and Vps = 0.8 V. Measured
40x18nmx590nm b) p-MOSFET and ¢) n-MOSFET gm/W vs. Ips/W vs. Vsc at 10 K and 300 K at Vps = +0.8 V.
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Fig. 27: Measured 40x18nmx590nm MOSFET a) V: vs. Vec and b) derivative of Vi with respect to Vec vs. Ve at 10 K and
300 K and Vps = +0.8 V.
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The varactor is a critical device for Voltage-Controlled Oscillators (VCOs) and affects their phase noise and
that of the PLL that incorporates them. Remarkably, in all the cryogenic CMOS controllers reported to date for
superconducting or semiconductor qubits, the PLL was not included on die. Measurements of thick-oxide, in
Fig. 28(a), and thin-oxide, in Fig. 28(b), 22nm FDSOI accumulation mode MOS (AMOS) varactors show that,
while there is little variation in varactor capacitance from 300 K to 3 K, the Q-factor does degrade by as much
as 33 %. The varactors are the only devices whose performance degrades at cryogenic temperatures and
suggests that the local oscillator phase noise will suffer if integrated in the cryogenic controller.

The measured performance of transmission lines, polysilicon resistors and MOM capacitors is illustrated in
Fig. 29 at 300 K and 3 K. The t-line loss decreases significantly at 3 K, to the point where it is difficult to
measure accurately, ad shown in Fig. 29(b). The resistor, Fig. 29(c), and capacitor, Fig. 29(d), values change
by less than 5% between 300 K and 3 K, while the quality factor of the MOM capacitor improves, as expected,
due to the reduced metal and via resistance.
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Measurements of the metal resistance in the copper back-end-of-line (BEOL) in the 22nm FDSOI process
were conducted by IMT over temperature. The I-V characteristics of a metal resistor composed of minimum
width metals on the lowest 1 — 4 metal layers and associated M1-M2, M2-M3 and M3-M4 vias was measured
over temperature, Fig. 30. The resistor resistance is computed from the inverse of the derivative of the I-V
characteristics. It decreases by a factor of ~1.75 from room temperature to 6.2 K. The resistance of the
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minimum width wire does increase slightly at larger bias currents due to self-heating, but the £0.5 mA currents
are larger than is allowed by electromigration rules. The resistance decreases linearly down to 50 K, but then
changes very little for temperatures below 50 K, similar with what was observed for transistor gm. This
minimum-width metal resistance behaviour is attributed to surface scattering limitation of transport at low
temperatures.
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Fig. 30: Measured a) I-V characteristics and b) R-I characteristics for a metal resistor composed of minimum width M1 —
M4 metals in the 22nm FDSOI BEOL. c¢) Metal resistor resistance near 0 current bias vs temperature showing a linear
trend down to 50 K at which point the resistance saturates.
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22nm FDSOI Single Hole (SHT) or Single Electron Transistor (SET) characterization

The quantum effects in the FDSOI MOSFETS, present when biased in the subthreshold region at low Vps,
first appear at 50 K and become increasingly stronger as the temperature decreases. The MOSFET transfer
and output characteristics in Fig. 31 show strong Coulomb Blockade behaviour.

Measurement of the stability diagram (lbs vs. Ves and Vps in the Coulomb Blockade regime) for a
1x18nmx70nm p-MOSFET with 1 dummy, fabricated in 2018, were conducted at IMT. A physics-based
compact model to reproduce the measured DC |-V characteristics in a circuit simulator environment was

developed in Verilog-A by UofT [9], as shown in Fig. 32.
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Fig. 31: a) Measured 1x20nmx80nm MOSFET Ibs vs. Ves at 2 K and 300 K at the indicated Vos bias with Ves bias points
of interest for SET operation marked for the n-MOSFET. Measured Ips and output conductance vs. Vps for the
1x20nmx80nm n-MOSFET when Vgs is biased at b) peak 1 (Py), ¢) valley 1 (V1), d) peak 2 (P2), and e) valley 2 (V2) of the
transfer characteristic. (Measurements at Lake Shore Cryotronics, Ohio, US).
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Fig. 32. a) Measured and b) simulated stability diagram (lbs vs. Ves and Vos) of a 1x18nmx70nm p-MOSFET at 6.2 K in
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Fig. 33. Measured 1x18nmx70nm Ips vs. Ves of a) p-MOSFET at different temperatures and b) n-MOSFET at different Vbs
biases at 2 K. (IMT measurements, UofT simulations)

The model parameters were extracted directly from measurements at the lowest temperature available (in
this case 6.2 K), resulting in well-matched characteristics over temperature as can be seen in Fig. 33(a). The
model is equally applicable to the n-MOSFET, Fig. 33(b), and can be applied to modelling Coulomb Blockade
in other technologies, e.g. FINFETs as was shown in D2.4, with minor modifications to the assumed eigen-
energies in the transistor quantum well formed under the gate (i.e. modification to egn. (11) in [9]).

Quantum effects are still present for MOSFETs with larger Wr and Ny, as seen in Fig. 34, but are more
complicated to model because they are essentially Nr quantum dots connected in parallel and thus the compact
model parameters cannot be directly obtained from measurement.

In the presence of quantum effects, the definition of subthreshold swing (SS) for large MOSFETS is
ambiguous. When the MOSFET subthreshold slope is extracted from the range of Ves where Ips is 1-3 decades
above the measurement noise floor (as indicated in Fig. 34), it was found that SS matches reasonably well to
alinear fit down to 10 K. This suggests that Fermi-Dirac statistics are still valid in that region at that temperature.
Using the industry threshold voltage definition of Ves at which Ips = 100 nA x W/Lg, it was observed that most
of the threshold voltage change with temperature occurs between 300 K and 100 K (Fig. 34(c)).

For small MOSFET, such as those used as quantum dots for hole-spin qubits and readout SHTs or SETS,
we define the threshold voltage as in Fig.35, the gate-source voltage at which the first current peak occurs,
when the first hole or electron populates the first energy level in the quantum dot formed below the gate. Since
the channel is undoped, this corresponds to the physics-based definition of Vias the Vgs value at which channel
inversion occurs, practiced in classical MOSFETSs but which is not possible at low temperature.

The transfer characteristics of multiple 22nm FDSOI 1x18nmx50nm p-MOSFETs with different threshold
voltage flavours were measured at 2 K under a dc magnetic field of 2.5 Tesla, as depicted in Fig. 36. The SLVT
and RVT devices both have unintentionally doped (i.e. close to intrinsic) channels while the LVT device has
intentional doping. The goals of this experiment were to verify that:

0] the threshold voltage adjustment techniques used at 300 K to obtain different device flavours: super
low Vi (SLVT), regular V¢ (RVT) and low V; (LVT) remain valid at 2 K.

(ii) dopant de-ionization in the well below the buried oxide does not occur or if it does, it has negligible
impact down to 2 K

(iii) Channel dopants (if present) do not obscure the Coulomb Blockade behaviour

(iv) Estimate threshold voltage variation of identical devices placed on the same die, several hundreds

of microns apart.

As can be observed in Fig. 36, the spacing between the first and second Coulomb Blockade peaks is largely
the same (within 10% process variation) between all the measured devices. This suggests that the quantum
dot is formed electrostatically by the 18nmx50nm gate electrode, and not by dopants in the channel, since
dopants could be located at deeper channel depths than the charge centroid in an electrostatically defined
quantum dot and would have significantly larger current peak spacing.
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subthreshold swing extracted at the deepest part of subthreshold is reasonable down to ~10 K. (UofT measurements)

1

10°8

107

(A)

n
..9 10—10

10-12

1 —~12

0-7 Transfer characteristics T=2.03K Vps=1mV

B= 2.5 Tesla

—e— SLVT pmos

AV =
>

C

g

—-0.80

-0.75 -0.70

Vis(V)

-0.65 -0.6C

Fig. 35: Definition of the threshold voltage, V4, at the first current peak, of the average time between tunnelling events, At,
and of the total QD gate capacitance, Cg, on the measured transfer characteristics, Ibs vs. Vas, of a 1x18nmx50nm SLVT
(super-low threshold voltage) p-MOSFET at 2 K biased at Vos = -1mV and with a dc magnetic field of 2.5 T. (UofT

measurements)

=
ot
s
o

Iz
’l’l}

!

© 2021 1Qubits | H2020-FETOPEN-2018-2020 | 829005

30



D5.4 DC-220GHz 300&4K FDSOI Qubits Test 2 | Version 1.0

w2
1077 33 mV SLVT pmos
- v, Jf“v ( D —=— LVT pmos
—+— RVT pmo
10-8 — SLVT;_)TmL gS)mos
w30 mV |
- e bAV¢=12n’1:\/
<
v m |
S 10—10 :
i
10711 = = 3
B=25T, Vps=1mV, Temp = 2.03 K
10-12 [ r ‘ AnY At V) o AM “.‘.sv‘.. .an
-0.80 -0.78 -0.76 -0.74 -0.72 -0.70 -0.68 -0.66

Vs (V)
(b)

Fig. 36: a) Layout and b) measured Ips vs. Vs characteristics of 2 SLVT (super-low threshold voltage), 1 RVT (regular
threshold voltage), and 1 LVT (low threshold voltage) 1x18nmx50nm p-MOSFETSs at 2 K. (UofT measurements)

The difference in threshold voltage between the SLVT, RVT and LVT devices is maintained at 2 K and B=2.5T
just like at room temperature. Finally, the difference in Vi between identical devices, green and red curves,
placed a few hundreds of microns apart is ~12 mV, to be expected even at room temperature for such small
devices. It should also be mentioned that the “green” device has its gate connected to a long transmission line.
Therefore, its parasitic gate capacitance is significantly different than that of the red device, yet its quantum
dot capacitance (intrinsic to the device) is almost the same: Cy(green) g/AVes= ¢/32mV = 5 aF compared to
Cy(red) AVes=q/30mV =5.34 aF.

To further support the conclusion that there is hardly any deionization of dopants in the wells below the buried
oxide and that the definition of Viin QDs at the first current peak is correct, Figs. 37 and 38 show the measured
transfer characteristics of a 1x18nmx70nm p-MOSFET and n-MOSFET, respectively, as a function of the back
gate voltage. As can be observed, the entire transfer characteristics shift linearly with Vsg, by the same amount
as in classical devices at room temperature. More interestingly, the current at the first peak and the current at
the second peak change by orders of magnitude as the back gate changes. This behaviour is attributed to the
variation in potential barrier height seen by the first energy level in the quantum dot towards the source and
drain reservoirs, and of the relative positions of the other energy levels in the SHT/SET as the back gate
voltage changes, in turn causing a change in the tunnelling probability between the QD and the reservoirs.

Another interesting observation is that the p-MOSFET shows increasing leakage current, up to 1-2 pA, as
Ves becomes more negative, and that the first current peak is buried below the gate leakage current at Vges<-
400 mV, in Fig. 37. This is not a problem in the SET, Fig. 38, where the leakage current is below 100 fA and
does not change with Vec or Vaes.
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Fig. 37: Measured 1x18nmx70nm SLVT SHT Ips vs. Vgs at 2 K as a function of the back gate voltage (at IMT).
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The gate leakage seems to be a problem in all small (few gate fingers p-MOSFETS). It also affects the double
quantum dot structures, even at 300 K, as shown in Fig. 39. In fact, we use 300 K dc transfer characteristics
measurements to identify low leakage devices that can be tested at 2 K, to avoid wasting time and Helium at
cryogenic measurements. This also affects the transistor transconductance, Fig. 40. The leakage is less
severe in n-type devices and decreases as the device active area increases. This problem has led us to re-
design all the qubit structures with a larger number of dummy gates, with larger active area, to minimize the
gate leakage. Please see deliverable D.2.4 which describes the new 22nm FDSOI qubit arrays taped out in
October 2021.
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Fig. 39: Measured Ips vs. Ves transfer characteristics at 300 K of p-MOSFETSs with different number of gate fingers, finger
width and active area showing that leakage is suppressed in large devices but is extremely high in small area p-MOSFETS.

200 1E-4 1E-4 ¢ 200

DENIA
1x%18nmx50nNm (9 m— -
1x18nmx50nm d11 s— = =
1X18NMx70NM d17] s— -

20x18nmx50nm d11 s—— = =

40x18nmx590nm g9 = = =

/W, |1,/ (A/um)

Gate Leakage prevents
measurement of |/ |

~{}=SA=SB= 1CPP
—p— SA=SB= 2CPP

—O=SA=SB=6CPPq4 1E-5 1E-5kT 20d 160
g‘IZO 1E—6€ $ 1E-6 120@
g 2 el
1E-7 -2 — 1E-7 80 mE
1E-8 1E-8 :40
0 e = 1E-9 Mo it
-800 -600 -400 -200 0 0 200 400 600 800
VGS (mV) \/GS (mV)
(@ (b)

Fig. 40: Measured Ips vs. Ves and transconductance characteristics of 1x18nmx70nm a) p- and b) n-MOSFETs with
different number of dummy gates which also changes the device active area: 1 CPP, 2CPP and 6CPP. Leakage is higher
in p-MOSFET, which seems to be due phenomena related to SiGe islands, also observed in p-FInNFETs but not in n-
FinFETSs.
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2.4  FinFET quantum dot measurements

Single gate finger and multiple gate finger 7nm and 5nm FIinFETs were also characterized at 2 K to 50 K in
the subthreshold region of their transfer characteristics at low Vas (<t5mV), in the triode region. As in the case
of FDSOI minimum size MOSFETS, the channel is thinner than 10nm and is surrounded by the gate oxide on
three sides, perpendicular to the channel, and by a reversed biased junction on the Si substrate anchor side.
The channel region below the gate oxide spacers with the source and the drain contact regions also form
potential barriers in the third dimension along the channel, confining the holes or electrons into a QD formed in
each fin and gate finger. This means that all FinFETSs, regardless how large in terms of number of gate fingers
and fins, behave like QDs connected in parallel. When zooming in the subthreshold region of Fig. 41, strong
Coulomb Blockade peaks and valleys can be observed for all measured devices, especially at low Vps. As in
Fig. 35, where the FDSOI channel has similar dimensions as the 5nm FinFET channel, the Coulomb Blockade
peaks, are evidence of sequential occupancy and tunnelling through the discrete energy levels in the 3D
quantum dots (QD) formed in every fin under every gate. The quantized energy levels in the QDs are due to
strong confinement by the practically infinite potential barrier formed by the gate oxide stack and due to low-
height (2-5meV) parabolic potential barriers formed below the gate-source and gate-drain oxide spacers along
the channel. These barriers appear to be weaker than in FDSOI and result in smaller peak-to-valley ratios than
those observed in FDSOI quantum dots. The Coulomb Blockade peaks are observed in all p- and n-FinFETs
and persist beyond 40K and 30K in p-type and n-type FETS, respectively, Fig. 42, and can be reproduced by a
compact model using the method described in [9] and discussed in deliverable D2.4. These quantum effects
persist even at the largest Vpos=£750mV and affect the small signal voltage gain of transistors and op-amps
operating in the subthreshold region illustrated in Fig. 42.
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Fig. 41: Subthreshold region QD behavior at 2 K in 7nm FinFETs with 11nm gate length at Vbs= 0.1, 1 and 5 mV.
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Fig. 42: Subthreshold region QD behavior at 9 to 35 K in a) 5nm p-FinFETs and b) 5nm n-FIinFETs with 2 fins per gate
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=
ot
s
o

© 2021 1Qubits | H2020-FETOPEN-2018-2020 | 829005 34

Iz
of >

!



D5.4 DC-220GHz 300&4K FDSOI Qubits Test 2 | Version 1.0

2.5 Measurements of the dc transfer characteristics of QDs under magnetic field

Measurements of the 22nm FDSOI 1x18nmx70nm SHT transfer characteristics were carried out at IMT as
a function of the applied magnetic field from 0 to 2.5 T and as a function of the back gate voltage in order to
extract the gyromagnetic factor. Fig. 43 shows a set of such transfer characterstics measured over two days
on the same device with a Ves step of 50-uV needed to resolve the Zeeman energey split on the order of 100-
300 peV, assuming a gyromagnetic factor of ~2. We expect the current peaks to be shifted with respect to
each other as a result of the Zeeman energy split of each energy level in the quantum dot. As can be observed
from Fig. 43 and from the zoomed-in plots around the first four peaks in Fig. 44, there is some uncertainty in
the absolute Vs values corresponding to each peak due to the resolution of the Keithley intrument used in
measurements, but also due to probe-to-contact resistance variation. The latter is caused by the need to lift
the probes every time the magnetic field is changed. Otherwise, probe breakage and loss of probe-to-pad
contact can occur.

A partial solution to this problem is to look at the AVes between adjacent peaks, which should only depend
on the quantum dot capacitance Cq and the Zeeman energy, Ez, and should be less sensitive to transfer
characteristics shifts due to probe contact variation, especially so given the pA-to-nA range of currents present
in these measurements. The measured AVegs between the first 5 current peaks are plotted vs. magnetic field
in Fig. 43 for the measurements conducted on Day 1 at Ves = 0.5 V and in Fig. 44 for measurements on Day
2 at both Ves = 0.5 V and Vsc = -2 V. Although an insufficient number of magnetic field values were measured,
and the curves move first in one directionand then back in the opposite direction, it does appear that the
gyromagnetic factor is in the 4-10 range, much larger than that reported in Si channel electron-spin or hole-
spin qubits. However, the results differ in both trends and values between the two days of measurements.
They also suggest that the gyromagnetic factor can be tuned from the back gate voltage, as concluded through
enegy bands simulations conducted by our colleagues at CNR in Modena [10].
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Fig. 43: Measured 1x18nmx70nm SLVT SHT transfer characteristics with 50-mV Vgs steps as a function of DC magnetic
field at 2 K. IMT measurements Day 1 and Day 2 on the same device.

-580

m
|®'_‘}fi'}'\5 © 2021 1Qubits | H2020-FETOPEN-2018-2020 | 829005 35
1} Y L

—



D5.4 DC-220GHz 300&4K FDSOI Qubits Test 2 | Version 1.0

30 e 18
- —=Y m d -
25) DS 16 _'VDS— -1mV ‘ * 2K ]
14F
g 2.0 [ =2 1.2:
e = o
=15 < 1.0p
_o %08}
=10 = s :
! 0T o — 0T
05} 1.25T 04f W aET
fdees 2 B 0.2 — BT
00 ......... Lassassans Aasssasasy Aasasasasy Llassassana 00 2 » " 2 » " 2
-594 -593 -592 -591 -590 -589 624 -623 -622 -621 -620 -619 -618 -617 -616
V, (mV)
(b)
4'5 L) Ll ‘l
V= -1mV ' 2K
40
g E
= = 35

i —— 95T
— 25T
8 : 25 . ; . ;
638 637 636 -635 634 B45 644 643 642 641 -640
v, (mV) v, (mV)
© (d)

Fig. 44: Measured 1x18nmx70nm SLVT SHT transfer characteristics with 50-mV Vas steps as a function of DC magnetic
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Fig. 46: Measured 1x18nmx70nm SLVT SHT DVas between peaks as a function of DC magnetic field at 2 K a) at Vee =-2
V and b) Vee = 0.5 V. IMT measurements Day 2. Precision is limited by 50mV Vs steps.

2.6 SHT microwave absorption measurements under variable dc magnetic field

Another approach to determining the gyromagnetic factor from measurements on QDs, rather than on DQDs
with Pauli spin-blockade filtering which is not yet available, is through microwave and mm-wave absorption,
similar with semiconductor bandgap measurements in the optical domain. The incident microwave or mm-
wave signal resonates with the energy levels separations in the quantum dot and produces an increase or
decrease (depending on current flow to source or to drain) in the measured dc current of the QD. The
microwave absorption measurement setup with the SHT test structure is shown in Fig. 47, while the
measurement principle and bias point selection is sketched in Figs. 48-49. It is based on the technique in [11].
Resonances could be from Zeeman split or eigen-energy to source/drain energy transitions. Their detection
requires small magnetic field step to distinguish between them. These measurements are still in progress and
require weeks of experiments. A single frequency sweep at two bias points takes 15 minutes. They, too, suffer
from the same contact repeatability problem as the dc transfer characteristics measurements in the previous
section.
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Fig. 47: Test setup used for microwave abs”(ﬁ)t_ion experiments for SHTs at 2 K under variable DC magnetic field.
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A typical measurement result is illustrated in Fig. 50 where the dc current is measured at two different bias
points on the transfer characteristics, at the first valley, and at the second current peak, at every frequency
point. The input signal frequency is swept from 0.5 GHz to 70 GHz in 500 MHz steps with Vps=-0.5mV and B
= 0.4 T. Other Vps values at -0.25 mV and -1mV were also used along with magnetic field values up to 2.5 T.
The measurement in Fig. 50 was repeated one week apart (red and blue) on the same device, biased at the
same Ves and Vps (within bias reproducibility error) and magnetic field. Absorption occurs around 22 GHz on
both days. Absorption around 5 GHz and 39 GHz on different days is also observed but the second
measurement stopped before reaching 39 GHz. The 22-GHz absorption suggests the g-factor is ~4, twice as
large as in electron-spin semiconductor qubits, assuming resonance is caused by the Zeeman split, which
would agree with some of the inconclusive dc measurements in Figs. 43-46, obtained on a larger SHT with W
=70 nm.

As can be seen in Fig. 50, contact can be lost midway through a measurement (e.g. blue curve). The
measurement is probabilistic in nature and the result is not always repeatable. A closer investigation of the
repeatability problem was conducted by plotting the dc transfer characteristics measured with 1mV Vgs steps,
at each touch down on the pads, before selecting the bias points for absorption measurements. The summary
of these measurements, including the repeatability of AVes between the first two peaks, are presented in Table
1, while the actual transfer characteristics for the absorption measurements are reproduced in Figs. 51-54.
The measurements were conducted at UofT using a Keysight B1500A semiconductor parameter analyzer.
They show even worse repeatability than those in Figs. 43-46 which were conducted at IMT with a Keithley
semiconductor parameter analyzer and 20 times finer Ves steps of only 50 pV.
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Fig. 50: Measured microwave absorption in 1x18nmx50nm SLVT SHT at 2 K under a DC magnetic field of 0.4 T on the
same device one week apart. The DC current is measured at each frequency in the 0.5-70 GHz range with 500 MHz steps
for an input power of -50 dBm. Two different bias points in the valley (Ips ~-7 pA) and at the second peak (Ios ~-8 pA) are
shown with Vbs =-0.5mV in both cases. We ran out of He during the second measurement and had to lift the probes midway
through the frequency sweep. However, it is obvious that absorption that occurs at ~22 GHz is reproduceable at both bias
currents and in two different measurements one week apart.
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Table 1: Repeatability of transfer characteristics peak location during absorption measurements.

B Contact Day Vpeakl [mV] Vpeak2 [mV] Vpeak3 [mV] deltav2l [mV] deltav32 [mV]
1] 1 2 603 626 6.47E+02 23 21
0 2 2 595 620 647 25 27
0.4 3 1 604 628 650 24 22
0.4 4 2 595 620 6.49E+02 25 29
0.4 5 2 603 626 6.49E+02 23 23
1 b 2 595 620 6.51E+02 25 31
1.25 7 3 593 618 6.42E+02 25 24
2.5 8 2 595.5 620 6.48E+02 24.5 28
25 5 3 598 621.5 6.45E+02 235 235
2.5 10 3 601 624.5 6.47E+02 23.5 22.5
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Fig. 51: Measured 1x18nmx50nm SLVT SHT transfer characteristics with 1mV Ves steps during absorption measurements
at 2 K over two weeks and multiple touch downs on the pads of the same device (UofT).
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Fig. 52: Zoom in around the first current peak in Fig. 51 (UofT) showing up to 8 mV absolute shifts between touch downs
at different magnetic field values, measurement probe touch downs and different days.
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Fig. 53: Zoom in around the second current peak in Fig. 51 (UofT) showing up to 8 mV absolute shifts between touch
downs at different magnetic field values, measurement probe touch downs and different days.
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Fig. 54: Zoom in around the second current peak in Fig. 51 (UofT) showing up to 8 mV absolute shifts between touch
downs at different magnetic field values, measurement probe touch downs and different days.

2.7 SET-SET coupling and charge sensing experiment (IMT)

IMT conducted dc transfer characteristics measurements of a structure consisting of two coupled SETs to
verify that such a compact structure can be used for qubit readout. One SHT or SET acts as the qubit while
the other acts as a sensing SET or SHT whose current is amplified by a low noise, high gain transimpedance
amplifier such as the ones reported in D3.1 and D5.1. Fig. 55 shows the schematic and padframe layout of
this structure consisting of two capacitively-coupled 1x18nmx50nm SETSs (or 2 SHTs) separated by 100 nm of
STl oxide. The padframe for these devices were originally designed for the UofT Lakeshore probestation which
has GSGSG probes, but the IMT Lakeshore probestation with only GSG and P probes can be used if the
probes are landed like the in Fig. 55.

As can be observed in the measurements in Fig. 56, the transfer characteristics of the sensing device shift by
a few mV when the second device has two, as opposed to a single electron occupying the quantum dot. This
is a large enough shift to be easily detected and amplified by the TIA.
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Fig. 56: Transfer characteristics of a) SET B when the SET A is biased at 15t and 2" peaks and valleys. b) zoom on first
valley of device B. c) Transfer characteristics of SET A when the SET B is biased 1% and 2nd peaks and valleys. D) zoom
at peak 3.
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2.8 Quantum Processor test vehicle measurements at 2 K

The quantum processor test vehicle in Fig. 57 was previously measured at 300 K. It consists of

0] bias circuit

(i) 10-70GHz spin manipulation circuit

(iii) slvt-PMOS 1dotx1dot 1x18nmx50nm (6 dummies, 100nm dogbone, 114nm spacing between
dots)

(iv) TIA on drain of each 1 dot
The purpose of this 2-lane quantum processor (QP) test vehicle is to investigate:
1) the correct operation over temperature of a constant current density bias circuit and technique
2) the spin manipulation path gain and bandwidth over temperature,
3) the isolation of the spin manipulation on/off switch isolation, and
4) SHT to SHT and adjacent qubit to qubit coupling

Here we report measurements down to 2 K.

In the absence of measurements or design kit models valid at cryogenic temperatures, it is still possible to
ensure that all p-MOSFETs and n-MOSFETSs in all CMOS logic and analog circuits on an integrated circuit are
perfectly matched at all temperatures from 2 K to 300 K when biased at any current density between 0.1 and
0.4 mA/um. To that end, the constant-current-density-to-back-gate-voltage conversion circuit in Fig. 58 [12]
was designed and tested. M: and Mz have the same gate length, gate finger width, and number of gate fingers.
The total gate width of the p-MOSFET Mz is chosen such that gma=gm1, With |Vaesnp| = [Vosnp| = Voo/2 at the
desired temperature of operation. The role of the two resistors is to ensure current limitation and ESD protection.

VOUTR BIAS VOUTN  BIAS IB1AS BlAS

CAO0S VPBACK 3

CMOS VNBACK CMOS YNBACK

e

RTIC DEITI
Yseg i
e
3” ¥
I5- 'S 5
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VGATE  VSOURCE - WL
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Fig. 57: a) Block diagram and b) die microphotograph of 10-80GHz quantum processor test vehicle with spin manipulation,
capacitively coupled SHTs and readout TIAs.
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Fig. 58: a) Schematics of constant-bias-current-density-to-back-gate-voltage conversion circuit and b) measured back-gate
voltage as a function of current density at 2 K and 298 K.

The following step-by-step algorithm is applied to obtain the appropriate n-MOSFET and p-MOSFET back gate
voltages in the +4 V range for a given current density and temperature.

0] A DC bias current, Isias, is applied to the lsias node such that the desired bias current density value
Isias/Wh is selected at the intended operating temperature of the circuit.

(i) Vnback IS adjusted and recorded when Voun becomes equal to Voo/2. The Vnack VOItage thus obtained
is distributed and applied to all n-MOSFETSs in the IC, for example the quantum processor in Fig. 55.

(iii) With the bias current and Vinback set from steps (i) and (i), Vpback is adjusted until Vpout = Vbo/2. The Vpback
value thus obtained is distributed and applied to all p-MOSFETSs in the IC.

It is important to note that the n-MOSFET and p-MOSFET in the conversion circuit must have the same gate
length and finger width as all the n- and p-MOSFETS in the IC. The MOSFETS in the IC may only be different in
the number of gate fingers to avoid mismatches due to gate-length and finger-width dependent mobility.
Therefore, on a large IC, separate bias circuits must be used for circuit blocks with different gate lengths and
finger widths. The measured optimal Vnack and Vppack for different ambient temperatures in the 2 K to 298 K
range are plotted vs. the target n-MOSFET bias current density in Fig. 58(b). Because in the most compact
layouts the p-MOSFET and n-MOSFET are formed in the same deep n-well, to avoid turning on the p-well to
deep n-well diode, the following condition must hold:

Vpback - anack <06V (3)

As can be seen from Fig. 58(b), eqn. (3) is more difficult to satisfy at higher temperatures for the lower bias
current densities since the MOSFET V: decreases. The condition is relaxed at 2 K. In the entire temperature
range the back gate voltages remain within the safe +0.5V to +3V region.

In the proposed quantum processor, where the mm-wave signal is directly modulated using switches before
it is applied to the qubit gate, the switch on/off (derived from insertion loss and isolation) must be better than
40 dB to achieve error rates below 10 when a particular qubit is idle. To that end, two switch topologies were
placed inside the QP test vehicle as illustrated in Fig. 59. A third switch topology was designed by AU, taped
out as a separate breakout, and tested at room temperature at AU and at 2 K at UofT. Those results will be
presented later in this document.
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Fig. 59: Schematic of a) distributed switch and b) shunt-series-shunt small area switch used in two different versions of the
QP test vehicle of Fig. 53 to investigate the best switch topology which maximizes the on-off ratio for spin manipulation.

The S-parameters of the QP as a 3-port were measured at 300 K, 30 K and 2 K, in the latter case also with
a dc magnetic field of 2.5 T applied to mimic the conditions under which the switch will operate with the qubit
core. As can be observed in Fig. 60, the switch performance in terms of on/off ratio and isolation improves
slightly at 2 K compared to 300 K. The lumped shunt-series-shunt switch in Fig. 59(b) occupies very small
layout area and achieves isolation better than 70 dB at 2-4 GHz, and <40 dB up to 23 GHz, as shown in Fig.
61. The latter compares the measured isolation at 2 K and 300 K of the lumped and distributed switches. As
can be seen, the distributed switch has better on/off ratio above 35 GHz, that remains higher than 35 dB above
60 GHz through 220 GHz, as presented later. For both switches the measured isolation remains practically
unchanged from 300 K down to 2 K. There is no noticeable impact of the magnetic field on circuit performance.

The processor lane gain increase by more than 12 dB from 300 K down to 30 K and by a few more dBs to 2
K, mainly because of the higher gain of the spin manipulation TIAs and CMOS inverters. The bandwidth also
increases at 2 K. The lane coupling, including the SHT-to-SHT capacitive coupling remains practically constant
with temperature, at around -15 dB, as illustrated in Fig. 62 (b).
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Fig. 60: Measured a) on/off ratio of shunt-series-shunt switch and b) of the distributed switch in QP measurements at 2 K
with B = 2.5T, 30 K and 300 K.
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Fig. 61: Comparison of the measured on/off ratio of the shunt-series-shunt and distributed switches in Fig. 59 as derived
from the measured S-parameters of the respective QP test vehicle breakouts at 300 K and 2K under a dc magnetic field
of 25T.
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Fig. 62: a) QP Lane gain and b) lane-to-lane coupling.

The QP test vehicle was also used to verify how the thermal dissipation of the power consumed by the QP
circuits affects the transfer characteristics of the hole-spin quantum dot in the processor biased as a qubit in a
magnetic field of 2.5 T. Using the constant-current-density bias circuit in the processor described earlier, the
bias current density was changed between 0.1 mA/um to 0.4 mA/um (corresponding to 35 mW of power
consumption) and the dc transfer characteristics of the 1x18nmx50nm SHT in the processor were measured
at each current density without lifting the probes. The results are plotted in Fig. 63 with Fig. 63(b) zooming in
on the region around the first 3 current peaks. Since the probes are not lifted, the position of the peaks does
not change with bias and there is no noticeable hysteresis when the current density is dialed back to 0. The
only change due to local heating is the broadening of the current peaks as the current density (and therefore
the local temperature) increases. Based on separate measurements of the same SHT over temperature, it is
clear that (ii) the probe station can safely remove more than 35 mW of power at 2 K with the magnet on at the
maximum field of 2.5 T and (ii) the local temperature of the qubit is lower than 10 K with the Coulomb Blockade
signature remaining very strong even at two times the nominal bias current density of the spin manipulation
and readout circuits in the quantum processor.
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Fig. 63: a) Measured transfer characteristics of SHT in QP due to dc power of control and readout circuits at 2 K and B =
2.5T. b) Zoom at first two peaks. These measurements were conducted without lifting the probes.

2.9 Millimetre-wave circuits for spin manipulation and readout

Several circuit blocks required for the proposed monolithic QPUs in Fig. 64 have been designed, fabricated,
and measured. As of the time of this report, UofT has measurements to report for the following circuit blocks
(moving from the left-to-right side of circuit blocks in Fig. 64):

0] (UofT) 140-160 GHz single-qubit quantum processor test vehicle consisting of LNA, broadband
switch, qubit and readout TIA.

(i) (UofT) 180-210 GHz spin manipulation circuit consisting of LNA and broadband switch [13].

(i) (UofT) An 80-GHz fundamental frequency VCO integrated into a phase-locked loop with record
phase noise (at frequency) in CMOS and novel single-sideband (SSB) mixer in feedback to enable
fast, linear and stepped chirps and FMCW signals [14]. The PLL provides the local oscillator (LO)
signal which forms the qubit excitation signal.

(iv) (UofT) An 80 GHz to 160 GHz frequency doubler required for the 160 GHz QPU [14].

(v) (UofT) A divide-by-4096 (includes a divide-by-512 block) frequency divider operating from 80-GHz
required to provide a clock for the digital logic on-chip which is synchronized to the PLL-generated
LO signal [15].

(vi) (UofT) Low-noise LO buffer amplifiers matched to 50 Q at 80 GHz [15], and 160 GHz [14].

(vii) (UofT) An 80-GHz [15] and 160-GHz [14] IQ SSB linear mixer for qubit control. These mixers
provide the ability to frequency-division multiplex multiple qubit excitation signals onto the LO
carrier.

(viii) (UofT) High on/off ratio broadband RF switches for operation up to 80 GHz with compact area and
up to 220 GHz with high (>45 dB) on/off ratio [13]

(ix) (UofT) Low-noise transimpedance amplifiers for capacitively-coupled SET/SHT based qubit
readout with compact area [16] and high performance [17]. These measurement results were
presented previously.

x) (UofT) Low-noise downconvert mixers at 160 GHz [14] and at 240 GHz with ultra-wide bandwidth
[18] for RF reflectometry-based qubit readout.

Excepting the 240-GHz downconvert mixer, all circuits were designed in 22nm FDSOI CMOS and can readily
be integrated directly with the qubits on the same chip. The 240-GHz downconvert mixer was fabricated in a
55nm SiGe BICMOS process using the HBTs whose cryogenic characterization and performance was
discussed in Section 2.2a, in order to benefit from the higher fr and fuax and better noise performance of the
SiGe HBTs. The measurements to date for each of these circuits are summarized in this section.
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Fig. 64: Proposed monolithically integrated quantum computing processor architectures with a) capacitively-coupled
SET/SHT with TIA readout and b) RF reflectometry readout. For 160- or 240-GHz versions of the processor, a frequency
doubler or tripler is used to multiply the 80-GHz fundamental VCO signal from the PLL.

a) 140 - 160 GHz Quantum Processor test structure

This circuit (Fig. 65) is intended for qubit Larmor and Rabi frequency, T1, and T2 characterization in the 2-
8 K range, depending on the value of the gyromagnetic factor. It features:

0] The constant-current-density bias circuit described earlier

(i) a 3-stage cascode LNA, to be described later,

(iii) a CMOS inverter buffer,

(iv) the broadband distributed switch in Fig.59(a) for pulse modulation of the D-band spin manipulation

signal,
v) a hole-spin qubit
(vi) a readout TIA for destructive redout of the spin state or for mm-wave absorption measurements

(vii) a baseband pulse control path with TIA input for 50-Q matching.

Its S-parameters were measured at 300 K for verification purposes only, as shown in Fig. 66. Measurements
with qubit at 2-8 K will be performed after we get a better understanding of what the spin resonance frequency
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of the qubit is and when a cryogenic setup for D-band measurements will be acquired or become temporarily
available for testing. The simulated gain from the input to the gate of the qubit is depicted in Fig. 66(b).
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Fig. 65: Block diagram of the fabricated and tested at 300 K 140-160 GHz spin manipulation circuit.
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b) Broadband distributed switch breakout

The detailed schematic with transistor and inductor sizes is shown in Fig. 67 while the measured record
performance is compared with simulation in Fig. 68. The on/off ratio is better than 40 dB throughout the D-
band and up to 210 GHz while the insertion loss is smaller than 3 dB up to 220 GHz [13].
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Fig. 67: Schematic of the broadband distributed switch breakout used in the 160-GHz and 200-GHz spin manipulation
circuits.
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Fig. 68: a) S-parameter measurements vs. simulation at 300 K of the broadband distributed switch breakout used in the
160 GHz and 200 GHz spin manipulation circuits. B) die photograph of the distributed switch breakout.
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c) 80/160GHz, low phase noise, fixed-frequency and FMCW signal synthesizer

The measured room temperature performance of the 80-GHz PLL is summarized in Fig. 69. The VCO in
the PLL can be tuned from 76.5 to 80 GHz either by i) changing the PLL reference frequency between 9.5625
and 10 GHz while the SSB mixer is switched to a side at DC or ii) by changing both the reference and SSB
mixer IF input frequencies according to the equation fuo = 8(frer * fir) (= depends on whether the lower or
upper sideband modulation is used). As can be observed from Fig. 69(a) through Fig. 69(c), the phase noise
is roughly constant at the relevant offset frequencies over the entire tuning range in both methods. The
measured and simulated phase noise of the PLL LO signal after going through an 80-GHz to 160-GHz
frequency doubler is shown for the center of the tuning range vs. all offset frequencies in Fig. 69(d). The
achieved phase noise is a record for any CMOS implementation of a PLL at this frequency, a feat which is
instrumental in ensuring that qubit rotation gates implemented at higher frequencies have high fidelity [19].
The ~200 MHz PLL loop bandwidth and loop transfer function enable the PLL to settle within 30 ns to any
frequency step responses applied at the SSB mixer IF input. Fig. 69(e) through Fig. 69(f) demonstrate the fast-
settling time achieved for stepped and linear FMCW frequency chirps. The 80-GHz PLL includes a divide-by-
8 frequency divider.
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Fig. 69: Measured 80-GHz PLL a) phase noise vs PLL output frequency when SSB mixer is switched at DC and phase
noise vs SSB mixer IF input frequency for different PLL reference frequency inputs at b) 100 kHz and ¢) 1 MHz offset at
300 K. d) Comparison of the measured (solid red line) and simulated (dashed black line) phase noise vs offset frequency
of a 155.8 GHz LO generated with the 80-GHz PLL and a frequency doubler at 300 K. Measured PLL 1% settling time at
the output of the frequency doubler for e) rising and f) falling frequency steps. Measured g) 800 ns V-shaped full FMCW
chirp and h) stepped-frequency chirp at the output of the frequency doubler. Details of measurement methods reported in
[14].

The UofT team has also demonstrated a divide-by-4096 chain operating with input signals up to 80 GHz,
covering the entire 80-GHz VCO tuning range (Fig. 70). The divide-by-4096 chain consists of cascaded divide-
by-2 stages and can thus easily produce clock signals in the ~100 MHz to ~1 GHz frequency range from the
PLL LO signal. These lower frequency clock signals can be used for digital signal processing and classical
logic blocks in the QPU. UofT is in the process of procuring the multi-contact wedge probes for the 2-K
cryogenic probestation required to contact all the DC bias pads of the PLL in order measure the cryogenic
performance of the PLL at the lowest temperature possible. The PLL consumes ~300 mW, therefore testing
at 2 K may not be possible due to the insufficient thermal lift of the probestation at 2 K.
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d) Low-noise LO buffer at 160 and 200 GHz

The measured performance of different LNAs which can be used as either the LO buffers to distribute the
qubit excitation signal or as the LNA of the readout receiver in the RF-reflectometry readout approach are
summarized in Fig. 71 through Fig. 72. Fig. 71 shows the performance of a 150-GHz LNA designed by UofT
and reported in [14], providing tunable gain control between 12 dB and 20 dB and with better than -15 dB Si11
over the entire D-band (110 — 170 GHz) with -15 dBm 1-dB input compression power and 7.5 — 10 dB noise

figure between 150 and 160 GHz.
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The performance of the 200-GHz LNA designed by UofT is shown in Fig. 72. This LNA was integrated with
the 220-GHz broadband RF switch in order to be representative of the application where the LNA is placed to
distribute the LO signal to each qubit in the qubit array, as in Fig. 72(c). The 200-GHz LNA provides 9.5 dB of
gain at 190-GHz, capable of overcoming the losses of the Wilkinson splitters (~5.5 dB) in the proposed LO
tree with margin to maintain maximum voltage swing for every qubit if desired. One stage in the 3-stage, 200-
GHz LNA is sufficient for the lower LO voltage swing required by the qubits so each LNA in a 200-GHz LO tree
consumes ~5 mW, making the total power consumption for 128 qubits (256 LNAs) 1.28 W (suitable for 10 K
QPU operation, i.e. QPU operation when thermal energy is equal to 200 GHz like the LNA). The 80-GHz LNA
measurements will be discussed in the context of the linear, SSB upconverters since the 80-GHz LNA and
mixer circuits were integrated together on-chip.
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Fig. 72: a) Schematic and b) die microphotograph of the 200-GHz Spin manipulation circuit [13]. c) Proposed LO distribution
tree of 200-GHz LNAs with fanout-of-2 for a 128-qubit QPU with an individual control switch per qubit whose on/off pulsing
is controlled by the digital portion of the chip. d) Measured LNA + Switch S-parameters at 300 K when the switch is on and
off, demonstrating 55 dB of on/off ratio in S21 at 200 GHz.
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e) Linear single-sideband (SSB) modulators at 160 and 80 GHz

Linear SSB modulators provide the capability to implement instantaneous phase changes to the qubit
excitation tones from DSP, a feature which is critical in implementing the virtual-Z rotation gate for the qubits
[20]. Additionally, the SSB modulator enables multiple tones to be upconverted onto the LO signal for qubit
frequency-division multiplexing (FDM) architectures [19]. The performance for a 150 — 160 GHz linear
modulator measured in the context of a D-band transmitter is summarized in Fig. 73. Fig. 73(b) shows the
modulator can achieve better than 40 dB of image rejection with digital phase/delay compensation applied to
the | and Q IF inputs. Fig. 73(c) demonstrates a sample measured multi-tone spectrum at the output of the
modulator for qubit FDM.
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Fig. 73: a) Schematic of the D-band linear, SSB modulator [14]. b) Measured D-band output signal and image power for 2
different transmitters on the same die vs. LO frequency at 300 K. ¢) Measured multi-tone spectrum at the output of the D-
band TX with an OFDM input applied to the IF port of the SSB mixer input, as would be required for the qubit frequency-
division multiplexing scenario.
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A more linear topology using CMOS passive mixers was designed by UofT for operation at 80 GHz with
the performance summary in Fig. 74. The modulator achieves over 70 dB of LO signal suppression in a narrow
frequency range when the mixer IF inputs are balanced (the difference between the switched and balanced
S21in Fig. 72(b)). The 80-GHz LNA was placed before the mixer, achieving 6 — 7 dB noise figure in the 75 —
81 GHz range. The measured output spectrum for 2-tone, -40dBm input signals at 78.00 and 78.02 GHz
modulated by 10-MHz, 100mVpp per side, quadrature baseband signals at IF is shown in Fig. 74(c). It
demonstrates over 43 dB of both image and RF-leakage suppression. Fig. 74(d) illustrates the measured
SFDR, SNR, and SNDR, with the noise integrated across a 100-MHz band. The peak SNDR of 29 dB is

achieved at -35 dBm input power.
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a) Wideband downconverters at 160 and 240 GHz

The performance of the 160-GHz downconvert mixer is summarized in Fig. 75. The mixer achieves a noise
figure of 8.5 to 10.5 dB over the 150 — 160 GHz range and a peak conversion gain of ~15 dB (Fig. 75(a)). The
downconverter IIP3 was measured to be -8 dBm (Fig. 75(b)). The downconverter linearity dictates the number
of simultaneous frequency tones which can be used for RF reflectometry readout. Fig. 75(c) and 75(d) show
how the conversion gain and noise figure can be tuned as a function of the backgate voltages of the D-band
LNA in Fig. 71. At this time, there is no cryogenic probestation available for measurements of circuits above
120 GHz at 2 K so the downconverter can only be characterized at room temperature.
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The broadband 210-270 GHz linear 1Q downconverter with build-in VCO and divider chain depicted in Fig.
76(a) was fabricated in 55nm SiGe BiCMOS technology and measured at 300 K. It was reported in D3.1 and
included here just for completeness to show that all the circuits that were promised to be designed in this
project have already beed manufactured and tested at least at 300 K and proven to work as expected. It has
a measured RF bandwidth of 59 GHz (Fig. 76(c)), capable of downconverting readout signals from over 50
qubits with individual readout resonators spaced 1GHz apart. The corresponding power consumption is
approximately 20 mW per qubit. Currently, due to lack of cryogenic test equipment in this frequency range, the
circuit has been measured only at room temperature. Nevertheless, the SiGe HBT HF and noise cryogenic
measurements presented earlier show significantly improved SiGe HBT performance compared to 300 K. We
are confident that the power consumption of the IQ downconverter will be significantly reduced and its gain
and noise figure dramatically improved when the circuit is measured and operated at the target temperature
of 7-12 K.
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Fig. 76: a) Block diagram for the 240-GHz, SiGe BiCMOS downconverter [18]. b) Example placement of the downconverter
after the LNA to downconvert the reflected signals used to measure the qubit capacitance in reflectometry-based readout.
¢) Measured downconverter conversion gain at 300 K for different gain settings (LO frequency = 240 GHz).
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