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Quantum Computing Syllabus (Week 1-7)

» Fundamentals of quantum computing

= Qubit realization & control

= Cryo-CMOS components

= Scalable quantum computers

= Quantum communication, sensing, and metrology
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Qubit Realization & Control (3)

= Background

= Quick superconductivity recap

= Superconducting qubits

= Design, control and readout of superconducting qubits
= Characterization of superconducting qubits

= Cryogenic control of superconducting qubits

= Spin qubits

= Readout and control of spin qubits
» DC readout
* RF readout

= Characterization of spin qubits
= Characterization setups
» Deriving system specifications

Acknowledgements: Simone Frasca, Andrea Ruffino, Jeroen van Dijk
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Spin Qubits
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Small Digression: p-n Junction

= An n-doped Si region placed in contact with
a p-doped Si region forms a p-n junction
= Doping types
* n-region is Si doped with donor atoms
* p-region is Si doped with acceptor atoms

= Depletion layer is the volume where

Vo=0V

Vp = diode voltage
Qg = depletion charge

Xq4 = depletion layer thickness

®g = built-in potential
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=PFL Small Digression: p-n Junction (2)

» Forward-biased junction
— depletion region shrinks p-region  n-region

- Electric.; field reduces L POOOD 0 O O O
— Potential becomes smaller o POOTD 0 © O O
PEOEP O O O O

n-Si depletion layer p-Si_“7
log Q

Xap X (pm)

Vp = diode voltage

E
Q, = depletion charge
X4 = depletion layer thickness
@g = built-in potential /\
X (um)
D iVp @
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=PFL  Small Digression: p-n Junction (3)

» Reverse-biased junction
— depletion region expands p-region  n-region
- Electric field increases PO O O 0 O

- Potential becomes larger Vo o PPRO® 0O © OO
@OPE® 0 0 0O

n-Si depletion layer p-S}
log Q

Xap X (um)

Xdn

Vp = diode voltage
Q, = depletion charge

X4 = depletion layer thickness
@g = built-in potential
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=PFL  Small Digression: MOS Transistor

= The metal-oxide semiconductor (MOS) transistor is a 2-junction structure
= Source is an n*-doped region providing charges to the channel
= Drain is an n*-doped region draining away charges from the channel

. Vs Ve Vo
n*-region I n*-region

channel

Depletion layer p-region




=PFL  Small Digression: MOS Transistor (2)

= Gate voltage Vg at OV
= No current through the channel

Vs < V7 : MOST switched off
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=PFL  Small Digression: MOS Transistor - Linear Region “‘

= Gate voltage Vg >0V, small voltage btw. source and drain
= A channel forms in the depletion layer under the gate
= Current through the channel is proportional to drain-source voltage

Vgs > V7 : MOST switched on : linear region

Vps < Vgs - V1 _12F
E . V;=05V Vgs=5V
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=PFL  Small Digression: MOS Transistor — Saturation Region

= Gate voltage Vg >0V, large voltage btw. source and drain
= Channel pinch-off
= Current through the channel is saturated (like a current source)

Vgs > V1 : MOST switched on : saturation
Vps > Vgs - Vr
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Questions

= Can control a current in the channel that has a granularity down to a
single carrier?

= Can we force charge transport electron-by-electron on demand?
= If so what would be the conditions to do so?

Vs Vs Vo

|

‘h.,.

p-Si




=PFL Spin Qubits: The Main Idea

= Create a quantum dot by way of a 2D electron gas (2DEG)
= Store one and only one electron in the quantum dot (QD)
* Read and control the state of the electron

Gate Charge sensor Quantum dots

Depleted region
in 2DEG

Fermi wavelength:
P 2 |2
=

Example: AlGaAs-GaAs* heterostructure
Source: T. D. Ladd et al. Nature 464, 2010.

Ohmic contact
to 2DEG

AlLGa, As| [£

v

GaAs

*) Advantages of these materials: single conduction band valley and a small effective mass leading to
- less stringent lithographic constraints
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Spin Qubits: The Main Idea (2) u

Gate- arge sensor Quantum dots

Depleted region
in 2DEG

= Energy levels in the QD become quantized
AI,GaHAs;

= Many energy levels are possible () owe

= With N electrons confined in the QD, the energy is:

—|el(N-N)+X; CiVil®> | wn
2C l +Z] EJ

= The electrochemical potential py of the island is defined as:
uy =UN) —U(N —1).
= The energy to add an extra electron to the island is: L L
Epqa = Un+1 — Uy = E. + AE, E. = e?/C ** charging energy. U

UN) =L

E, + AE m
**) C is the self-capacitance of the QD. x et



=PFL  Charge Transport Time Dynamics

= The time needed to transfer a charge to the QD is:
T = R,C, where R; is the tunneling resistance.
= Since the uncertainty principle must apply:

h
AE At = E.t>h— R, >

= Also, the thermal energy levels of the electrons must be sufficiently low
not to excite the electrons on or off the QD. Thus:

2
kgT < % where kj is the Boltzmann constant and T the
temperature.

Example:

For an island of 100nm (~60aF), the charging energy is ~3meV,
which is 10x the thermal energy of the electron at 4K (~0.3meV).



=PFL  Charge Transport Conditions

= uy aligns with source and drain, thus carriers can flow from the
source to the drain reservoirs by tunneling and the number of
electrons oscillates from N to N — 1.

= Source-drain voltage Vsp, since ug — up, = —|e|VSD, and the
potential on the island can be used to establish transport

(b)

Transport prohibited
(Coulomb blockade)

Transport allowed

F.A. Zwanenburg et al. rev. mod. phys, 2013
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Charge Transport Conditions (2)

= Schematic representation of electrochemical potential lines
= The energy of the next available state in the QD py is higher than

that of the highest occupied state of the reservoirs (Fermi energy).

= No electron can go to the QD.

= The line at the QD below is lower than the Fermi energy of both
reservoirs, thus no electrons can leave the QD.

= No electrons can move, thus we have a Coulomb Blockade.

Ms Hn
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Charge Transport Conditions (3)

= Now, we add a gate at the bottom (right diagram), biased at Vg. As a

result the ladder of energies can be moved down.

= Now, electrons can move, but before the first electron leaves, no
second electron can enter.

= S0, individual electrons can be controlled one by one.

= This results in a measurable current, which is seen on the right.
At=40 s

Ms Hn
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1 (e/At)
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| 0 i
N. Ubbelohde et al., Nat. Comm. 2012



=PrL  System of QDs

= Two QDs each with control gate Vg »

= Vg is controlling the tunnel barrier to isolate the two electrons.

Vg1
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System of QDs (2)

= Considering adjacent QDs, we will see cross-talk, causing vertical
and horizontal lines to be aligned at an angle.

Vg1

Ve

ng

3

2o| o \ (0,0)

2,1) \ (1,1) \ 0,1)

(2,2) \ (1,2) \ (0,2)

||

-Vg;,
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System of QDs (3)

21

= We will also see that a change in the number of electrons in one QD
changes the alignment of the levels in the second QD.

Vg1

Ve

ng

3

(0.0)




=L Stability Diagram

= The diagram shows the allowed transitions with its characteristic

Coulomb diamonds ;) 4
h

(b)

eV

F.A. Zwanenburg et al. rev. mod. phys, 2013

T<<Ty

eVsp=0

<«—hr

AE N+

Kondo
FWHM-~T,

Co-tunneling

eVs

Conductance peaks

Coulomb diamonds



EPFL  Zeeman Splitting - Single Qubit Encoding

= The lowest energy level in a QD can be occupied by two electrons
with opposite spin (Pauli’s exclusion principle)

= To create a true two-level system (to represent a qubit) a DC
magnetic field By is applied to split the energy of electrons in the
ground state.

= Zeeman effect: an energy E; = +ugg.Bpc is added, where pp is the
Bohr magneton, and g, is the Landé g-factor.

= The resulting distinct energy states are attributed to |0) and |1).

1)

T

Quantum Dot (QD) Energy Diagram



=7L Double QD (DQD) Encoding

= |t is also possible to encode the state of the qubit in 2 QDs

= In this case, the double QD or DQD will be encoded as shown.

= The qubit is known as single—triplet qubit is robust to global
magnetic field fluctuations.

= Coherent rotations can be achieved via a magnetic field gradient
between the dots.

- - T>_|u)+|n)

/ |0 IO - \/z
5~ 1= 14D

(1,1) (0,2) \/E

Double Quantum Dot (DQD) Possible DQD configurations



cPFL

Readout and control of spin qubits



=PFL Larmor and Rabi Oscillations

= When the electron is located in static magnetic field By in the z direction,
it performs a precession around the magnetic field axis at the Larmor
frequency Wi armor = ]/RBDC-

= However, a perpendicular AC magnetic field, B(t) = BAC cos(wyy t)
rotating at frequency w = w;4-mor €an cancel the static magnetic field,
such that the spin will perform a precession around the rotating magnetic
field, at the Rabi frequency wgqpi = YrBac-

= In order to control the spin of the electron in the quantum dot, microwave
signals with accurate amplitude and phase have to be applied.

yr is the gyromagnetic ratio due to the interaction of its magnetic dipole with the applied field.



=PFL  Controlling Qubit State on Bloch’s Sphere

(40>

x
>-|1>
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Jeroén v. Dijk

27



=PFL  Reading Spin Qubit States

= DC techniques
» Spin-to-charge
+ Simplicity: direct readout and amplification of the transport current
— Limitations: 1/f noise and low speed due to large caps

» RF techniques
* RF reflectometry [Reilly et al., 2007]
* Dispersive Gate Sensing (DGS) [Colless et al., 2013].
+ Robustness, accuracy
— Complexity



DC Readout Techniques: Single Spin

= Spin-to-charge conversion based on energy selection.

= A single spin in a QD is capacitively coupled to a sensor and tunnel
coupled to a reservoir.

= The QD energy is tuned s.t. the Fermi energy of the reservoir is btw.

The two Zeeman-split states (T and |).

= |If the state is |, then Coulomb blockade prevents the electron from
entering the reservoir. If it is T, the electron can tunnel out.

L | I I ‘|_I M» I kread
T —
{—1—' spinu I read \’I_l'/
time

single-spin readout

29



=PFL DC Readout Techniques: Double QD (DQD)

= Spin-to-charge conversion based singlet-triplet qubit.

= After spin manipulation in (1,1) state, i.e. one electron in each QD,
the dot levels are tilted in favor of the (0,2) state.

= |f states are T and |, the left electron can tunnel to the same orbital

occupied by the right electron, thus charge will change and detected.

= |f states are the same (T and T or | and !), then Pauli exclusion
prevents tunneling, thus no charge change.

1(0,2

Y
spin triplet# I DQD: (1,1) state
I I v/ ..
a0 0y :
| time

{ | ‘ - |
_1_/ * spin singlet, I DQD: (1,1)
S(0,2 DQD: (0,2)

singlet-triplet readout time

30



=PFL  RF Readout Techniques: Reflectometry "
= A narrow channel, called called Quantum B
Point Contact (QPC), or a Single-Electron % KRC-Hig
Transistor (SET) is an intermediate I %ww
100pF
Bias-Tee

Nb coax

electrometer to sense the state of the qubit
and convert it into an electrical quantity,
which is then read out.

= Spin-to-charge is applied to the QPC, which
has quantized conductance and thus a
staircase conversion gain.

= ARF signal is used to probe the QPC. The
portion of the RF carrier is reflected back is

proportional to the QPC charge, and thus

the state of the qubit, thus the name. RF reflectometry
D. J. Reilly et al., APL 91(16), 2007.

100pF




32

=PFL  RF Readout Techniques: Dispersive Readout

= An impedance matching network converts
the high gate impedance of the QPC to 50Q.

= Through a RF carrier signal the phase of the
reflected signal is read out.

= The capacitance C4 will be modulated by the
state of the qubit.

= This contributes to a phase shift Ag that is
measured in the response of the resonant
matching network.

= For this reason, this technique is called
dispersive gate-based sensing.

Nb on sapphire

Dispersive gate sensing
J. I. Colless et al., PRL 110, 2013.
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Characterization of spin qubits



=PFL  Qubit Characterization

= Key single-qubit timescales:
* Relaxation time T,
* Maximum coherence time T, using dynamical decoupling.
- T;
= Measurements on qubits:
+ Rabi oscillations
* Randomized benchmarking



=PFL  Important Definitions

= T, denotes the probability that a qubit will stay in state |1) after time ¢,
given by the formula:
P(1)) = e~9/m,

= T, is the so-called decoherence time. It describes the time required to go
from |+) = % (JO)y+ 1)) to |-) = % (J0) — |1)), or how long the phase of
a qubit stays intact. T, is an ideal performance measure.

= T, is the observed dephasing time, such that T; < T.

35



=PFL Measuring T, and T

= T, is measured as follows:
1. Prepare the qubit in the excited state |1) by rotating in by m in the Bloch
sphere.
2. Wait some time t.
3. Measure the state of the qubit.

= T, is measured as follows:
1. Prepare the qubit in superposition state |+) = \/i? (J0) + |1)), e.g. applying a
%rotation.

2. Wait some time t.
3. Apply another% rotation to bring the qubit back to the |0) state.

4. Measure the state of the qubit.



=PFL - Measuring T4 and T (2)

Probability(0)

I
w

© © o o ©
E ¥ I - LR R - <]

o ©
- N
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70

10 1

0.8 1

0.6 1

Probability(+)

0.2 1

0.0

0 10 20

time (us)

Source: Rahaf Youssef et al.
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=PFL  Rabi Cycle or Flop "

= Definition: cyclic behavior of two-level quantum system in presence of
oscillatory driving field.

= Measurement:
1. Prepare qubit in superposition state, e.g. \/ii (]0) + |1)).
2. Measure state w.r.t. to e.g. X-direction at time ¢.
3. Repeat with different values of t.

= What to we expect from the measurement?

t
[EXIPNE = cos? (),
where w = 2=,
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=PFL  Electron Spin Resonance (ESR)

= In practice, Rabi oscillations are achieved in a slightly different way.

= Measurement:

1. Prepare qubit in ground state.

2. Rotate state using an AC B;-field of duration 7, to drive transitions from spin-
down to spin-up. Frequency is tuned to resonate with dipole (39.1GHz).

3. Measure state w.r.t. X-direction.
4. Repeat with different values of 7.

39.1GHz
2 Control Read/ P 0 T
L, Initialize i 7 ; 4 3
AP 3)
506 F 1
Q
g
"a 04 |
7
g 02
% S g 3 54 B k)
0.0 1 I 1 I I
0 5 . 10 15 20 25 30
Microwave pulse length, T, (ps)

M. Velthorst et al., Nature
Nanotechnology 9.12 (Oct. 2014)



=PFL  Electron Spin Resonance (2) w

= Zeeman splitting is typically obtained with 1T.

= AC magnetic field B, which interacts with the magnetic dipole of the
electron, is obtained with a current flowing through a transmission line.

= Rabi oscillations can be seen at resonance frequency.

a Electron Reservoir Quantum Dot Qubit b = ¢ N o M. Velthorst et al., Nature Nanotechnology 9.12

000 (Oct. 2014) 0 1
Reservoir| 2002
= ons x d 10
;ﬁ»o.os
-0.08
010 N 03
o2 L N=0 \ 1 \2|3)4 §
12 14 16 18 20 22
—r=3 V. (V
4%) \-/O 0.0 ‘ , 3
d Load Read [Empty |>
T P f‘ é -0.5
g~ RV >
G Ewuv*\ ) o
0 T Mmestwpend s T s 10 15 20 25 30
ESR Line SET Time,t(ms)

Microwave pulse length, T, (us)
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=PFL  Electric Dipole Spin Resonance (EDSR)

= The same effect can be obtained by applying a varying electric field
to the electron (or a hole) in a spatial magnetic field gradient.

» QDs are formed under the gate and W B,
occupancies are controlled by Vg, and Vgs.
In this case the charge is a hole.

. Source—dra_in € 40- # + P-25d8m
current I, is a
function of 087
E A0 vt P=-05 dBm

magnetic field B _ o6 8 4
(perpendicular

leg (PA)

to the chip)and = %*7,
MW frequency 0.2
f.

0'0 — LI T T
0 50 100 150

Tourst (ns)

R. Maurand et al., Nature Communications 7:13575 (Nov. 2016).



Extracting T,

= When detuning, we see coherent oscillations, Ramsey fringes.
= T, is extracted from the decay of the Ramsey oscillations.

= T, is 1us in natural Si and 120us in isotopically purified Si (28Si has
atomic 0-spin, thus it does not interfere with the qubit state).
M. Velthorst et al., Nature (m/2), (m/2),
Nanotechnology 9.12 (Oct. 2014)  —_ ARRARRA— "= ARARAR—

- 7,)=012ms A

Ju—
=]

s o o
A

Norm. spin-up fraction, f ,
o
S}

I
<)

PR TR IR B

0 25 50 75 100
Total delay time, T (us)
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ePFL Randomized Benchmarking “

= Fidelity is characterized on a large number m of Clifford gates, by
means of a sequence shown here.

= From the decay, we deduce the fidelity by fitting an exponential decay.

= AT pulse of 1.6us and a waiting time of 500ns between consecutive
gates is used.

T T T T T T T T
m

—m |
RMB protocol C,,,., C., Crcrery
. —
< ; F (%)
¢ REF 99.57 |
< 99.83

99.99
99.83

20

n
T

Sequence fidelity
5
T

99.57

shifted for clarity (0.2/step)

0.5

Y72 99.67

M. Velthorst et al., Nature o s -X/2 99.53

Nanotechnology 9.12 (Oct. 2014) 00 visibility =0.72 . : . » -Y/2 99.23
0 25 50 75 100 125 150 175 200

m - Number of Cliffords




=L State-of-the-art Implementations of Si/SiGe Qubits *
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Qubit Characterization Summary

Qubit type Characteristic timescales (s) Quantum Computation Quantum Sensing
Ti T Single-qubit gate time | Single-qubit fidelity Quantity Sensitivity
Gated charge 30 ns'?* 7 ns’ ~0.1 ns® 86%'* Charge ~10~%e/y/(Hz) at 1 HZ'
Gated spin 57512 28 ms'” 0.25 ns? 99.96%* 120 Magnetic field gradients 50 pT/v/Hz'"- 1%
Shallow dopants (electron) | > 1 h* (ens), 10 5% | 10 s® (ens), 0.56 s>* ~ 100 ns*™ 99.94%*97 Magnetic field (AC) 18 pT//HZ™
Shallow dopants (nucleus) > days™ 3 h% (ens), 35.6 s7* ~20 us 99.98%*%° Magnetic field (AC) 2 nT/\/I-E"4
Magnetic field (DC) 50 pT/\/lE132 (ens), 500 nT/v/Hz!33
Color centers >1 02 15129 <20 s 99.995%* 131 Magnetic field (AC) _| 32 pT/VHz™ (ens). 4.3 0T/ VHZ
Temperature 100 mK/+/Hz0- 17
Electric Field 1075 V-um~1/y/(Hz)™*®

7. Petersson, K. D., Petta, J. R., Lu, H. & Gossard, A. C. Quantum coherence in a one-electron semiconductor charge qubit.
Phys. Rev. Lett. 105, 246804 (2010).

126.

8. Cao, G. et al. Ultrafast universal quantum control of a quantum-dot charge qubit using Landau-Zener-Stiickelberg 127.
interference. Nat Commun 4, 1401 (2013). 128,

19. Veldhorst, M. ef al. An addressable quantum dot qubit with fault-tolerant control-fidelity. Narure 9, 981-985 (2014). :
20. Yoneda, J. et al. A quantum-dot spin qubit with coherence limited by charge noise and fidelity higher than 99.9%. Nar. 129.

Nanotech. 13, 102-106 (2018).
43. Pla, ). J. et al. A single-atom electron spin qubit in silicon. Nature 489, 541 (2012).
50. Pla, J. J. et al. High-fidelity readout and control of a nuclear spin qubit in silicon. Nature 496, 334 (2013).

80. Feher, G. & Gere, E. Electron spin resonance experiments on donors in silicon. ii. electron spin relaxation effects.

130.
131.

Physical Review 114, 1245 (1959). 132.

83. Tyryshkin, A. M. et al. Electron spin seconds in high-ps silicon. Nature Materials 11, 143
(2012). 133,

88. Sacedi, K. er al. Room-temperature quantum bit storage exceeding 39 minutes using ionized donors in silicon-28. Science
342, 830-833 (2013). 134.

94. Muhonen, J. T. er al. Storing quantum information for 30 seconds in a device. Nature Nanotechnology 9,
986 (2014). 135,

96. Muhonen, J. ef al. Quantifying the quantum gate fidelity of single-atom spin qubits in silicon by randomized benchmarking.
Journal of Physics: Condensed Matter 27, 154205 (2015). 136.

97. Dehollain, J. P. e al. Optimization of a solid-state electron spin qubit using gate set tomography. New Journal of Physics
18, 103018 (2016). 137.
124. Kim, D. et al. Microwave-driven coherent operation of a semiconductor quantum dot charge qubit. Nature Nanotechnology 3
138.

10, 243-247 (2015).

125. Camenzind, L. C. e al. Hyperfine-phonon spin relaxation in a single-electron gaas quantum dot. Nature Communications
9.3454 (2018).

. Balasubramanian, G. er al. Ultralong spin

Yang, C. et al. Silicon qubit fidelities approaching incoherent noise limits via pulse engineering. Nature Electronics 2,
151-158 (2019).

Taylor, J. M. er al. High-sensitivity diamond magnetometer with nanoscale resolution. Nature Physics 4, 810-816 (2008).

Tenberg, S. B. e al. Electron spin donors in ide-semicont

devices. Physical Review B 99, 205306 (2019).

Abobeih, M. H. er al. One-second coherence for a single electron spin coupled to a multi-qubit nuclear-spin environment.
Nature Communications 9, 2552 (2018).

Robledo, L. et al. High-fidelity projective read-out of a solid-state spin quantum register. Nature 477, 574-578 (2011).

of single

Rong, X. e al. Experimental fault-tolerant universal quantum gates with solid-state spins under ambient conditions.
Nature Communications 6, 8748 (2015).
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solid-state spins. Physical Review Applied 10, 034044 (2018).
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(2019).
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Characterization Setups



Characterization Setups: SC Qubits

47

= Setups vary depending on the type of qubits and their temperature,

resonance frequency, etc.
= Control signals are generated at
room temperature (RT).

» Thermalization is used to reduce &

the noise generated at RT to
what would be if generated at
cryogenic temperatures.

= This requires large signals at RT
to achieve pV-nV at cryo-T.

2

%
P=? -V =1y X 50Q = 7mV

ImW = 0dBm
1uW = —30dBm
1pW = —=90dBm -V = 7uV

oonieneaats D, D, A, D,A,  RDRDRD,  RARA,

Tektronix Tektronix Tektronix Tektronix

AWG5014 AWG5014 AWG5014 AWG5014 ATS9870
U Q U Q 1 Q 1 Q — A A
Agilent||Agilent || Agilent AgilentAgiIent ®
E8257D||E8257D||E8257D||E8257DJ|E8257D] ,
<]
S

3K

20mK

MC
VLFX-1050

D. Riste et al., Detecting bitflip errors in a logical qubit using stabilizer
measurements’, Nature Communications 6.1 (Apr. 2015).



Characterization Setups: Spin Qubits

Computer with Spectrum M4i.44 digitizer card
Trig. Ch0

Room temperature

= Frequencies here tend to be i
h|g her [cHicH2 CH3 CH4 AWG Tektronix 5014C (master) ]
| e
= Temperatures of qubits can A I D s N e
reach up to 5K [Kamenzind’ Keys‘;gif‘:;E:Sszoﬁu;Be Keys‘iI%‘t;E;Ss;;;Be ;3140 (slg\ﬁ; "_”Lm SI;E::I
2020]. | DC block | Ana. Filter
.
= Same challenges as before in o

pass filter

terms of thermalization K [0
20 mK [-64B |

o _we

T. F. Watson et al., ‘A programmable two-qubit quantum processor in
silicon’. Nature 555.7698 (Feb. 2018).



cPFL

Example of RF-Reflectometry

= Intermediate temperature stages.

= Directional couplers may be bulky.

= Challenges in terms of local
resonators.

SRS SR560
Dlrecllonal Dlrecnonal
coupler Splmer coupler R

Mlxer Mlxer

Comblner
Blank “ S""Ch
Blank, o, Switch Miteq AU1565

E. A. Laird et al. ‘Coherent spin manipulation in an exchange only
qubit’, Physical Review B 82.7 (Aug. 2010).
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=PFL  Limitations of RT Control

= Scalability
» Large number of qubits cannot be handled due to wiring and RT control
complexity
= Reliability
+ Large and complex wiring networks makes it hard to maintain and debug
= Signal integrity
+ Large signals are needed at RT and thermalization networks are
complex
» Feedback latency

* Due to long wires and multi-stage electronics delays in the feedback
control-readout systems may be long

50



=PFL  Alternative: Cryogenic Control

* Proposed solution
 Electronics at 4 K
* Only connections to 4 K to 20 mK are needed

T=20mK T=4K T=300K

Electron
ic

Readout
&
control

Riste et al. 2014-15]

= Ultimate solution
* Qubits at 4 K
* Monolithic integration



7L Alternative: Cryogenic Control (2)

1ax 300K
20-100mK TDC [
> ® ADC [
® _@ Digital
> | control <:>
Quantum 0_@ (Asc_:i/
Processor FPGA)
4 ® DAC H
4 ® DAC H

| Bias / References | | T Sensors |

E. Charbon et al., IEDM 2016
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Approximate Specifications

» NoiSe bUAgEt........c.ceeieeeeeeeeeeeeeeeeeen < 0.1nV/VHz

= Power budget (for scalability).................... << 2mW/qubit
= Physical dimensions (for scalability).......... 30nm

= Bandwidth (for multiplexing).................... 1-12GHz

= Kick-back avoidance
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Power Issue

JDry-100 cooling power (XDS 35i scroll + HiPace300 turbo)

1E4 |

1E-6 jpr

w)

t 1E-6

P

1E-8 |-+

Cooling power (W)

TransMIT GmbH
PTS$2530 at different

compressor input powers

30 35 40

300K

70K

Dilution refrigerator
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Deriving System Specifications



=PFL  Generic Model of Spin-Qubit Quantum Processor

= External By induces Zeeman splitting (energy difference E, between
Tand .

= The electron rotates around the Z-axis in the Bloch sphere with
Larmor frequency wg = y.|Bo|, where y, is the gyromagnetic ratio of
the electron (y. = 28GHz/T in silicon).

I 2DEG

I ESR-line
I Plunger gate
Barrier gate
EI 2DEG contact
Magnetic field
B Tunnel barrier|
I Quantum dot
[ )Other gates

Wo,q;° Larmor frequency for qubit j

Source: Jeroen V. Dijk
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Classical Control at RT (for ESR and EDSR)

readout =2 readout o
: :
AWG H Q AWG H 2’
-
2-qubit - 2-qubit ® | | isensor
gate gate { {read-out
{ i circuit
AWG H AWG >—iH
. - o —
1-qubit gate S ——"
(EDSR) I
DC-bias DC-bias 1
1

AWG: Arbitrary Waveform Generator

A: Amplifier

Source: Jeroen V. Dijk
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Case Study for Single-Qubit Control

= The goal is a 99.9% fidelity for r rotation
= Given:
« Typical Rabi frequency of 1MHz (T, = 120us)
+ FDMA scheme
* Thop =T
* Larmor frequency fo = 10GHz
* Frequency spacing: 1GHz
= Assuming:
« Isotopically purified Si (<800ppm of 29Si)
* Amplitude: 2mV (1.4mVgys)

Source: Jeroen V. Dijk
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Case Study for Single-Qubit Control (2) ’

= Following these specifications
» Microwave envelope (amplitude and duration) can be generated with a
sample rate of at least 150MS/s or a sample time of 6.7ns

Thus, the maximum inaccuracy is 3.3ns
The AWG can have a resolution of 8 bits, the full-scale swing is 4mV
Quantization step = 4mV/256 = 16uV
+ An effective number of bits (ENOB) of 6.5 bits is sufficient to meet the
noise requirements
= The LO used for up-conversion needs a frequency resolution of
~20kHz, assuming -20dB/dec slope of phase noise.

= The SSB phase noise at 1MHz offset from the carrier needs to be
less than -106dBc/Hz

= The phase inaccuracy needs to be < 0.64°.

Source: Jeroen V. Dijk



=PFL  Case Study Results (Single-Qubit Control)

Value Infidelity contribution
to an operation to idling Noise source ENBW Noise level

Frequency Frequency noise 25MHz  £(1MHz) = —106 dBc/Hz
nominal 10GHz 0.64 x 1072 Wideband additive noise 29MHz 7.1nV/vHz
spacing 1GHz 1x1075® Amplitude noise 1.0MHz 14nV/vHz, SNR = —40dB
inaccuracy 11kHz 125x107¢ 308 x 107° Amplitude off-noise 20MHz  7.1nV/VAz
oscillator noise 11kHzms 125 x 1076 308 x 1076
nuclear spin noise 1.9 kHz () 3.6 x 1076 89 x 1076
wideband noise 12V ims  125x 1078 (@ Dye to the RWA.
Phase (®) Due to leakage in FDMA-setup using rectangular envelopes.
inaccuracy 0.64° 125x 106 31 x 10750 ©From [61], T; = 120ps. _

- (@) FDMA Z-corrections limit the idling operation.
Amplitude (¢) Equivalent to —41 dBc.
nominal 2mV
inaccuracy 14pv 125 x 10-¢
noise 140V ms  125x 1076
off-spur 19 v 217 x 1078
off-noise 10 PV rms 125x 1076
Duration
nominal 500ns
inaccuracy 36ns 125 x 10-¢
noise 36Nns;ms  125x 10°€

Fey = 99.9% F=999%

Source: Jeroen V. Dijk
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FL Case Study Results (2-Qubit Control)

Value Infidelity contribution Value Infidelity contribution
to an operation to idling to an operation to idling
Frequency Frequency
spacing 1GHz spacing 1GHz
inaccuracy 11kHz 77 x 1076 308 x 1076 inaccuracy 11 KHZ ;s 0.8 x 10-6 308 x 106
oscillator noise 11kHZ s 77 x 1076 308 x 107° oscillator noise 11kHzZ s 08x10°° 308 x 1076
nuclear spin noise  1.9kHz s 22x107° 89x107° nuclear spin noise  1.9kHz g 0.02 x 10 89x10°6
Duration Duration
nominal 250ns nominal 25ns
error 53ns 281 x 1076 error 0.58ns 333x 1076
Detuning energy Detuning energy
nominal 0mV (OpeV, 0GHz) nominal 78 mV (3.9 meV, 0.95THz)
error 12mV (0.60 meV, 0.15THz) 281 x 10° error 0.10mV (5.1peV, 12GHz) 333 x 106
0=92mVms o =010mV e
PSD = 29uV/vAz PSD = 10nV/vHz
Tunnel coupling Tunnel coupling
nominal 0.71GHz (29 peV) nominal 0.71GHz (29 peV)
error 7.5MHz (31neV) 281 x 107 error 8.2MHz (34neV) 333x 107
off-value 78 MHz (0.32 peV) 374 x 1076 off-value 78 MHz (0.32 peV) 374 x 1076
Fp =999% F=999% Foy=999% F=999%

Table 3.4: Example specifications for the control electronics when operating a C-phase gate at no de-
tuning (top) and at finite detuning (bottom). The PSD values provided assume a white spectrum with

an ENBW of approximately 10 MHz (wop

= 2MHz) when operating at no detuning and an ENBW of ap-

proximately 100 MHz (wop = 20MHz) at finite detuning. A nominal charging energy of 83 mV (4.1 meV,

1.0 THz) is assumed.

Source: Jeroen V. Dijk
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Case Study for Single-Qubit Readout

= The goal is a 99.9% fidelity for r rotation

= Given:
+ Singlet-triplet energy splitting Esr = 50meV
* Optimum detuning: 83.2mV
= Assuming:
« Isotopically purified Si (<800ppm of 29Si)
* Amplitude: 2mV (1.4mVgus)

Source: Jeroen V. Dijk
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Case Study for Single-Qubit Readout (2)

= Following these specifications
+ 9-bit resolution to meet the accuracy of detuning
« I =400pA
* i 5= 57fANHz
= Integration time of at least T,..q = 0.6ns to achieve a SNR of 46dB

for a probability of detection P joiec: 0f 99.967% and a fidelity F of
99.9%.

Source: Jeroen V. Dijk
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Case Study Results (Single-Qubit Readout)

Value

Infidelity contribution
to the read-out

Detuning energy
nominal 83.2mV (4.2meV, 1.0THz)
error 024mV (12peV, 28GHz) 167 x 1076
o =024mV e
PSD = 0.24uV/VHz
Tunnel coupling
nominal 39 MHz (0.16 peV) 167 x 1076
Penarge = 99.967%
Value Infidelity contribution
to the read-out
Charge sensor 333x10°°
Prense = 99.967 %
Value Infidelity contribution
to the read-out
Quantum Point Contact
signal 400 pA
noise 53pAms, PSD = 57fA/VHz 222 x 1076
Readout Circuit
input-referred noise 26 pAms, PSD = 28fA/VHz 111 x 1076

Pietect = 99.967 %

Fenarge * Fsense * Paetect

F=999% Source: Jeroen V. Dijk



=PFL Derivations and Methods

= The qubit state satisfies Schrodinger’s equation
-2 0|Y)
l T Hsys ) |7~/))’
where:
H,, is the system Hamiltonian, which is a function of the electrical signals.

= For static control signals, the Hamiltonian is time-independent and
the unitary operation describing the evolution after time T is trivially
U = e HsysT (assuming A=1)
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=PFL  Derivations and Methods (2)

= For dynamic signals, such as for complex signal envelopes, we use
the time-varying Hamiltonian H(t), we have:
U ~ Ho N o—1 H(n-At)-At
n= 1
where:

At is the time step, which should be chosen to be small enough for the
required accuracy of the approximation.
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EPFL  Derivations and Methods (3)

= To evaluate how close U is to the ideal U4, the process fidelity is
computed as:

F=2=.|m(ul,, v,

where:
n is the dimension of the corresponding Hilbert space.

Trace: Tr(4) = Y1 a; = aq1 + Qg + -+ Appe

a1 Qe Qg3
A=|0a1 QA az3].

31 dzp; dzz
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=L Derivations and Methods (4)

= The qubit state rotates around the Z axis when an external magnetic
field is applied.

= When using a RF signal tuned to a frequency equal to the Larmor
frequency, the qubit appears stationary.

= Z rotations by 6, can be obtained by halting the RF signal for time
T = HZ/(UO'

= A phase error of Ap = A8,, the fidelity of the rotation becomes:
—1_1 A2
Fz(p =1 . Ap
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=L Hamiltonian Describing Single Electron

= Assuming again 2 = 1, the Hamiltonian describing an

electron under microwave excitation in the lab frame is:

Hygp = _wo%z +¥e - B(t) %

Pauli X X:[(l)
) . (0
Pauliy Y=[i

Pauli Z iﬁ((l) -

where g, and g, are the Pauli matrices. w, is the Larmor frequency.

= The AC magnetic field is:
B(t) = 2/Ye - wg (t)COS(a)th + @)

= In the rotating wave approximation (RWA), the Hamiltonian in the frame

rotating with frequency w,,,, is:

H ~ (0 — o) Z + wp [cos(p) Z —sin(p) 2] (%)

= NB: The RWA is only valid when the Rabi frequency is much lower than

the Larmor frequency (wg < wy).




=PFL  Hamiltonian Describing Single Electron (2)

= From (*) we conclude that:
» The fidelity is affected by frequency inaccuracy Aw,,,, = Wmyy — @, aS:

! (szw )2 [1—cos(6)],

Fyy=1-5"
where 6 is the intended angle of rotation from - to =.

2

» The fidelity is affected by the phase of the microwave signal, as:

Fxy=1- % (Ap)?[1 — cos(6)].

* The fidelity is affected by the duration T of the microwave signal as:
. 5 (9 AT )
XY = COS - .

2 Tideal
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Quantum p rely on classical el i llers to ipulate and read out the state of
quantum bits (qubits). As the performance of the i idealities in the classi-
cal controller can become the performance bottleneck for the whole quantum computer To prevent such
li this paper p a sy ic study of the impact of the classical electrical signals on the
qubit fidelity. All i i.e., single-qubit two-qubit gates, and readout, are considered, in
the presence of errors in the control electronics, such as static, dynamic, systematic, and random errors.
Although the presented study could be extended to any qubit technology, it currently focuses on single-
electron spin qubits, because of several advantages, such as purely electrical control and long coherence

times, and for their p ial for larg le i ion. As a result of this study, detailed electrical speci-
fications for the classical control el ics for a given qubit fidelity can be derived. We also dlscuss how
qubit fidelity is affected by the limited perft of the g I-purpose

typically employed to control the few qubits available today. Ulti ly, we show that tail, de elec-

tronic controllers can achieve significantly lower power, cost, and size, as required to support the scaling
up of quantum computers.

DOI: 10.1103/PhysRevApplied.12.044054
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