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From Silicon Transistors to Quibits at Intel  
 

Ravi Pillarisetty, Payam Amin, Hubert George, Van Le, Antonio B. Mei, Jeanette Roberts, 
Nicole Thomas, James S. Clarke 

 
Components Research, Intel Corporation, 2501 NW 229th Ave, Hillsboro, OR 97124  

 
Intel and Delft have entered into a 10yr, $50M partnership to advance quantum computing.  Our joint 
efforts include 1)  using Intel’s fabrication facilities to produce silicon quantum dots with improved dot to 
dot uniformity and repeatability, 2) systematic studies of film growth techniques and patterning to 
characterize the surface potential of quantum well heterostructures, and 3) establishing a supply chain for 
isotopically purified Si-28 for improved electron spin coherence time.   Collectively, these efforts are 
expected to result in improved spin qubit performance with a path to deterministic scaling of larger qubit 
arrays.  This talk will introduce Intel’s QC Strategy and engagement with QuTech.   
 
We will present silicon quantum well stack development using CVD deposition of SixGey heterostructures 
at Intel.  Several analytical techniques have been used to characterize the resulting stacks.  These 
include reciprocal space mapping (RSM), Raman spectroscopy, Secondary Ion Mass Spectrometry 
(SIMS), TEM, SEM, and defect analysis.  Additionally, we will present our vision for leveraging Intel’s 
transistor process technology to create state-of-the-art quibits. A variety of accompanying electrical 
characterization data for transistors and gate oxide interfaces will be presented and used to gauge the 
quality of these devices with regards to quibit applications.  
 

 
 
Figure 1. (a) TEM EDX map showing minimal diffusion of heterostructure layers. (b): Reference frequency 
dispersion for a gate dielectric interface, which can be used as a powerful tool to identify interface trap 
density and gate oxide quality in quibit devices 

 
 
Figure 2. (a): Typical IdVg traces of a QW Transistor. (b): SS-slope vs Lg from QW transistors with 
different process conditions. The long channel SS-slope is an excellent metric to gauge gate oxide quality   



Towards large-scale quantum computing in silicon 

L. Hollenberg 
Centre for Quantum Computation and Communication Technology 

School of Physics, University of Melbourne, Parkville, VIC 3010, Australia 
Email lloydch@unimelb.edu.au 

  
Phosphorus donors in silicon are attractive qubits for quantum information processing [1], 
as evidenced by recent measurements of the long quantum coherence times measured for 
donor nuclear spins [2,3] and breakthroughs in the atomic fabrication of quantum devices 
[4]. To scale-up qubits to a universal quantum computer one needs to pay careful attention 
to the requirements of quantum error correction. In recent years the discovery of high 
threshold topological quantum error correction (TQEC) [5] has driven a surge of activity in 
the scale-up of qubit arrays to a full-scale quantum computer. However, in return for the 
high error threshold TQEC demands a 2D nearest neighbour qubit array operating 
synchronously and in parallel. Connecting and controlling such a 2D qubit array for the 
surface code in any physical system quickly runs up against geometrical constraints and 
temporal complexity. We describe a highly-multiplexed shared-control approach which 
seeks to address these challenges and show how it applies to the scale-up of a donor 
based qubit array [6].  
 
[1] B. Kane, “A silicon-based nuclear spin quantum computer,” Nature 393 (1998).  
[2] J. J. Pla, K. Y. Tan, J. P. Dehollain, W. H. Lim, J. J. L. Morton, F. Zwanenburg, D. N. Jamieson, A. S. 

Dzurak, and A. Morello, “High-fidelity readout and control of a nuclear spin qubit in silicon,” Nature 496 
334 (2013).  

[3] K. Saeedi, S. Simmons, J. Z. Salvail, P. Dluhy, H. Riemann, N. V. Abrosimov, P. Becker, H.-J. Pohl, J. J. 
L. Morton, and M. L. W. Thewalt, “Room-temperature quantum bit storage exceeding 39 minutes using 
ionized donors in Silicon-28,” Science 342 830 (2013).  

[4] M. Fuechsle, J. Miwa, S. Mahapatra, H. Ryu, S. Lee, O. Warschkow, L. C. L. Hollenberg, G. Klimeck, 
and M. Y. Simmons, “A single-atom transistor,” Nature Nanotechnology 7 242 (2012).  

[5] S. Bravyi and A. Kitaev, “Quantum codes on a lattice with boundary,” arXiv: quant-ph/9811052 (1998).  
[6] C. D. Hill, E. Peretz, S. J. Hile, M. G. House, M. Fuechsle, S, Rogge, M. Y. Simmons, and L. C. L. 

Hollenberg, “A surface code quantum computer in silicon,” Science Avances 1 e1500707 (2016). 
 
 



Spin-based quantum computing in a silicon CMOS-

compatible platform 
  

Andrew S. Dzurak 
UNSW, School of Electrical Engineering, Sydney, Australia 

  
 
Spin qubits in silicon are excellent candidates for scalable quantum information processing [1] 
due to their long coherence times and the enormous investment in silicon CMOS technology. 
While our Australian effort in Si QC has largely focused on spin qubits based upon 
phosphorus dopant atoms implanted in Si [2,3], we are also exploring spin qubits based on 
single electrons confined in SiMOS quantum dots [4]. Such qubits can have long spin 
lifetimes T1 = 2 s, while electric field tuning of the conduction-band valley splitting removes 
problems due to spin-valley mixing [5]. In isotopically enriched Si-28 these SiMOS qubits 
have a control fidelity of 99.6% [6], consistent with that required for fault-tolerant QC. By 
gate-voltage tuning the electron g*-factor, the ESR operation frequency can be Stark shifted 
by > 10 MHz [6], allowing individual addressability of many qubits. Most recently we have 
coupled two SiMOS qubits to realize CNOT gates [7] for which over 25 gates can be 
performed within a two-qubit coherence time of 8 μs. I will conclude by discussing the 
prospects of scalability of this technology using traditional CMOS manufacturing. 
  
[1] D.D. Awschalom et al., “Quantum Spintronics”, Science 339, 1174 (2013). 
[2] J.J. Pla et al., “A single-atom electron spin qubit in silicon”, Nature 489, 541 (2012). 
[3] J.T. Muhonen et al., “Storing quantum information for 30 seconds in a nanoelectronic 
device”, Nature Nanotechnology 9, 986 (2014). 
[4] S.J. Angus et al., “Gate-defined quantum dots in intrinsic silicon”, Nano Lett. 7, 2051 
(2007). 
[5] C.H. Yang et al., “Spin-valley lifetimes in a silicon quantum dot with tunable valley 
splitting”, Nature Comm. 4, 2069 (2013). 
[6] M. Veldhorst et al., “An addressable quantum dot qubit with fault-tolerant control fidelity”, 
Nature Nanotechnology 9, 981 (2014). 
[7] M. Veldhorst et al., “A two-qubit logic gate in silicon”, Nature 526, 410 (2015). 
 



Quantum-dot Devices in CMOS-compatible  

Tunnel Field-effect Transistors (TFETs) 

 
Satoshi Moriyama1*, Takahiro Mori2 and Keiji Ono3  

1International Center for Materials Nanoarchitectonics (WPI-MANA), National Institute for 

Materials Science (NIMS), 1-1 Namiki, Tsukuba, Ibaraki 305-0044, Japan  
2Nanoelectronics Research Institute, National Institute of Advanced Industrial Science and 

Technology (AIST), Central 2, 1-1-1 Umezono, Tsukuba, Ibaraki, 305-8568, Japan 
3Center for Emergent Matter Science, RIKEN, 2-1 Hirosawa, Wako, Saitama,  

351-0198, Japan 
*E-mail: MORIYAMA.Satoshi@nims.go.jp  

  
Quantum dots (QDs) are one of the possible building blocks for quantum information 

devices which operate with the coherent manipulation of single-electron charge and spin in 

solid state systems. Recently, we demonstrate QD devices in Al-N implanted 
silicon-on-insulator (SOI)-TFETs, which exhibit single-electron transport through localized 
deep levels [1]. The ion implantation of Al-N complex impurities into the transport channel 
are employed as the deep level [2]. Here, we focus on the double-QD transport behavior in a 
short channel SOI-TFET (Fig.1(a)). From the Is- Vd characteristics measured at 1.5 K, we find 
a resonant tunneling (RT) peak and spin-blockade (SB)-like transport. In the RT regime, clear 
features of photon-assisted tunneling are observed, as shown in Fig.1(b). In SB-like region, a 
current peak (signal/background current ratio ~ 0.1) appears as a function of the microwave 
frequency and the magnetic field (Fig.1(c)). These results indicate that the device can be 
operated in a SB regime in double QDs [3], and electrically detected magnetic resonance of 
single-electron spin is demonstrated in the Al-N implanted SOI-TFET. 
 

[1] K. Ono et al., Silicon Quantum 

Electronics Workshop 2015. [2] T. Mori et 

al., Symp. VLSI Tech. Dig. 2014, 86–87; 

Appl. Phys. Lett. 106, 083501 (2015).  

[3] K. Ono et al., Science 297, 1313 (2002). 

 

Fig.1 (a) Schematic pictures of a TFET and 

QD transport. (b) The source current (Is) as 

a function of drain voltage (Vd) and incident 

microwave power at f = 42.29 GHz. (c) Is as 

a function of the microwave frequency and 

the magnetic field in the SB-like region. 



Large-scale quantum computation with silicon quantum dot qubits 

Author - BSc Eenink, Gertjan, University of Twente, Enschede, The Netherlands (Presenting 
author) 
Co-author(s) - Veldhorst, Menno , Qutech , Delft , The Netherlands 
Co-author(s) - Yang, Henry , University of New South Wales , Sydney , Australia 
Co-author(s) - Dzurak, Andrew , University of New South Wales , Sydney , Australia 
Keywords Quantum computing ,Silicon quantum dot qubits 

 
Recent advances in quantum error correction (QEC) codes for fault-tolerant 
quantum computing and physical realizations of high-fidelity qubits in a broad 
range of platforms provide encouraging prospects for the construction of a 
quantum computer based on thousands of interacting qubits. This has motivated 
the development of classical hardware for qubit control and readout, now 
emerging as an entirely new field. However, the classical-quantum interface 
itself has been explored remarkably little. Here we show a design for an all-
silicon quantum computer based on CMOS technology, capable of producing 
billions of transistors on a single chip. We show how a classical transistor 
control circuit can be used to operate a dense and scalable two-dimensional 
qubit system. The qubits, which are defined by the spin states of a single 
electron confined in a quantum dot, are coupled via the exchange interaction and 
controlled using an ESR cavity, and are measured via gate-based dispersive 
readout. A key advantage of this circuit design is the possibility of parallel qubit 
control, allowing many qubits to be addressed within the qubit coherence time 
using a limited number of control lines. This system, based purely on available 
technology and existing components, can be used for surface code operations, a 
promising method for quantum error correction. While only the construction of a 
dense 2-D array of silicon quantum dot qubits [1,2] is elaborated, the approach 
is quite general, thus is also suitable for other 
qubit implementations. 

 

 

 

 

 

[1] M. Veldhorst et al., “An addressable quantum dot qubit with fault-tolerant control fidelity”, 
Nature Nanotechnology 9, 981 (2014). 
[2] M. Veldhorst et al., “A two-qubit logic gate in silicon”, Nature 526, 410 (2015). 

 



Towards quantum computing using  

fully-depleted silicon-on-insulator transistor technology 

 
M.F. Gonzalez-Zalba*, M. Vinet**, S. Barraud**, M. Sanquer***, A.J. Ferguson**** and 

A.C. Betz* 
* Hitachi Cambridge Laboratory, Cambridge, United Kingdom 

** CEA/LETI-MINATEC, CEA-Grenoble, France 

***SPSMS, UMR-E CEA/UJF-Grenoble 1, INAC, Grenoble, France 

****Cavendish Laboratory, University of Cambridge, Cambridge, United Kingdom 

 
Silicon complementary metal oxide semiconductor (CMOS) technology has driven the success of the 
semiconductor industry in the last few decades. The classical computational power has increased 
exponentially but this progress is bound to reach its fundamental limits in the next years. We are now starting 
to see that CMOS technology itself can offer an alternative to overcome its classical fundamental limits, not in 
terms of continued miniaturization but in terms of a different computing paradigm: quantum computation. In 
this talk, we present a series of results on fully depleted silicon-on-insulator (FD-SOI) transistors at mili-
Kelvin temperatures that demonstrate this technology can provide a platform for high-integration qubit 
architectures. Firstly, we report the formation of a tunnel coupled double quantum dot (DQD) at the top-most 
edges of the transistor, as the building block for implementing charge and spin qubits [1,2]. By using split-gate 
electrodes we independently control the charge occupation of the system down to the few-electron limit. We 
measure the charge and spin state of the system via in-situ gate-based radio frequency reflectometry [3,4,5]. 
This technique, that interfaces the quantum system to a high-frequency electrical resonator, removes the need 
for external charge sensors and provides a compact and sensitive way (δq=37 µe/√Hz) to detect charge motion, 
favouring the prospects for scalability. Additionally, we demonstrate a way to coherently control the charge 
occupancy of the DQD via microwave excitation and measure the charge coherence time of the system [6].  
Finally, we present a quadruple-gate transistor on FD-SOI that can be reconfigured to host up to four quantum 
dots in silicon [7]. Our results open up the possibility to operate compact CMOS technology as qubits and 
demonstrate the potential of split-gate FDSOI technology as a hardware for compact quantum computing 
architectures. 
 
[1] Betz A.C., Gonzalez-Zalba M.F. et al., App Phys Lett, 14, 5672 (2014) 
[2] A. Betz, Gonzalez-Zalba M.F. et al., Nano Letters  15 4622 (2015) 
[3] Gonzalez-Zalba M.F. et al., Nature Communications, 6, 6084 (2015) 
[4] Urdampilleta M., Gonzalez-Zalba M. F. et al., Phys. Rev. X 5 031024 (2015) 
[5] Mizuta R., Gonzalez-Zalba M.F. et al. arXiv:1604.02884 (2016) 
[5] Gonzalez-Zalba M.F. et al., Nano Letters 16 1614 (2016) 
[6] A.C. Betz, M.F. Gonzalez-Zalba et al. arXiv:1603.03636 (2016) 

https://arxiv.org/abs/1603.03636


Addressing the quantum states of an atom in a CMOS environment 
 

J. van der Heijden*, T. Kobayashi*, M.G. House*, J. Salfi*, S. Barraud**, R. Lavieville**, 
M.Y. Simmons*, and S. Rogge* 

* Centre of Excellence for Quantum Computation and Communication Technology, School 
of Physics, University of New South Wales, Sydney, NSW 2052, Australia 

** Univ. Grenoble-Alpes and CEA, LETI, MINATEC, 38000 Grenoble, France 
E-mail: j.vanderheijden@student.unsw.edu.au 

 
Single dopant atoms in silicon are promising candidates for quantum computing, where long 
coherence times and high gate fidelities have been shown [1]. Here we use state-of-the-art tri-
gate transistors, created using standard silicon CMOS technology, to study the quantum 
properties of single atoms (phosphorous and boron). The electronic spin and orbital excited 
states of single [2] and coupled atoms [3] can be addressed. Additionally, we are able to study 
the spin dynamics of these atoms embedded in the transistor channel. These measurements 
give a first insight into the possibility to integrate atomic quantum computing in the CMOS 
environment. 
 
Furthermore, we investigate a new readout technique as well as alternative dopant atoms, 
which could lead to easier scalable quantum systems.  
 
By using RF gate reflectometry [4,5], we only need a single electrode to measure the charge 
state of the atom, thereby greatly reducing the required architecture for the readout of a qubit. 
Combining this technique with the more conventional transport measurements, gives access 
to a detailed image of the atomic states and the interplay between dopant atoms in the 
transistors.  
 
Next to donor atoms, we examine acceptor atoms. Due to a strong spin-orbit interaction, the 
hole states of acceptors are promising candidates to create electrically driven qubits [6], a 
feature not yet achieved in silicon. The required rotating electric field can be very locally 
provided, which is encouraging for scaling up. Long distance qubit coupling via microwave 
cavities and dipolar coupling between atoms, both enabled by the spin-orbit interaction, 
further support scalability. In our experiments we observe the influence of this spin-orbit 
interaction in the spin excited state spectrum [2] and in the spin-dynamics [3] of both single 
and coupled acceptor atoms. 
 
1. J. Muhonen et al., Nat. Nanotechnol., 9, 986-991 (2014) 
2. J. van der Heijden et al., Nano Lett., 14, 3 (2014). 
3. J. van der Heijden et al., in preparation 
4. J. Verduijn et al., Appl. Phys. Lett., 104, 102107 (2014).  
5. M. G. House et al., Nat. Commun., 6, 8848 (2015). 
6. J. Salfi et al., arXiv:1508.04259 (2015) 
 



Design considerations for integrated control electronics for a large-scale solid state quantum processor 
 
Hendrik Bluhm, JARA-Institute for Quantum Information, RWTH Aachen University 
 
Given that useful universal quantum computers will likely require the parallel operation of at least 106 
qubits, an attractive and arguably the only truly scalable approach to engineer the required classical 
control electronics is a fully integrated one. Thus, each qubit would be controlled and read out by nearby 
circuitry that is connected via microfabricated interconnects without macroscopic components.  To 
minimize requirements imposed on the qubit technology, it is highly advantageous for the qubit 
controllers to provide a similar capability as current room temperature arbitrary waveform generators. 
Depending on the qubit technology, DC bias voltages or currents and the modulation of microwave 
signals may also be required. 
 
For a quantum processor operated at temperatures below 100 mK as required for leading solid state 
qubits, these circuits would have to be realized with an extremely tight power budget of a few  nW per 
qubit. While meeting this constraint seems daunting at first, estimates indicate that such a low 
dissipation may actually be achievable if transistor characteristics are optimized to leverage the small 
subthreshold swing at ultra-low temperatures for supply voltages on the order of 10 mV. Furthermore, 
dedicated circuit designs making use of the extremely low dissipation of qubits will be required. One 
possibility is thus to leverage capacitive voltage division.  
 
I will discuss a number of design constraints and tradeoffs for such circuits from a physics perspective, 
considering noise requirements, power dissipation and potentially limiting device parameters such as 
leakage due to tunneling.  
 
I will also present estimates that indicate that superconducting vias may allow the operation of control 
circuits at about 1 K while keeping the qubits at much lower temperature, thus raising the power budget 
by about two orders of magnitude. 
 
 
 
 
 



Design and operation of CMOS-compatible electron pumps fabricated with optical 
lithography
X. Jehl, S. Barraud, P. Clapera, A. Valentian, L. Hutin, S. De Franceschi, M. Sanquer and 
M. Vinet.
Université Grenoble Alpes,  F-38000 Grenoble, France
CEA INAC/PHELIQS, CEA LETI MINATEC campus, F-38000 Grenoble, France

Electron  pumps are  quantized current  sources  capable  of  delivering  very  small
currents with high precision and at zero bias and low temperature. In the last 10 years new
pumps  made  of  semiconductors  as  well  as  new  pumping  mechanisms  have  been
demonstrated [1]. Thus they are an interesting block for the design of specific circuits to
co-integrate and interface quantum bits. 

However  all  these pumps,  whether  made of  GaAs or  Si,  require  electron-beam
lithography, and are therefore not fully compatible with CMOS circuit fabrication.

We have fabricated electron pumps on 300mm SOI wafers without using e-beam,
i.e. using only industry-standard 193nm deep-UV lithography. The structure consists of two
gates in series on a nanowire and the only difference with the SOI nanowire process [2]
lies  in  long (40nm) nitride  spacers.  As a  result  a  single,  silicided island gets  isolated
between  the  gates  and  transport  is  dominated  by  Coulomb  blockade  at  cryogenic
temperatures thanks to the small size and therefore capacitance of this island. Operation
and performances are  comparable  to  devices featuring e-beam lithography [3],  with  a
pumping frequency up to 300MHz [4]. 

The availability of quantized current references in a process close to the 28FDSOI
technology could trigger new applications for these pumps and allow to cointegrate them
with cryogenic CMOS circuits in the emerging field of interfaces with quantum bits. 

[1] Non-adiabatic quantized charge pumping with tunable-barrier quantum dots: a review 
of current progress, B. Kaestner and V. Kashcheyevs, Reports on Progress in Physics, 
2015, 78, 103901.  
[2] Performance of Omega-Shaped-Gate Silicon Nanowire MOSFET With Diameter Down 
to 8 nm, S. Barraud et al, IEEE Electron Device Letters, 33, 1526, (2012). 
[3] Hybrid Metal-Semiconductor Electron Pump for Quantum Metrology, X. Jehl et al,  
Phys. Rev. X 3, 021012 (2013).
[4] Design and operation of CMOS-compatible electron pumps fabricated with optical 
lithography, P. Clapera et al, submitted (2016).

(a) colorized SEM image of a single island, tunable barriers electron pump made with 
deep-UV lithography. (b) Pump operation (I=Nef) versus f and for N=+1, -1, -2. c) Map of 
pumped current at 100MHz versus both gate voltages. 



Cryogenic CMOS LNA for scalable RF read-out of spin qubits 

Author - Incandela, RMI, TU Delft, Delft, The Netherlands (Presenting author) 
Co-author(s) - Charbon, E. , TU Delft , Delft , The Netherlands 

Co-author(s) - Sebastiano, F. , TU Delft , Delft , The Netherlands 
Keywords Cryogenic electronics ,Read-out ,RF-reflectometry ,Spin Qubits 

 

Solid-state qubits must be controlled and read out by classical electronic controllers to ensure 
proper operation. Because of the low number of qubits in existing quantum processors, only a 
few wires are currently needed between the cryogenic quantum processor and the electronic 
controller. This allows electronic controllers placed at room temperature and implemented by 
bench-top equipment. However, when scaling up to the thousands of qubits required for a 
practical quantum computer application, simply increasing the wiring would become 
unpractical. As an alternative, the electronic controller can be placed at cryogenic temperature 
to simplify the wiring. In order to serve future large-scale quantum processors, controllers 
must be integrated in technologies enabling large-scale integration, thus making 
complementary metal-oxide semiconductor (CMOS) technology the best candidate. In this 
work, we present the design of a cryogenic CMOS Low-Noise Amplifier (LNA) for spin-
qubits read-out, which represents the initial step towards a fully-integrated cryogenic CMOS 
controller for solid-state qubits. Spin qubits can be read out by measuring the impedance a 
Quantum Point Contact (QPC). This can be accomplished by RF reflectometry, i.e. by 
applying an RF signal to the QPC and measuring the reflected power, which is a function of 
the QPC impedance (Fig. 1). Multiple qubits can be simultaneously addressed by using 
several RF carriers and frequency-selective matching networks connected to the QPCs. Our 
goal is replacing the currently used discrete components with a cryogenic CMOS alternative, 
while maintaining the same performance and optimizing the power consumption per qubit 
(Fig. 2). This imposes a challenging noise requirement , which is addressed in this design by 
the adoption of a noise-cancelling LNA architecture. Since the power consumption is mainly 
determined by noise specifications, the circuit bandwidth has been optimized for the 
maximum number of qubit channels, so as to minimize the power consumption per qubit. 
Since no cryogenic CMOS model is available in commercial design tools, the standard 
CMOS model has been modified and tuned to match the device characteristics measured at 
cryogenic temperature. 

The proposed LNA has been designed in a commercial 0.16-μm CMOS process. Simulations 
at 4K shows 0.6-K noise temperature, 800-MHz bandwidth (200 MHz–1 GHz) and a 50-mW 
power consumption, thus enabling the allocation of 40 qubits channels at a power 
consumption of 1.25 mW/qubits. Even with a cooling power of a few watts at 4 K, such 
energy efficiency will enable reading out thousands of qubits in future quantum computers. 



Modular Printed Circuit Boards for Control and Readout of 

Quantum Devices at 4 K 
 

M.L.V. Tagliaferri,
1,2 

A. Crippa,
1,2

 S. Cocco,
1
 M. De Michielis,

1
 G. Ferrari,

3
 M. 

Fanciulli
1,2

 and E. Prati
1,4

 
1
CNR-IMM, unità di Agrate Brianza, via c. Olivetti 2, 20864 Agrate Brianza (MB) Italy 

2
Dipartimento di Scienza dei Materiali, Università di Milano Bicocca, via Cozzi 53, 20125 

Milano, Italy 
3
Dipartimento di Elettronica, Informazione e Bioingegneria, Politecnico di Milano, Piazza 

Leonardo da Vinci 32, I-20133 Milano, Italy  
4
Istituto di Fotonica e Nanotecnologia, CNR, piazza Leonardo da Vinci 32, 20133 Milano, 

Italy 

 

The realization of quantum dot based quantum computer requires the development of 

specific electronics, facing problems as strong temperature gradients, high density of 

signal lines, broadband operability and low noise requirements [1,2]. A viable and 

challenging solution is the development of cryogenic interfaces between classical 

electronics and quantum devices [3,4]. 

Here, we report on the development and characterization of a cryogenic equipment, 

composed of three connectable printed circuit boards (PCBs) [5]. It is conceived to 

work at 4.2 K, where the quantum behavior of CMOS-compatible silicon nano-

transistors emerges. We have adopted a modular scheme: one PCB is devoted to 

readout of the sample output signal, while the other is essentially a sample holder.  

The readout is performed by means of a cryogenic CMOS integrated circuit. It 

consists of a four input multiplexer, enabling the characterization of four devices 

during the same cooldown, and of a transimpedance amplifier. Such solution allows 

for the reduction of the thermal noise and the input capacitance. A 10 fA/Hz
1/2

 

equivalent input noise and a maximum bandwidth of 250 kHz have been obtained. 

The sample holder comprises 13 dc lines for biasing the sample and 4 high frequency 

lines to quickly manipulate the electron energy levels or exchange interaction [6], by 

pulsing the gate voltages. Four custom onboard bias tees allow for the transmission of 

nanosecond pulses. Materials, PCB design and routing minimize the degradation of 

the signals. Measured crosstalk between adjacent lines is lower than -40 dB up to 3 

GHz. 

The proposed platform configuration has been tested at 4.2 K by characterizing 

CMOS silicon nano-transistors. Reliable quasi-static transport measurements have 

been recorded; moreover, single charge dynamics events as fast as 10 µs can be 

resolved [5]. 

 

 
[1] J.I. Colless and D.J. Reilly, Rev. Sci. Instrum., 85, 114706, (2014).  
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[3] D.J. Reilly, npj Quantum Information, 1, 15011, (2015).  

[4] H. Homulle, et al., arXiv:1602.05786v1, (2016). 

[5] M.L.V. Tagliaferri, et al., Trans. on Instr. and Measure., 65 (2016) (in press). 

[6] M. De Michielis, et al., J. Phys. A: Math Theor., 48, 065304 (2015). 

 



Ball Grid Array style PCB for 3D connectivity to increasing size quantum processors 

Duije Deurloo, TNO 

 

The first generation of small sized quantum processor chips had all connectivity at the circumference 

of the chip. Bond wires are used to connect both the DC and microwave frequency lines to a PCB 

sample holder which contains the connectors to the “outside world”. With an increasing number of 

qubits the area of the chip scales linearly with the number of qubits while the circumference scales 

less, so it will eventually become impossible to lay out all the connections in a fully planar design. 

Routing the (microwave) signals from qubits in the center of the chip to the edge of the chip also has 

the consequence that crossing microwaves line are essential including their very hard to produce 

CPW transmission line air bridges. So for growing chip size there is a need to abandon 2D planar 

designs and to add the third dimension. 

Inspired by high speed digital chips like for example FPGA’s, GPU’s or CPU’s, where connectivity 

became an issue several years ago, we worked out a BGA (Ball Grid Array) style connectivity with a 

multi-layer PCB. This isn’t as easy as it sounds because we are working with microwave frequencies 

up to 8GHz and there are high requirements on channel to channel crosstalk and impedance 

matching. Besides the Electro-Magnetic issues there are also material issues for example:  

1. metals becoming superconductive,  

2. thermal stress on connections due to an over 430 degrees cooldown between soldering and 

the 10 milli Kelvin in the cryostat where the chip will be operational and finally 

3. all parts need to be non-magnetic, so frequently used metals like nickel can’t be used. 

In the presentation we will show a prototype PCB for a 7 bit quantum processor made of 

superconducting circuits.    

 



Quantum interference for sensing and qubit control with NV centres in diamond

M. Trupke1, ∗
1Vienna Center for Quantum Science and Technology,
Atominstitut, TU Wien, Stadionallee 2, 1020 Vienna

Coherent two-photon pulses are powerful tools for
the manipulation of multi-level quantum systems [1]. I
will describe their application to magnetometry using
nitrogen-vacancy centres in diamond [2, 3]. We have
found that the single-spin sensitivity to magnetic fields
can be improved in isotopically purified diamond by
making use of states with extended coherence times in
the spin-1 manifold. Furthermore the long-term stabil-
ity of magnetic field measurements is significantly en-
hanced, leading to a reduction of the minimum de-
tectable field variations. We demonstrate sensitivities
of 8 nT/

√
Hz and 2.2 nT/

√
Hz for quasi-static and oscil-

lating fields, with long-term fluctuations below 800 pT
and 50 pT, respectively. We have demonstrated both
multi-axial and numerically optimised pulsed sequences
for the {|+1〉, | − 1〉}-subspace, enabling the most sensi-
tive measurement method for quasi-static and oscillating
magnetic fields to date using a single spin in diamond.
The manipulation methods used herein furthermore en-
able efficient control over the NV qutrit manifold. I will
also describe possible improvements to the magnetometer
scheme, as well as the use of two-frequency manipulation
for the control of spin qubits in large-scale quantum in-
formation registers (see Fig. 2) [4].
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FIG. 1. a) The NV centre is driven with microwave fields
ΩMW brought to the sample using an external microwire. A
wire perpendicular to the axis of the NV centre carries cur-
rents I used to create the arbitrary and periodic magnetic
fields. b) Level scheme of the spin-1 ground state, shown
with the main detuning frequencies Δ+,− and driving fields
Ω+,−.
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FIG. 2. a) Example of NV centre luminescence in a grid of
implanted sites created with electron beam lithography and
nitrogen implantation. b) A single NV centre or site can be
addressed using driving fields Ω+,− in the crossing wires.
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On-chip Microwave Generation with a Josephson Maser 
 
Maja Cassidy, Alessandro Bruno, Sebastian Rubbert, Muhammad Irfan, Anton 
Akhmerov, Leo Kouwenhoven 
 
QuTech and Kavli Institute for Nanoscience, TU Delft, The Netherlands 
 
 
We demonstrate maser action resulting from a DC biased Josephson junction 
strongly coupled to a superconducting microwave cavity. The emission is powered 
by application of a small DC voltage across the Josephson junction, with the 
emission frequency tunable by the frequency of the superconducting cavity. 
Unlike emitters based on single charge tunneling events in semiconductors, such 
as the quantum cascade laser or quantum dot-cavity coupled systems, emission is 
stabilized by the coherence of the Cooper-pairs in the superconducting 
condensate, and so the device is unaffected by environmental charge noise. The 
device can be injection locked over a range of exceeding 100 MHz at 5.6 GHz, with 
an injection locked linewidth f/f ~ 10-9. The simple fabrication allows for easy 
integration into a spin based or superconducting quantum computing 
architecture, allowing for efficient generation of coherent microwave photons at 
mK temperatures. 



              Classical Reversible Computation with Spin Qubits in Silicon 
Sougato Bose‡, Bobby Antonio‡, Winfried Hensinger‡§, Joseph Randall‡§, Gavin Morley‡‡ 

 
‡Department of Physics and Astronomy, University College London, UK, 
 ‡§Department of Physics, University of Sussex, UK, 
 ‡‡Department of Physics, University of Warwick, UK 

 
Atomic-scale logic and the minimization of heating (dissipation) are both highly desirable for 
future computation hardware. An approach to achieve these would be to replace networks of 
transistors directly by classical reversible logic gates built from the coherent dynamics of a 
few interacting atoms.  Coherent dynamics does not dissipate energy and thus, at the level of 
the logic gates alone, dissipation is virtually avoided for such gates. In fact, the dynamics of 
highly isolated systems for computation in the same sense as the “friction free” billiard ball 
computer of Fredkin and Toffoli has long been a dream, but there were no physical systems 
approximating such a non-dissipative regime. However, precisely such systems are being 
developed for quantum technologies where quantum coherence is preserved by a high 
isolation. It is thereby worth studying whether the huge development towards quantum 
computation can, on the way to that grand goal, also provide a minimally dissipative, as well 
as miniaturized, hardware for classical logic. 

 

 

 
 
 
Motivated by the above, we investigated whether an unmodulated minimal widget of 3 
permanently interacting dopant spins (say, Bi in silicon), with each spin encoding a 
microscopic bit, can act as a logic gate for classical computation. The aim is to (a) use 
coherent dynamics (to avoid dissipation and heating), (b) use permanent nearest 
neighbour two-body exchange couplings of similar strength (to keep things realistic 
for a structure of proximal spin qubits, for example), (c) use a single “time- 
independent” Hamiltonian to accomplish the entire gate and finally, (d) avoid any 
auxillary systems, hybrid systems or additional levels aside those of the relevant 
qubits. Indeed, here I report that classical Fredkin and Toffoli gates of useful accuracy 
are feasible under the above contraints (Fig. 1)[1]. We also exemplify how these gates 
can be composed to make a larger circuit with whole circuit being a 2D pattern of 
spins (Fig. 2).  The full energetics (cooling, control and measurements) is kept open. 

References  

 [1] B. Antonio, J. Randall, W. Hensinger, G. Morley, S. Bose, arXiv:1509.03420 (2015). 

Fig.	  1:	  	  3	  spin	  automata	  for	  Toffoli	  
gate	   (universal	   for	   classical	  
computation)	  with	  dopant	  spins.	  

Fig.	   2:	   	   (a)	   shows	   a	   half-‐adder,	  
while	  (b)	  shows	  how	  to	  construct	  
it	   with	   a	   3	   spin	   network.	   (c)	  
Shows	   how	   a	   scalable	   circuit	  
could	  be	  constructed.	  



Dopants in CMOS transistors: A building block for Quantum Information 
Processing 

E. Dupont-Ferrier 1,2, B. Roche1, B. Voisin1 1, M. Vinet1, J. Morton2, X. Jehl1, S. de Franceschi1, M. 
Sanquer1 

1  CEA & Grenoble Alpes University, France   
2  London Center for Nanotechnology, University College London, UK 

 

Recent progress in shrinking down the dimensions of classical transistors used in microelectronics has 
opened new opportunities to electrically contact and electrostatically control single donor atoms 
embedded in a transistor [1]. Using a three-gate device (a split top gate and a back gate), we were able 
to contact two dopants coupled in series and control their charge states independently. Such a double 
dopant system has been proposed as a charge qubit for large scale integration in a quantum computer 
[2] and very long spin coherence time of dopants in Si nanostructures have been reported [3]. 

I will present the next step towards quantum information processing with dopants embedded in CMOS 
transistors by demonstrating that we can couple two building blocks, i.e. two dopants, and coherently 
manipulate a charge between them [4] [5] [6]. The dopants implanted in a transistor are individually 
addressed with electrical top gates. We perform low temperature DC transport measurements across 
the two dopants’ ground states. The three gates give sufficient control to align the energy levels of the 
two dopants inside the bias window and allow for resonant tunneling through them. We measure a 
large gap (in the 10 meV range) between the dopants’ ground and excited states. Therefore, the two 
lowest energy states of this double-donor system, corresponding to an electron being located in the 
ground state of one or the other dopant, are well separated from all other electronic states. They can 
thus be used as qubit, with potentially high operation speed.  

We further demonstrate that, using microwave driving signals, electrons can be coherently transferred 
between the two dopant ground states. The whole current map can be interpreted as Landau Zener-
Stückelberg interference pattern [5] [6]. The full analysis of the current map shows very good agreement 
with theory [5] and allows us to extract a dephasing time of 0.3 ns on a par with other types of charge 
Qubits. In our case, however, the relatively short coherence time can be counterbalanced by fast 
operation signals (in principle up to 1 THz) as allowed by the large empty energy window separating 
ground and excited states in donor atoms. 

 
[1] M. Pierre et al, “Single donor ionization energies in a nanoscale CMOS channel”, Nat. Nanotech. 5, 
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Fabrication of a CMOS-compatible silicon quantum processor 
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M. Veldhorst1,2, A. Dzurak1,2, D. Jamieson1,3 and A. Morello1,2 
 1Centre for Quantum Computation and Communication Technology, Sydney, NSW 2052, Australia. 
2School of Electrical Engineering and Telecommunications, UNSW, Sydney, NSW 2052, Australia. 

2School of Physics, University of Melbourne, Melbourne, Victoria 3010, Australia. 

*E-mail: s.tenberg@student.unsw.edu.au 

 
In a recent proposal [1], we showed how to perform high-fidelity low-power 1-qubit and long-

distance 2-qubit gates by using partially-ionised 31P donors in silicon (Fig. 1b). Here we present 

the design (Fig. 1a) and fabrication (Fig. 1c,d) of a quantum processor based on such a proposal. 

Qubits are placed 250 nm away from each other, leaving enough space to place individual control 

and read-out lines. They can be coupled either to their nearest neighbours via electric dipole-

dipole interaction, or to other qubits up to a centimetre away via a superconducting resonator. 

Fabrication involves ion implantation of 31P donors into an isotopically pure 28Si crystal, and a 4-

layer aluminium lift-off process via photo-and electron beam-lithography. The whole process is 

CMOS-compatible. 

[1] G. Tosi, et.al. arXiv:1509.08538 (2015). 

 

 
Fig. 1. Silicon-based quantum processor. Artificially coloured aluminium gates denote: single 

electron transistors (yellow), confinement (blue), electrical drive (green), electron reservoir 

(purple) and superconducting resonator (orange) a. Design layout of the processor, showing 

aluminium gates and donor qubits. b. Qubit unit cell, showing partially ionised electron 

wavefunction bound to 31P nucleus. c. Detail of a nanometric constriction in an aluminium 

resonator, used to couple centimetre-away qubits. d, four-layer aluminium device to 

demonstrate 2-qubit gates.  



3D interconnects for qubit integration: Novel method for the deposition of 
Indium as core metal 

J.A. Alfaro-Barrantes1,2 and R. Ishihara1 
1. QuTech, TU Delft, The Netherlands.  

2. Escuela de Ingeniería Electrónica, ITCR, Cartago, Costa Rica. 
 

Summary 

We present a method for the filling of Through-Silicon-Vias (TSVs) with a type 1 superconductor metal. 
Properties as low melting point (≈ 180˚C), malleability and superconductivity at 3.41 Kelvin make Indium 
an interesting option in 3D interconnects that could be used for connecting quantum devices. The filling 
method is controllable and reproducible for 100 μm diameter holes. 

Motivation and results 

Nowadays, 3D-IC integration has emerged as a possible solution to increase the number of micro-
electronic devices per wafer, specifically, by using vertical interconnections with through-silicon vias 
(TSV’s) and microbumps, and also interposers for fine-pitch planar routing [1]. If those technologies 
would become compatible with superconducting devices, superconductive passive 3D interconnects will 
be realized. Copper is commonly used for conventional TSVs and interposers. They reach 
superconductivity around 40mK. For controlling qubits, a high bandwidth is required for precise qubit 
rotations and interactions, and low-loss is needed to mitigate the electromagnetic crosstalk [2].  In order to 
ensure high-Q and low-loss in RF signal used for qubit control, high-temperature superconductive 
materials are necessary for the via filling material.  
Here we propose to use Indium as via filling material using a novel deposition method following a wafer-
level fabrication approach (Fig. 1). Firstly, the vias were opened with diameters of 100-300 μm through a 
300-μm-thick Si wafer by dry etching using SiO2 as a hard mask and SiO2 as an etching stopper. After that 
the holes were completely opened by wet etching removing the SiO2 layers. A new SiO2 layer was grown 
by thermal oxidation. Then melted Indium was coated on the surface and the vias are filled by vacuum 
exposed to the other side. Finally, residual Indium layer on the front sides is removed by wet etching. As 
shown by SEM images (Fig. 2) the vias with a diameter of 100 μm diameter and the depth of 300 μm were 
successfully filled with the Indium. A good uniformity of Indium across a 4inch Si wafer was also 
achieved. The technology is promising for future 3D interconnects for qubit and CMOS integration. 
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