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Final Report 

 

Development of a Silicon Metal-Oxide-Semiconductor-Based Qubit 

Using Spin Exchange Interactions Alone 

 
Principal Investigator: HongWen Jiang  

University of California, Los Angeles 

Introduction 

Quantum dot devices build on Si MOS platform are attractive for quantum information 

processing. The main reason is that the Si MOS QDs fabrication process can be fully compatible 

with commercial Si CMOS technology.  One should be able integrate qubits with the more 

conventional CMOS analog/digital electronics on chips, both for advanced pulse control and for 

high-speed read-out.  Furthermore, Si MOS QDs should be able to take advantage of the long 

spin phase-coherence times of Si. 

Our current project, started November 2010, aims at the physical implementation of a particular 

type of qubit in the Si MOS system so that one can possibly take advantage of the very long spin 

coherence time expected in Si, the extremely high charge stability in single electron MOS 

devices, and its compatibility with main-stream semiconductor infrastructures.  In 2000, 

DiVincenzo and coworkers proposed a Heisenberg exchange-interaction-only spin qubit 

system.[1]  In this proposal, each logic bit is formed by three exchange coupled spins.  The 

exchange interaction only gate operations have several marked advantages.  First, it removes the 

needs for a microwave field, or an inhomogeneous magnetic field with orbital motions, that are 

required for single-bit rotations of a spin qubit based on the Zeeman sublevels.  Currently, the 

incorporation of local microwave fields in QDs remains a big technical challenge. Second, since 

the Heisenberg exchange coupling is a strong interaction, which can have a frequency of >10 

GHz, the gate operations can therefore be extremely fast (as fast as 0.1 ns).  The speed of this 

gate operation can be much faster than that given by ESR rotations, which require a very strong 

microwave magnetic field component.  Furthermore, as the exchange coupling is highly local it 

can be turned on and off selectively by an electrical static potential which can be readily 

provided by a single surface gate in the semiconductor QD.  The experimental demonstrations of 

such qubits were made in GaAs based triple quantum dot (TQD) devices [2,3,4] The recent 
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successful demonstration of a new scheme to better manipulate the exchange-only qubit using a 

pulsed RF source [5], known as a resonant-exchange-qubit [6,7], in GaAs further improves the 

prospect of the exchange-only qubits for scalable applications.   

During this funding period, we have made steady progress towards our objectives. The exchange 

based qubit in Si MOS QDs, in our optimistic opinion, is now about one or two years away from 

surpassing the state-of-the-art in GaAs QDs.  Our main accomplishments in this period are 

highlighted below. 

(1) Development of a robust electrostatically-defined Si MOS triple quantum dot device 

Since the logic qubit is formed by three individual spins, it is critical for us to fabricate an 

electrostatically-defined triple quantum dot. Building progressively upon our development of 

single QD [8] and double QD [9] at PI's Lab at UCLA, we have successfully fabricated Si MOS 

triple quantum dot devices, after several generations of gate-pattern iterations and testing, for 

over 14 batches of devices, over the period of 1.5 year of intense fabrication effort. We have 

demonstrated the ability to reach the electron number configurations of (0,0,0), the vacuum state, 

and (1,1,1) in which there is only a single electron in each QD [10].  The TQD is highly tunable. 

For the last few electrons, 

we can consistently tune 

two triple points into a 

quadruple point [10], as 

shown in Fig. 1. We can 

also gate control the tunnel 

coupling over a broad 

energy range. The ability 

to reach quadruple points 

in the last few electron 

regimes indicates its 

promise for controlling the 

exchange interactions between the three dots and for demonstrating all-electrical control of a 

spin qubit in silicon.  
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(2) ESR spectroscopy of individual spins in Si MOS QD and measurement of 

inhomogenous decoherence time  

We have obtained the inhomogenous decoherence time of individual electron spins in Si MOS 

QD.  It is currently an open question whether the stochastic spin fluctuations of the structural 

defects near the Si/SiO2 interface may ruin the long-coherence time one may expect for a pure 

silicon crystal.  In an experimental effort, partly, we have detected electron spin resonance (ESR) 

in a Si MOS double quantum dot.  Pauli spin blockade is used as a means to detect the flip of 

spins. The microwave driven ESR signals, 

with a linewidth as narrow as 0.7 G, has 

been observed, which is strikingly small 

comparing to that of 200-300 G 

measured in GaAs-based QD.  ESR 

spectroscopy in the magnetic field - 

microwave frequency plane shows also 

an unexpected level anti-crossing, with 

an energy gap of about 50 MHz.  The 

spectral line gives an estimation of the 

lower bound of the  inhomogenous phase 

de-coherence time T2
*
 of about 200 ns for 

individual spins in the nano-structured Si 

system with a Si/SiO2 interface.[11]  This 

is certainly a rather encouraging news for 

Si MOS based qubit structures.  The 

intriguing anti-crossing effect reveals that 

the hybridization of the spin-up and spin-

down states in a dot as the primary 

mechanism for ESR detection, that is 

likely trigged by the additional valley 

degree of freedom in Si.  We have 

worked with Charlie Tahan and Rusko 
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Ruscov of LPS on the theoretical understanding of the spin hybridization. A comprehensive 

analysis was carried out for a DQD that contains two valence electrons, along with two different 

valley states, under a periodic microwave perturbation. Tahan and Ruscov have specifically 

developed a nice spin-valley physics theory [11]. In the absence of magnetic field and 

microwave, there are 12 states for the (2,0)/(0,2) charge configurations, and 16 states for the (1,1) 

configuration. Since the experiments show that the ESR spots are independent of detuning, only 

the interaction of (1, 1) states are relevant. Application of a magnetic field brings three group of 

(1,1) states into degeneracy at different magnetic fields. Selection rules allow 14 level anti-

crossings, due to spin-valley mixing, which can be induced at three locations. The matrix 

elements of the spin-valley mixing, due to an interface step, of all the 14 level anti-crossings 

were calculated. It turns out that there are only two values of matrix elements and one clearly 

dominates another. The coupling strengths of ESR transitions for different spin-valley hybrid 

states were subsequently calculated. One likely speculates the interaction of so many states 

would likely make the problem very complex and even unmanageable. Amazingly enough, the 

investigation shows that collection of allowed ESR transitions give raise only one dominating 

anti-crossing in the frequency and magnetic field plane. 

(3) Measurement of gate noise in Si MOS QDs.  

 

It is now becoming increasingly apparent to semiconductor QD research community that the 

fidelities of the electrically controlled gate operations are intimately related to the charge noise in 

the base materials.[1 2]  Motivated by various 

groups in the Si qubit community, for a 

comparison with other materials, we have also 

studied the low-frequency charge noise of a 

typical Si MOS QD, in collaboration with Dr. 

Matt Borselli of HRL. Our measurement of the 

Si MOS QD device, around a Coulomb peak, 

shows 1/f power spectra density for the intrinsic 

gate noise. The noise amplitude reduces 

continuously as the temperature is reduced from 
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4.2K to 0.3K. For the purpose of comparison with devices made out of other materials, we have 

obtained the calibrated noise at the frequency of 1 Hz. The gate noise is determined to be 0.2 

micro-eV per root Hz at a temperature of about 0.3 K, after using an innovative analysis 

procedure. This noise figure turns out to be a bit smaller than the similar devices in SiGe QDs. 

This is indeed another encouraging news for the further development of exchange-only qubits in 

Si MOS structures.  

 

(4)  Establishment of spin states read-out 

 

Since the logic qubit is formed by individual spins, it is critical for us to do projective read-out of 

the spin states. Recently, we have made an important advancement to use pulse sequences to 

read the spin states. To facilitate the read-out and control, two separate channels of an arbitrary 

function generator is used to deliver pulse trains to the TQD device. The two synchronized 

pulses allow us to pulse from one arbitrary point to another in the two-dimensional charge 

stability plane. To sense the spin states, Pauli spin blockade is used. Since the triplet states of the 

two of coupled spins T(1,1) are not allowed to make a transition to the singlet S(2,0), the singlet 

and triplet states of the coupled spins can be distinguished by charge configurations. Several our 

measurements have shown this spin read-out. First, by pulsing cyclically from (0,1,1) to (1,1,1) 

to (2,0,1) and back to (0,1,1), we have observed a trapezoidal pattern in the charge stability 

diagram, showing the absence of transitions from T(1,1) to S(2,0). From this unique pattern, we 

conclude that our read-out window is about 0.3 meV.[13] Second, when a short pulse about 1 s 

is used to mix the singlet and triple states under the (1,1,1) charge configuration, a funnel shaped 

pattern is observed in the pulse-amplitude and magnetic field plane, as that reported in the 

literature, commonly referred as spin-funnel.[12,13] Third, a spin singlet to triplet transition is 

observed for a charging line from (0,1,1) to (2,0,1) at around 2.5T, that further supports the 

above spin sensing mechanism. To more effective read-out spin states when thermal energy is 

comparable to the Zeeman energy, we have developed a statistical method [14], based on 

Markov-Modulated Gaussian Process models, to extract information about spin-dependent 

dynamics from random telegraph signals and the method was verified using the data collected in 

a GaAs device. 
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(5) Observation of coherent oscillations of the TQD qubit  

 

Perhaps the most exciting development of our project is our recent excitation of coherent 

oscillations in our TQD devices. The system is prepared in the (0,2,1) state and is pulsed into the 

(1,1,1) state for exchange interaction for a pulse time tp. A clean set of oscillations have been 

observed up to a few micro-seconds in the qubit occupation probability as a function of tp, as 

shown in Fig. 5. The oscillations have two frequency components of about 2 MHz and 7.5 MHz. 

As our pulse duty-cycle is very small, any artificial incoherent charge effect is not likely. 

Furthermore, any non-equilibrium effect of charge-based coherent states would expect to have a 

much shorter time scale, in the range of nanoseconds.  Thus, these oscillations are very possibly 

caused by the pulse excited spin dynamics. We think the slower oscillation is likely the result of 

singlet and triplet mixing of one pair of spins due to hyperfine interaction while the faster 

oscillation is the result of the strong exchange interaction of the other pair of spins. Further 
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experiments and density matrix simulations will be carried out for the next funding period.  We 

should be able to establish a better understanding of these coherent oscillations in the near future.  
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