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Charge-based quantum computing using single donors in semiconductors
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Solid-state quantum computer architectures with qubits encoded using single atoms are now feasible given
recent advances in the atomic doping of semiconductors. Here we present a charge qubit consisting of two
dopant atoms in a semiconductor crystal, one of which is singly ionized. Surface electrodes control the qubit
and a radio-frequency single-electron transistor provides fast readout. The calculated single gate times, of order
50 ps or less, are much shorter than the expected decoherence time. We propose universal one- and two-qubit
gate operations for this system and discuss prospects for fabrication and scale up.
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In the search for an inherently scalable quantum comp
~QC! technology solid-state systems are of great inter
One of the most advanced proposals is based on supe
ducting qubits,1 where coherent control of qubits has be
demonstrated and decoherence times measured.2 The Kane
scheme,3 in which qubits are defined by nuclear spin states
buried phosphorus dopants in a silicon crystal, has also
tracted considerable attention due to its promise of very l
~ms or longer! decoherence times below 1 K. Recent a
vances in single-dopant fabrication,4–6 together with the
demonstration of fast single-electron transistor~SET! charge
detection,7,8 bring the Kane Si:P architecture closer to reali
These important results notwithstanding, the demonstra
of single-spin readout remains a major challenge. Here
consider a Si:P dopant-based qubit in which the logical
formation is encoded on the charge degrees of freedom.
system, which is complementary to the Kane concept, is
dependent on single-spin readout and, given the pre
availability of fabrication4–6 and readout7,8 technologies, can
now be built. A two-qubit gate based on the charge qu
scheme we describe will enable an experimental determ
tion to be made of the key sources of decoherence and e
in a nanoscale silicon QC architecture. Such devices th
fore provide an important and necessary pathway towa
the longer term goal of real-spin Si:P devices.

Semiconductor quantum-dot charge-based qubits w
first considered in 1995 by Barencoet al.,9 where quantum
information was encoded in excitation levels, and later
Fedichkinet al.10 for position-based charge qubits in GaA
Very recently, coherent oscillations have been observed11 in a
GaAs double quantum dot providing realization of a char
based qubit with coherence times above 1 ns, accessibl
existing fast pulse technology. In this paper we assess
potential of Si:P donor-based charge qubits by calculating
energetics and gate operation times for realistic device c
figurations and gate potentials and find that both one-
two-qubit operations times are well within the relevant de
herence times for the system.

The buried donor charge qubit is shown in Fig. 1 for t
case of P dopants in Si, although a number of other dop
substrate systems could also be considered, such as GaA
The lowest two states of a single electron localized by
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double well formed by two donor P1 ions give rise to a
natural identification of the quantum logic states. Exter
control over the barrier height and potential offset~or sym-
metry! is facilitated by B and S gates, respectively, plac
above the buried P-P1 system, as in Fig. 1~b!. With appro-
priate negative bias we can identify localized qubit sta
with high precision: u0&5uL& and u1&5uR&, as shown in
Fig. 1~c!. Finally, a SET facilitates initialization and reado
of the qubit.

The Si:P charge qubit will decohere faster than the Ka
nuclear spin qubit—however, as analysis of the qubit dyna
ics will show, the typical gate operation timestop of order 50
ps are also commensurately faster than thems time scale12 of
the spin qubit. In what follows we estimate the decohere
time tf associated with phonons and gate fluctuations, fi
ing top,tf for these mechanisms, and conclude that fluc

FIG. 1. ~Color online! Buried charge qubit.~a! The solid-state
charge qubit based on buried dopantsD, forming aD-D1 system
with one electron, shown explicitly for the case for Si:P.~b! The
gated charge qubit showing barrier~B gate! and symmetry~S gate!
control, together with a single electron transistor~SET! for charge-
based readout.~c! One possible choice of logical statesu0& and u1&,
defined as shown in terms of left- and right-localized states.
©2004 The American Physical Society01-1
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ating background charges are more likely to dominate de
herence in most circumstances. Measurements on cou
GaAs quantum dots with 25–30 electrons per dot indic
tf.1 ns.11,13 Since such dots possess a similar vulnerabi
to background charge and may possibly couple m
strongly to nonqubit space states than the one-electron
system, we conclude that the coherence time for the bu
charge qubit should be at least of order 1 ns—certainly s
ficient for proof-of-principle experiments on small-scale d
vices.

This Brief Report is organized as follows. First, qubit d
namics are analyzed to determine the fidelity of qubit sta
and voltage pulses required for single-qubit operations.
processes for initialization and SET readout are then o
lined. Two possible qubit coupling schemes are describ
and decoherence due to phonon mechanisms, gate flu
tions, and charge traps is considered. Finally, fabrication
the charge qubit is described, and a possible scaled
N-qubit architecture is given.

The key to understanding single-qubit gate operation
the effective HamiltonianHQ describing the dynamics of th
P-P1 system in the presence of the S and B gates. In gen
HQ will be of the form HQ5h0(t)1hx(t)sx1hz(t)sz ,
where thes i operate in the basis of qubit states. The qu
logical states are defined by application of reference g
configuration voltages (V̄B ,V̄S) and are manipulated by fas
pulsed deviations„DVB(t),DVS(t)… from the reference con
figuration. Under these conditions, the time-dependent c
ficients can then be written ashi(t)5C0

( i )1CS
( i )DVS(t)

1CB
( i )DVB(t), with i 50,x,z. The qubit dynamics are thu

determined by the parametersC0
( i ) , CS

( i ) , and CB
( i ) , which

depend explicitly on the donor separationR and reference
biasesV̄B andV̄S . For the device shown in Fig. 1 the spati
dependence of the potentials induced in the silicon subs
due to the gate voltages was modeled usingTCAD ~Ref. 14!
for R527 nm and these effective Hamiltonian paramet
were computed by direct diagonalization of the Hamilton
in a basis of 12 molecular P-P1 states with parameters ap
propriate to donor electrons in Si.

We have two choices for the basis of logical qubit sta
corresponding to the lowest two states being localized
delocalized. Since SET readout is most easily carried out
localized states, we choose initially the configuration w
nonzero S-gate bias, which defines our qubit states asu0&
5uL& and u1&5uR&. Careful examination of the lowest tw
eigenstates ofHQ shows that forV̄S'0.1 V the qubit fidelity
is optimal, with higher state amplitudes less than 1024 in the
logic states. We discuss later the alternative delocalized b
choiceu0&5uA& andu1&5uS&, for which decoherence effect
will be less severe. After setting the reference gate confi
ration to (V̄B ,V̄S)5(0 V,0.1 V), the gate bias pulse
„DVB(t), DVS(t)… required for qubit control can be read o
from HQ . For example, ap/2 rotation over 50 ps require
gate bias pulse values of;~20.40 V, 10.10 V!. The mean-
ing of these values of„DVB(t),DVS(t)… is illustrated in the
adiabatic-state diagram of Fig. 2~a!: the double-well poten-
tial is adjusted to the symmetric positionVS50, while at the
same time raising the barrier to slow the coherent oscillati
11330
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down to the 50 ps time scales accessible to state-of-the
pulse generation.

Immediately after fabrication the qubit must be preinitia
ized by removing one of the electrons from the P-P system
form the charge qubit. Using the S and B gates, the elec
in the right-hand donor well is ionized by a large S gate bi
at the same time, the B gate is raised to effectively isolate
electron in the left-hand well. After preinitialization, the SE
conductance can be calibrated for theuL& and uR& states. Fi-
nally, initialization of the charge qubit into the left stateu0& is
effected by simply biasing the S gate and observing the S
conductance.

Prior to readout, the qubit is in a general stateuc&
5c0u0&1c1u1& resulting from a sequence of gate operatio
with the SET blockaded so that no current flows.15,16To per-
form a projective measurement a voltage is applied to
SET gate, tuning it to a conductance peak—the current fl
through the device decoheres the charge qubit strongly
causes a transition in timetmeas,T1 to a statistical mixture
of the localized eigenstates@see Fig. 2~b!#. Since the system
has been calibrated in the preinitialization process,
SET will give a distinguishable reading17 I L,R corresponding

FIG. 2. Qubit states and pulse timing.~a! Energy diagram illus-
trating the evolution of the eigenstates of the system as a functio
applied S-gate bias.~b! Pulse timing diagram and SET reado
showing the relative time scales for gate operation (top), SET read-
out (tmeans), dephasing (tf), and relaxation (T1).
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to the system having collapsed into the left or right state w
probabilitiesuc0u2 and uc1u2, respectively.

In Fig. 3 we present two distinct arrangements for qu
coupling, complete with gate structures and SET readout.
the case of theCNOT arrangement@Fig. 3~a!# proposed by
Landauer18 for quantum dot coupling and by Fedichk
et al.10 for GaAs qubits, the horizontal qubitQ1 acts on the
effective barrier height of the vertical qubitQ2 , and the cou-
pling is primarily Gzxsz

(1)sx
(2) . We also consider here

CPHASEarrangement@Fig. 3~b!# which is easily extended to
linear array of coupled qubits~Fig. 4!. Since the two qubits
Q1 andQ2 act on each other symmetrically, quantum info
mation can be transmitted to either the left or right in a qu
array. The effective coupling for theCPHASE gate is
Gzzsz

(1)sz
(2) . An in-depth investigation of the coupled qub

dynamics, controlled by such relatively complex gate str
tures, is beyond the scope of this paper; however, we h
performed a preliminary semiclassical calculation to obt
an order-of-magnitude estimate. By moving a charge of 1e
between thea and b positions of Q1 for both coupling
schemes~shown in Fig. 3, withQ1 chosen to be 30–60 nm
from Q2) the effective dynamics ofQ2 were determined
with corresponding coupled qubit operation times of 0
→1 ns.

Successful operation of quantum devices is contingen
coherence times remaining longer than the time required
arbitrary rotations. Primary sources of decoherence incl
phonons, Johnson noise on the gates, and materials-re
charge noise. At mK temperatures the thermal phonon po
lation is very small, but spontaneous phonon emission
still occur. A calculation of LA phonon decoherence for t
P-P1 system19 at 100 mK concluded that for donor separ
tions of 25 nm and greater,tphononis of orderms. The corre-
sponding phonon-induced error for a one-qubitNOT gate~op-
erating onsx) has recently been shown to be very low20

while for sx rotations an error of 331023 was obtained.20

This error rate is, however, very sensitive to the phon
wavelength cutoff used in the calculation~in relation to the

FIG. 3. ~Color online! Qubit coupling schemes based on t
Coulomb interaction.~a! CNOT configuration and~b! CPHASE con-
figuration.
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qubit length scale! and can be lower than 1025 for a wide
range of parameters.21 Irrespective of whether the error rat
is below the 1024 level required for fault-tolerant QC’s, i
appears that a significant number of gate operations will
possible, enabling proof-of-principle operation. An analy
of decoherence due to noise fluctuations on the S and B g
was carried out using a master equation approach.22 While
the qubit is in a quiescent state, the dominant off-diago
~od! contribution to the density matrix isrod(t)
'exp@2(CS

(z))2lSt/2\2#, wherelS scales the fluctuations an
is given by the Johnson formulalS5RkBT/p. Using low-
temperature electronics atT;10 K andR;50V, we obtain
tf

Johnson'2p\2/RkBT(CS
(z))2;720 ns.

A serious source of decoherence for all charge-based
bits is due to charge fluctuations in the surroundi
environment.23 In particular, individual charge traps can pro
duce sudden and large changes in the noise signal at ran
times~random telegraph signals!. In superconducting charg
qubits2,24 the experimental coherence times of;1 ns are
predicted to be limited by this charge noise,23 while the tf
;1 ns observed in quantum dot qubits11,13 may be similarly
determined. We note that the nanosecond coherence t
observed in GaAs qubits11,13 are for quantum dots with;25
electrons. The corresponding P-P1 qubit coherence time
might well be longer since it may be more difficult to isola
the qubit space from other states in GaAs quantum dots
for the single-electron qubit system. The use of high-qua
materials with low trap densities and refocusing pulse te
niques may further extend the decoherence time. Furt
more, operation of the two-donor system in the delocaliz
basis where the qubit logic is less vulnerable to environm
tal charge fluctuations should lead to a significant supp
sion of the dephasing effects of charge noise, as is the
for Josephson ‘‘phase’’ qubits where the coherence time
been extended to 500 ns.25

Realization of the devices shown in Figs. 1 and 3 requi
an ability to dope a semiconductor at the single-donor le
with interdonor spacings in the range 20–100 nm. Due to
long-range nature of the Coulomb coupling and the ability
tune the intraqubit tunneling rate using the B gate, co
straints on the donor spacings are significantly relaxed
comparison with previous spin-based donor schem3

FIG. 4. ~Color online! Schematic of a scaled-up architectu
based on the staggeredCPHASEconfiguration.
1-3
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Single-atom doping of a semiconductor with the requir
positional accuracy has recently been demonstrated by
contrasting approaches. In the first, scanning-probe litho
phy of a hydrogenated silicon surface together with epita
Si overgrowth are used to construct a buried P array w
precision,1 nm using atomic assembly.4,5 In the second, the
donors are implanted through an array of nanoscale aper
and on-chip ion impact detectors are used to ensure that
one P ion passes through each aperture.6 The positional ac-
curacy of the second approach is limited by the strag
which occurs during implantation and will be comparable
the donor depth~10–20 nm!. Both approaches, although cu
rently developed for Si:P, can in principle be applied to oth
systems, such as GaAs:Si. When combined with approp
control and measurement electronics such devices allow
voltage pulses on time scales,50 ps and can perform
single-shot projective measurements of electron position
time scales less than 1ms.26,27 It is therefore anticipated tha
one-qubit experiments on such structures will soon be p
sible.

With single-atom doping and SET readout schemes
Si:P now available6 it is expected thatN-qubit architectures
could be constructed in the near future. Figure 4 is a strai
forward extension of the two-qubitCPHASEgate of Fig. 3~b!,
where each qubit has an associated readout SET as we
the required S and B gates. The SETs would most con
niently be located on alternating sides of the on
dimensional array of qubits in order to localize the readou
the target qubit. Vertical via-connections will be needed
S.
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make contact to the central B gates, necessitating laye
insulator and metal structures, which is standard in mod
very large scale integrated~VLSI! circuits.

In conclusion, gate operation times and decoherence r
have been calculated for Si:P charge qubits based on i
vidual buried dopants with realistic gate configurations a
bias voltages. Two coupling configurations were consider
including aCPHASEarrangement which can be convenien
scaled to a linear array of qubits. We find that one- a
two-qubit gate operation times are accessible using exis
pulse generator technology and are well within the estima
of decoherence due to phonons and gate fluctuations.
effect of environmental charge fluctuations can be gauged
measurements oftf;1 ns for GaAs quantum dot charg
qubits.11,13While experimental measurement of decoheren
times will be necessary to determine the viability
this scheme for fault-tolerant QC, proof-of-principle demo
strations of qubit control and entanglement should
possible and as such will provide essential information
wards the longer-term goal of Si:P spin-based quant
computing.
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