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Stark Tuning of Donor Electron Spins in Silicon
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We report Stark shift measurements for '>!Sb donor electron spins in silicon using pulsed electron spin
resonance. Interdigitated metal gates on a Sb-implanted 28Si epilayer are used to apply the electric fields.
Two quadratic Stark effects are resolved: a decrease of the hyperfine coupling between electron and
nuclear spins of the donor and a decrease in electron Zeeman g factor. The hyperfine term prevails at
magnetic fields of 0.35 T, while the g factor term is expected to dominate at higher magnetic fields. We
discuss the results in the context of the Kane model quantum computer.
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Since Kane’s original proposal in 1998 [1], the promise
of implementing quantum computation (QC) with spin
qubits in silicon has generated much excitement. Recent
scaling strategies [2] take advantage of long coherence
times of electron [3,4] and nuclear [5] spins and mature
silicon technologies. In donor spin QC architectures impu-
rities are arranged in large ordered arrays on the silicon
chip, placed in a strong magnetic field, and manipulated by
resonant microwave pulses. To operate on single spins in a
tightly packed qubit array, it has been suggested that the
magnetic resonance be electrostatically tuned (Stark tun-
ing) into and out of resonance with globally applied radio
frequency or microwave fields by nanoscopic addressing
gates near each donor site.

In this Letter we lay the experimental foundation for
these Stark tuning techniques by measuring electrostatic
tuning of the spin resonance frequencies of electrons bound
to antimony donors in silicon using pulsed electron spin
resonance (ESR). The spin resonance Stark shift of the
donor electron has been theoretically studied in the context
of decreasing the hyperfine interaction with the donor
nuclei [6,7]. Applying an external electric field pulls the
electron wave function away from the donor nucleus, re-
ducing the hyperfine coupling. In addition to the hyperfine
Stark shift, the electron g factor may also change due to
admixing with higher orbital hydrogenic states. This g
factor change is referred to here as the spin-orbit Stark
shift. Our results resolve quadratic hyperfine and spin-orbit
Stark effects and thereby provide proof of concept for Stark
tuning a qubit’s spin resonance.

The donor electron spin in silicon, S = 1/2, is coupled
to the spin of the donor nucleus, I # 0 for all shallow
donors in silicon. Thus the electron spin Hamiltonian in
an applied magnetic field, Bj, can be described to first
order by H= gBByS; + aS,I1,, where the first term is
the Zeeman interaction, g is the electron g factor, 3 is the
Bohr magneton, and the second term is the hyperfine
interaction between electron and nuclear spins with hyper-
fine coupling constant, a, proportional to the electron
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density at the impurity nucleus. The '?!Sb donor examined
in this work has I = 5/2 and therefore six possible reso-
nant Zeeman transitions for electron spin: vy, = (¢8B, +
aM,)/h, one for each projection, M,, of the > Sb nuclear
spin, accounting for six absorption lines in the ESR spec-
trum of '2!Sb [8].

Sample details were optimized for measurement with an
X-band pulsed ESR spectrometer [9]. While an ideal Stark
experiment would apply the same field to all donors via a
parallel plate capacitor structure, ESR measurements re-
quire excitation of electron spins by microwaves, which
tend to be shielded in the parallel plate arrangement.
Therefore, interdigitated metal gates were lithographically
patterned on the surface of a 28Si epiwafer implanted with
12ISb at a dose of 4 X 10'' /cm? and mean implantation
depth of 150 nm [Fig. 1(a)] [10]. The metal gate lines cover
a large area for adequate ESR signal, have a short period to
allow for large electric fields at small applied voltage bias,
and are lengthwise and narrow to reduce absorption of the
microwave electric field in the cylindrical ESR cavity. The
device has 250 lines with 2.6 wm width at 14 pm period;
overall dimensions of the interdigitated array are 19.5 mm
by 3.5 mm. A 3 V bias between the interdigitated gates
could be supported before the onset of an avalanche cur-
rent. The interdigitated gates produce a dipolar electric
field pattern across the implanted donors generating a
distribution of field strengths shown in Fig. 1(b) [11]. In
isotopically purified 28Si the donor electron spin coherence
is longer than in natural silicon, allowing for the long ESR
pulse sequences described below. '?!Sb donors were
chosen instead of *'P in order to avoid a background
ESR signal from unintended phosphorus impurities in the
bulk and to better control the implantation depth.

Donor electron spin resonance Stark shifts cannot be
detected with continuous wave (CW) ESR because Stark
shifts are much smaller than the inhomogeneously broad-
ened ESR linewidths: 0.2 MHz in isotopically purified *8Si
[4] and 6.7 MHz in natural silicon [12,13]. Therefore this
work extends a pulsed ESR technique developed by Mims
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FIG. 1 (color online). (a) Micrographs of the interdigitated
gate structure used in this work to measure the donor electron
spin resonance Stark effect. Bonding pads for the two gates are
labeled G1 and G2. Gate lines are oriented along a long side of
the sample, a [100] axis. (b) Calculated electric field distribution
at donor sites for 2 V applied between the interdigitated gates.
Two peaks arise from the finite depth of the implanted antimony
and the finite width of the gate lines.

[14] which is sensitive to small resonance shifts by inte-
grating over time to accumulate measurable phase shifts in
an echo signal. The basic pulsed ESR experiment, the two-
pulse Hahn echo, is shown in Fig. 2(a). Two on-resonance
microwave pulses with constant interpulse delay, 7, are
used to generate a microwave echo signal. In addition,
electrical pulses of varied strength, polarity, and timing
are applied across the interdigitated gates. Figure 2(b)
shows six electrical pulse sequences, referred to below as
experiments [-VI. In the case of the regular Hahn echo
experiment, i.e., no electrical pulse as in experiment I, the
77/ 2-pulse rotates spins into the plane normal to the applied
magnetic field B, causing spins to precess. Spins precess at
slightly different frequencies due to inhomogeneity in their
local environment, and thus during the defocusing period
the spin ensemble dephases. At time 7, the refocusing
m-pulse reverses this dephasing trend by rotating spins
through 180°. Since the individual spin precession fre-
quencies are nearly invariant throughout the experiment,
all spins are in phase again at time 27 to generate an echo
signal. The phase of the echo signal obtained in control
experiment I is defined to be zero.

Electric field pulses applied during the spin echo experi-
ment change the resonance (precession) frequencies of the
electron spins via the Stark effect. In the case of a unipolar
electrical pulse applied only during the defocusing period
(experiment II) the spin echo signal acquires an additional,
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FIG. 2. Pulsed ESR sequences for measuring Stark effect in
the 28Si:Sb epilayer. (a) Two microwave pulses, with rotation
angles 7/2 and 7 and a constant interpulse delay 7, generate a
Hahn echo signal at time 27. (b) Voltage pulses applied between
gates G1 and G2 (Fig. 1) are time correlated with the microwave
pulses.

uncompensated phase:
ou, = Av(E)T = [Ag(E)BBy + Aa(E)M;]r/h, (1)

where Av(E) is the Stark shift of the electron spin reso-
nance frequency with individual terms for spin-orbit Ag(E)
and hyperfine Aa(E) interactions. Experiment III is a
control to verify that the Stark-induced phase shifts are
fully refocused when a long uniform electrical pulse is
applied to cover both defocusing and refocusing periods.
In addition, we designed experiments IV and V with bipo-
lar electrical pulses to resolve linear and quadratic Stark
terms. First, by flipping the sign of the electric field mid-
way through the 7 period, precession phase shifts that
depend asymmetrically on the field are refocused and
only symmetric (quadratic) Stark shifts are accumulated
with pulse sequence IV. Alternatively, in experiment V
pulses of opposite polarity and equal duration are applied
during the defocusing and refocusing periods which selec-
tively detect only asymmetric (linear to lowest order) Stark
shifts. The original pulse sequence by Mims (experi-
ment II) accumulates phase shifts from both symmetric
and asymmetric Stark terms. Experiment VI is a differen-
tial extension of experiment I'V and is useful for measuring
large phase shifts.

Figure 3 illustrates the spin echo phase shift observed
using experiment IV. In this case, only quadratic Stark

176404-2



PRL 97, 176404 (2006)

PHYSICAL REVIEW LETTERS

week ending
27 OCTOBER 2006

2
] (a)

_ In-phase
s 17
S ]
>
::% O _r(\/\/\t A/
C
-'g I I T I I
[ 171 ) In-phase
@ g M
% O “r. \M"\ﬁ
= Quadrature
L

-1 4

36 38 40 42 44
Time after n-pulse (us)

FIG. 3. Traces of the two-pulse (Hahn) echo signals measured
on the M; = +1/2 hyperfine line for 28Si:Sb at 6.2 K and the
interpulse delay 7 = 40 ws. In each plot the two signals repre-
sent the in-phase and quadrature channels of the microwave
quadrature detector. (a) No gate voltage is applied (sequence I)
and the detector is adjusted to produce a purely in-phase echo
signal. (b) A bipolar pulse, =2 V, is applied (sequence 1V)
during the defocusing period, and the echo signal rephases
with amplitudes in both the in-phase and quadrature channel,
corresponding to a phase shift of 49°.

terms, Ag(E) = n,gE* and Aa(E) = n,aE?, should be
used in Eq. (1), with parameters 7, and 7, defining the
strength of the Stark effects on the electron g factor and the
hyperfine coupling constant, respectively. Because the in-
terdigitated gate structure yields a distribution of electric
fields at donor sites [Fig. 1(b)], the ensemble of donor
electron spins experiences a distribution of Stark-induced
phase shifts. We average over the calculated field distribu-
tion to model the phase and magnitude of the spin echo
signal.

The main results of this work are summarized in Fig. 4
by plots of echo phase shifts versus voltage of the electrical
pulses in experiment IV. Phase shifts are measured on four
hyperfine lines in the '*!'Sb spectrum, M; = =1/2 and
+5/2, allowing the estimation of individual contributions
from the spin-orbit and hyperfine Stark effects. As seen in
Eq. (1), phase shifts arising from the hyperfine Stark effect
scale with M, whereas the spin-orbit Stark effect is equal
for all lines. Thus, the observation of nearly equal and
opposite phase shifts for lines M; = +5/2 and —5/2
[Fig. 4(b)] shows that the hyperfine Stark effect dominates
for these high M, projections. The slight phase shift asym-
metry observed for lines M; = +5/2 and —5/2 is more
pronounced for lines M; = +1/2 and —1/2 [Fig. 4(a)],
where the hyperfine shift is reduced by a factor of 5. This
asymmetry shows that the spin-orbit and hyperfine Stark
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FIG. 4. Phase shift of the echo signal plotted as a function of
the applied gate voltage for 8Si:Sb at 6.2 K. Bipolar electrical
pulse sequences IV and VI [Fig. 2(b)] were used with interpulse
delay 7 =40 us. Data (points) and numerical fits (lines) are
shown for the M; = =1/2 (a) and M; = *=5/2 (b) hyperfine
lines of the six line ESR spectrum of '2!Sb. Note that phase shifts
for the M; = *=5/2 lines are extended beyond 1.5 V with the
differential voltage sequence (experiment VI). For the M; =
—1/2 line, the data in the 2—3 V range were obtained using both
the standard bipolar (IV) and differential (VI) voltage sequences.
The small oscillations in the calculated curves arise from the
second, higher field peak in the electric field distribution
[Fig. 1(b)].

shifts have the same sign and add constructively to produce
a greater phase shift for M; = —5/2 and —1/2, and the
two effects tend to cancel each other resulting in a smaller
phase shift for M; = +1/2 and +5/2. From the signs of
the echo phase shifts we deduce that the hyperfine Stark
effect corresponds to a decrease in hyperfine coupling, 4,
and the spin-orbit Stark effect corresponds to a decrease in
the electron g factor value. Fits for the four M; projections
shown in Fig. 4 are calculated using the same Stark hyper-
fine and spin-orbit parameters: 1, = —3.7 X 107 and
ng = —1x 1073 (in wm?/V?). In addition to electron
spin resonance tuning, the hyperfine Stark parameter, 7,,
also measures the spin resonance shift of the donor nucleus
[1]. Repeated measurements establish an uncertainty of
*10% for hyperfine and =20% for spin-orbit parameters.

Tetrahedral symmetry at the donor sites in silicon re-
quires the Stark effects to be quadratic to lowest order.
However, using electrical pulse sequence V we observed
linear Stark effects evidenced by a decrease of echo mag-
nitude with no shift in echo phase. These linear Stark
effects imply asymmetries at individual donor sites with
the average asymmetry over the donor distribution being
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zero. We speculate that the asymmetries at donor sites arise
from local strain fields which are probably dominated by
the lattice mismatch between 28Si and natural silicon with
contributions from random defects. Lattice mismatch
strain in *8Si epiwafers similar to those used in this work
has been evidenced in recent photoluminescence experi-
ments [15] and strain in the silicon is known to shift the
donor electron spin resonance [16]. Because of a lack of
quantitative information about the sample’s strain distribu-
tion, we do not attempt to quantify the observed linear
Stark terms, but their existence suggests the importance of
controlling strains for precise spin resonance tuning via the
Stark effect.

The measured Stark parameters can be used to evaluate
spin decoherence due to the Johnson noise in control gates
of a Kane-like QC architecture. At an electric field which
shifts the resonance by one linewidth (~1 V/um), a 1 k)
room temperature circuit resistance, and the donor em-
bedded in a 0.1 wm thick Si layer between control gates,
we calculate a decoherence time, 7, (following Wellard
and Hollenberg [17]), of over 10° seconds.

In conclusion, this study resolves two quadratic Stark
effects for '>!'Sb donors in silicon. The measured hyperfine
Stark shift, n, = —3.7 X 1073 um?/V?, is smaller than
that predicted for 3'P donors, 1, = —2 X 1072 um?/V?
(as estimated from Fig. 2 in [6]). While calculations for
121Sb donors and the spin-orbit term have not yet been
done, one might expect 1, of 1>!Sb to be comparable to or
larger than 7, of 3'P, given the similar donor ionization
energy and larger hyperfine coupling for Sb. More work
will be needed to understand the differences between
predicted and measured hyperfine shifts and to address
the spin-orbit shift.

The ability to Stark tune the spin resonance is an integral
and previously unmeasured parameter of Kane model do-
nor spin QC architectures. Spin resonance shifts for '>!Sb
donor electrons are found to be small at the moderate
electric fields used in this work; a maximum shift of
25 kHz was observed when average electric fields of
~0.1 V/um were applied with M; = =5/2. The hyper-
fine shift alone is enough to tune the ESR line about its
width at a field of 1 V/um, which is below the field at
which calculations predict donor ionization [6] and pos-
sible to obtain if donor impact ionization is controlled by
dilute doping and short intergate distances. Also, assuming
7, 18 independent of By, the spin-orbit Stark effect will
scale linearly with B, and will be the dominant shift
mechanism at high magnetic fields, allowing for larger
resonance shifts at lower electric fields. Alternatively, at
specific magnetic fields and nuclear spin projections, e.g.,
By = 1.25 T for M; = +1/2, the hyperfine and spin-orbit
Stark effects will cancel causing the electron spin reso-
nance frequencies to be independent of electric field.
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