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Stark shift and field ionization of arsenic donors in 22Si-silicon-on-insulator
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We develop an efficient back gate for silicon-on-insulator (SOI) devices operating at cryogenic
temperatures and measure the quadratic hyperfine Stark shift parameter of arsenic donors in
isotopically purified ®Si-SOI layers using such structures. The back gate is implemented using
MeV ion implantation through the SOI layer forming a metallic electrode in the handle wafer,
enabling large and uniform electric fields up to 2 V/um to be applied across the SOI layer. Utilizing
this structure, we measure the Stark shift parameters of arsenic donors embedded in the *Si-SOI
layer and find a contact hyperfine Stark parameter of 1,=—1.9 = 0.7 x 1072 um?/V2. We also
demonstrate electric-field driven dopant ionization in the SOI device layer, measured by electron
spin resonance. © 2014 AIP Publishing LLC. [http://dx.doi.org/10.1063/1.4876175]

Shallow donors in silicon are promising candidates for
spin-based quantum information processing.' Although it
has been known for decades that the coherence times of do-
nor spins are relatively long at cryogenic temperatures,”™
recent measurements with improved instrumentation, better
understanding of the decoherence mechanisms and the avail-
ability of ultra high purity isotopically enriched nuclear spin-
free 2%Si crystals have led to dramatic improvements of the
measured spin coherence times, exceeding seconds for phos-
phorus and bismuth donor electron spins.”® Furthermore, the
nuclear spin coherence times of ionized phosphorus donors
have been found to exceed hours at cryogenic temperatures
and 39 min at room temperature.’ In addition to possessing
extraordinary long spin coherence times, both the donor elec-
tron and nuclear spins can be read-out in a single shot®'® at
the single-atom level.

A number of challenges remain in building on these
advances to realize a scalable donor-based quantum comput-
ing architecture. Some such architectures require local
addressability of donors under global microwave excitation,
achieved, for example, by using electric fields to tune donor
spins in and out of resonance using the Stark shift." As well
as being a prerequisite for assessing the feasibility of such
approaches, precise measurements of the donor Stark shift
are also critical to aid our understanding and ability to model
the donor energy levels accurately when embedded in nano-
scale devices where large electric fields are usually present.'’
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In addition, measurements of ionized donor nuclear spins to
date have relied on optical or thermal ionization proc-
esses.”'? It is therefore desirable to develop a method, appli-
cable to an ensemble, which achieves more controllable
donor ionization and subsequent neutralization.

The first measurement of the Stark shift parameters for
shallow donors was reported using electron spin resonance
(ESR) of '?'Sb donors residing between interdigitated metal-
lic electrodes evaporated on the silicon surface.'® The geom-
etry resulted in a non-uniform distribution of the electric
field for the donor ensemble. In addition, the maximum elec-
tric field that could be applied was below 1 V/um, limited by
leakage currents between the electrodes in high-field regions.
A parallel-plate capacitor-like structure, in principle, allows
the application of uniform electric fields across the silicon
and reduces the probability of having leakage currents.
However, the voltage required to bias across the silicon sub-
strate would need to be in the order of 100 V to obtain appre-
ciable Stark shifts for typical wafer thicknesses of 500 um.

In this work, we develop devices for ensemble measure-
ments utilizing silicon-on-insulator (SOI) substrates, where
the donors of interest are embedded in the thin SOI layer.
We implement a back gate using high energy ion implanta-
tion into the handle wafer, which allows the efficient applica-
tion of uniform and large electric fields across the SOI layer
for both Stark shift measurements and controlled ionization
of the dopants. This provides a platform for ensemble spin
resonance measurements on electrically ionized and re-
neutralized donor nuclear spins.

The SOI substrates consisted of 100nm thick p-doped
(~10 Q cm) natural silicon ("*'Si) with (100) orientation
(SOITEC), and a similarly p-doped (~15 Q cm) handle

© 2014 AIP Publishing LLC
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wafer underneath which normally freezes out at cryogenic
temperatures. 100nm thick isotopically purified 99.92%
28-silicon (*®Si) was epitaxially grown on the natural silicon
SOI wafer (Lawrence Semiconductors), forming the
88i-SOI device layer. In order to create an effective
back-gate for realizing a parallel plate geometry, a high
energy boron (B) implantation of 4MeV at a dose of
2.2 x 10"/cm? was performed, with almost all dopants
implanted through the device and the 200 nm thick buried
oxide (BOX) layers, peaking at 5 um down from the handle
wafer-buried oxide interface. The peak B concentration of
3 x 10"/cm? is above the metal-insulator transition, ensuring
that the p+ region in the handle wafers remains metallic
even at cryogenic temperatures. The added B concentration
in the SOI layer resulting from the high energy implant is
expected to be less than 1 X 10"/cm® from device process
simulations, and the lattice damage in the SOI layer is
expected to be minimal due to ion channeling and most lat-
tice damage is expected to be incurred at end-of—range.14 A
10nm silicon dioxide was subsequently grown on the SOI
layer by dry oxidation at 900 °C. This oxidation step acti-
vated the implanted B and also reduced lattice damage in the
handle wafer induced by the MeV implants.

The *Si-SOI layer was then implanted with arsenic dop-
ants ("*As) at 110keV at a dose of 4 x 10''/em? with 7° tilt.
Arsenic was chosen to minimize dopant diffusion from the
8Si layer to the natural silicon layer during thermal activa-
tion. In addition, the As nuclear spin of /=23/2 allows the
clear elucidation of the contribution from the contact hyper-
fine induced Stark shift. The resulting peak donor concentra-
tion is located approximately 60nm away from the dry
oxide-SOI layer interface. 360 nm of low temperature oxide
was subsequently deposited at 450° to reduce the probability
of gate leakage in the large-area device required for ensem-
ble measurements. The dopants were then activated by rapid
thermal annealing at 900° for 10s in a nitrogen ambient. We
found significant dopant pile up towards the dry oxide as
measured by secondary ion mass spectroscopy, which shows
an As concentration of 4-5 x 10'°/cm? in the top 50 nm of
the 2%Si epitaxial layer but drops to ~1 x 10"%/cm® at the
"Si-BOX interface, hence 90% of the implanted donors re-
side in the **Si layer.

In order to access the deeply implanted p+ back gate in
the handle wafer, contact windows were made by etching
through the oxide layers and SOI layer. A Bosch etch pro-
cess'” was then carried out to etch 5 um down the handle wa-
fer. After native oxide removal by hydrofluoric acid, Ti/Au
metallic layers were subsequently deposited to form both the
contacts to the p+ back gate and defining the top gate elec-
trode. The top gate electrode covers an area of 21 x 2.6 mm?”
with approximately 2 x 10" donors underneath. A forming
gas anneal (90% N,, 10% H,) at 350 °C for 20 min was then
carried out to passivate the silicon-silicon dioxide interfaces
in the structure. A schematic and the cross section of the final
device structure are shown in Fig. 1.

Capacitance-voltage (CV) measurements at cryogenic
temperatures reveal a gate capacitance of 1.9 nF/cm?, in
good agreement with the geometry of the device with the top
5 um of the silicon handle wafer being insulating. The capac-
itance is essentially constant within the gate voltage (<2 V)
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FIG. 1. Schematic of the 2*Si-SOI device with a p+ back gate formed by
MeV ion implantation. Inset: Cross-section of the device. 90% of the °As
donors reside in the epitaxially grown *Si region of the SOI layer.

and pulse speed (10 us) used in this study. Frequency de-
pendent CV measurements indicate that hole accumulation at
the handle wafer-BOX interface was only achieved at low
frequencies (<1 kHz), and on some devices only at tempera-
tures greater than the carrier freeze-out temperature. We
speculate that this is due to residual lattice defects in the han-
dle wafer with sufficient trap density to prevent holes from
the p+ back gate migrating to the interface efficiently.
Hence, the electric field strength is calculated assuming a
metallic parallel-plate capacitor geometry, with dimensions
as shown in the inset of Fig. 1.

All ESR measurements were carried out with a pulsed
X-band (x~9.8GHz and B~0.34T) ESR spectrometer
(Bruker Elexsys 580). A continuous wave ESR linewidth of
0.01 mT (0.3 MHz) for the As donor was measured at 20K, a
factor of ~240 narrower than the known linewidth in "*'Si. In
addition, an electron spin coherence time 7, =0.3 ms was
observed at 2K, limited by instantaneous diffusion through
dipole-dipole interactions between donor spins at concentra-
tions of 4 x 10'®/cm>> Both of these observations confirm
that the signal mostly arises from dopants residing in the **Si
layer and that the SOI layer has a low defect density. All
measurements discussed hereafter were performed at 15K,
unless stated otherwise.

Our parallel plate structure permits a uniform electric
field to be readily applied to the As donors. Under small
applied voltages, the donor remains neutral at low tempera-
tures, however, the electronic wavefunctions are distorted,
causing a change in the contact hyperfine interaction and
spin-orbit coupling strengths, hence inducing a Stark shift.
We investigate the As Stark shift parameters using a Hahn
echo pulse sequence, and we detect the frequency shift of the
donors by examining the change in the Hahn echo signal
phase as the applied voltage (electric field) is varied.'® In all
cases, the static magnetic field By is aligned along the (110)
axis, and orthogonal to the direction of the applied DC elec-
tric field E.

We use a bipolar voltage pulse sequence (sequence IV
in Ref. 13), where voltages of opposite sign but equal ampli-
tude are applied successively during the defocusing phase of
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the Hahn echo sequence. The synchronization of the micro-
wave and voltage pulses is shown in Fig. 2(a). The advantage
of using a bipolar pulse sequence over a unipolar pulse
sequence (containing only voltage pulses of the same sign) is
that ambiguities arising from built-in electric fields cancel
out. The donor resonant frequency shift Af,, for a given ESR
line corresponding to nuclear spin m, due to the applied
electric field of magnitude |E| is given by'?

Afml = <%) (naaml + ngg:uBB)EQ? (1)
where 1, is the hyperfine induced Stark parameter, 7, is the
spin-orbit induced Stark parameter, 4 is Planck’s constant,
and pp is the Bohr magneton, while a and g are the hyperfine
interaction strength and electronic g-factor, respectively. For
As donors, a=819neV and g= 1.99837.> We have
neglected linear Stark shift terms (x E) which are much
smaller compared with the quadratic effects in silicon,'*'®
and linear terms cancel out with the bipolar voltage
pulses used. With such a frequency shift, a voltage (electric
field) pulse of duration 7 then induces a phase shift Ag,,
= 2nAf,, 7 for the Hahn echo signal.

All measurements were carried out with microwave
pulse delays of to=15us, and the voltage pulses for each
polarity are 5 us long (total 10 us voltage pulse for each mea-
surement). A two step phase cycling (+X, +X and +X, —X)
for the microwave pulses is used to remove spurious back-
ground signals. Figure 2(b) shows the reference echo signal
and Fig. 2(c) shows the phase shifted echo signal under an
applied electric field of £=0.22V/um for the m;=+3/2
line. The echo phase shifts extracted from the echo signals
for the four different hyperfine-split lines are converted to
frequency shifts and shown in Fig. 2(d). The solid lines rep-
resent quadratic fits to the data as defined by Eq. (1). We find
the contact hyperfine term 1, = —1.9 = 0.7 x 1073 yum?/V?
and the spin-orbit term 1, = 5% 15 x 107 yum*/V2. The
spin-orbit shift is very weak compared with the hyperfine
shift under our experimental conditions with relatively mod-
erate magnetic fields'*'” and cannot be determined accu-
rately within experimental errors. Indeed, fitting the data
while neglecting the spin-orbit term results in virtually no
change to the contact hyperfine value.

At the highest electric field used in the Stark shift meas-
urements (0.22 V/um), we find that the echo signal intensity

is already reduced (Figs. 2(b) and 2(c)). The ESR signal in-
tensity decays further with increased electric fields due to the
onset of dopant ionization, and 2 V/um is sufficient to com-
pletely field-ionize the donors, as shown in Fig. 3. Removing
the electric field causes the electron spin echo to reappear
(i.e., re-neutralization of the donors) on a timescale of ~1 us,
limited by the RC constant of the device. The results of elec-
tric field-controlled dopant ionization on the nuclear spin co-
herence times will be reported in a subsequent publication.
The As dopant density used in this study corresponds to
a mean donor-donor separation of approximately 40nm,
which is close to the upper limit of exchange-based entangle-
ment schemes for donor qubits. At these concentration lev-
els, the spin coherence time is limited by direct dipole-dipole
interaction amongst the donors.” We note that in a perfectly
planar device architecture the dipole-dipole interaction can
be removed by applying the magnetic field at the magic
angle.'® However, the linewidths are still dominated by inho-
mogeneous broadening, which is about 0.2 MHz in the high-
est quality *®Si material, implying an electric field of the
order of 1 V/um is needed for shifting an entire ESR line out

008 T T T T

0.06

0.04

0.02

0.00 .

ESR Signal (a.u.)

-0.02f
E=0V/um

-0.04

337 338
Magnetic Field (mT)

00655 339

FIG. 3. Continuous wave ESR signal of the m; =+3/2 signal with constant
voltage (lower) E=0V/um and (upper) £ =2 V/um measured at 18 K, off-
set for clarity.
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of resonance as previously noted."® Our results indicate that
some donors are already ionized by moderate electric fields,
within range of theoretical calculations'® and direct electrical
measurements.”” This underlines the difficulty of Stark tun-
ing of donors relying on the hyperfine term alone. At higher
magnetic fields, when the spin-orbit term becomes appreci-
ably larger,"” or by inducing additional strain in the sam-
ple,?! larger Stark shifts can be induced to circumvent this
issue.

In summary, we have investigated arsenic donor spins
under the influence of applied electric fields with pulsed
electron spin resonance. The arsenic donors are embedded
in isotopically purified 28-S0l parallel-plate structures
formed between a metallic top gate and MeV implanted back
gate. We measured the Stark shift of the donors by applying
electric fields below the ionization threshold of the dopants,
and find a  hyperfine Stark shift parameter of
Na=—19%0.7x 107 um?*/V?.
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