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Improved Placement Precision of Donor Spin Qubits in

Silicon using Molecule lon Implantation

Danielle Holmes,* Benjamin Wilhelm, Alexander M. Jakob, Xi Yu, Fay E. Hudson,
Kohei M. Itoh, Andrew S. Dzurak, David N. Jamieson, and Andrea Morello

Donor spins in silicon-28 are among the best performing qubits in the solid
state, offering unmatched coherence times, gate fidelities beyond 99% and
the ability to fabricate arrays using deterministic ion implantation. Donor
placement precision is improved upon, advantageous for qubit readout and
coupling, by implanting molecule ions that carry bystander atoms to boost the
detection confidence. Here, the suitability of phosphorus difluoride (PF,)
molecule ions is demonstrated to fabricate 3'P donor qubits. Using secondary
ion mass spectrometry, it is confirmed that '°F (nuclear spin I = 1/2) diffuses

1. Introduction

Semiconductor spin qubits!? are ap-
pealing platforms for the construction
of scalable quantum computers. On the
classical engineering side, they offer com-
patibility with standard semiconductor
microelectronics manufacturing processes;
on the quantum side they have recently
crossed the threshold of one- and two-qubit

away from the implant site while 3'P remains close to its original location
during a donor activation anneal. Electron spin resonance measurements are
then performed on PF,-implanted qubit devices. A pure dephasing time of
T; = 20.5 + 0.5us and a coherence time of T}®"" = 424 + 5us are extracted
for the P donor electron- values comparable to those found in conventional
atomic 3'P-implanted qubit devices. Additionally, the P donor electron is not
found to hyperfine couple to any '°F nuclear spins in its vicinity. Molecule
ions therefore show great promise for producing high-precision
deterministically-implanted arrays of long-lived donor spin qubits.
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logic gate fidelities exceeding 99%.03-¢]
Among the possible physical qubit imple-
mentations in semiconductors, donor (also
referred to as ‘dopant’ or ‘impurity’) atoms
in silicon were the first to be proposed!”! and
experimentally demonstrated®® as spin
qubits. With the introduction of an iso-
topically enriched ?2Si host matrix, which
possesses a significantly reduced residual
2Si content (< 0.1%(1%), donor spin qubits
have achieved extraordinary values of spin
coherence times, both in bulkl'!? and
in single-atom nanoscale devices.')l As
eloquently stated in a recent review,'*] ‘Impurity spins hold
record coherence times in each category where data for them ex-
ist’.

The key challenge for donor spin qubits is the development of
fabrication methods to place and control individual atoms with
sufficient precision, within scalable nanoelectronic structures.
There exist two different ways to do so. One involves the use
of scanning tunneling microscope (STM) lithography!*>1¢! to de-
fine a hydrogen mask through which phosphine (PH,) molecules
are absorbed onto Si, and the P atoms are subsequently incor-
porated in the crystal. This method yields sub-nanometre place-
ment precision, and a very clean crystalline environment for the
spins,['’] but typically results in multiple P atoms incorporated in
tightly-spaced clusters.['®] The other, adapted from the classical
semiconductor industry,"! involves the implantation of individ-
ual dopant atoms into the crystal.[22!] This method retains com-
patibility with the standard metal-oxide-semiconductor (MOS)
fabrication workflow, and has been developed to deterministi-
cally implant single 3'P dopants sub-25 nm deep with =~ 99.9%
detection confidence.[??] All demonstrations of coherent single-
atom spin control to date have been achieved with ion-implanted
donors.[?3] However, ion straggling typically causes >10 nm un-
certainty in the final placement position of 3!'P, which calls for
creative ways to design two-qubit logic gates that are insensitive to
such uncertainty.*2%! In this work, we demonstrate a technique
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that reduces the straggle-related dopant placement uncertainty
upon implantation without compromising on the single ion de-
tection confidence. The presented approach enables donors to be
located closer to the gate oxide interface with an increased tun-
nel coupling to the single electron transistor (SET), resulting in
a faster qubit readout and initialization.

In order to produce ultra-scaled arrays of implanted donor
spin qubits required for quantum error correction architectures
in fault-tolerant quantum computers, a high single ion detection
confidence is essential to ensure the accurate counting of donor
ions into the Si substrate. This requirement poses a formidable
challenge, since a low ion implantation energy (~ 8 — 20 keV) is
required to place donor qubits in close proximity to the gate oxide
interface (= 7 — 20 nm) for reliable spin readout via tunneling to
an SET and electrostatic tuning by surface nanoelectronics.[22%”]
Low ion implantation energies generally reduce the detection sig-
nal, which consists of the charge induced by the generation of
electron-hole pairs by the electronic stopping processes of the ion
as it slows down in the Si substrate. The detection confidence of
a single implanted ion is determined by the signal-to-noise ra-
tio of this ion beam induced charge (IBIC) signal pulse. Recent
advances in single ion detector design, materials quality and low-
noise electronics have led to the demonstration of detection fideli-
ties up to 99.85% for single implanted P donors at an energy of
14 keV.[22] However, the placement of donors closer to the surface
and the reduction of straggle requires an even lower implant en-
ergy.

Here, we demonstrate the use of molecule ions as a way to
retain large implantation energies, and thus IBIC signals, while
reducing the implantation depth and straggle of the donor qubit.
Molecule ions are commonly used in the microelectronics indus-
try for the formation of ultra-shallow junctions, crucial in the fab-
rication of MOS field-effect transistors with decreasing device di-
mensions for increased component density. For example, boron
difluoride (BF,) molecule ions are favored over atomic boron (B)
ions to produce shallow implanted p-type regions in Si due to
their smaller projected range, their ability to induce amorphiza-
tion of Si to suppress ion channeling!?®! and to eliminate damage
during solid-phase epitaxial regrowth[?3% and the ability of the
co-implanted F to reduce boron transient enhanced diffusion.?!!

In this work, we employ phosphorus difluoride (PF}) molecule
ions to fabricate P donor qubits, shown schematically in Figure 1.
The P donor carries a fraction of the molecule ion’s energy in
proportion to its mass. Upon impact, the molecule ion breaks
apart since the implant energy is much larger than the molecu-
lar binding energy, effectively co-implanting separate atomic ions
at the same exact impact site. P donors can be placed to a depth
of ~ 15 nm below an 8 nm gate oxide, suitable for spin initializa-
tion and readout, by implanting PF} molecule ions at an energy
of 19.5 keV. Under these conditions, the P donor carries an en-
ergy of = 9 keV, resulting in a low straggle of < 8 nm. The F by-
stander ions within the molecule ion carry the remaining energy,
and have been shown to boost the IBIC signal further above the
noise threshold of the detector.*!

Fluorine nuclei have a spin (I = 1/2) and a large gyromag-
netic ratio. Spin fluctuations of F nuclei close to the P donor
qubit (i.e. at distances of order the Bohr radius, 1.8 nm for P in
Si331) would cause perturbations in the local magnetic field at the
donor site, resulting in a time-varying qubit resonance frequency
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Figure 1. A donor spin qubit device fabricated using the implantation of
PF molecule ions. The bystander 9F jons diffuse away from the active

region of the device upon a donor activation anneal, while the 3'P donor
qubit remains close to the original stopping location.

and consequent reduction of the electron spin coherence time.**)
Fortunately, F is known to be an ultra-fast diffuser in Si.3%] We
show that F diffuses away from the active region of qubit devices
while the P donors remain close to their original location during a
donor activation anneal, using secondary ion mass spectrometry
(SIMS).

For the first time, we demonstrate the operation of a donor
qubit produced using the implantation of a molecule ion. The
suitability of PF, for making long-lived P donor qubits was con-
firmed by fabricating PF,-implanted qubit devices and perform-
ing electron spin resonance (ESR) measurements. The P donor
electron was not found to couple to any F nuclear spins.

2. Experimental Section

Intrinsic crystalline Si substrates were implanted with PFj
molecule ions with various implantation energies and fluences
using a Colutron ion implanter with a gas source consisting of
5% PF; diluted in 95% Ar, as summarised in Table 1. Samples
were implanted at room temperature, with a beam line pressure
of ~ 5 x 1078 Torr and a substrate tilt of 7° relative to the incident
beam axis to suppress ion channeling.

Table 1. Implant parameters for the samples measured in this work.

Sample A Sample B Sample C
Implant species PFy PF PFy
Implant energy 20 20 19.5
(keV)
Implant fluence 3x10™ 3x10™ 2x 10"
(em?)
Anneal None 1050, 5, Ar 1000, 5, N,
(°C, s, ambient)
Measurement SIMS SIMS ESR

© 2024 The Authors. Advanced Quantum Technologies published by Wiley-VCH GmbH
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To determine the diffusion of P and F in Si due to a rapid
thermal anneal (RTA), samples A and B were measured using
SIMS. To produce samples A and B, intrinsic natural < 100 > Si
substrates with a native oxide surface layer were implanted with
20 keV PF; ions at a fluence of 3 x 10" cm™2. This implanta-
tion results in a peak concentration of P and F of 1.5 x 10 cm ™3
and 3 x 102 cm™3, respectively, at a depth of ~ 15 nm below the
surface. The implant fluence was chosen to ensure the P and F
concentrations are well above the minimum detectable limit for
SIMS analysis and is around three orders of magnitude higher
than those employed for qubit fabrication. Sample A was left as-
implanted, while sample B was annealed at 1050 °C for 5 s in an
argon atmosphere. Due to the shallow implant profile, both sam-
ples were capped with a 50 nm Pt layer to increase the accuracy
of the SIMS analysis near the Si surface. The details of the SIMS
measurement is provided in the following.

To determine the suitability of PF, molecule ions for produc-
ing long-lived P donor qubits, sample C had a nanoelectronic
qubit device fabricated on-chip to perform ESR of the P donor
qubit. To produce sample C, a 2Si epilayer with a high quality
8 nm gate oxide was implanted with 19.5 keV PF; ions at a flu-
ence of 2 x 10'' cm~2 through a 100 um diameter aperture into
a 90 nm X 100 nm implant window. This implantation results
in a peak concentration of P and F of ~ 1.1 x 10" ¢cm™ and
~ 1.9% 10" cm™ and an average implanted depth of ~ 8 and
~ 7 nm below the Si/SiO, interface, respectively. This sample was
then given an RTA at 1000 °C for 5 s in a nitrogen atmosphere.
Surface nanoelectronics were then fabricated as standard for our
qubit devices using multiple layers of electron beam lithography
and aluminium deposition. This device was then packaged and
cooled to around 19 mK in a dilution refrigerator. Details of the
ESR measurements are provided in the following.

3. Minimizing Qubit Placement Uncertainty

In supporting work, we found that 9 keV P* ions implanted into
on-chip single ion detectors resulted in a detection confidence
of ~ 98.6%.1°%) This implantation energy can be simulated us-
ing the Stopping and Range of Ions in Matter (SRIM) Monte-
Carlo model®® to have an average range of ~ 16 nm below the
sample surface and a longitudinal straggle of ~ 8 nm. If we in-
stead utilize PF; ions, implanted at an energy of 19.5 keV to
maintain the fraction of energy carried by P to be = 9 keV, we
could boost the detection confidence to over 99.95%. This re-
sult clearly shows the ability of the bystander F ions to shift the
IBIC signal further above the noise floor of the detector with-
out increasing the average implanted range or straggle of the
P donor.

Without the use of molecule ions, to achieve a detection confi-
dence of ~ 99.95%, we would require a P implantation energy of
~ 15 keV. This increased energy would result in an increased av-
erage implanted range of ~ 24 nm and an increased longitudinal
straggle of ~ 11.5 nm, with a distribution shown in Figure 2a sim-
ulated by implanting 200,000 P ions in Si at an energy of 15 keV
using SRIM. The corresponding simulated P distribution that re-
sults from the implantation of 19.5 keV PF, molecule ions, ap-
proximated by implanting 200,000 8.757 keV P ions, is shown in
Figure 2b. In addition, Crystal-TRIM simulations!??%’] were per-
formed to account for ion channeling down crystallographic axes
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Figure 2. SRIM simulation of the P ion distribution resulting from the im-
plantation of a) 15 keV P* ions and b) 19.5 keV PF; ions into Si. The color
scale represents the probability distribution of the P donors. Effects from
ion channelling were neglected.

of Si. These show that 35.5% (11.6%) of 15 keV (8.757 keV) P ions
that are transmitted through an 8 nm SiO, layer end up deeper
than 20 nm below the oxide interface, out of the readout range
for a surface SET. These simulations showcase the ability of PF,
molecule ions to minimize the donor qubit implantation depth
and placement uncertainty without compromising on the single
ion detection confidence.

The reduced donor placement uncertainty has positive impli-
cations on the scalability of deterministically implanted arrays of
donor spin qubits in Si. For the case of flip-flop qubits, the lateral
placement precision is unimportant, since the electric dipole me-
diated coupling has a strength that can be held constant over a
wide range of inter-donor separations (x~ 180 — 500 nm) by elec-
trically tuning the electron wavefunctions involved.?! However,
the vertical placement precision is key to their operation, since it
determines the electron tunnel coupling between the donor and
the interface potential wells. This will be substantially improved
by PF, molecule implants. For electron spin qubits, we have re-
cently demonstrated entangling two-qubit logic gates based on
the exchange interaction,*®! using a method that does not re-
quire atomic precision in the relative donor placement,?*! as
long as the exchange coupling is smaller than the hyperfine in-
teraction (~ 100 MHz) and larger than the electron spin reso-
nance linewidth (= 10 kHz). Improving the placement precision
by using PF, molecule implants will further increase the yield
of donor pairs located within the useful range for the exchange
interaction.®”’

4, Fast Diffusion of Fluorine

As standard practice after the implantation of P donor qubits,
samples are given a rapid thermal anneal at 1000 °C for 5
s in a nitrogen atmosphere. This is to repair the damage to
the Si crystal caused by ion implantation and to ensure that
the P donor is substitutional in the Si lattice and electrically
active.*0*1] The diffusion of both P and F dopants in Si as a re-
sult of this rapid thermal anneal was determined by measuring
the concentration depth profiles with SIMS, before and after
annealing.

Samples A and B were analyzed with time-of-flight secondary
ion mass spectrometry (TOF-SIMS) in negative polarity by Bi*

© 2024 The Authors. Advanced Quantum Technologies published by Wiley-VCH GmbH
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Figure 3. SIMS measurements show the concentration of P and F as a
function of depth below the Si surface for a) sample A and b) sample B.
The colored dashed lines show the depth profiles of P and F simulated
using SRIM for an implantation of 20 keV PF, at a fluence of 3 x 10
cm™2. The black dashed line in b) shows the background F concentration
present in sample B outside of the implanted region.

ions at 30 keV, sputtered by Cs™ ions at 500 eV. The concentra-
tion of both P and F as a function of depth below the Si surface,
before and after the RTA required for donor activation, is given
in Figure 3.

The implantation profiles of both F and P before the RTA
are given in Figure 3a. The measured concentration profiles are
in good agreement with the simulated profiles produced using
SRIM (dashed lines) in the near-surface region up to a depth of
~ 30 nm. The simulated concentration of F and P is lower than
measured at greater depths due to the SRIM simulation not tak-
ing into account ion channelling into the crystalline Si target.

The P depth profile, measured by SIMS and shown in
Figure 3b, shows two noticeable features that appear after the
RTA. First, a sharpened concentration peak at ~# 9 nm below the
Si surface resulted from an outdiffusion of P toward the surface.
Second, a tail extended beyond ~ 100 nm deep resulting from an
indiffusion of P donors toward greater depths below the Si sur-
face. The first feature is caused by transient enhanced diffusion
(TED), whereby the elevated presence of self-interstitials, i.e., Si
atoms occupying non-lattice sites, introduced to the crystal by
damage caused by ion implantation enhances the diffusion of
P.[2] In TED, a large interstitial gradient arises during anneal-
ing due to interstitial recombination at the oxide interface. This
generates a large flux of interstitials toward the interface, driving
P in the same direction through a kick-out mechanism.[*3! For the
second feature, the ‘boxlike’ nature of the indiffusion tail is char-
acteristic of the chemical pumping of interstitials into the bulk
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during annealing by the high concentrations of P near surface,
in turn enhancing P diffusion.[**) However, both diffusion mech-
anisms are greatly reduced in donor qubit devices. This is due
to the donor implantation fluence being more than three orders
of magnitude lower, resulting in a significantly reduced concen-
tration of interstitials/**! and P donors,[**! respectively. The dif-
fusion length of P in donor qubit devices during a donor activa-
tion anneal is closer to the intrinsic diffusion length of ~ 2 — 3
nm!*®! and thus lower than the spatial straggling upon ion im-
plantation. In addition, the co-implantation of F has been shown
to reduce TED of P in Si.l**] This SIMS measurement therefore
demonstrates that the P diffusion during a standard RTA is as
expected from literature. It is commensurate with P donors re-
maining close to their implanted locations in the active region of
donor spin qubit devices when introduced using molecule ions.

On the contrary, Figure 3b shows that F atoms diffuse signifi-
cantly away from their as-implanted profile during the RTA. In
fact, the concentration of F found in the active near-surface
region of a donor qubit device after annealing is identical to
the background "F level, measured in a region where no PF;
ions were implanted (black dashed line in Figure 3b)). Hence,
this measured F profile exclusively results from F contam-
ination in the sputter-deposited Pt capping layer that is for-
ward recoiled into the Si substrate during the SIMS measure-
ment. Fluorine implanted at low energies and fluences has been
shown to outdiffuse to the Si surface where it outgasses, reduc-
ing the amount of F present in the sample.[*} Implanted F is
known to diffuse rapidly at temperatures above 550 °C, where
substitutional F is thought to dissociate into interstitial F and a
vacancy.l*’] The liberated interstitial F subsequently undergoes
ultra-fast diffusion through Si with an activation energy of only
~ 0.7 eV,[*8] distributing F throughout the entire Si sample at
concentrations well below the SIMS detection limit in seconds.
In qubit devices with a high quality gate oxide, a fraction of the
implanted F may be gettered at the Si/SiO, interface during an-
nealing. F has been shown to passivate dangling bonds at the
interface through the formation of Si-O-F and Si-F complexes,
which would have the beneficial effect of reducing noise in qubit
devices.[*]

The SIMS data shows that after the RTA required to activate
the implanted P donors, there is no additional concentration of
F in the active region of qubit devices due to the implantation of
PF; molecule ions. This result shows PF, molecule ions to be
a promising alternative to introducing long-lived P donor qubits
into Si devices via implantation as they should not contribute any
significant levels of spin-containing nuclei to the qubit environ-
ment.

5. 3P Donor Spin Qubit Measurements

To determine the suitability of PF, molecule ions for producing
high quality implanted *'P donor spin qubits, a nanoelectronic
qubit devicel®] was fabricated on the surface of sample C to oper-
ate one of the 3'P donors, introduced via PF, ion implantation,
as an electron spin qubit.[!l Sample C was mounted on the mix-
ing chamber of a dilution refrigerator, with a base temperature
~ 19 mK and an electron temperature ~ 150 mK. An external
magnetic field with strength B, ~ 1.4 T was applied along the
z-axis using a superconducting solenoid, resulting in a Zeeman
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splitting of the electronic and nuclear spin states. The Hamilto-
nian of the donor system can then be written as(®*!

N ~ PPN
H=y,BS, - y'B,It + ) A'81 (1)
k

where the donor electron and 3'P nuclear spins have gyromag-
netic ratios y, &~ 27.97 GHz/TP*% and y? ~ 17.23 MHz/T,*!! re-
spectively, and S, and I” are the electron and *'P nuclear spin
projection operators, respectively. The donor electron is hyper-
fine coupled to k nuclei residing within its Bohr radius, each with

a coupling strength A* and a nuclear spin I * This final term is of-
ten simplified to contain solely the hyperfine coupling between

the donor electron and the *'P nucleus, A*$.1". The hyperfine
couplings to other nearby nuclei, such as residual #°Si, are or-
ders of magnitude smaller’®?! and their effect is usually handled
as a source of decoherence.**!

Nanoelectronic structures on the surface of the chip provide
electrostatic control of the donors, create a single-electron tran-
sistor (SET) charge sensor, and deliver microwave and radio-
frequency signals through a broadband antenna (Figure 1). With
this set-up, we can perform single-shot electron spin readout,®’
and high fidelity (approximately 99.9%) single-shot quantum
nondemolition readout of the nuclear spins,®! as well as nuclear
magnetic resonance (NMR) and ESR®! on all spins involved.

The presence of a 3'P donor in our qubit device was first con-
firmed by acquiring an adiabatic ESR spectrum, as shown in
Figure 4a. The spectrum was obtained by sweeping the centre
frequency, f, of an applied microwave chirp signal designed to
adiabatically invert the electron spin,®* around y,B, ~ 39 GHz
and measuring the probability of the electron being found in the
spin up state. A high spin up proportion (‘ESR peak’) is measured
when the frequency range covered by the adiabatic sweep encom-
passes the ESR frequency. The two observed ESR peaks are split
by the hyperfine coupling to an I = 1/2 3P nuclear spin, with a
strength of AP ~ 115 MHz, which is close to the bulk value for
P donors in Si of 117.5 MHz.5%! Random switches are observed
between the two ESR peaks, corresponding to quantum jumps
of the nuclear spin state.’! No further splitting of ESR peaks due
to hyperfine coupling to additional nuclei was observed on this
scale since the adiabatic ESR spectrum shows a linewidth artifi-
cially broadened by the width of the frequency chirp, 3 MHz in
this case.

In order to assess the quality of the PF,-implanted donor
spin qubit, the donor electron pure dephasing time, T, and co-
herence time, T}*", were measured using Ramsey and Hahn
echo pulse sequences, respectively.®#!3] The Ramsey experiment
was performed using the pulse sequence given in the inset of
Figure 4b. Fitting the data with a sinusoidal Gaussian decay
yields an electron pure dephasing time of T, = 20.5 + 0.5us.
The Hahn echo experiment was performed using the pulse se-
quence given in the inset of Figure 4c. Fitting the data with
a sinusoidal Gaussian decay yields an electron coherence time
of T;‘ah“ = 424 + 5us. These values are comparable to previous
donor qubit devices implanted with atomic P ions that have been
measured in the same dilution refrigerator. While this result is
promising, it does not in itself prove that co-implanted F by-
stander ions do not negatively impact the P donor qubit since
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Figure 4. a) Adiabatic ESR spectrum ofa *'P donor electron in Si. Two ESR
peaks are visible with a splitting of # 115 MHz due to the hyperfine cou-
plingto the | = 1/2 nuclear spin of the 3'P donor. b) Ramsey measurement
on the 3'P donor electron with the corresponding pulse sequence shown
in the top right. The fit yields a pure dephasing time T; = 20.5 + 0.5us. c)

Hahn echo measurement on the 3'P donor electron with the correspond-
ing pulse sequence shown in the top right. The fit yields a coherence time
THa = 424 + Sps.

the donor qubit coherence time can depend on the details of the
specific device, dilution refrigerator, magnet, and measurement
setup.

The pulse sequence to detect weakly-coupled #Si or 1F nuclei
is given in Figure 5a. First, the *'P donor nucleus is initialized
in the spin down state to ensure that the frequency of the lower
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Figure 5. a) Pulse sequence used to flip the spins of 2°Si or '°F nuclei while monitoring the P donor ESR spectrum. b) The Bohr radius of the P donor
electron encompasses multiple 2°Si spins but no '°F spins. c) Coherent ESR spectrum of the lower hyperfine split P donor ESR peak. The P donor electron
spin up probability is measured as a function of ESR frequency for multiple repetitions, interleaved with 2°Si NMR z/2 pulses. The instantaneous ESR
frequency is seen to jump frequently between discrete values, determined by the orientation of a few 2°Si nuclear spins, hyperfine coupled to the P
electron with strengths of order 100 kHz. d) The same experiment repeated with NMR 7z/2 pulses applied at the expected resonance of F nuclei,
interleaved with the collection of coherent ESR spectra. The ESR frequency remains completely stable, indicating that no '°F are coupled to the P donor

electron.

hyperfine-split ESR peak can be tracked continuously. Next, the
donor is prepared in the ionized state, D*, by lowering the voltage
on a donor gate, Vp, to remove the donor electron. An NMR /2
pulse is then applied on resonance with 2°Si or °F nuclei, with a
frequency of ' = y$'B, or | = yf B, respectively, to flip approx-
imately half of the coupled nuclei. The z/2 pulse duration for
2Si and F NMR was determined from the respective Rabi fre-
quencies, QF, calculated from the measured Rabi frequency of the
ionized 3'P donor nucleus, Q°, scaled by the respective gyromag-
netic ratios, Q* = (y*/y")QP. The donor is then brought into the
neutral state, D°, by raising Vp,; to ensure that the donor electron
remains bound to the *' P nucleus. An ESR x pulse is then applied
atafrequency f and the donor is brought to the read position with
Vpe- This is repeated 70 times to measure the spin up probability
of the donor electron. The ESR frequency is then swept around
the lower hyperfine-split ESR peak at f = y,B, — A" /2. The entire
pulse sequence is then repeated N times to track the resonant fre-
quency of the donor electron from the ESR spectra collected after
each NMR 7z /2 pulse.

First, this measurement was performed using NMR pulses on
resonance with #Si nuclei, with the data shown in Figure 5c.
The ESR frequency of the P donor electron can be seen to jump
between multiple values at short time intervals. The 2°Si NMR
pulses that we apply are therefore changing the spin configura-
tion of the #Si nuclei that are coupled to the P donor electron.
This experiment confirms the presence of 2Si nuclei within the
Bohr radius of the P donor electron.

Adv. Quantum Technol. 2024, 7, 2300316 2300316 (6 of 8)

The measurement was then repeated using NMR pulses on
resonance with °F nuclei, with the data shown in Figure 5d. The
ESR frequency of the P donor electron can be seen to remain
constant over 150 repetitions of the pulse sequence, correspond-
ing to a time period of ~ 20 min. The 1?F NMR pulses that we
apply are therefore not changing the spin configuration of any
nuclear spins that are coupled to the P donor electron. We note
that itis quite normal, in the absence of active NMR stimuli at the
29Si resonance frequency, for the 2°Si nuclei to remain unchanged
over very long time scales, thanks to the phenomenon of ‘nuclear
freezing’.> This investigation leads to the positive result that no
F nuclear spins are coupled to the P donor electron spin qubit,
to within the intrinsic ESR linewidth of our experiment. This
observation confirms the expectation, already supported by the
SIMS data (Figure 3), that the F bystander ions diffuse away from
the active region of the qubit device upon performing a donor ac-
tivation anneal.

6. Conclusion

In conclusion, we demonstrate that molecule ions can be
employed to boost the placement precision and scalability of
deterministic implantation of donor qubits without compromis-
ing on qubit quality. The F bystander ions that are co-implanted
with the 3!'P donor boost the detection confidence of implanted
single ions by increasing the ion beam induced charge signal
further above the detector noise floor. Using secondary ion
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mass spectrometry, we find that °F diffuses away from the
active region of qubit devices while the P donors remain close
to their original location during a donor activation anneal. We
then fabricated PF,-implanted qubit devices and performed ESR
measurements to determine that the P donor electron showed
coherence times comparable to conventional 3!P donor qubits
produced via atomic 3!P ion implantation. The ESR spectrum of
the P donor electron was then monitored while applying NMR
pulses on resonance with particular nuclear species to show that
the P donor electron was not coupled to any nearby °F nuclear
spins, only to residual ?°Si nuclei present in the isotopically
enriched 2Si epilayer. By improving the spatial donor placement
precision and preserving the single ion detection confidence,
deterministic single PF, molecule ion implantation constitutes
a promising concept for the realization of scalable and long-lived
31P donor qubit networks.
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