
Deterministic Detection of Single Ion Implantation
Mason Adshead1 | Lok Kan Wan1 | Maddison Coke1 | Janet Jacobs1 | Nicholas F. L. Collins1 | Mark C. Rosamond2 |
Richard J. Curry1

1Department of Electrical and Electronic Engineering, Photon Science Institute, University of Manchester, Manchester, UK | 2School of Electronic and

Electrical Engineering, University of Leeds, Leeds, UK

Correspondence: Mason Adshead (mason.adshead@manchester.ac.uk)

Received: 10 November 2025 | Revised: 10 February 2026 | Accepted: 27 February 2026

Keywords: deterministic | ion implantation | qubits

ABSTRACT
Single ion implantation using focused ion beam systems enables high spatial resolution and maskless doping for rapid and scal-

able engineering of materials for quantum technologies, particularly for the generation of qubits and colour centres in solid-state

hosts. In these applications, the confidence with which a single ion can be deterministically implanted is critical, and so the

efficiency of the detection mechanism is a vital parameter to understand. Here, we present a study of the single ion detection

efficiency for a variety of ion species (Si, P, Mn, Co, Ge, Sb, Au, and Bi) into various hosts (Si, SiO2, Al2O3, GaAs, diamond, and

SiC). The effect of varying ion mass, charge, and kinetic energy is studied, in addition to the cluster implantation of Sb, Au, and Bi.

The detection efficiencies measured vary from 40% to 100%, based on the substrate and ion beam combination.We demonstrate

that it is possible to achieve detection efficiencies >90% for a wide range of ion species and substrate combinations through

selection of the implantation parameters. Furthermore, detection efficiencies of 100% are found for the doping of Sb clusters,

which is of direct relevance for the future fabrication of quantum devices.

1 | Introduction

The realisation of robust methods for fabricating buried donor-
ion solid-state qubit technologies is essential to enable their scal-
ing into large arrays to realise fault-tolerant quantum computing.
Large numbers of physical qubits (�1 million) are required in
order to employ quantum error correction protocols, and to
deliver the number of logical qubits required to demonstrate qua-
ntum supremacy [1]. Achieving this capability within solid-state
hosts requires the placement of dopants with high spatial preci-
sion and with low doping error rates, meaning large-area bulk
doping methods such as gas-assisted deposition and doping dur-
ing substrate growth are unsuitable. Lithographic methods based
on scanning tunnelling microscopy have the necessary high pre-
cision placement of dopants and have been utilised in the forma-
tion of a two-qubit gate device [2]. However they present
challenges in scaling in order to deliver the very large arrays
required. They are also subject to the stochastic nature of dopant
formation, meaning that clusters of ions can form when only a

single ion is desired [3]. Ion implantation as a versatile and scal-
able technique for solid-state doping is well established. It has
been successfully used to create physical qubits via low-dose
broad beam doping using nano-scale windows in resist [4]
and a movable nano-aperture [5], which provide the crucial
high-resolution spatial positioning of the ions. Recent advances
in focused ion beam (FIB) doping have enabled its application to
demonstrate functionality aligned with the scalable delivery of
quantum technologies [6]. These include localised isotopic
enrichment of 28Si to provide nuclear-spin-free hosts for donor
ion qubits [7, 8] and the fabrication of large arrays of single-pho-
ton emitters with high spatial positioning resolution in diamond
substrates [9]. Suggested qubit device architectures, such as the
flip-flop architecture [10], enable relatively long distance cou-
pling of nuclear spins (over hundreds of nm), relaxing the con-
straint on atomic spatial resolution to something more routinely
achievable with FIB systems. FIB implantation therefore pro-
vides an attractive methodology for the scalable doping of donor
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ions within solid-state materials for qubit formation. The utilisa-
tion of FIB implantation is also attractive in other technology
areas where the ability to perform local modification of a mate-
rial’s properties can be utilised. This, for example, includes the
doping and modification of epitaxial quantum dot systems
[11, 12] and the direct writing of optically active emitters into
non-linear hosts [13].

A critical requirement for the formation of a working array of phys-
ical qubits is to control of the number of ions doped at each loca-
tion. Multiple ions at the same location can result in undesirable
ion–ion interactions leading to decoherence and impacting qubit
control. The ability to determine whether an ion has or has not
been implanted on the single ion level is material system depen-
dent and difficult to confirm post-implantation. For example, col-
our centres can be created in silicon [14] and diamond [15] by ion
implantation and their emission studied. These systems, however,
often have low formation and activation efficiencies [14, 16], less
than unity photoluminescence quantum efficiency and collection
efficiency, and so are not suitable for accurately determining the
number of ions implanted.

Scanning transmission electron microscopy (STEM) can image the
atomic-scale incorporation of dopant ions within a thin membrane
of material [6]. However, in order to image enough ions for robust
statistical analysis of deterministic implantation, the size of the
areas under investigation in STEM needs to be much larger than
10s of nm, which typical field of view sizes are limited to. In experi-
ments such as the ones conducted in this work, regions of 10s
ofμmwould need to be imaged with atomic resolution to determine
whether an ion is located in a position where a successful ion
implantation signal was recorded. Novel STEM systems are being
developed in order to scan larger regions ofmembranes with atomic
resolution which will be invaluable in verification of the detection
efficiency. This will still be limited to membrane-type substrates
with high mass contrast between the membrane and implanted
ion, being necessary for high-quality data. Membranes are required
as forming STEM-compatible samples from bulk substrates used for
quantum device fabrication will be inherently destructive to the
device. It is therefore essential to develop in situ methods to deter-
mine whether an ion has been implanted into a substrate during
the implantation process itself.

A detailed study of the experimental factors that govern the
deterministic doping of single ions is given by Murdin, et al.
[17] with single-ion detection being a key requirement. The
detection of single-ion implantation events into solid-state sub-
strates, such as diamond and silicon, can be performed using
ion beam-induced charge (IBIC) detection. This relies on the
detection of electron–hole pairs generated within the material
by the implanted ion, using an electric field to sweep the carriers
to their, respectively, polarised electrodes on the substrate surface
(or bottom side). Single ion detection efficiencies using this
approach have been reported as 85.5% in graphene-enhanced
diamond [18], and from 87.6% up to >99% in Si-based detectors
[19, 20] for ion implantation energies in the range of 10s of keV.
However, despite the high efficiencies achieved, the requirement
to fabricate in-built IBIC detectors within the target materials
adds complexity and cost that often precludes them from being
integrated and scaled to produce large array devices.

An alternative approach to single ion implantation detection uti-
lises the secondary electrons ejected from the surface of a

substrate as a consequence of ion implantation with high-
sensitivity secondary electron detectors (SEDs). This method of
emitted secondary electron detection does not require any addi-
tional processing, e.g., electrode deposition for device fabrication,
and therefore offers a simple method applicable irrespective of
the target substrate. Cassidy, et al. [21] previously investigated
the SED detection efficiency of Bi ion implantation into a small
number of substrates, reporting detection efficiencies into silicon
of up to 89 (±2)% for 50 keV Bi ions.

n this work, we report a detailed study of the influence of ion spe-
cies (mass), charge state, and energy on single-ion and molecular-
ion (cluster) detection efficiency into a variety of substrates. We
demonstrate that through choice of implanted ion, energy, and tar-
get substrate detection efficiencies up to 100% may be achieved.

2 | Deterministic Ion Implantation

The ion implantation system used in this work (P-NAME) is
described in detail elsewhere [6], but an overview of the key fea-
tures pertaining to deterministic ion implantation is given here.
While the spatial resolution of FIBs can be high (e.g., sub 10 nm
for 50 keV Bi [6]), there are limitations to the spatial control
of the final positioning within the substrate which include the
straggle of the ion due to scattering during implantation, and
post-implantation diffusion of the dopant in the substrate matrix,
typically when annealing. The former can be controlled to some
degree through choice of implantation energy (which can be sim-
ulated using Monte Carlo methods such as the Stopping and
Range of Ions in Matter (SRIM) software package [22]), though
the depth of implantation is also linked to the ion energy. The
latter can be mitigated somewhat by controlling the anneal-
ing parameters such that dopant activation is achieved without
significant diffusion of the dopant from the targeted region of
implantation. Within this work, we are only concerned with ion
detection efficiency; thus, used ion beam diameters of �100 nm
for all measurements which are readily achievable for all ion spe-
cies and energies studied.

Figure 1 shows a schematic of the key components of the P-NAME
system. All of the utilised ion sources are metal alloys, which are
resistively heated until molten and then electrostatic voltages are
used to extract a steady beam of emitted ions from the tip. Such
liquid metal alloy ion sources (LMAIS) are common in FIB systems
with the alloy nature enabling the selection of different elements
from the beam via the mass-selecting (Wien) filter, which also
allows for selection of the ion charge-states. The mass resolution
of the P-NAME tool enables isotopic selection of ions within the
beam from each alloy, owed in part to the mass resolving apertures
as previously demonstrated [6]. This is illustrated in Figure 1 by the
mixed-colour line emitting from the source (mixed ion beam) sep-
arating into solid orange and pink lines (ion beams not selected)
and the solid green line (the selected ion beam). The condenser lens
allows for adjustment of the ion beam current, while the objective
lens focuses the beam onto the substrate. The ion beam is nomi-
nally blanked inside of the column (solid green line in the sche-
matic) by the pulser (blanking) plates. The blanking voltage on
the pulser plates is removed to allow the beam to pass through
the lower optics of the column and into the chamber (green
sphere). With a sufficiently low ion beam current and short pulse
width (time for which the beam is unblanked), the number of ions
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which are able to pass into the sample chamber is discrete and
determined by Poissonian statistics:

PðkÞ= λke− λ

k!
(1)

where PðkÞ is the probability a given pulse will contain k ions
based on an average number of ions per pulse, λ:

λ=
It
q

(2)

where I the ion beam current, t the ion pulse width, and q the ion
beam species charge state (in multiples of the universal electronic
charge, e).

When the ion implants into the substrate, secondary electrons
are released into the vacuum of the sample chamber (blue
spheres in Figure 1). The electric field between the two secondary
electron detectors (SEDs) means that the electrons are attracted
to the detector with positive front voltage. Details on the SED
voltage configuration optimisation are provided in Supporting
Information, Section S.1. The linear channeltron component
of the SEDs generates an avalanche of electrons from the emitted
secondary electrons, producing a signal which is then amplified
by the high bandwidth electronics (proprietary, Ionoptika Ltd.).
This signal is then recorded by the analysis software (via an ana-
logue to digital converter, ADC), where the signal is analysed for
a potential detection. Secondary ion emission as a consequence of
ion implantation is also possible, though it is detected far less
frequently. Positive ions will be deflected to the negatively

polarised SED, and negative ions to the positively polarised
SED (along with the electrons).

Ion beam blanking is achieved by the biasing of electrostatic
plates, of 2 mm length, through which the beam passes. The bias
is briefly removed for time T to create an ion pulse. The transit
time of ions through the 2mm plates, T0, results in a necessary
adjustment to the pulse width used in calculations of λ due to this
switching latency (t=T −T0). The implantation software records
a successful implantation if the signal is: (i) above a set voltage
threshold (set to 1000mV for this work); and (ii) is within the
detection window. The time at which the detection window
opens is determined by velocity (energy) of the ion in question
and the distance from the ion blanking plate to the target. The
closing time of the window is determined by the pulse width, and
extended by considering the additional time required for a sec-
ondary electron of a few eV to reach the detector. Since the mass
of secondary ions are much greater than secondary electrons and
are much less in number, the window timings consider the flight
time of secondary electrons only.

If a signal is observed outside of this detection window, it is con-
sidered to not correlate with the pulsing of the ion beam and so
these signals are considered false positives (dark counts from cos-
mic rays triggering an electron cascade in the linear channeltron
detector, for example). A measurement of the dark count rate,
performed by measuring detection with the ion beam blanked
(see Experimental Methods) yields a value of 8 counts s−1.
This means we would expect to only record one dark count in
every 595 238 pulses for the shortest pulse length used. This num-
ber of pulses is an order of magnitude more than actually used
(33 773) in this study (Mi in Table 1). Likewise for the longest
pulse used (2.1 μs) we expect one dark count in every 59 523
pulses compared to the 4462 pulses actually used. Therefore,
the majority of detected signals within the window correspond
to an ion implantation event. The ADC begins recording the
amplified signal when the beam is unblanked and continues
to record for a total of 40.63 μs. At this point the ADC stops
recording the signal for that particular pulse and the beam deflec-
tion voltages are configured to move the beam (while blanked) to
the next coordinate in the experiment. The time between the
pulses is to ensure that any slow moving ions within the chamber
(e.g., low energy secondary ions) do not trigger an SED response
which could be mistaken for a successful implantation signal in
the next pulse in the sequence.

The detection efficiency, η, characterises the confidence with which
an ion or ions within a pulse result in a secondary electron signal
indicating successful implantation into the target substrate. This
value correlates with the secondary electron emission probability
(which is, itself, related to the ion beam species, implantation
energy, substrate composition, surface quality, etc.) and the prob-
ability of the SEDs producing a sufficient signal for positive detec-
tion (related to the SED gain configuration, which is explored
experimentally in Supporting Information, Section S.1).

Determination of detection efficiency, η, for the current work is
based on the method previously described [21]. For a series of ion
beam pulses, the average number of detections per pulse, v, can
be used to determine η:

v= − ln
M − p
M

� �
= ηλ (3)

FIGURE 1 | Schematic depiction of the ion implantation system

(P-NAME [6]). The mixed-isotope ion beam (orange, green and pink

mixed-colour line along the optical axis) is mass-seperated by the

Wien filter (deflecting unwanted beams, pink and orange solid lines)

and allowing the selected ion beam (solid green line) to pass unimpeded.

The ion beam is nominally blanked (solid green line, deflected) and

unblanked for a determined period of time to allow a discrete number

of ions (dashed green line) to implant into a substrate (green sphere)

and emit secondary electrons (blue spheres). The secondary electrons

are deflected into linear channeltron detectors where the signal is ampli-

fied and recorded for analysis as described within the text.
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where p is the number of successful detections fromM attempted
implantations.

In the work presented here, the ion beam current was fixed and λ
is varied by changing the pulse width. The number of required
positive detections for experiment completion, p, was maintained
at 2500 (determined by implantation into a 50 × 50 point array as
described in the Experimental Methods section) allowing statis-
tically significant data to be obtained. The number of pulses
required to record the 2500 positive detections varied, depending
on three main factors: (i) the average number of ions in a given
pulse, λ; (ii) the emitted secondary electron yield for the ion
implanted into a substrate (which varies based on the ion beam
and substrate combination); and (iii) the efficiency of the detec-
tion mechanism.

2.1 | Linear Regression

The software analysis of the SED signal, described above, is bino-
mial (for each ion pulse delivered an implantation event is either
detected or not detected) and as v scales its error also scales,
therefore linear regression is appropriate in the determination
of the error in the average number of detections per pulse, v [17].

An example of detection efficiency data for 50 keV P (25 kV anode
voltage, Wien filter selecting the doubly charged ion, P2+) into sili-
con (through a native oxide layer) is shown in Table 1. The pulse
width was varied for a fixed ion beam current (148± 7 fA) and the
number of pulse attempts to create an array of 2500 successful
detections was recorded. The representative number of ions per μs,
N , with its associated error, δN were obtained using:

N =
SðvtÞ
Sðt2Þ (4a)

δN =
1ffiffiffiffiffiffiffiffiffiffi
Sðt2Þ

p (4b)

SðvtÞ and Sðt2Þ are obtained using:

SðvtÞ=
X
i

sðvitiÞ=
X
i

viti
sðviÞ2

(5a)

Sðt2Þ=
X
i

sðt2i Þ=
X
i

t2i
sðviÞ2

(5b)

where sðvitiÞ and sðt2i Þ are the uncertainties in the product of v
and t, and t with itself, respectively, for each iteration (i) of λ,
where the pulse length, T is corrected by the switching latency;
4 ns for the ion energy used in Table 1. Using the number of
attempted pulses for a given iteration of λ (Mi) and average num-
ber of detections per pulse (vi) the uncertainty sðviÞ is obtained:

sðviÞ=
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðevi − 1Þ=Mi

p
(6)

The detection efficiency, η, can then be determined using the
expression:

η=
N
L

(7)

where L is the number of ions per μs, determined using Equation
(2), with t = 1 μs. For the data presented in Table 1, the detection
efficiency is calculated to be 82 (±4)%, the uncertainty for which
comes from the error propagation of L and N .

The detection efficiency calculated here is representative of the
probability of successfully detecting an ion implantation event
for a specific point. This can be extended to obtain the probability
of successfully creating a doped array of single ions. As the array
size increases, the probability of failure in creating a perfect array of
single-ion-implanted points also increases [17]. However, it is fea-
sible that devices may be constructed from imperfect arrays, where
a number of sites have multiple ions or missing implantations and
the use of such an imperfect array being countered by future quan-
tum error correction codes [23]. It is therefore useful to ensure as
high a success rate as possible whilst also having some knowledge
of regions where single, multiple, and no ions have been implanted.
This will also provide a route to future direct verification of themea-
sured detection efficiency via STEM of implanted membranes, for
example.

2.2 | Direct Peak Counting

As λ approaches 1 ion per pulse, the probability of having a single
pulse containing more than one ion follows Poissonian statistics,

TABLE 1 | Detection data for 50 keV P into intrinsic silicon through a native oxide layer, with an ion beam current of 148± 7 fA. The values for s(viti)

and s(ti
2) are determined using the linear regression method outlined in [17]. The switching latency was calculated to be 4 ns, which is used to find the

adjusted pulse width (t= T−To) for the calculation of λ.

Set Pulsewidth, T, μs λ, ions pulse−1 Num. Attempts, vi sðvitiÞ sðt2i Þ
0.21 0.0951 33 773 0.0769 6823 18 631

0.42 0.1921 18 013 0.1494 7014 19 717

0.63 0.2891 11 587 0.2430 6449 16 716

0.84 0.3861 9324 0.3121 6673 17 958

1.05 0.4831 7517 0.4043 6404 16 631

1.26 0.5801 6506 0.4849 6370 16 551

1.47 0.6771 5938 0.5465 6560 17 646

1.68 0.7741 5215 0.6527 6211 15 985

1.89 0.8711 4723 0.7536 5982 15 002

2.10 0.9681 4462 0.8216 6042 15 443

4 of 14 Advanced Engineering Materials, 2026

 15272648, 2026, 11, D
ow

nloaded from
 https://advanced.onlinelibrary.w

iley.com
/doi/10.1002/adem

.202502911 by D
alian Institute O

f C
hem

ical, W
iley O

nline L
ibrary on [15/07/2026]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense



increasing significantly. The possibility of implanting multiple
ions when one is required is undesirable for the utilisation of
the implanted ions as qubits, as unwanted ion–ion interaction
can lead to qubit decoherence. This can be countered by reducing
λ, for example, from 1 to 0.1, which reduces the probability of an
ion pulse containing more than 1 ion from �26% to �0.47%.
However, there are practical limitations to how small a λ may
be obtained, particularly regarding the ion source stability when
operating in low beam current modes.

Even with the use of low values for λ, the ability to distinguish a
single ion implantation from a multiple ion implantation event is
desirable, which becomes possible with the utilisation of high-
bandwidth SED electronics. Figure 2a provides examples of
the detector output recorded for two ion pulses where successful
detection occurred using the high-bandwidth detectors. One
trace (Figure 2a(i)) shows a single sharp peak corresponding
to a single ion implantation, while the other (Figure 2a(ii)) shows
two distinct sharp peaks, corresponding to two ions being
implanted during the single pulse. The insets in Figure 2a show
the signals within the detection window; the time within which a
signal must be detected in order to register as a positive detection.
The additional low intensity peaks observed at 0.085 and 1 μs fol-
lowing the sharp initial peak consistently appear and arise as
artefacts due to the high bandwidth detection electronics.

Through counting the number of peaks recorded within each
detection window (j), it is possible to map the number of implanted
ions across the array for each value of λ. Figure 2b shows such a
map obtained for 50 keV P doping into silicon using λ= 0.1 ions per
pulse. Table 2 shows that as λ increases, the proportion of the 2500
successful detections that have a higher number of ion events
increases, in line with what is expected from Poissonian statistics.

There is a discrepancy between the experimentally determined
percentage of pulses containing a particular number of peaks
(j) and that predicted by Poissonian statistics. This arises due to
the detection inefficiencies and the stochastic nature of secondary
electron emission. It is possible to adjust the predicted (Poissonian)
values with a scalar (S) such that a closer agreement with the
experimentally observed values is obtained. Equation (8a) shows

the scaled Poisson probability as a function of number of ions,
pð jÞ, per pulse that is non-zero. Equation (8b) takes into account
the proportion of predicted pulses that are missed by the detector
and therefore, registered as empty pulses.

pðjÞ= S
λjexpð− λÞ

j!

� �
, j> 0 (8a)

pð0Þ= expð− λÞð1− SÞ
X6
j= 1

λjexpð− λÞ
j!

� �
(8b)

The scalar for which the difference between the experimen-
tal values and the scaled Poissonian values is smallest (maximum
difference of 2.34%, Tables S.1 and S.2 in Supporting Information,
Section S.2) is 0.93, indicating a 93% confidence in detection and
peak prediction. This method of determining the number of ions
implanted into a substrate assumes that each ion arrives at the
substrate independently of any other ions within a given pulse,
and does so within the set pulse width (typically greater than
200 ns, as per Table 1).

3 | Detection Efficiency

The detection efficiencies were determined for a variety of ions,
implanted into a number of different substrates, using the linear
regression method outlined above. For each ion species, two ion
acceleration voltages of 12.5 and 25 kV were used, with the lat-
ter being the maximum anode voltage of the P-NAME tool used
for this work [6]. Selection of the ion species’ charge state using
the Wien filter enabled access to ion implantation energies of
12.5 keV (singly-charged ion, 12.5 kV anode), 25 keV (either
doubly-charged ion and 12.5 kV anode, or singly-charged ion
and 25 kV anode), and 50 keV (doubly-charged ion, 25 kV
anode). Ion cluster implantation (e.g., Au2

+) was also investi-
gated for a limited number of cases to further explore the rela-
tionship between ion beam configuration and detection
efficiency.

(a) (b)

FIGURE 2 | (a) Example SED traces showing (i) single and (ii) double ion implantation events as a result of ion pulses with λ= 1. The inset highlights

the detection window, set as the time within which a signal must be detected in order to register as a successful implantation event. (b) Map of the

number of ion implantation events detected at each point within a 50 × 50 point array during deterministic doping of 50 keV P into silicon for λ= 0.1.
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3.1 | Silicon

Figure 3 shows the detection efficiencies for the various ion
species when implanted into silicon (through a native oxide
layer). Increasing the implantation energy from 12.5 to 50 keV
(Figure 3a) results in an increase in the detection efficiency acr-
oss all the ion species investigated.

In Figure 3b, a common implantation energy of 25 keV is
achieved using two different anode voltages by selecting the cha-
rge of the ions. Whilst there is a variation in the absolute value of
detection efficiency between the singly- and doubly-charged ion
states, in the cases for which a comparison may be made (Si, P,
Co, Ge, Au, and Bi), the figures fall within each others error
bounds. This indicates that for this range of ion species, and
at this energy, the charge state of the ion does not strongly impact
the secondary electron emission from silicon and therefore ion
detection efficiency. For the lower energies studied (12.5 and
25 keV), there is a decrease in detection efficiency as ion mass
increases until Ge, after which no further significant reduction
occurs. Interestingly, this trend is not observed at the higher
energy used (50 keV).

3.2 | Silicon Dioxide

Figure 4 shows the detection efficiencies for the various ion species
implanted into SiO2. The detection efficiency values fall within the
range of 70%–100% for all the ion beam species explored. As the
implantation energy is increased, there is an increase in detection
efficiency (Figure 4a). The effect of ion charge state variation, for
the same implantation energy (Figure 4b), reveals no distinct vari-
ation in detection efficiency for the two charge states beyond the
error bounds of the measurements. Unlike for silicon, no consistent
relationship between ion mass and detection efficiency is observed
at any energy used.

Comparing the measured detection efficiencies between silicon and
SiO2 (200 nm SiO2 on boron-doped silicon, see Experimental
Methods for more details) reveals that all of the efficiencies in
the oxide sample are greater than those measured in silicon with
only a native oxide. Since the oxide thickness is too great for any of
the ions of the energies investigated in this work to pass through the
oxide layer and stop in the underlying silicon layer of the SiO2, the
increase in detection efficiency is expected to result from the oxide
nature of the substrate. This is discussed in further detail below.

TABLE 2 | Percentage of total pulses for each value of λ which contain a particular number ( j) of peaks for the 50 keV P implantation into silicon

dataset. Numbers in the brackets are the percentage probabilities of a pulse containing that particular number of ions, given by Poissonian statistics.

λ (ions pulse−1)

% of pulses with j peaks, experimental (Poissonian)

0 1 2 3 4 5 6

0.0951 93 (91) 6 (9) 1 (0) 0 (0) 0 (0) 0 (0) 0 (0)

0.1921 86 (83) 12 (16) 2 (2) 0 (0) 0 (0) 0 (0) 0 (0)

0.2891 78 (75) 18 (22) 3 (3) 1 (0) 0 (0) 0 (0) 0 (0)

0.3861 71 (68) 23 (26) 5 (5) 1 (1) 0 (0) 0 (0) 0 (0)

0.4831 65 (62) 26 (30) 7 (7) 1 (1) 0 (0) 0 (0) 0 (0)

0.5801 60 (56) 29 (32) 9 (9) 2 (2) 1 (0) 0 (0) 0 (0)

0.6771 55 (51) 31 (34) 11 (12) 3 (3) 1 (0) 0 (0) 0 (0)

0.7741 51 (46) 32 (36) 12 (14) 3 (4) 1 (1) 0 (0) 0 (0)

0.8711 44 (42) 35 (36) 14 (16) 5 (5) 1 (1) 0 (0) 0 (0)

0.9681 42 (38) 33 (37) 16 (18) 6 (6) 2 (1) 0 (0) 0 (0)

(a) (b)

FIGURE 3 | Detection efficiency measurements for various ion species into undoped silicon (through a native oxide layer). (a) The anode voltage and

charge state of the ions was varied to obtain different implantation energies, and (b) the same implantation energy. Hashed bars represent data that was

previously reported [24].
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3.3 | Aluminium Oxide

In the case of Al2O3, Figure 5a reveals that for a number of ions,
there is not a significant increase in detection efficiency as the
energy is increased, the only exception being Ge. Some values
of the detection efficiency (e.g., 50 keV Sb and 25 keV Si, singly-
charged variation) are above 100%, due to minor ion beam current
variation during the experiment. The errors in these results account
for this uncertainty, with the lower bounds showing that the detec-
tion efficiency values in all cases are at or below 100%.

The effect of changing ion charge state (Figure 5b) shows greater
variation in the detection efficiencies, with the majority of singly-
charged ions (Si, P, Mn, and Ge) all having higher detection effi-
ciencies than their doubly-charged counterparts. Conversely, Co
stands out as the only species with a higher detection efficiency
when a doubly-charged ion is implanted, though this is possibly
due to contamination on the substrate in the region for the 25 kV
Co+ experiment (discussed further below). Au in Al2O3, as
with the silicon substrate, has very similar absolute detection effi-
ciency values, for the doubly-charged ion, the error bounds are
more significant.

The detection efficiencies measured for implantation into Al2O3

are comparable to, if not greater than, those measured for SiO2.
This indicates that the oxide nature of these two substrates results
in a higher secondary electron yield and therefore greater

detection efficiency for the ions investigated here, relative to
the non-oxide substrates. Similarly, no strong dependence of
the detection efficiency on ion mass is observed.

3.4 | Gallium Arsenide

There is a significant increase in the detection efficiency for ion
implantation into GaAs as the implantation energy increases
(Figure 6a), with Au showing the greatest increase. The trend
of reduction in detection efficiency with increasing ion mass
at an energy of 12.5 keV is also present here. This decreasing
trend is also observed at an energy of 25 keV, and similar to that
observed for silicon, ceases for masses greater than Ge.

Considering the error bounds in Figure 6b, the variation of ion
charge state does not have a significant impact on the detection
efficiency, with the possible exception of P, which has a lower
efficiency for the doubly-charged case.

3.5 | Diamond

Figure 7a shows that P implantation into diamond does not
demonstrate a significant increase in detection efficiency as
the energy is increased, while the rest of the ions investigated
do. However, P shows a statistically significant decrease in

(a) (b)

FIGURE 4 | Detection efficiency measurements for various ion species into SiO2. (a) The anode voltage and charge state of the ions was varied to

obtain different implantation energies, and (b) the same implantation energy.

(a) (b)

FIGURE 5 | Detection efficiency measurements for various ion species implanted into Al2O3. (a) The anode voltage and charge state of the ions was

varied to obtain different implantation energies, and (b) the same implantation energy.
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detection efficiency when the charge state is increased for the
same implantation energy (Figure 7b). Mn, Co, and Au also
show a decrease in efficiency as the charge state is increased,
though within their respective error bounds. As discussed for
GaAs, at 12.5 keV, there is a similar dependence (except for
Si) of the detection efficiency on ion mass up until Ge is
reached. The implantation of Si results in a similar increase
in detection efficiency when the energy is doubled from 12.5
to 25 keV, as is observed when increasing the Au implantation
energy from 12.5 to 50 keV.

3.6 | Silicon Carbide

The detection efficiencies of SiC also decrease with increasing ion
mass when comparing fixed implantation energies and extending
to Bi, the heaviest ion used, (Figure 8a). Increasing the implanta-
tion energy is consistently found to improve the detection efficiency
for all ions implanted into SiC, with the greatest difference being
observed between the 12.5 and 50 keV Au implantation, dominated
by the low detection efficiency at 12.5 keV. Figure 8b shows that,
with the exception of Mn, there is no significant difference in the
detection efficiencies of singly- and doubly-charged ions. It is also
observed that the implantation of Sn into SiC gives the lowest
detection efficiency (35%) observed in this study.

3.7 | Cluster Implantations

The detection efficiency for ion cluster implantation was inv-
estigated (non-exhaustively) as part of this work. For all of the
ion clusters studied, an anode voltage of 25 kV was chosen, with
the exception of Bi2

+, which was also investigated for 12.5 kV
implantation into silicon (demarcated with an asterisk in
Figure 9).

There are two Sb clusters presented in Figure 9, one of which is a
typical cluster formed from two of the same isotope (specifically
123Sb, which was the Sb isotope used in the single-ion detection
efficiency measurements in this work) with a single shared charge.
The other, however, is a unique doubly-charged cluster formed
from a single ion of each Sb isotope (121Sb123Sb), which has been
investigated in more detail elsewhere [24]. This doubly-charged
Sb cluster has a mass-charge ratio (the key parameter in isotopic
selection via mass-filtering) of 122 amu e−1, which means it lies
between the two main singly-charged Sb peaks (121 amu e−1

and 123 amu e−1, previously reported in [6]). The presence of this
doubly-charged mixed-isotope cluster indicates that similarly
doubly-charged cluster isobars of 121Sb2

2+ and 123Sb2
2+ ions are

present in the mass-selected singly-charged beam, since the mass-
charge ratios are equal. Therefore, by selecting 121Sb+, one would
also be implanting with 121Sb2

2+. Since it is not possible to select a
singly-charged Sb ion without also selecting the cluster, which is

(a) (b)

FIGURE 6 | Detection efficiency measurements for various ion species implanted into GaAs. (a) The anode voltage and charge state of the ions was

varied to obtain different implantation energies, and (b) the same implantation energy.

(a) (b)

FIGURE 7 | Detection efficiency measurements for various ion species implanted into diamond. (a) The anode voltage and charge state of the ions

was varied to obtain different implantation energies, and (b) the same implantation energy.
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not ideal in applications of single ion (or even single cluster)
implantation, no singly-charged Sb implantations have been inves-
tigated in this work. The hashed bar in Figure 9, and in the silicon
data presented above in Figure 3, represents detection efficiency
data we have previously reported [24].

Comparison of the ion cluster detection efficiency data presented in
Figure 9 with the single-ion data presented above is possible by
considering the energy per atom for the species being implanted.
For example, a 25 keV Au2

+ is presumed to implant with 12.5 keV
per atom within the cluster, which can be compared with the
12.5 keV Au+ ion implantation presented above. When using this
comparison, the 25 kV clusters Au2

+, (121Sb123Sb)2+, and Bi2
+ (non-

asterisk data in Figure 9) can be compared with 12.5 kV ions Au+,
Sb2+, and Bi+, respectively.

Doing so, it is observed that most of the detection efficiencies for
the ion-clusters are greater than for their single-ion counterpart.
The greatest variation was found in the case of 25 kV Au2

+ com-
pared to 12.5 kV Au+ (both 12.5 keV per atom) into silicon, where

the cluster was found to lead to a 30% increase in detection effi-
ciency (79 (±7)% and 49 (±3)%, respectively).

The smallest (non-zero) difference is found for 25 kV Au2
+

implantation into Al2O3, where a 7% increase in detection effi-
ciency was found when comparing to the 12.5 kV Au+, with effi-
ciencies of 97 (±10)% and 90 (±3)%, respectively. No difference
was found between 25 kV (121Sb123Sb)2+ compared to 12.5 kV
Sb2+ in Al2O3, where both resulted in a value of 100 (±5)%.

4 | Si Oxide Thickness Variation

The results above show that in all cases there is a gain in detec-
tion efficiency for ion implantation into SiO2 relative to silicon
(with a native oxide layer) for the same ion beam species (mass,
charge, and energy). However, the thickness of the oxide layer in
these results is too thick (200 nm) to allow the low-energy ions
studied in this work (≤50 keV) to stop in the underlying silicon
substrate, where they would need to end up in order to be useful
in buried dopant qubit applications.

Thinner oxide growth is standard practice in CMOS device fab-
rication, and likewise is a necessary stage in the fabrication of
buried dopant qubit devices (gate oxides, in particular). It is,
therefore, of interest to determine the detection efficiency gain
of thinner SiO2 layers.

Dry thermal oxide growth was used to grow SiO2 layers of various
thicknesses on undoped silicon (see Experimental Methods for
more details), and ellipsometry was used to verify the thicknesses
(see Supporting Information, Section S.3). Due to their direct appli-
cation in qubit technologies, only P and Sb implantation were
explored for these samples. The energy per ion used was chosen
for study was 50 keV (the maximum available) and 8 keV as the
minimum. The latter was chosen for implanting P ions closer to
the surface (�16 nm) and within the range required for addressing
spins using electric fields (using single electron transistors, for
example [25]). The same minimum energy per ion was used for
the Sb cluster for the sake of comparison.

Figure 10 shows a general increase in detection efficiency
across all energies of P and Sb as the thickness increases
from native (3.23 (±0.17) nm) to the thinnest grown oxide
(44.97 (±0.18) nm). The range of thicknesses grown here still results
in the P and Sb ions stopping in the oxide layer, with the exception

(a) (b)

FIGURE 8 | Detection efficiency measurements for various ion species implanted into silicon carbide. (a) The anode voltage and charge state of the

ions was varied to obtain different implantation energies, and (b) the same implantation energy.

FIGURE 9 | Detection efficiency measurements for various ion spe-

cies into different substrates defined in the legend. Hashed bars represent

data that was previously reported [24]. All ion clusters were implanted

with an anode of 25 kV, with the exception of the second Bi2
+ (demar-

cated with an asterisk, *), which was implanted with an anode voltage of

12.5 kV.
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of 50 keV P, which stops a few nm past the silicon-SiO2 interface,
though with an even thinner oxide than grown here, it is possible
for the ion to stop further in to the silicon substrate.

The fabrication of qubit devices in silicon will greatly benefit
from 28Si enrichment [7, 8, 26], which results in extended qubit
coherence times [27]. The implantation doses required to reach
such a high degree of enrichment when using FIB leads to sig-
nificant amorphisation, requiring annealing in order to recover
the crystalline environment in which the dopant may operate as
a qubit. However, it is advantageous to implant the donor ion
into the amorphous enriched material, which can increase the
electrical activation of the donor during annealing to deliver epi-
taxial crystal regrowth [28]. We therefore investigated the ion
detection efficiency as a function of 28Si enrichment (and thereby
amorphisation) for 16 keV P implantation. We observed no
significant gain or reduction in detection efficiency from using
natural (unenriched, crystalline) through to highly enriched
(1E19 ions cm−2, amorphous) silicon (see Supporting Information,
Section S.4 for more information).

5 | Discussion

In the data reported above, we have demonstrated the ability to
form an implanted array of 2500 ions with high detection efficiency
for a number of ion-substrate combinations. Specifically, arrays of
50 keV 31P doped directly into silicon are achieved with 82 (±4)%
efficiency of detection for a positive implantation signal, with 89%
of these positive detection signals resulting in a single SED peak
(correlating with a single ion implantation). A detection efficiency
of 81 (±3)% is found when implanting 50 keV 123Sb into silicon.
Both of these ions are of immediate technological interest when
implanted into silicon for utilisation as donor qubits. Implanting
these same ions into SiO2 on silicon yields a detection efficiency
of 90 (±2)% and 95 (±4)% for 50 keV 31P and 123Sb, respectively.
This relationship between increased detection efficiency and thick-
ness of SiO2 is explored further with 31P and 123Sb into various
thicknesses of SiO2 thermally grown on silicon. These results show
that only a few tens of nm of SiO2 on silicon are required in order to
achieve the secondary electron emission gain. Recent work using
atomic layer deposition (ALD) to form SiO2 layers on silicon has
found an increased single ion implantation detection efficiency

with only a few nm of SiO2 [29]. Engineering a thin oxide for
increased detection efficiency would enable a device fabrication
process flow that would facilitate the creation of large arrays of bur-
ied dopant qubits within minutes using this doping method.

Of the other substrates investigated here which are of immediate
technological interest, the highest detection efficiencies are found
in diamond. Of the group IV elements which are useful for creating
colour centres in diamond, only Si andGe have results presented in
this work, with 25 keV Si (achieved with singly-charged 25 kV Si)
showing the greatest detection efficiency (�92%), though with a
large error. With such a high detection efficiency, it is of interest
to investigate the deterministic implantation of large-scale arrays
coupled with methods of deterministic colour centre activation,
particularly laser annealing [9], which can lead to a higher yield
than that expected from thermal annealing techniques (e.g.,
8.6% for SnV [30]). This would have the added benefit of being
site-selective, allowing for feedback throughout the annealing pro-
cess. Combining deterministic ion implantation and direct laser
annealing will enable a full exploration of the defect complexes that
form, aiming toward the goal of colour centre formation on
demand with nanoscale spatial precision.

SiC, like diamond, can form colour centres attributed to defects
and vacancies which may be introduced through ion implanta-
tion [31]. Similar to diamond, the ability to implant single ions
with high detection efficiencies can provide the opportunity to
investigate single and ensemble defects in SiC, and the emission
characteristics thereof for engineering emitters in quantum
applications at room temperature [32].

Similar to silicon, GaAs and Al2O3 have also been investigated as
hosts for ion spin systems for applications in quantum computation
[33] andmemory [34], respectively. While the detection efficiencies
for GaAs on the whole are not necessarily as high as other sub-
strates, the spin systems of interest (Mn, for example) still have
a high enough detection efficiency to warrant the use of secondary
electron detection for single ion implantation. Al2O3, like SiO2, has
amongst the highest detection efficiencies reported in this work,
alluding to a particular property of oxides which leads to a greater
secondary electron emission than in non-oxide materials.

The most important factor influencing the detection efficiency
is the secondary electron yield, which is related to the implanted
ion species and substrate combination. Since the SEDs are

(a) (b)

FIGURE 10 | Detection efficiency measurements for various thickness of oxide grown on undoped silicon for the range of energies stated in the

legend. (a) Shows the singly- and doubly-charged P ions (8 kV P2+ for 16 keV, etc.), while (b) shows doubly charged in all cases (8 keV achieved with a

doubly-charged cluster at 8 kV anode voltage). The dashed lines are to guide the eye, and the horizontal dotted line indicated 100% detection efficiency.
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comprised of channeltron electron multipliers (to amplify the
secondary electrons to an appreciable and detectable signal),
information about the secondary electron emission, such as
the number of collected secondary electrons, their energy,
and direction of emission, etc., is not available. However, com-
parisons between the detection efficiencies obtained here
and previous trends in secondary electron emission may still
be made.

The trend of increasing secondary electron yield as the implan-
tation energy [35] and cluster size [36] are increased is well estab-
lished for a range of ion species and substrate combinations.
Previous studies into secondary electron emission with various
gaseous ion species and charge states have seen an increase in
secondary electron emission as the charge state is increased
[37]. In contrast, the charge state variation investigated in this
study, using non-gaseous species, does not result in a significant
increase in detection efficiency.

When considering the effect of using different substrates, no sig-
nificant correlation between measured detection efficiency was
found with respect to conductivity, band gap, ionisation energy,
or density. The electronic and nuclear stopping powers of ions
implanted into substrates were simulated using the Monte
Carlo simulation package, SRIM (Stopping Ranges of Ions in
Matter [22]). The stopping powers for the ion species and sub-
strates of interest as a function of implantation energy are plotted
in Figure S.3 (Supporting Information, Section S.5), we found no
significant correlation between the stopping powers (or ratios
and differences thereof ) and the detection efficiencies measured
in this work.

Surface roughness has also been observed to have an effect on
secondary electron yield variation [38, 39]. This may account
for some observed results which show variation from the other-
wise observed trend, particularly with respect to samples for
which a significant difference in detection efficiency was found
when using different charge states but with the same implanta-
tion energy which is not observed for other species or substrates.
Another explanation for outliers in this respect is surface con-
tamination, which would result in a varied secondary electron
yield compared to a cleaner region of the substrate. While great
care was taken to ensure the substrates were thoroughly cleaned,
it is possible that small regions of contamination either persisted
or were introduced prior to the sample loading process.

Whilst there is an increase in detection efficiency for cluster
implantation relative to the single-ion implantation, for applica-
tions in single atom devices, like qubits following the Kane pro-
posal, implanting clusters will guarantee that the ion of interest
for encoding of the qubit state will be in close proximity to a sec-
ond ion, potentially resulting in decoherence. This is assuming
that the two ions within the cluster separate by the straggle pre-
dicted by the energy per atom in the cluster implantation, which
is typically on the order of a few nm in the case of the energies
explored in this work [6, 24].

Conversely, when coupled ions are desired, the use of cluster ion
implantation with the high efficiency deterministic detection can
be advantageous. The cluster implantation and subsequent sepa-
ration of the atoms on the order of nmmay allow for the overlap of
electron wavefunctions. This allows for the coupling of the nuclear
spins of the adjacent ions via the shared electron, resulting in a
three-qubit system. This has been previously demonstrated with

pairs of P ions in a silicon-based device, which had been subject
to single ion implantation and a pair of P ions in close proximity
fortuitously found [40]. While P clusters have not been considered
in the work presented here, the P-NAME system is able to access
such a cluster and is expected to follow the trend of increased
detection efficiency for the cluster compared to the single-ion
implantation (72 (±6)% for 12.5 keV P in silicon).

Another ion species of interest for solid-state qubit systems,
particularly in silicon, is Sb. The potential for application of
mono-atomic and coupled (by cluster implantation) Sb qubits
in silicon has been discussed previously [24], with the coupling
of the high nuclear spin Sb ions via a shared electron expected
to realise a larger Hilbert space onto which quantum informa-
tion may be encoded than the coupled P or mono-atomic Sb
systems [41].

Schneider et al. [29] observe a decrease in detection efficiency as
the mass of the incoming ion increases, which we also observe in
the results presented here in the vast majority of cases. In their
work, Schneider et al. suggest a relationship between detection
efficiency and substrate properties, namely the energy required
to generate a free electron, electronic stopping power, mean
escape probability for the potential barrier at the substrate sur-
face, and the electron mean free path. They discuss that while
previous simulation and theory work predict a shorter mean free
path in SiO2 than in silicon (which would result in a lower sec-
ondary electron emission), their results, in line with what we
present here, show the opposite to be true.

It is clear that further work will be required to gain a fuller under-
standing of the effect that ion beam and substrate configuration
has on the detection efficiency of single ion implantation, which
will include further experimental investigations to complement
theoretical treatments. The utilisation of secondary electron
emission detection efficiency measurements, as within this work,
will facilitate a wide-ranging combination of correlative data
which can be used to support theoretical approaches. A fuller
understanding in this regard will help to facilitate the engineer-
ing of substrates for high-efficiency-single ion implantation for
nanoscale photonic and quantum applications.

6 | Conclusion

The detection efficiencies presented provide insight into the
confidence with which a single ion (or cluster) may be determin-
istically implanted. Ion-substrate combinations of immediate
technological interest are studied, including those where donor-
ion qubit or colour centre formation is desired. For donor crea-
tion in silicon, 50 keV deterministic implantation of single P ions
is achieved with a detection efficiency of 82 (±4)%, and of
(121Sb123Sb) with an efficiency of 94 (±8)%.When these same ions
were implanted into SiO2, the detection efficiency saw a marked
increase of 90 (±2)% and 105 (±8)% for the P ion and Sb cluster,
respectively. In diamond, the detection efficiency of Ge was
found to be 70 (±2)%. These results are comparable to those
obtained using IBIC detectors of similar energies, only without
the requirement for electrodes specifically for the detection mec-
hanism, confirming that deterministic ion implantation using
secondary electron emission is a viable route to flexible and scal-
able qubit array fabrication.
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7 | Experimental Methods

7.1 | Deterministic Ion Implantation

The P-NAME ion implantation system (Q-One, Ionoptika Ltd.)
has a maximum anode voltage of 25 kV, with a variety of ele-
ments available through the use of a range of liquid metal alloy
ion sources (LMAISs). The mass selectivity of the P-NAME sys-
tem allows for the selection of a specific element from the source
alloy with isotopic resolution [6]. The implanted ion species was
controlled using theWien filter to select the ion mass and charge-
state for a particular variation of the anode voltage.

Electrostatic plates within the ion beam column were used to pro-
vide ion pulsing, enabling the ion beam to be exposed to the sub-
strate in pulses of controlled width. Two high-sensitivity secondary
electron detectors within the main sample chamber of the
P-NAME system were oppositely biased to attract and detect
charged particles: one biased for secondary electrons and negatively
charged ions, and the other for positively charged secondary ions
(see Supporting Information, Section S.1 for gain optimisation
data). The ion beam current in the sample space was measured
prior to and following each experiment using a Faraday cup. To
mitigate ion source instability impacting the analysis, only data
where the pre- and post-experiment ion beam current differed
by <10% are included in the work presented here. A total of
212 detection efficiency experiments were conducted as part of this
work, of which only 17 had to be omitted due to such variation.

Each experiment was configured to implant an array of ions into
50 × 50 points, with a 1 μm pitch. The ion beam was directed to
each point by adjusting the positioning voltages with the beam
blanked. Once positioned, the beam blanking voltage was
removed for the desired time (defining the ion pulse width) with
an analogue to digital converter (ADC) simultaneously recording
the incoming signal from the two detectors. The secondary elec-
trons emitted from the sample surface and collected by the chan-
neltron detector leading to avalanche amplification of the signal.
The ADC continued to record the signal long after the ion pulse
(�40 μs in total). The signal for this pulse was analysed and the
coordinate registered as either a “pass” or a “fail”. The ion beam
was then moved to the next position in the array (with the beam
remaining blanked) and the implantation process repeated. The
detector gain may be varied through control of the channeltron
voltage, with detection efficiencies as a function of gain presented
in the Supporting Information, Table S.1. The data and analysis
presented within this work were all obtained using identical con-
ditions based on the optimal settings in Table S.1.

Once a full array had been exposed to a single ion pulse, the pro-
cess was then repeated, returning solely to those positions
recorded as a “fail”. This sequence was then repeated until all
of the points in the array had a recorded “pass”, with the number
of attempts to complete an entire array being characteristic of the
average number of ions per pulse, the detection efficiency, and
the secondary electron emission, which is dependent on the ion
beam and implanted material in a particular experiment.

The dark count rate was measured by connecting the actively
biased SED signal outputs to a single photon counter (Stanford
Research Systems, SR400 Two Channel Gated Photon Counter)
whilst the ion beam was blanked and recording the number of
counts over a period of 2000 s. During this time, 15 171 counts were
detected, giving a dark count rate of �8 dark counts s−1.

7.2 | Samples and Preparation

The undoped silicon (University Wafer) was 500 μm thick (with a
native oxide layer), with a resistivity of >10,1000Ω ⋅cm, and orien-
tation of <100>. The silicon dioxide on silicon sample (Alpha
Nanotech) was boron-doped (as grown, 1–50Ω ⋅cm), <100> orien-
tation, with a 200 nm thick SiO2 top layer. The aluminium oxide
(UniversityWafer) was 430 μm thick, C toM plane orientation. The
GaAs (MCP Wafer Technology Ltd.) was 500 μm thick, undoped,
and <100> orientation. The diamond (Element Six) was CVD-
grown electronic grade. The SiC (MSE Supplies) sample was
500 μm thick, semi-insulating 4H.

Prior to loading into the P-NAME system, all samples were sub-
ject to a cleaning process of ultrasonication, twice in acetone for
2 min then once for 2 minutes in IPA, followed by blow-drying
with nitrogen gas. The clean samples were fixed to aluminium
sample plates using copper adhesive tape away from the implan-
tation sites (with the exception of the diamond sample, which
was adhered using a double-sided adhesive carbon tab due to
the size of the sample). These sample plates were then loaded
onto the P-NAME sample platen for the duration of the experi-
ments while the relevant LMAIS sources were in operation, and
stored in sample storage boxes otherwise.

The SiO2 samples for the oxide thickness variation were ther-
mally grown in a Carbolite TF dry oxidation furnace under a con-
stant nitrogen flow of 0.5 litres per minute. The furnace was
heated at a rate of 10°C per minute, to a temperature of
1100°C, at which point oxygen was introduced at a flow rate
of 0.12 litres per minute. Different oxide thicknesses were grown
by varying the duration for which the substrates were exposed to
this temperature and gas flow and the thicknesses were verified
with ellipsometry (see Supporting Information, S.3).
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