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Activation and electron spin resonance of near-surface implanted bismuth donors in silicon
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The bismuth (Bi) substitutional donor in silicon (Si) is an attractive qubit candidate for quantum computing
proposals due to its large Hilbert space, clock transitions, and potential to couple to superconducting flux qubits.
Single-qubit control, coupling, and readout by surface nanocircuitry requires a Bi depth of ∼20 nm in Si. This can
be achieved using ion implantation of ∼25 keV Bi. This work explores the activation properties of Bi implanted
at 26 keV with fluences of 1 × 1014 and 6 × 1012 cm−2 into both crystalline and preamorphized Si. The Bi
electrical activation yield was measured over a broad range of annealing conditions using resistivity and Hall
effect measurements, enabling optimal annealing strategies to be proposed for the different implant parameters.
For the high and low fluences, the maximum Bi activation yields achieved were 64% and 46%, respectively.
Above a critical thermal budget, a substantial fraction of Bi forms electrically inactive complexes in the high
fluence sample only. The substitutional fraction and diffusion of high fluence Bi was quantified, with diffusion
coefficients D0 = 4.0 ± 0.5 and 7.5 ± 0.5 cm2 s−1 found for implantation into crystalline and preamorphized
Si, respectively, using Rutherford backscattering spectrometry. To demonstrate the successful activation and
quantum control of near-surface implanted Bi, the full hyperfine spectrum of these donors is obtained using
continuous-wave electron spin resonance at 25 K, supporting the suitability for Bi donor qubits.

DOI: 10.1103/PhysRevMaterials.3.083403

I. INTRODUCTION

Quantum computing proposals involving group V donor
qubits in silicon (Si) have attracted considerable interest in
recent years. The “semiconductor vacuum” of isotopically
pure 28Si offers long electron and nuclear spin coherence
times [1] desirable for high-fidelity qubit operation. Donor
qubits have been realized for phosphorus in Si using surface
electrodes for readout and control of the electron and nuclear
spin states [2–4], leading to various quantum computing ar-
chitectures [5–7] to be proposed. Of interest is the bismuth
(Bi) donor, which offers technological advantages including
its potential for use as a quantum memory due to the large
nuclear spin (I = 9/2) providing a 20-dimensional Hilbert
space [8]. Bi donors exhibit clock transitions [9] where the
transition frequency to first-order is insensitive to magnetic-
field variations offering increased coherence times. The large
zero-field splitting of 7.4 GHz also could allow Bi spin qubits
to be coupled to superconducting flux qubits [10–12].

Readout and control of spin qubits by surface nanocircuitry
require a sparse density of donors commonly placed ∼20 nm
below the Si-oxide interface [7], as illustrated in Fig. 1. A
promising solution for fabricating such donor devices in Si is
low-energy, low-fluence ion implantation. With this method,
Bi offers increased qubit placement precision over other group
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V donors due to its reduced longitudinal straggle of 4.0 nm
compared to 9.2 nm for phosphorus when implanted to a
mean projected range of 20 nm in Si, based on Monte Carlo
simulations using the software SRIM [13]. Deterministic ion
implantation technology [14–17] provides a possible pathway
for creating a scalable array of single donors required for
quantum computing architectures.

The high atomic mass of Bi, however, results in a dense
damage profile upon implantation. Bi also has a low equilib-
rium solid solubility limit of 8 × 1017 cm−3 at 1320 ◦C [18],
which poses a challenge in obtaining a workable active Bi
concentration in Si. Achieving operational Bi donor qubits
requires an annealing scheme that results in a high electrical
activation yield (i.e., a high fraction of donors that have one
electron available to donate to the conduction band), a high
fraction of substitutional donors in the Si lattice, and a mea-
surable electron spin resonance (ESR) spectrum. Diffusion
during annealing must be limited as this causes an increase
in donor placement uncertainty and may decrease the donor
density in the active device area. Channeling of implanted
ions down crystal axes can also increase donor placement
uncertainty. This can be avoided by amorphizing the Si with a
sufficiently high fluence implant of 28Si ions, selected using a
mass spectrometer, before the implantation of Bi, here termed
“preamorphization.” The 28Si isotope was chosen due to its
high abundance and zero nuclear spin.

To date, annealing studies on the electrical activation
[19–24], substitutional fraction [19,25,26], and diffusion [27]
of Bi implanted Si have not considered the effect of the
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FIG. 1. An example of a proposed donor qubit device (not to
scale) with implanted Bi donors (red). Donors are located ∼20 nm
below the Si-oxide interface enabling spin manipulation by an on-
chip microwave antenna and readout by coupling to a single-electron
transistor (SET). The inset shows the depth profile of implanted
26 keV Bi donors simulated using SRIM. Control and readout of a
single Bi donor could be achieved by tuning the potential of surface
gates [1].

preamorphization of Si. Previously, the 10 ESR transitions
corresponding to the Bi nuclear spin, I = 9/2, have been
obtained on electrically activated Bi donors in natural Si
[12,28] and 28Si [29], with spin-dependent recombination-
based magnetic resonance spectroscopy [30] and bound ex-
citon photoluminescence [31]. Yet these experiments were
performed on Bi donors implanted to depths between 35 and
150 nm [29,30] or incorporated into the bulk of Si using the
pedestal technique [32] during float zone growth [12,28,31].

This work considers the effect of a preamorphization im-
plant (PAI) and annealing on the activation of Bi donors
implanted to a depth of 20 nm at fluences above and below
the Si amorphization threshold. Optimal activation strategies
are proposed by determining the dependence of carrier con-
centration, calculated using resistivity and Hall effect mea-
surements, and substitutional fraction and diffusion, measured
using Rutherford backscattering spectrometry (RBS), on im-
plant and anneal parameters. The full hyperfine spectrum of
implanted Bi donors, solely residing near the Si surface, was
obtained using ESR to confirm successful activation.

II. EXPERIMENT

Highly intrinsic (4–10 k� cm), float zone natural Si (UHPS
Topsil) was implanted at room temperature with 26 keV Bi
with a tilt angle of 7◦ to suppress channeling. A SRIM (v2013)
simulation with Bi implanted into Si at this energy and angle
of incidence gave a mean projected range of 20 nm. The
preamorphization parameters and Bi fluences investigated in
this work are specified in Table I. The fluences of 6 × 1012 and
1 × 1014 cm−2 were chosen to straddle the Si amorphization
threshold. The maximum concentration and corresponding
minimum Bi spacing at the peak of the depth profile for these
fluences were calculated using the SRIM simulation and shown
in Table I. After implantation and a piranha (4:1 98% H2SO4 :
30% H2O2, 90 ◦C) and RCA-2 (5:1:1 H2O : 30% H2O2 : 36%

TABLE I. Implant parameters investigated for samples A–D.

Implantation step Sample

A B C D

28Si PAI None None 20, 20,
(keV, cm−2) 1 × 1015 1 × 1015

Bi implant 26, 26, 26, 26,
(keV, cm−2) 6 × 1012 1 × 1014 6 × 1012 1.0 × 1014

Max. Bi conc. 6.3 × 1018 1.0 × 1020 6.3 × 1018 1.0 × 1020

(cm−3)

Min. Bi spacing 5.4 2.1 5.4 2.1
(nm)

HCl, 70 ◦C) clean, samples A–D were given a rapid thermal
anneal (RTA) in Ar atmosphere at a range of temperatures,
600–1000 ◦C, and durations, 5–300 s.

Samples A–D then underwent a HF etch to remove the na-
tive oxide, and 200 nm of Al was evaporated onto the corners
exposed by a shadow mask. A forming gas (Ar:H) anneal at
400 ◦C for 30 min was used to ensure good Ohmic contacts.
Resistivity and Hall effect measurements were taken at room
temperature using Van der Pauw devices with a magnetic-field
sweep between −0.7 and 0.7 T at currents of 5 μA. The
Bi electrical activation yield was calculated by dividing the
measured effective carrier sheet density, determined from Hall
measurements, by the total implanted fluence. The measured
carrier sheet density of the intrinsic substrate was negligible
and so the Hall measurements can be assumed to be probing
solely the electrons provided by the Bi donors.

RBS measurements were performed on a 5U Pelletron
accelerator with 1 MeV 4He+ ions using detectors positioned
at 110◦ and 170◦ scattering angles. For the high fluence Bi
samples B and D, the substitutional fraction, f , of Bi donors
on lattice sites to the total number of donors present was
measured using [33]

f = 1 − χI

1 − χR
, (1)

where χI and χR are the proportions of the integrated area
of the Bi peak and the Si edge height in the RBS spectra
for the channeled orientation, with the 4He+ beam aligned
along a 〈100〉 crystal direction in this work, to the random
orientation, where the beam is not aligned with any low-index
crystal directions or planes, respectively,

χI = A(Bi,C)

A(Bi,R)
, (2)

χR = H (Si,C)

H (Si,R)
. (3)

These parameters are shown in the channeled and random
RBS spectra in Fig. 2(b). Bi depth profiles were fitted
with Gaussian curves, and the full width at half-maximum
(FWHM) was extracted, enabling a quantitative measure of
Bi diffusion coefficients.

To independently confirm the presence of near-surface
implanted and successfully annealed Bi in Si, continuous-
wave electron spin resonance (cw-ESR) measurements were
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FIG. 2. 1 MeV He+ RBS spectra collected at a scattering angle of
110◦. (a) The damage to the Si crystal caused by the various implants
in Table I before annealing can be seen in the Si edge height in the
channeled orientation. (The legend is in order of decreasing Si edge
height.) (b) Sample D annealed at 700 ◦C for 5 min. With the sample
aligned in the channeled orientation, the Si surface peak and lower
energy peak corresponding to channeling oscillation [36] are visible.
The reduced area of the Bi peak for the channeled sample orientation
is due to the high substitutional fraction.

carried out on a 6 × 1012 cm−2 Bi implanted sample using
a Bruker Elexsys II ESR Spectrometer in an X-Band cavity
at 9.7209 GHz. The magnetic field was swept between 0 and
600 mT at 25 K. The microwave power was set to 0.4743 mW
and the magnetic field was modulated at a frequency of
100 kHz and an amplitude of 0.1 mT.

III. RESULTS AND DISCUSSION

Bi implantation fluences in this work were chosen to
straddle the Si amorphization threshold, where a continuous
amorphous layer is formed at �1 × 1014 cm−2 for keV Bi
ions [34]. This was confirmed by Raman spectroscopy (not
shown) and from the height of the Si edge in the RBS spectra
for samples in the channeled orientation, shown in Fig. 2(a).
A Bi fluence of 6 × 1012 cm−2 was shown not to result in a
continuous amorphous layer, as the channeled RBS spectrum
from sample A closely matches that produced by a crystalline
Si (c-Si) sample without implantation. Comparisons with
simulations using the RBS software RUMP [35] suggest that
a continuous amorphous Si layer is present after implanting
1 × 1014 Bi cm−2 (sample C). The RBS spectrum for sample
D with a PAI has a wider Si edge that is consistent with a
thicker amorphous layer. The height of the channeled edge
does not reach that of the random edge due to the thickness of
the amorphous layer and a detector energy FWHM of 25 keV,
as calculated by matching the shape of the Si edge with RUMP

simulations.
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FIG. 3. Electrical activation yield of Bi implanted Si given (a) a
5 min RTA at various temperatures and (b) a 1000 ◦C RTA for various
times. Errors are dominated by the uncertainty in the implant fluence.

Sections of samples A–D underwent an RTA at temper-
atures between 600 and 1000 ◦C for 5 min. Bi electrical
activation yield data are shown in Fig. 3(a). A significant
decrease in Bi activation is observed at temperatures above
800 ◦C for high fluence samples B and D. This is in agreement
with previous studies of Bi implanted at fluences above the
Si amorphization threshold, where a maximum electrical ac-
tivation yield, up to ∼90% [19], is achieved for temperatures
around 600–700 ◦C for a few minutes [19–21,23]. The high
fluence implant exceeds the Si amorphization threshold and
so crystallization proceeds via solid phase epitaxy (SPE) [37]
in which Bi donors are incorporated onto substitutional sites
(a metastable state), often above the solid solubility limit.
The decrease in Bi activation observed above 800 ◦C may
be a result of an increased thermal budget allowing the Bi
to move off lattice sites into interstitial sites (an equilib-
rium configuration), resulting in deactivation. Bi diffusion at
these high temperatures was also observed using RBS, as
described below, which supports this theory. A PAI produces a
thicker, and likely more homogeneous amorphous layer, than
1 × 1014 Bi cm−2 alone, which therefore increases Bi activa-
tion for low-temperature anneals by aiding the SPE regrowth
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mechanism. For implant fluences below the Si amorphization
threshold, higher-temperature anneals of around 900 ◦C have
been shown to maximize Bi activation [22,24,29]. However,
for the implant parameters considered in this work, no sig-
nificant dependence on anneal temperature is observed. The
PAI in this case results in a slightly lower activation yield of
22% on average, whereas without the PAI, the yield is closer
to 30%.

Sections of samples A–D underwent an RTA at 1000 ◦C
for durations between 5 and 300 s. The Bi electrical activation
yield data for these samples are shown in Fig. 3(b). For
high fluence samples B and D, a shorter anneal time of 5 s
maximizes Bi activation for high-temperature annealing but
does not come close to the higher level of activation achieved
at 600 ◦C. For low fluence samples A and C, Bi activation
increases with anneal time from 5 to 60 s but then drops when
further increased to 300 s. The decrease in electrical activation
for the high fluence case occurs at lower thermal budgets than
the low fluence case. This could be explained due to the higher
fraction of Bi above the equilibrium solubility limit, which can
be deactivated in the high fluence case.

Optimal Bi electrical activation yields in the low and high
fluence regimes were found to be 46% and 64%, corre-
sponding to active concentrations of around 2.0 × 1018 and
6.6 × 1019 cm−3 at the implant profile peak estimated using
SRIM and taking into account diffusion as measured by RBS,
respectively. These active concentrations are well above the
equilibrium solid solubility limit of 8 × 1017 cm−3 [18]. This
agrees with previous studies of ion-implanted Si, where SPE
can produce a metastable substitutional solid solution, where
the Bi solubility limit can be as high as 9 × 1019 cm−2 [38]

For high fluence samples B and D, the Bi substitutional
fraction as a function of anneal temperature and time is
shown on the left axes in Fig. 4. In general, almost all
of the implanted Bi is substitutional in the Si lattice after
5 min anneals between 600 and 800 ◦C and for 1000 ◦C
anneals between 5 and 20 s. The substitutional fraction drops
above 800 ◦C for 5 min anneals and above 20 s for 1000 ◦C
anneals, in agreement with previous studies [19,21,23]. With
increasing applied thermal budget, more of the Bi donors are
displaced from metastable lattice site locations and become
stable interstitial defects. This aids the understanding of the
observed trends in electrical activation yield for the high
fluence Bi samples.

The maximum electrical activation yields measured are
significantly lower than the near 100% substitutional fraction
of high fluence samples B and D as measured by RBS. This
could be due to a number of possible causes, including an
abundance of interface traps, oxide charge due to low-quality
native oxides, or strain-induced electric fields due to lattice
mismatch between Si and its oxide and due to the large
covalent radius mismatch between Bi and Si. Since the present
RBS measurements were performed with channeling along
only the 〈100〉 axis, the actual substitutional fraction could
be lower than measured if Bi is displaced from lattice sites but
hidden from the He+ ion beam. This was found in a previous
study, with similar implant fluence and annealing conditions,
in which RBS measurements were taken using an angular scan
across the 〈100〉 axis to determine that a fraction of the Bi
atoms that were apparently substitutional when measured in
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FIG. 4. (a) The substitutional fraction of Bi measured using RBS
at a scattering angle of 170◦ (red) and the diffusion length of Bi
measured from the FWHM of the Bi peak in RBS spectra collected at
a scattering angle of 110◦ (blue) as a function of anneal temperature
for a 5 min RTA. (b) The same as a function of anneal time for a
1000 ◦C RTA. The diffusion length data were fit with Eqs. (7) and
(5) with a fixed activation energy EA = 3.85 eV [39], resulting in
diffusion coefficients of D0 = 4.0 ± 0.5 and 7.5 ± 0.5 cm2 s−1 in
samples without and with preamorphization, respectively. Error bars
are estimated from the RBS spectra (red) and the standard deviation
of Gaussian fitting to the depth profiles (blue).

the 〈100〉 direction are in fact slightly displaced from crystal
rows [19].

Bi depth profiles in randomly oriented RBS spectra were
fit with Gaussian curves to extract the FWHM to determine
the extent of diffusion during annealing. Broadening of a
Gaussian dopant profile [40] can be described by Fickian
diffusion where the donor concentration, n, at a depth below
the surface, x, is given by

n(x) ∝ exp( − (x − Rp)2/2(σ 2 + 2Dt )) cm−3 (4)

with a projected range, Rp, a standard deviation of the Gaus-
sian profile before annealing, σ , and anneal time, t . The
dopant diffusivity, D, at a temperature T is given by

D = D0exp(−EA/kBT ) cm2/s (5)

with a diffusion coefficient, D0, and an activation energy,
EA [39]. The measured FWHM of the Bi peak can be
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expressed as

FWHM = 2.355
√

σ 2 + 2Dt + σ 2
E , (6)

where the detector energy resolution was modeled as a Gaus-
sian with standard deviation σE , which convolves with the
Gaussian Bi doping profile. This was used to calculate the
diffusion length:

l = 2
√

Dt, (7)

which is plotted as a function of anneal temperature and time
on the right axes in Fig. 4. Bi diffusion in Si only becomes
significant to within the precision of our measurement for
anneal temperatures at and above 900 ◦C for 5 min and for
anneal times at and above 60 s for 1000 ◦C. If the diffusion
length is comparable to the mean donor spacing, Bi clustering
into undesirable electrically inactive complexes can occur
[41]. Since high fluence samples B and D have a smaller mean
donor spacing, this can also explain why their Bi activation
is significantly decreased at lower thermal budgets compared
to low fluence samples A and C. Fickian diffusion curves,
described by Eqs. (7) and (5), with an activation energy,
EA, taken to be 3.85 eV [39] were fitted to the data to give
diffusion coefficients D0 = 4.0 ± 0.5 and 7.5 ± 0.5 cm2 s−1

without and with a PAI, respectively. These values are higher
than that found for Bi diffusion into crystalline Si from an epi-
taxially deposited layer of D0 = 1.08 cm2 s−1 [39]. Bi diffu-
sion is vacancy-mediated [42], therefore the Si lattice damage
created during ion implantation could enhance diffusion.

The presence of active implanted Bi donors in Si was
confirmed using ESR. At X-band, a large magnetic-field range
of 0–600 mT is required to collect the complete Bi hyperfine
spectrum due to the large nuclear spin (I = 9/2) and hyperfine
interaction (A = 1475.4 MHz) of Bi [44]. The simulated Bi
hyperfine energy levels [43] and the cw-ESR data are shown
in Fig. 5. Samples are required to be nonmetallic for ESR,
therefore a low fluence Bi implant of 6 × 1012 cm−2, with a
maximum Bi concentration below the metal-insulator transi-
tion (NC = 1.8 × 1019 cm−3) [45], was chosen. This sample
did not have a PAI, and donors were activated with an RTA at
1000 ◦C for 5 s. A sample area of 0.65 cm2, resulting in a total
of 3.9 × 1012 implanted Bi donors, was laser cut and stacked
to fit inside the sapphire cavity of the ESR machine. Assuming
an electrical activation yield of 22.4%, as measured from the
Van der Pauw devices, this corresponds to a total of 8.7 × 1011

active Bi spins, which produced a measurable signal above
the experimental sensitivity limit. The experimental data were
collected in 10 subsets, each spanning 10 mT and centered on
the expected magnetic field. Each subset was scanned 1000
times to increase the signal-to-noise ratio. The magnetic field
between the 10 peaks was not scanned to reduce the data
collection time. The background signal due to resonances and
defects in the sapphire cavity was fitted and subtracted from
the data. The strongest ESR transition signal was found in the
second harmonic and is shown here. This can be explained
by the saturation of the second-harmonic ESR signal with
increasing microwave power being much less than that of the
first harmonic [46]. The inset of Fig. 5(b) shows the shape of
the second-harmonic ESR signal for the ms = +9/2 transition
from which the ESR peak-to-peak linewidth can be extracted
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FIG. 5. (a) Simulated energy levels of Bi in Si as a function
of magnetic field [43]. The red lines show the magnetic field at
which microwaves with frequency 9.7209 GHz are on resonance with
an ESR transition. (b) The full hyperfine spectrum of near-surface
implanted Bi in Si measured using cw-ESR at T = 25 K with a
microwave frequency of 9.7209 GHz at 0.4743 mW. The 10 ESR
peaks are labeled with their projected nuclear spin, ms. The inset
shows an expanded view of the ms = +9/2 transition.

to be lpp = 7.5 ± 0.5 G. This is larger than the linewidth of
∼4 G measured for Bi incorporated in the bulk of natural Si
[12], which could be explained due to the close proximity of
the native oxide interface increasing the variation in the local
magnetic environment of the Bi. As shown, each of the 10
measured ESR peaks occurs at the expected magnetic field for
the given microwave frequency and so agrees with the sim-
ulation. The full Bi hyperfine spectrum verifies a successful
implantation and annealing strategy for near-surface Bi in Si.

IV. CONCLUSION

In conclusion, optimal implant and annealing strategies for
near-surface implanted Bi donors at fluences 1 × 1014 and
6 × 1012 cm−2 were found to be solid phase epitaxy at 600 ◦C
for 5 min and an RTA at 1000 ◦C for 60 s, both following
preamorphization, resulting in electrical activation yields of
64% and 46%, respectively. The substitutional fraction and
diffusion of Bi were measured to aid the explanation of the
trends found. The full Bi hyperfine spectrum containing all
10 transitions was obtained for Bi donors implanted to a depth
of ≈20 nm below the native oxide interface and subsequently
annealed. This confirms the successful annealing of the dam-
aged Si lattice caused by heavy-ion implantation and the
electrical activation of a significant fraction of the Bi donors.
These results show promise for Bi donor implantation as a
method for fabricating near-surface spin qubits that could be
coupled to surface control and readout circuitry for integration
into a large-scale device that exploits the unique properties of
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Bi. With a Bi donor environment of isotopically pure 28Si, the
removal of 29Si nuclear spins would decrease the ESR signal
linewidths and prolong coherence times, which are desirable
attributes for an engineered device.
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