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Abstract

We successfully characterized the local structures of Bi atoms in a wire-6-doped layer (1/8 ML)
in a Si crystal, using wavelength dispersive fluorescence X-ray absorption fine structure at the
beamline BL37XU, in SPring-8, with the help of density functional theory calculations. It was
found that the burial of Bi nanolines on the Si(001) surface, via growth of Si capping layer at
400°C by molecular beam epitaxy, reduced the Bi-Si bond length from 2.79 + 0.01 A to 2.63 +
0.02 A. We infer that following epitaxial growth the Bi-Bi dimers of the nanoline are broken, and
the Bi atoms are located at substitutional sites within the Si crystal, leading to the shorter Bi-Si

bond lengths.
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Recently, it has been proposed and demonstrated that heavy elements are potentially
suitable for new computing schemes using bound electrons for high temperature operation,
e.g. quantum information processing [I—1]. However, in practice doping heavy elements into
the Si crystal is difficult for a variety of reasons. These include, their low diffusion coefficient
and solid solubility for thermal diffusion methods [5], their strong tendency towards surface
segregation during molecular beam epitaxy (MBE) [0], and accompanied defect formation
during ion implantation [7, &].

To this end, we proposed a new solution to realize heavy element doping, through the
use of their nanostructures on the Si surface. One demonstration was highly concentrated
Bi doping into a Si crystal using Bi nanolines as a dopant source [9]. This doping process
consists of two steps. Firstly, burial of Bi nanolines in an epitaxial Si layer [10]. Secondly,
activation of the dopants by annealing at 1200 °C [11]. Activation was confirmed by photo-
luminescence. Successful doping requires that Bi atoms are located at substitutional lattice
sites, with four-fold Si coordination, and that defects (i.e. optical recombination centers) are
eliminated. The necessity of high temperature annealing means that at least one of these
two features is missing after the initial burial.

The Bi nanoline consists of two parallel lines of Bi dimers, which run perpendicular to
the Si dimer rows of Si(001) [10], with a width equivalent to four Si dimers (15.4 A). Based
on experimental results and comprehensive DF'T calculations, the Haiku model of the Bi
nanoline was proposed [12]. The Haiku model consists of two parallel lines of Bi dimers
sitting above a large reconstructed Si region, known as the Haiku core as show in Fig. 1 [13].
The Haiku model was recently verified by experiment, where a hydrogen cracker was used
to remove the Bi from the Bi nanoline, whilst leaving the Haiku core intact, allowing for its
direct observation [11].

In this work we will clarify the physical processes which take place during burial of Bi
nanolines in an epitaxial Si layer, through the use of two techniques for analyzing our dopant
samples, X-ray absorption fine structure (XAFS) and Density Functional Theory (DFT).
For our analyses we prepared two samples, with the Bi nanoline buried by a Si capping layer
under different conditions. One grown at a temperature of 400 °C with a 1 ML Bi surfac-
tant, and the other at room temperature. It is difficult to analyze the structure of buried
Bi nanolines, due to the relatively dilute Bi in the sample (1/8 ML, 8.48 x 10 cm™2) [15].

Therefore we employed the wavelength dispersive fluorescence X-ray absorption fine struc-
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FIG. 1. Haiku model of the Bi nanoline [13] shown from the side and above. Bi atoms are shown

in pink, Si in brown and H in white.

ture (XAFS) technique [16] at the beamline BL37XU, with an undulator, in a synchrotron
radiation facility, SPring-8. This technique is a powerful tool to extract XAFS signals of
very dilute elements from the intense background scattering and fluorescence X-rays of the
bulk sample.

We used an ion-pumped Si MBE system for Si sample growth, and a resistively-heated
effusion cell for the evaporation of Bi, following the procedures from our previous work [11].
The base pressure was 2 x 1077 Pa. The growth rate of Si was 0.3 ML s™' (1 ML =
6.8 x 10 atoms cm™2). A 20 keV reflection high-energy electron diffraction (RHEED)
system was used for monitoring the surface structure of Si. Si substrates were subjected to
the standard cleaning process and then immediately loaded into the growth chamber. After
removal of the protective oxide, an atomically clean surface with a sharp 2 x 1 RHEED
pattern was established by depositing a 100 nm thick Si buffer layer at 400 °C followed by
thermal annealing at 800 °C. Si(001) substrates, whose surface normals were miscut at 4° off
towards [110] from (001), were used to make single domain Si(001) surfaces for the fabrication
of single domain Bi nanolines. Exposure to a Bi flux of 3 x 10'? atoms cm™2s™!, with the
substrate maintained at around 600 °C, resulted in characteristic one-dimensional RHEED
patterns, i.e. a clear signature of the Bi nanolines. After formation of the Bi nanolines,
a b0 nm-thick Si capping layer was epitaxially grown with a 1 ML Bi surfactant layer at
the growth temperature T, = 400 °C [15]. The Bi surfactant formed a surface segregation

layer, which was removed by chemical etching [17]. For the other sample, 30 nm-thick of
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amorphous Si was deposited at room temperature. As a reference sample, a Si(001) wafer
implanted with 2.31 x 10'% cm=2 Bi" ions (Si:Bi) was prepared, and annealed at 600 °C for
30 min in Ny, following a recipe from the literature [7]. Metal Bi crystal powder diluted in

BN powder was used as a standard sample for the XAFS experiments.

XAFS measurements were performed at the Bi Lj-edge in Ny at the beamline BL37XU,
in SPring-8. The X-rays from the undulator source were monochromatized by a Si(111)
double-crystal monochromator. Higher harmonics of the incident X-rays were removed by
Rh coated double mirrors. The incident X-ray intensity was measured by an ionization
chamber filled with a 70/30 % He/N gas mixture. The XAFS spectra were measured in
the wavelength dispersive fluorescence mode using a 19-element Ge detector with a bent
crystal Laue analyzer (DCA-0950, Oxford Danfysik), placed in front of the Ge detector.
This was done to remove the intense scattered X-rays from the sample and enhance the
signal to background ratio in the fluorescence XAFS spectra. The sample was mounted on
a swivel stage to set the incident angle between the X-rays and the sample surface at 4°.
The polarization of the incident X-rays was parallel to the sample surface (Fig. 2 (a)). The
XAFS spectra were analyzed using the Demeter software [18], after removing diffraction
noise. Theoretical scattering phase shifts and amplitudes were calculated using FEFF8 [19].
Curve fitting was performed to determine the distances (R), the coordination numbers (CN*),
the Debye-Waller factors (02), and the relative error between the fit and data (R-factor) for
each sample, with an energy shift parameter AFE used to align the theoretical spectrum
to the measured spectrum. In most cases, diffraction noise arising from the single crystal
Si substrate was removed in the XAFS spectra by the continuous rotation of the sample
around the surface normal. Since polarized X-rays were used, the CN* has a polarization
dependence (~ 1/23(1 + 3cos®6) [20]) for anisotropic specimens. Here, 6 is the angle
between the polarization of the X-ray and sample bonds. Intense diffraction noise was only
observed for the case of incident X-rays parallel to the Bi nanoline axis (data not shown
here), indicating that the one dimensional nature of the Bi nanoline was maintained after
burial. This is consistent with reciprocal X-ray imaging results. Since the typical length of

Bi nanolines is over 500 nm [10], Bragg’s diffraction condition would be satisfied.

Theoretical calculations were used to study two different systems, Si adsorption on the Bi
nanoline, and Bi in bulk Si. Calculations were performed using Density Functional Theory

(DFT) [21, 22], as implemented in the Vienna Ab initio Simulation Package (VASP) [23, 21],
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FIG. 2. (a) Schematic illustration of the sample structure and geometry for XAFS measurements.
(b) Comparison of Bi L;;r-edge XANES spectra of our two samples, buried Bi nanolines with a Si
capping layer grown at RT or 400 °C (w/ Bi surfactant), a reference Bi* implanted sample, and a

standard Bi metal powder sample.

with slightly different settings for each system.

For Bi nanoline calculations the PW91 exchange-correlation functional [25] was used,
whereas for bulk calculations the gradient-corrected Perdew-Burke-Ernzerhof (PBE) [20]
exchange-correlation functional was used. For Bi the 6s26p® electrons were treated as valence,

the rest as core. The core electrons were described by the projector augmented wave (PAW)

method [27, 28].

The Bi nanoline and the surrounding Si(001) surface were represented by a ten layer
slab model, with the p(2x2) surface reconstruction, using the experimental Si bulk lattice
constant of a, = 5.4306 A. The tenth layer was terminated by H atoms in a dihydride
structure, and both the H atoms and the bottom two Si layers were fixed. The surface
was represented by two Si dimers rows, each equivalent to ten dimers long, consisting of six

regular dimers and the Haiku reconstructed region spanning the remaining four. The Bi



(a) Substitutional Bi (b) Substitutional Bi (c) Two substitutional Bi
with vacancy (Bi-V)

FIG. 3. Structural models of Bi in Si. (a) Substitutional Bi, (b) substitutional Bi and an Si vacancy

and (c) two substitutional Bi.

nanoline itself consists of a pair of Bi dimers per dimer row, sitting atop the Haiku region.
To model adsorption a single Si atom was placed above a Bi dimer and the structure allowed
to relax. Periodic images were separated by a vacuum gap of 12.73 A to prevent interactions.

A 512 atom bulk Si cell was used to study Bi defects, using the calculated theoretical
lattice constant of 5.469 A. It has previously been shown that a cell of this size is required for
defect calculations [29]. Cells containing between zero and two Bi atoms were considered.
For cells containing no Bi, the simplest mono- and di-vacancies [29, 30] were considered.
Single Bi atoms were then inserted at one of the vacanct lattice sites to create substitutional
Bi (Bigus) and Bi with vacancy (Bi-V) structures. For cells containing two Bi defects, we
considered from the nearest to next next nearest neighbour sites. Structural models for
several of these Bi defects are shown in Fig. 3.

Bi nanoline calculations used an energy cut-off of 250 eV with a 2x1x1 Monkhorst-
Pack k-mesh along the direction of the Bi nanoline. Bulk calculations used an energy
cut-off of 300 eV with a 2x2x2 k-point mesh. All calculations were spin polarised with no
restrictions placed on the spins. In both cases geometry optimisations were performed with
a 0.02 eV/A convergence condition for the forces on each atom.

For the Bi nanoline, adsorption energy was calculated using

Eads - Enano+Si - Enano - ES’L'7 (1)

where F,unotsi 18 the energy of the structure with Si adsorbed, E,q,, is the energy of the
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FIG. 4. Bi 4dj5/, azimuthal XPD patterns of Bi nanoline on Si(001) for 6; = 8 — 20. Solid circles
connected with thin lines are experimental and gray dashed lines are the results of simulations for

the previous model [31]. The red solid lines are the result of simulation for the Haiku model.

Bi nanoline and Ejg; is the energy of an atomic Si.
For bulk defects two energy measures were considered. For single Bi defects we calculated

the stability of the defect structures relative to a vacancy structure, according to
AE = ESi+Bz’ - ESH-V — B, (2)

where Fg;  p; is the energy of the bulk cell containing a Bi defect, Eg; .y is the energy of
bulk cell with one or two vacancies and Ep; is the energy of an atomic Bi. For double Bi
defects we calculated their energies relative to the most stable configuration.

We provided further validation of the Haiku model by reconsidering the X-ray photoelec-
tron diffraction (XPD) patterns as shown in Fig. 4, where the simulated anisotropy pattern of
the Haiku model is plotted against experimental data and the older Miki model [31]. These
XPD patterns were calculated using a multiple scattering custer (MSC) framework [32]
which is more accurate for the linearly arranged system. The Haiku model shows a better
agreement with experiment than the Miki model, especially around the azimuthal angles of
0 and 90 degrees, the former of which corresponds to the Bi dimer bond direction. Thus,
structural parameters obtained by DFT are also acceptable by XPD. From the Haiku model,
the Bi-Si bond length is calculated to be 2.79 4 0.01 A, so will be used in the following
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FIG. 5. (a) Bi Ljjs-edge k3-weighted EXAFS spectra of our two samples, buried Bi nanolines with
a Si capping layer grown at RT or 400 °C (w/ Bi surfactant), a reference Bi™ implanted sample,
and a standard Bi metal powder sample. (b) Their Fourier transform at k = 2 - 10 A~!, with their

curves fitted by a one-shell model using the parameters from Table I.

TABLE 1. Structural parameters of the Bi-Si nearest neighbour shells obtained from the curve
fitting analysis of the Bi Lj;r-edge EXAFS spectra of our two samples, buried Bi nanolines with
a Si capping layer grown at RT or 400 °C (w/ Bi surfactant), a reference Bi™ implanted sample,
and a standard Bi metal powder sample. 2 < k < 10 A=', 1.6 < r < 2.7 A. For bulk Bi, structural

parameters of the Bi-Bi nearest neighbour shell are shown.

Samples R (A) CN* o? (A?) AFE (eV) R-factor
(A) Si cap at 400 °C 2.63 £0.02 44+£05 0.0081+0.0021 -1.49 0.00084
(B) Si cap at RT 2.670 £0.003 0.9+£0.5 0.0041 £ 0.0003 -1.67 0.00007
(C) Bit ion implanted 2.63+£0.01 1.1+0.5 0.003 £ 0.001 0.47 0.00033
(D) Bi bulk (Bi-Bi bond)  3.0754+0.004 2.3+£0.5 0.0055 £ 0.0012 - 0.02918
discussions.

Figure 5 shows the Bi L;j-edge extended XAFS (EXAFS) spectra and the results of the
curve fitting as listed in Table 1. The curve fitting was made using a one-shell model with
Bi-Si scattering paths. It should be noted that the z-axis in Fig. 5(b) does not show the
correct distance R, because these Fourier transforms did not take into account the phase

shift in the photo-electron scattering process. Thus the values from curve fitting in Table I
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FIG. 6. Schematic illustration of the burial of Bi nanolines into a Si crystal. (a) Bi nanolines on

Si(001), (b) w/ cap @ RT, (c) w/ cap @ 400 °C.

are correct. In the Fourier transform (FT)-EXAFS spectra of the buried Bi nanolines and in
Bi* implanted Si (Fig. 5(b)), no peaks from Bi-Bi scattering path were observed. However,
we could not rule out the existence of Bi dimer structures in these samples based on EXAFS
observations. The quality of the x(k) EXAFS spectra is not high enough for precise curve
fitting in the region of k > 8 A~! in Fig. 5(a), where the contribution of the Bi-Bi scattering
path to the EXAFS signal is significant. Also, the Debye-Waller factor of the Bi-Bi bond
is large even in the Bi metal, which indicates the EXAFS amplitude of the Bi-Bi scattering
path is quite small in general for Bi complexes. Although we cannot definitively rule out the
existence of Bi-Bi bonding in our samples, our lack of evidence means we cannot provide a
measure of the Bi-Bi bond length, and will hereafter only discuss Bi-Si bonding. As shown
in Table I, the Bi-Si bond length is 2.63+0.02 A for the Bi nanolines capped at 400 °C.
Remarkably this Bi-Si bond length is the same as the Bi* ion implanted Si although the
CN* is different. The CN* of Bi-Si is 4.4 +0.5 for the Bi nanolines capped at 400 °C, which

is close to the ideal value for substitutional Bi in a Si crystal.

As specified earlier, DFT calculations were employed to gain more insight into this system.
Based on eq. 2, AFE for Big,s and Bi-V are — 4.611 and — 4.630 eV, respectively. It is
marginally more favorable for Bi to fill a di-vacancy than a mono-vacancy, but the di-vacancy
is likely more unstable in the first place. For two nearby Bi defects we found that the most
distant configuration, at next next nearest neigbour sites was the most stable, meaning that
Bi atoms prefer to be separated. However, the relationship between Bi-Bi distance and
energy is not straightforward, since Bi at nearest sites (+0.044 eV) were found to be more

stable than at next nearest sites (+0.107 ¢V). This difference can likely be accounted for
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by the fact that a Bi-Bi bond has been replaced with a Bi-Si bond. It has been suggested
that Bi in Si may display negative effective U behavior [33, 34], which can be assessed by
considering the relative energetics of different charge states. However, we could find no
evidence for this behavior for any of our defect structures.

The Bi-Si bond lengths for Bi,,s and Bi-V were calculated to be 2.65 and 2.78 A,
respectively. A vacancy allows for the release of compressive strain, as evidenced by the
lower energy, elongating the bond length. However, based on the Bi-Si bond length, the
Bi-V structure cannot be fitted to the experimental results. When two Bi were considered,
the Bi-Si bond lengths were always found to be 2.65 A. Thus, even though separated Bi
are energetically favoured, structural parameters do not change with distance. Hence, both
single and double substitutional Bi are promising structures for embedded Bi.

In Fig. 2 (b), the X-ray absorption Bi L;;;-edge of Bi atoms in Si is shifted to lower energy
than that of the Bi crystal. Unexpectedly, the absorption edge of the Bi ion implanted sample
is located at the lowest energy position. This indicates that a majority of the Bi atoms are
associated with defects, such as vacancies (V), and/or form Bi clusters in the Si crystal. It
should be noted that Bi-V structures are observed on the Si(001) surface of Bi ion implanted
Si after high temperature anneal at 1100 °C [35], although this depends on the implantation
dose and post-annealing. However, DFT calculations indicate that Bi-V structures show an
increased Bi-Si bond length (2.78 A), in contradiction to the observations for this sample.
Taken together with the fact that the current sample is highly dosed, it appears more likely
that Bi clusters are present in the ion implanted samples. This would also explain why the
CN* of the ion implanted sample is quite low (1.1 4+ 0.5), since Bi clusters would reduce
the number of Bi-Si bonds. By comparison, the absorption edge for buried Bi nanolines is
located at a higher energy position, suggesting that the Bi atoms are at substitutional sites.
Preliminary DFT calculations support the observed absorption edge shifts, and the presence
of Bi clusters. A more detailed analysis will be forthcoming.

To further discuss the physical mechanism for burial of Bi nanolines into the Si crystal, the
difference of Bi-Si bond lengths before and after Si capping were compared and two features
noted. Firstly, the Bi-Si bond length in the epitaxial Si layer (2.63 A) is shorter than that
of Bi nanolines on Si(001). Secondly, the Bi-Si bond length for amorphous cap growth
at RT (2.67 A) is longer than for epitaxial cap growth (2.63 A). Focusing on the second

point, according to previous X-ray standing wave (XSW) experiments for RT growth, the
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Bi nanoline structure was found to persist beneath an amorphous capping layer [36]. This is
also consistent with the reciprocal X-ray imaging results (See Supplementary Information).
Therefore, if we assume that the nanoline structure at least partly survives RT growth, the
low C'N* can be explained by the X-ray polarization dependence of an anisotropic structure.
For the present measurement geometry (the polarization of the X-ray is parallel to the Bi-Bi
bond), the angle 6 between the polarization of the X-ray and the two Bi-Si bonds with the
subsurface is almost 90°. Thus the CN* is minimized.

In an attempt to tackle the discrepancy in bond lengths, we considered Si deposition onto
the Bi nanoline. We calculated a single Si adatom adsorbed at the centre of a Bi dimer.
From eq. 1 the adsorption energy (F,qs) was calculated to be -1.302 eV. This is relatively
low, but shows that adsorption of Si on the nanoline is possible. The adsorbed Si forms two
Bi-Si bonds, both of 2.69 A, close to that observed for an amorphous Si cap. In addition,
the surface Bi-Si bonds change from 2.79 + 0.01 A to 2.84 + 0.01 A. However, when all
six bonds are averaged, the value is the same as the clean case, 2.79 A. Si adsorption alone
cannot explain the amorphous capping situation.

We instead propose that for amorphous Si capping, partial nanoline reconstruction occurs
as shown in Fig.6(b). We assume that some Bi are at relaxed substitutional sites (Bi-Si
bond length 2.63 A), whilst others remain in the original nanoline arrangement, or with Si
adsorbed (Bi-Si bond length 2.79 A). Under this assumption, if roughly 25% of the nanolines
remained in their original structure, then the averaged bond length would match to that
observed in experiment (2.67 A). The relaxed to unrelaxed ratio would significantly depend
on the temperature of the substrate during the growth process. By assuming full relaxation
during 1 ML Si growth at 400 °C, since the bond lengths match to the ion implanted
sample, the calculated binding energy of Bi atoms in the Bi nanoline is less than 1.9 eV
(See Supplementary Information for full details). In other words, our results suggest that
Bi nanolines partially survive burial at room temperature, whereas at 400 °C the structure
is fully relaxed to substitutional positions within the Si crystal.

In conclusion, the characterization of the local structures of Bi atoms in a wire-d-doped
layer (1/8 ML) of a Si crystal was achieved with wavelength dispersive fluorescence X-ray
absorption fine structure using a bent crystal Laue-type analyzer, and the support of DF'T
calculations. We provide analysis for several different sample preparation conditions, includ-

ing ion implantation, and Bi nanolines buried beneath epitaxially grown and amorphous Si
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caps. Although each scenario is likely complicated, containing a mixture of different Bi
structures, we propose the most significant arrangement for each. Ion implanted samples
contain substitutional Bi, but also defects such as vacancies or more likely Bi clusters, due
to the implantation process. Burial of the Bi nanolines with an epitaxially grown Si capping
layer at 400 °C reduces the Bi-Si bond lengths from 2.79 + 0.01 A on the surface, to 2.63
+ 0.02 A. The same Bi-Si bond length is observed for Bi ion implanted samples, so we infer
that the end structures are the same, except that the buried Bi nanoline lacks the defects
usually associated with ion implantation. Both are in good agreement with the calculated
bond length for Bi at substitutional sites within bulk Si, making these suitable for doping
states in a Si crystal. During room temperature deposition of an amorphous capping layer,
we suppose that the Bi nanolines are partially relaxed, with a fraction surviving the capping

process. Adsorption of Si on the nanoline is suggested as a potential starting point for burial.

The synchrotron radiation experiments were performed at the beamline BL37XU, SPring-
8 with the approval of the Japan Synchrotron Radiation Research Institute (JASRI) (Pro-
posal Nos. 2011B1692, 2012A1546, and 2012B1664). Calculations were performed using the
UCL Legion High Performance Computing Facility, and associated support services. We
acknowledge Dr. Sakata at NIMS for technical help. This research was supported by JSPS
KAKENHI Grant Numbers 20246017 (K. Miki) and 20121355 (K. Murata), 26105007 (M.
S.), and also NIMS Nanofabrication Platform in Nanotechnology Platform Project from the
Ministry of Education, Culture, Sports, Science and Technology, Japan (MEXT).
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