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ABSTRACT

Multiple dopant configurations of Te impurities in close vicinity in silicon are investigated using photoelectron spectroscopy, photoelectron
diffraction, and Bloch wave calculations. The samples are prepared by ion implantation followed by pulsed laser annealing. The dopant
concentration is variable and high above the solubility limit of Te in silicon. The configurations in question are distinguished from isolated
Te impurities by a strong chemical core level shift. While Te clusters are found to form only in very small concentrations, multi-Te configu-
rations of type dimer or up to four Te ions surrounding a vacancy are clearly identified. For these configurations, a substitutional site location
of Te is found to match the data best in all cases. For isolated Te ions, this matches the expectations. For multi-Te configurations, the results
contribute to understanding the exceptional activation of free charge carriers in hyperdoping of chalcogens in silicon.

© 2023 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license (http://

creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/5.0148430

Doping of the band semiconductor silicon follows well-
established principles: To enhance hole (electron) concentration, ele-
ments of group 13 (group 15) of the periodic table are introduced lead-
ing to singly ionized impurities." Doping to very high limits can lead
to a transition to a metallic state above the insulator-to-metal transi-
tion (IMT). For these singly ionized dopants, the IMT matches well
with the expectations from the band model of Mott.” For doubly ion-
ized dopants of group 16, one column further in the periodic table, a
similar transition criterion holds, as studied in the case of Si:Se’ and
Si:Te." Above the IMT, the free carrier concentration is in principle
freely tunable by the dopant concentration. However, the mutual
interaction of dopant atoms may modify their wave functions and
their ability to contribute free carriers, which depends also on the local
structure surrounding the dopant as well as structural distortions that
may occur as two or more of the dopant atoms come in close vicin-
ity.”® For almost all singly ionizing n-type doped silicon studied to
date, the formation of donor pairs, clusters, or defect complexes results

in an intrinsic upper limit at around 5 x 10**cm™ for the electron
concentration.””

Surprisingly, hyperdoping of silicon by Te results in electron con-
centration up to 8.3 x 10°°cm™ without saturation.”'’ Tt can be
assumed that the double-ionized nature of Te in silicon contributes to
continued activation also of multi-Te complexes. A part of the charge
may be trapped, but in contrast to single-ionized donors part of the
charge remains active even in dimers or vacancy configurations. This
has been studied theoretically for Se in silicon.'"'” Chalcogen ions are
deep level donors in silicon and have low thermal solubilities."”
Hyperdoping refers to doping above the solubility limit. It is realized
by non-thermal equilibrium methods, e.g., combining ion implanta-
tion and pulsed laser melting at nanoseconds.”™*"'* Potential applica-
tions of the hyperdoped silicon include the use as extended
photodetectors in the infrared wavelength range."* "

In this Letter, we address the identification of Te sites within the
Si matrix. These are observed in samples of Si:Te at high doping
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concentration. We combine the method of photoelectron spectros-
copy, which is sensitive to the electronic configuration of the dopant
atom and its local surrounding, with the analysis of diffraction patterns
of these photoelectrons that reveal the geometric configuration of the
dopant site. This virtue of the method has also been used in other
impurity systems.'”*’ For the same crystal class, at lower photoelec-
tron kinetic energy, studies have been performed on Si:As’' and
diamond:P”* and summarized in a recent review.”” We find that the
vast majority of Te atoms are located on substitutional sites, which
continues to be the case when Te in isolated monomers become the
minority against dimer or more complex configurations of nearby Te
impurities. For these, model cases are identified, thus rationalizing the
ability of complex Te-Si configurations to contribute actively to the
conductivity of Si above the IMT.

Samples of Si:Te with peak Te concentrations up to 4.5 at. % have
been prepared by ion implantation followed by pulsed laser melting. "’
Te impurities are located in a layer of approximately 100 nm thickness
near the surface.”* The experiments were performed using x-ray pho-
toelectron spectroscopy (XPS) at beamline P22 of the storage ring
x-ray source PETRA III"”” at a high photon energy and, thus, photo-
electron kinetic energy (around 5690 €V for most data). Due to an
inelastic mean free path of approximately 5nm in this regime,”® the
probing depth can be as high as 20 nm and reaches a region of near
peak Te concentration. The top surface of the Si(001) wafers was
etched just prior to the experiments using diluted hydrofluoric acid
(HF at 10%) followed by a pure ethanol wash and rapid introduction
into the vacuum system. The samples were held at the temperature of
40 K during data taking.

1o XPS Te 3d °l, B
' o "4.5%"
o "4.0%" C
1.0 - o "3.5%"
~ l|2.50/°ll
fit

intensity (arb. units)

I I I I I
580 578 576 574 572
binding energy (eV)

FIG. 1. X-ray photoelectron spectra of samples with varying Te nominal concentra-
tion in the Te 3ds, region. The data for nominal concentration of 2.5%, 3.5%, and
4.0% are scaled as acquired with a hemispherical photoemission analyzer, and the
increasing Te content is visible through increasing total peak area. The data for
“4.5%” (acquired with the time-of-flight spectrometer) are scaled to match. Offsets
are introduced for graphical clarity. The best fit spectra are shown as orange lines
as described in the text. For “4.5%,” the separate contributions from peak C and
background, peak B, and peak A are shown as red-, green-, and blue-dashed lines,
respectively.
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Spectra of x-ray photoelectron spectroscopy (XPS) are shown
in Fig. 1 for samples of nominal Te concentration between 2.5 and
4.5at. %. The peak heights related to Te are found to increase
accordingly. A multi-peak structure of at least two chemically
shifted peaks is found in all samples in the region of Te 3ds),.
Chemical shifts in XPS can derive partially from the charge state of
the probed ion and from its electrostatic environment. Further and
often strong shifts are derived from the dynamical screening of the
core hole created in photoemission due to quasi-free and metallic
charge carriers. This screening usually results in an observed
reduced binding energy. The peak width of each chemically shifted
component is ultimately limited by the uncertainty introduced by
core hole lifetime, and the final spectrum is composed of the sum of
these overlapping contributions. A peak fitting analysis was per-
formed using the CasaXPS$ software.”” Details of this analysis and
numerical results are shown in the supplementary material. This
multi-peak structure is indicative of a variation of impurity ion con-
figurations in the highly doped samples. The peak at lower binding
energy (B) grows more rapidly than the peak at 1 eV higher binding
energy (C). At the lowest doping concentration, where mostly sub-
stitutional site occupation of Te has previously been identified,"’
peak B is significantly smaller than peak C. Intensity C is, thus,
related to substitutional Te monomers, i.e., Te ions surrounded by
at least one shell of Si in a lattice that is only locally distorted.

We now consider the high-energy photoelectron diffraction
(hXPD) patterns generated by emission from these chemically shifted
species. The data have been acquired using time-of-flight momentum
microscopy”” for the highest doped sample “4.5%.” For photoemission
from a Si 2p core level, a pattern of this kind is shown in Fig. 2(d).
Note that the photon energy was tuned to excite the electrons from
the Si core level to the same Ej;,, = 5690 eV as from the Te 3ds,, level.
The Kikuchi bands of enhanced photoemission intensity as well as
characteristic low-intensity trenches are well-described by electron dif-
fraction calculations assuming a point-like emitter.”” Since each pixel
of these patterns is related to a full spectrum, albeit at reduced count-
ing statistics, we can resolve the diffraction patterns for each chemical
shift. These are shown in Figs. 2(a)-2(c) for Te 3d. Three distinct pat-
terns are extracted by a pixel-by-pixel decomposition that extracts the
intensities of three Gaussian peaks of equal widths and fixed positions.

All patterns follow the fourfold symmetry of the Si(001) surface.
The patterns have, thus, been symmetrized after checking the fourfold
structure. The incidence of the photon beam was along the k, direction
in these plots, or equivalently from —k, or *k, since the fourfold
symmetrization reduces the weak effect of directionality of the photon
beam. The incidence angle was 78° from the surface normal, and line-
arly polarized radiation was used. Pattern A is nearly featureless, but
the characteristic trenches parallel to the k, and k, axes are also seen in
this pattern, at identical positions to the other patterns. Patterns B and
C have a striking resemblance to emission from Si. For pattern C, this
is expected as this binding energy region belongs to substitutional
monomers. Pattern B is of highest intensity, but its overall contrast is
further reduced, which will be discussed below. Note that the Kikuchi
pattern is sensitive to a displacement of the emitter position with
respect to the long range registered lattice site,”””” and the monomer
is located on the same high symmetry position as a Si atom.

Calculations for the analysis of these patterns proceed in two
steps. For electronic structure calculations, we construct supercells of
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FIG. 2. (a)-(d) hXPD patterns recorded for the sample “4.5%.” The patterns Int
A-Int C correspond to a decomposition of binding energies as indicated in Fig. 1.
The pattern for silicon was recorded for Si 2p at the same kinetic energy as the Te
3ds, level. The line plots in (€) and (f) show cuts through the centers of all patterns,
as indicated by colored dashes in (a)—(d).

3 X 3 x 3 cubic Si unit cells and introduce one, two, or more Te atoms
as well as vacancies. By ab initio density functional theory (DFT),
we determine the total-energy-minimized configuration for these con-
figurations, thus leading to force free relaxed cells. The DFT model
parameters within wien2k”' are given in the supplementary material.
Vacancy-free configurations that we have considered are a substitu-
tional monomer, a substitutional dimer of nearest neighbors
(dimy11y), and a configuration of two substitutional Te atoms inter-
spaced by a Si atom dim,,¢q). Configurations with a vacancy and up to
four Te atoms in direct vicinity to the vacancy are labeled Te,Vac with
n =1 — 4. In a second step, the hXPD patterns are calculated for the
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FIG. 3. (a)—-(e) Calculated Bloch wave diffraction patterns for five local structure
models as indicated above each panel. Insets in (a)-(c) show the crystal structure
viewed along (110). The line plots shown in (f) and (g) are along the k, = 0line
and the k, = k, line, respectively.

Te emitter atoms in these configurations by Bloch wave diffraction
calculations.””"”

The hXPD patterns for five selected configurations are shown in
Fig. 3. On inspection we note the similarity of the calculations for the
monomer and for the dim gy, Te;Vac, and Te,Vac configurations to
each other. All patterns also compare well as to the experimental data
of intensities (B) and (C). The dim,,;y and the configurations shown
in the supplementary material (Fig. S4) match the data less well.

The diffraction patterns are generally well reproduced by calcula-
tions, with the exception of pattern A. We assign this pattern to clus-
ters of Te atoms with the low binding energy arising from Te atoms in
clusters. Since pure Te is metallic, photoemission from these clusters
will lead to a strong chemical shift to lower binding energies. The clus-
ters may occur in various orientations with respect to the Si lattice and
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have a partially amorphous structure, thus leading to the near feature-
less pattern. These Te atoms in clusters are a small minority of all Te
atoms, given the very small spectral intensity.

A particularly good match is found for the monomer pattern C.
Just the total contrast is smaller than that of the calculation, while this
contrast is well reproduced in calculations of pure Si.”” We assign this
reduced contrast to differences of vibrational amplitudes between Si
matrix atoms and a Te impurity that are not accounted for in our
model. Also, any spillover of intensity from the lower binding energy
features B and A due to inelastic scattering will reduce the contrast in
feature C.

Feature B shows still lower contrast in the experimental data,
while the best-matching calculation is dimoq), Tes;Vac, and
TesVac. We have tested further configurations, namely, Te;Vac
and Te,Vac, but these also led to a rather poor match between cal-
culation and pattern B. A reasonable match is found for a tetrago-
nal interstitial configuration, since this has the same local
symmetry as a substitutional site (see also Ref. 29). This calculation
is, however, not physical as it omits the DFT relaxation step. When
relaxed, this structure assumes the hexagonal interstitial configura-
tion, which has a different symmetry and a very poor match to any
of the observed patterns.

We tentatively conclude that pattern B arises from a mixture of
configurations dimgg;), TesVac, and Te,Vac that are present in the
sample. Other configurations, namely, dim<m>, are present at signifi-
cantly smaller concentrations, at most a small fraction of all contribu-
tions to peak B. They may exist as a minority, and their contribution
leads to a further reduction of the contrast of pattern B. The configura-
tions Te;Vac and Te Vac contain an isolated vacancy, evidence for
which has also been found by recent positron annihilation experi-
ments in samples of similar preparation.”” Theoretical support for a
significant formation of multi-chalcogen vacancy configurations was
found also in the case of Si:Se by first principles simulations, suggesting
the likely formation of Te;Vac and Te,Vac.

For a quantitative analysis, we assert that peak C (34.5% of total
XPS intensity) derives purely from monomers, and peak B (64.8% of
XPS intensity) derives from multi-Te configurations. Since each Te
atom contributes equally to the photoemission signal, this allows
to estimate that about 1/3 of Te in sample “4.5%” is in monomers and
2/3 of Te in multi-Te configurations (dim;;;y, dimggy, Te,Vac,
TesVac, and Te Vac). Te in clusters (peak A) is nearly negligible.
Further assuming that each multi-Te impurity contains 2.5 + 0.4 Te
ions, the ratio of monomer impurities to multi-Te impurities is
1.38 = 0.22.

The variation in binding energy can be due to a different charge
state of the Te ions, or due to a difference in screening, or a combina-
tion of both. For pattern A, we have already identified poorly ionized
Te atoms in clusters leading to an electrostatic binding energy reduc-
tion. The configurations monomer, dim ), dimgqy), TesVac, and
Te,Vac, on the other hand, all correspond to strongly ionized Te. This
is evident from the density of states (DOS) extracted from the calcula-
tions and shown in Fig. 4. All configurations show a similar Fermi
energy (E — u of the conduction band minimum CBM) of around
0.3 eV. In addition, a shallow core level of Te at Eg = 5.1 eV is found
at near identical energy in these calculations (shown in the supplemen-
tary material Fig. S6). The electrostatic environment of Te in these five
configurations is, thus, similar, and the difference in binding energy
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FIG. 4. Density of states and local density of states at the Te site, obtained from ab
initio calculated supercells with local structures as indicated. The energy is scaled
relative to the chemical potential x. The conduction band minimum (CBM) is indi-
cated for each case.

must derive from dynamics in the photoemission process. In dim ),
dim<001>, TesVac, and Te,Vac, the close vicinity of doubly ionized Te
atoms and the increased local density of free carriers lead to increased
screening when compared to the monomer case, which results in a
reduced binding energy.

In summary, we have observed a multi-peak structure of the Te
core level Te 3ds/,. A small component (A) of the spectra is identified
as arising from Te clusters. The high binding energy component (C) is
readily identified as belonging to substitutional monomers.
Component (B) also gives a clear and similar photoelectron diffraction
pattern. Calculations of selected multi-Te configurations of Te in the
silicon matrix are compared to these experimental data. The resulting
patterns for dim;y, Te;Vac, and Te,Vac do not match the data well.
These multi-Te configurations may still be present in the sample, but
as a minority. Dim;qq) as well as Te;Vac and Te,Vac with vacancies
give a good match to the experimental data. Therefore, the data
strongly support a large fraction of Te in such configurations and only
a minority in regular dimers or other configurations.
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Inspection of the model calculations in regard to the density of
states shows that ionization of Te is similar in all configurations, thus
demonstrating the double-donor quality of Te also in the complex
configurations. The high local density of free charge carriers is also
held responsible for the chemical shift of the core level to lower bind-
ing energy. This strong ability of Te to supply electrons in both mono-
mer and multi-Te configurations serves to explain the previously
observed saturation-free increase in metallic carrier density in Te-
hyperdoped silicon.

See the supplementary material for XPS spectra over a larger
binding energy range (Fig. S1), as well as from additional sample prep-
arations (Fig. S2), which details their fitting procedure and summarizes
the numerical results (Table S1); an alternative, simpler data reduction
method is introduced and the corresponding results are shown (Fig.
S3); modeling calculation results from cases incompatible with the
experimental data are presented (Fig. S4); the DOS for these cases is
shown along with the DOS for pure silicon (Fig. S5); the findings of
DOS for all model cases over a high binding energy range are summa-
rized (Fig. S6); and all numerical results of the XPS fitting procedure
are given in a table figure.
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