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Evidence for a New Class of Defects in Highly n-Doped Si:
Donor-Pair-Vacancy-Interstitial Complexes
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Electron channeling experiments performed on individually scanned, single columns of atoms show
that in highly n-type Si grown at low temperatures the primary electrically deactivating defect cannot
belong to either the widely accepted class of donor-vacancy clusters or a recently proposed class of
donor pairs. First-principles calculations suggest a new class of defects consisting of two dopant donor
atoms near a displaced Si atom, which forms a vacancy-interstitial pair. These complexes are consistent
with the present experimental results, the measured open volume of the defects, the observed electrical
activity as a function of dopant concentration, and the enhanced diffusion of impurities in the presence

of deactivated dopants.
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Silicon integrated circuit technology depends on the
ability to introduce charge carriers locally into the host
Si crystal by doping. Future generations of this technol-
ogy will require carrier concentrations, n,, > 10?° cm™3
[1], but at the high dopant concentrations n,; needed for
this not every dopant atom generates a carrier [2].
Determining why n, saturates as a function of n, is,
therefore, clearly of significant practical importance.
The formation of large dopant precipitates can be avoided
with appropriate processing, so saturation of n,(n;) must
involve electrically deactivating defect clusters compris-
ing only a few dopant atoms [2,3]. The structure and
formation of these clusters depend on the atomic-level
properties of impurities and point defects, making the
clusters of fundamental scientific interest as well.

The most prevalent model for the structure of the
deactivating defects in n-type Si consists of i =24
Group V donor atoms, D, surrounding a vacancy, V,
denoted D;V. The neighboring vacancy renders both do-
nor atoms threefold coordinated and electrically inactive.
First-principles calculations have shown that forming
D3V or D,V defects is exothermic [4], but forming DV
or D,V structures is endothermic [5]. A different class of
defects, called a donor pair (DP) containing two donors
and no vacancy, has recently been proposed [6]. The two
lowest energy DP structures are DP(2) and DP(4), in
which donor atoms occupy either second- or fourth-
neighbor Si sites along a (110) direction. In each case,
both donor atoms become threefold coordinated as a
result of a Si lattice reconstruction and the recapture of
two electrons from the Fermi sea, which pins the Fermi
level [6]. Schematic diagrams for D,V and DP(2) defects
with D = Sb are shown in Fig. 1.

Single dopant atoms of Sb embedded within a bulk
Si crystal can be imaged using annular dark-field
““Z-contrast” scanning transmission electron microscopy
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(ADF-STEM) [7]. These images show that, in highly
Sb-doped Si grown at low temperatures, the primary
deactivating defect contains only two Sb atoms [7], which
rules out the energetically favorable Sb;V and Sb,V mod-
els, leaving only Sb,V, DP(2), and DP(4) as viable can-
didates. Which type of defect dominates is crucial to
understanding the saturation of n,(n;): Sb,V depends on
a preexisting population of vacancies [5,8], while DP(2)
and DP(4) do not [6].

Here, using additional STEM measurements, x-ray
absorption (XAS) data, and first-principles calculations,
we show that neither Sb,V nor DP(2) defects are impor-
tant in highly Sb-doped Si. We propose instead a new
class of defect, the donor-pair-vacancy-interstitial com-
plex, which is consistent with all these structural data,
has a reasonable formation energy, and accounts for a
wide range of other experimental results.

STEM measurements are sensitive to Argy, the dis-
tance of the Sb atoms from their substitutional sites. As
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FIG. 1. Schematic diagram for forming electrically deactivat-

ing defects from (a) two active Sb atoms in Si. (b) An Sb,V
is formed by breaking bonds 2 and 3 and creating a Si vacancy.
(c) A DP(2) is formed by breaking bonds 1 and 3 and forming a
new Si-Si bond, shown bold. The resulting displacements of the
Sb and Si atoms are indicated.
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shown schematically in Fig. 1, Arg, is much larger in
DP(2) than in Sb,V. Below, we describe a new approach
for using STEM to measure Arg,, then compare these
measurements to first-principles calculations of the de-
fect structures, and finally present the new donor-pair-
vacancy-interstitial defect.

An ADF-STEM image is formed by raster scanning a
small electron probe and collecting the high-angle scat-
tering. With a sufficiently small probe, we could in prin-
ciple image Ar directly, but in practice this is currently
not possible. We can, however, take advantage of the fact
that a probe incident on a crystal oriented on a high-
symmetry zone axis channels very strongly down the
nearest columns of atoms [9]. Since the signal from a
heavy impurity atom is proportional to the local probe
intensity at the impurity [10,11], channeling will enhance
the image intensity of an on-column impurity. The image
intensity will therefore decrease as Ar increases.

Measurements based on absolute intensities in electron
micrographs are generally fraught with difficulties. In our
case, the image intensity of an impurity depends not only
on its Ar but on its depth in the sample and on the surface
conditions. We use very thin, clean, and smooth samples
to minimize these effects [7], but comparing intensities
in two images allows us to remove them almost entirely.
By tuning the inner angle of the annular detector, we can
adjust the relative contributions to the image of the
Rutherford scattering from the impurity atom and the
coherent diffraction from the Si lattice. We therefore
acquire two images using the detector arrangement
shown in the top left of Fig. 2: a high-angle (HA) detector
spanning 50-250 mrad scattering angle, and a low-angle
(LA) detector spanning 14—50 mrad. Both images are
collected simultaneously from the same probe scan, so
they are guaranteed to be in exact registration.

On the top right, Fig. 2 shows the visibility, vg, =
Ig,/Is;, simulated with a plane-wave multislice algorithm
of a single Sb atom in 40 A of Si as a function of Arg, for
our detectors. We consider an impurity “visible” if its vg,
exceeds the ~5% noise level in our images. The Sb atom
is always visible in the HA image: vg,(Arg,) decreases
rapidly up to 0.4 A, after which it levels off and starts
increasing for Arg, = 0.7 A because the off-column Sb
atom begins to be resolved. (We are unlikely to observe
this experimentally due to noise in the STEM scan sys-
tem.) In the LA image, the Sb is visible for Arg, < 0.3 A,
but invisible for Arg, > 0.3 A because the Si lattice in-
tensity is greater than in the HA image. Simulations tend
to overestimate the contrast in electron micrographs [12],
so the cutoff may be somewhat less than 0.3 A, but it will
not be larger.

We can use the HA image to locate essentially all the
Sb atoms in the sample [7], then determine whether their
Argy, is greater or less than 0.3 A by looking for an Sb in
the same place in the LA image: If an Sb is not visible,
then its Ar > 0.3 A. This effect is shown in simulated
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FIG. 2. (top left) STEM detector configuration: The dashed
line is high-angle scattering caught on the upper detector, the
light line is low-angle scattering caught on the lower detector,
and the heavy line is unscattered electrons, which are not
detected. (top right) Simulated visibility of a single Sb atom
in 40 A of Si as a function of Arg,, the projected off-column
displacement of the Sb atom. The Sb atom is not visible in the
low-angle image for Arg, > 0.3 A. (bottom left) Simulated
images of a DP(2) defect. The off-column Sb atom is visible
in the high-angle image, but not in the low-angle. (bottom
right) Experimental images. The brightest spots are atomic
columns containing at least one Sb atom. These features appear
on the same columns in both high- and low-angle images,
indicating experimentally that for these Sb atoms Arg, <
0.3 A. Images have been smoothed and had pixels added by
interpolation.

images of a DP(2) defect in the lower left of Fig. 2. Both
Sb atoms are visible in the HA image, but the Sb with a
large Arg, (see Fig. 1) disappears in the LA image. The
Ar cutoff can be changed by tuning the inner angle of the
LA detector, but (see below) 0.3 A is useful for Sb.

Note that while the average Ar of impurities in a
crystal can be measured using x-ray standing waves
[13] or Rutherford backscattering and ion channeling
[14], our STEM-based approach has the ability to mea-
sure Ar one impurity atom at a time. This is particularly
important for studying defects because we can focus on
the Ar of only those impurities whose lattice positions are
consistent with a pair defect.

The electronic and structural properties of various de-
fects were examined via ab initio pseudopotential total-
energy calculations as in Ref. [6]. We used a 64-atom cubic
supercell, a Brillouin-zone sampling of average energies
at the zone center and boundaries, and an energy cutoff of
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TABLE I.  (110)-projected off-column distances and forma-
tion energies for various pair defect models (see text).
Model Argy, (A) Argy, (A) AE, (eV)
Sb,V 0.37 0.36 0.87
DP(2) 1.10 0.64 0.63
DP(4) 0.30 0.29 0.30
DP(2)V-I 0.28 0.15 0.45
DP(4)V-1 0.33 0.19 0.30

16 Ry energy for the plane-wave expansion. Table I gives
selected off-column displacements for the calculated
structures. There are three unique (110) orientations. In
orientation 1, the two Sb atoms occupy the same column
in projection and are not resolved. Arg,, and Arg,, in
Table I are the larger of the two Sb displacements in
orientations 2 and 3. The other Sb atom in each case has
Arg, < 0.2 A, except for Sb,V in orientation 3, where
both Sb atoms have Arg, = 0.36 A. Table I also shows
formation energies, AE,. The formation energy for a pair
defect relative to the energy of two Sb* ions is given by
AE = AE, — 2E, where Ey is measured from the con-
duction band edge.

STEM measurements were made on Sb-doped Si
samples prepared by low-temperature molecular beam
epitaxy (LT-MBE) [6,7]. Images were acquired in a
JEOL-2010F STEM (C; = 1.0 mm, 200 kV, 10 mrad
convergence, and 450 A defocus; STEM simulations
used these parameters). Three areas of the sample were
investigated, with thicknesses of 32, 30, and 23 A, all
+2 A. Procedures for TEM sample thinning, thickness
measurement, and image processing to identify Sb-
containing columns have been described elsewhere
[7,15]. Results are reported for an intensity threshold in
units of the background standard deviation of 1.20 per
pixel over five pixels, which puts the false positive rate
from random intensity variations at the 6¢ level per atom.

In the sample studied, n;=9.35X10*cm™3, mea-
sured by Rutherford backscattering, and n, = 6.5 X
10%° cm ™3, measured by Hall effect; 30% of the Sb atoms
are thereforeoelectrically inactive. For DP(2), Arg, and
Argp, > 0.3 A, 50 10% of the Sb atoms that appear in the
HA image should disappear in the LA image. For Sb,V,
both Sb atoms in orientation 3 have Arg, > 0.3 A, so
15% of the Sb atoms should disappear.

This effect is not observed. Portions of one of the
experimental HA and LA images are shown in Fig. 2.
The brightest atomic columns in the HA image are
Sb-containing columns, most of which contain only one
Sb [7]. These bright columns appear in the same positions
in the LA image, which is typical. Of the 438 Sb atoms
detected in the full field HA image of the 32-A thick
sample, only 13, or 3.0% = 0.8%, were not detected in the
corresponding LA image. A similar fraction was found in
the LA image and not the HA; these are false positives
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due to sample roughness and a submonolayer oxide cover-
age. In the two other images, 4% = 1% of 381 and 4% =
1% of 369 Sb atoms disappear.

If the sample contained a mixture of several defects,
such as DP(2) and DP(4), the disappearing fraction of Sb
atom images would be proportionally smaller. However,
those Sb atom images that did disappear would still tend
to be in lattice positions associated with a pair defect. We
observe no statistically significant trend for the disap-
pearing Sb atom images to be in pair defect lattice sites,
and attribute all the disappearances to be false positives
in the HA image.

We therefore conclude that the primary deactivating
pair defect in this sample is neither DP(2) nor Sb,V, and
must have a smaller Arg, than either of them. Revisiting
earlier XAS data [6] shows that it is also inconsistent
with DP(2). Previous simulations had assumed a sym-
metric Arg, for the two Sb atoms in the DP defects, which
is correct for DP(4) but not for DP(2). Simulations for
the actual asymmetric configuration are inconsistent
with the data. Moreover, the improved 16 Ry energy cut-
off in our current calculations puts the DP(2) forma-
tion energy at 0.63 eV, not 0.26 eV as previously calculated
[6]. [Only a single zone sampling had been used for the
DP(2) defect, giving incomplete convergence with a
12 Ry cutoff energy. Convergence of our new calculations
for DP(2) was confirmed by testing energy levels and
structural parameters with a cutoff of 25 Ry.] The for-
mation energy of Sb,V is also large, at 0.87 eV. These
defects might still be formed by vacancy-assisted diffu-
sion [5], but that assumes a preexisting vacancy popula-
tion, and a deliberate excess of vacancies has been found
to have no effect on the kinetics of dopant deactivation
[16]. Vacancies are created by high-temperature sample
preparation and by dopant-ion implantation, but vacancy
formation is minimized in the LT-MBE sample studied
here [17]. Thus, while Sb,V defects may exist in, e.g.,
implanted samples, they do not represent an intrinsic
limit on n,(ny).

DP(4) is then the only remaining defect. It has been
shown that, assuming random substitution of Sb in the Si
lattice (which is confirmed by ADF-STEM images
[7,15]), a model with 28 deactivating sites gives a good
fit to the experimental n,(n;) [6]. A model with only
DP(4) defects and Sb dimers has only 16 such sites, which
gives a very poor fit, ruling out DP(4) defects alone.

Accordingly, we propose a new class of donor impurity
defects in Si consisting of a pair of donor atoms and a
displaced Si atom that forms a Si vacancy, V, and a Si
interstitial, /. This defect, which is suggestive of a hy-
brid between a donor-pair and a Frenkel-pair defect, is
denoted DP(i)V-I. The donor atoms occupy the same
lattice positions as in the corresponding DP(i) defect
[6]. Figure 3 is a schematic diagram of a donor-pair-
vacancy-interstitial defect with i = 2. The Sb atom near
the vacancy is threefold coordinated and neutral. The
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FIG. 3. Schematic of the DP(2)V-I deactivating defect.
Referring to Fig. 1, DP(2)V-I is formed by breaking bond 2
and forming a Si vacancy-interstitial pair. The resulting Sb-
atom displacements are smaller than in either Sb,V or DP(2).

1

other Sb is fourfold coordinated and positively charged,
but the nearby, negatively charged interstitial Si renders
the entire defect neutral.

Like the DP(i) defects, the DP(i)V-I defects are Fermi-
level pinning. At saturated n,, Er lies = 0.2 eV above the
conduction band minimum [6], so AE, for these pair
defects must be less than 0.2 eV per Sb. DP(2)V-I and
DP(4)V-I meet this criterion within k7" at room tempera-
ture. Other DP(i)V-I defects were tested, but all had
unrealistic AE, values.

The Sb atoms in these defects remain closer to their
substitutional sites than in Sb,V or DP(2) (see Fig. 3 and
Table I). Most of the structural distortion associated with
DP(i)V-I is concentrated in the V-I pair, whereas DP(4)
involves several large Si displacements and the formation
of a three-membered Si ring. DP(2)V-I has the smallest
Argyp, consistent with our STEM measurements. DP(4) V-1
might lead to a few HA/LA disappearances, since Argy,
is slightly larger than 0.3 A, but it is also consistent with
the data. Simulated XAS spectra from DP(2)V-I and
DP(4)V-I are in excellent agreement with experiment. If
we consider Sb dimers, DP(2)V-I, DP(4)V-I, and DP(4)
defects, we again have 28 sites around a donor where
deactivation can occur, which fits the n,(n;) data. This
group of defects also preserves the geometric frustration
explanation of enhanced n, in dopant 6 layers [18]. None
of these defects requires a preexisting vacancy, so they
represent an intrinsic limit on n,.

The Fermi-level pinning nature of these defects recon-
ciles ADF-STEM images of the Sb-pair populations in
potential DP(2)/DP(2)V-I and DP(4)/DP(4)V-I sites; if
all the Sb atoms were electrically inactive, the images
would predict 50% electrical inactivity rather than the
observed 30% [7]. However, because E; has already been
pinned by some fraction of existing defects, not all of
those Sb atoms have sufficient energy to form defect
structures and become deactivated.

DP(i)V-I defects also explain positron annihilation
spectroscopy (PAS) measurements and dopant-enhanced
diffusion. PAS shows that defects in highly n-type Si
involve significant open volume, which had been attrib-
uted to a V [19]. While the DP(i) defects have open
volume created by bond reconstruction, it is too small
to explain recent PAS data [20]. The DP(2)V-I defects are
calculated to have open volume even greater than that of

125505-4

Sb, V. Recent PAS measurements and analysis of the same
LT-MBE grown, Sb-doped sample studied here are con-
sistent with a combination of DP(2)V-I and DP(4)V-I or
Sb,V and SbV [21]. Similarly, enhanced impurity diffu-
sion in highly n-type Si had been explained by the pres-
ence of V and [ point defects associated with the
deactivating defect [22,23]. DP(i)V-I generates these
very defects. At high temperatures, the V and the I
become mobile, assist in diffusion of other species, and
leave behind D,V structures that could grow as previously
described [5,8].

In summary, we have shown that neither donor-pair nor
vacancy-centered donor-cluster defects can account for
the observed electrical deactivation in highly n-doped
Si. A new class of Fermi-level pinning defects is proposed
containing both a donor-atom pair and a Si vacancy-
interstitial pair. The new defect structures are consistent
with STEM and XAS data, with electrical carrier behav-
ior versus dopant concentration, and with measurements
of enhanced diffusion and open volume.
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