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Four-copper complexes in Si and the Cu-photoluminescence defect: A first-principles study
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Complexes containing four Cu impurities in Si are systematically investigated using density functional theory.
The complexes include various combinations of substitutional and interstitial copper. The structures, formation
and binding energies, approximate gap levels, and vibrational spectra are calculated and the results compared to
the measured properties of the Cup, defect. The best candidate out of those investigated is the Cuy; Cu;; complex
recently proposed by Shirai et al. [J. Phys: Condens. Matter 21, 064249 (2009)]. The estimated positions of the
gap levels of Cuy;Cu;,,, withn =0, ..., 3, suggest a straightforward explanation as to why only the defects Cu,

and Cuy; Cu;;3 occur in high-resistivity material.
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I. INTRODUCTION

Copper is a common contaminant in both electronic-grade
and photovoltaic Si. It is often present in the as-grown
material in the case of multicrystalline solar cells, which
are increasingly obtained from low-cost “solar-grade” feed-
stock with a high-impurity content, including transition-metal
impurities.'> Copper is also accidentally introduced during
the various processing steps involved in the fabrication of
photovoltaic or electronic devices.

Isolated interstitial copper (Cu;) has a minor impact on the
carrier lifetime. It has a donor level at E.—0.15 eV,>* and
is therefore in the positive charge state in p-type and high-
resistivity Si. However, Cu; is the fastest-diffusing transition-
metal impurity, migrating among tetrahedral interstitial (T)
sites with an activation energy of only 0.18 eV As a
result, copper rapidly forms electrically active precipitates at
dislocations and grain boundaries, as well as silicides in n-type
Si.1’8_13

If Cu; encounters a preexisting vacancy, it becomes sub-
stitutional (Cuy) with a calculated gain in energy of 3.13 eV,
which is considerably less than the formation energy of the
vacancy 3.85 eV (both values for the neutral charge state, at
the present level of theory). Thus, the concentration of Cu; at
moderate temperatures is always very much smaller than that
of Cu; and depends on the presence of isolated vacancies, that
is, on the history of the sample.

Substitutional copper overlaps covalently with the four Si
dangling bonds and the energy gained by the formation of
these four weak Cu-Si bonds is the reason for the energy gain
in the reaction Cu; + V—Cu,. However, this results in the
appearance of several new levels in the gap. According to
deep-level transient spectroscopy (DLTS) and minority carrier
transient spectroscopy (MCTS) measurements, Cu, has donor
and acceptor levels at E, 4+ 0.20-0.23 eV and E, + 0.42—
0.46 eV, respectively, and maybe a double-acceptor level at
E.—0.16 eV.!*!7 The identification of the donor and first-
acceptor levels as being due to Cu, has been corroborated by
recent data revealing details about the interaction of Cu with
the A center (VO).'® The DLTS peak at E. —0.16 eV that
has been associated with a double-acceptor level of Cu; has
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also been assigned to the donor level of Cu;.* However, it is
also possible that the donor level of Cu; and a double-acceptor
level of Cu, are close to each other. In any case, Cuy is in
the positive charge state in p-type Si, in the negative charge
state in high-resistivity Si, and moderately doped in n-type Si,
and in the negative or maybe double-negative charge state in
n-type Si.

A Cu-related photoluminescence (PL) defects has been
detected following either Cu implantation or Cu in-diffusion
from a metallic source at a few hundred degrees Celsius, fol-
lowed by an anneal (typically ~700 °C) and a rapid quench."®
Such studies have only been reported for high-resistivity
Si, probably to limit problems associated with free-carrier
absorption. The defect related with the intense PL band with a
sharp zero-phonon line at 1014 eV is the subject of this paper.

This band, first reported by Minaev et al.,” was shown
to be Cu related by Weber et al.'®?! We label the associated
defect Cupy.. It has been correlated with a DLTS donor level
at E, + 0.10 eV.?> For many years, Cup; was believed to be
a substitutional-interstitial CuyCu; pair, as proposed by Weber
et al."® Theoretical studies confirmed that this pair has indeed
some of the key features of Cupy .23

However, PL studies in isotopically pure *®Si samples
with various combinations of Cu isotopes have demonstrated
that Cupy, contains not two, but at least four, Cu atoms.?
Indeed, the sensitivity of PL experiments in isotopically pure
Si samples increases by about two orders of magnitude relative
to the same experiments in "Si. Stegner et al. also identified
an entire family of apparently similar PL centers including
various combinations of Cu, Ag, Au, Li, and other metallic
impurities, all of them containing “at least four,” and in a
few cases, “at least five,” metallic impurities.”>® No defect
containing two or three metallic impurities is visible in the PL.
spectra.

Although experimentally it could not be proven that the
defect contains no more than four atoms, since one (or more)
metal impurity could be invisible to PL in the case of the
trigonal Cupy, the fact that four atoms have been invariably
detected in similar PL centers containing Ag or Au atoms
suggests that there are exactly four atoms in all of those defects,
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as it is unlikely that a fifth (or sixth) impurity always remains
invisible to PL when the atomic composition and symmetry of
the defect change.

The key observed properties of the Cup;, defect can be
summarized as follows.

(1) Cupy gives rise to an intense PL emission at 1.014 eV,
with the high radiative intensity and zero phonon line (ZPL)
external field splitting characteristics of an isoelectronic
center.!” The defect is donorlike, with a tightly bound hole
and Coulomb-bound electron.

(2) The PL band has been correlated with a DLTS level
at E, + 0.10 eV.?? The absence of the Pool-Frenkel emission
enhancement rules out the acceptor nature of the center and
the purely ionic (polar) type of bonding. The polarization
potential describing an emission from a neutral impurity gave
a satisfactory fit to the experimental data.’” Thus, Cup, has
one donor level at E. + 0.10 eV. No acceptor level has been
detected.

(3) The PL band exhibits sharp phonon sidebands separated
by 7.05 meV, which exhibit a small shift with the Cu
isotope.'>?%25 These sidebands are indicative of a Cu-related
pseudolocal vibrational mode (pLVM) at 56 cm~'. Much
weaker sidebands occur at 16.4 and 25.1 meV (132 and
202 cm™!, respectively).

(4) Uniaxial stress and Zeeman data show that the center is
trigonal. 2!

(5) The thermal dissociation energy of the DLTS Cupy-
related center has been measured to be 1.02 eV in p-type
Si.?’ Since the migration barrier of Cu; is 0.18 eV, the binding
energy is approximately 0.84 eV. Note that the dissociation
energy obtained from the analysis of the PL annealing in
another study gave a 0.63-eV activation energy?® and the
formation of the Cup;, center was estimated to be 0.57 eV
based on an analysis of the PL intensity.>%’

(6) The Cup, defect dissociates following a 30-min anneal
at 250°C, and the amplitude of the DLTS peaks associated
with Cu, increases.’>?! If Cu is reintroduced into the sample,
Cupy, reappears. Thus, the core of Cupy must be or include,
Cug.

(7) Cupr, forms following implantation or in-diffusion. The
in-diffusion of Cu from a metallic source must be followed
by an anneal [above 400°C, optimal at 700°C (Ref. 31)].
The concentration of this center is estimated to be less than
0.1% of the equilibrium copper solubility at the diffusion
temperature.'” Note that our calculations give

Cu? +V° — Cu +3.13eV, 1)

while we obtain a formation energy of 3.85 eV for the vacancy.
Assuming that no vacancies are present in the material, the
overall energy balance is 0.72 eV, and at 700 °C, this leads to
a Boltzmann factor exp{—0.72 eV/kgT} ~0.02%.

Two structures containing four Cu atoms have been dis-
cussed as the Cup, defect. Shirai e al. proposed a trigonal
defect consisting of one substitutional and three interstitial
copper atoms (Cu,;Cu;3).>> However, the gap levels of the
complex and its vibrational spectrum have not been calculated.
Nakamura et al.3* proposed instead that the core of the defect
is copper at the bond-centered (BC) site (Cugc),***> and that
Cupy, is a trigonal CugcCu;3 complex. No theoretical support
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for this structure based on its electrical or optical properties
was provided. Further, the previous studies have not explained
why Cuy clusters are observed, while the simpler Cu, and Cus
or larger Cus clusters are not detected.

In this paper, we consider a variety of a priori possible com-
binations of four-Cu complexes in Si combining substitutional
and interstitial Cu atoms, including Cugc. The structures,
formation and binding energies, and approximate gap levels
are calculated. Several configurations can be eliminated as
plausible candidates as the Cupy, defect. The vibrational spectra
of the remaining defect centers are calculated. The properties
of the most stable structures are compared to the experimental
data. The sequence of gap levels of the Cuy;Cu;,, defects with
n=0,...,3 suggests a reason why only Cuy and Cuy;Cu;3
are observed. The level of theory is described in Sec. II. The
results of the calculations are in Sec. III, and the key points
are discussed in Sec. IV.

II. METHODOLOGY

The calculations are performed using density functional
theory. The electronic core is accounted for by using ab
initio norm-conserving pseudopotentials with the Troullier-
Martins parametrization®® in the Kleinman-Bylander form.?’
The electronic valence regions are treated self-consistently
within density functional theory,*® as implemented in the
SIESTA package.’**" The generalized gradient approximation
of Perdew, Burke, and Ernzerhof is used for the exchange-
correlation functional.*!

The basis sets for the Kohn-Sham states are linear combi-
nations of numerical atomic orbitals.*>*} These are double-
zeta-polarized basis sets, including two sets of s and p and
one set of d functions for Si and two sets of s and d functions
for Cu. The valence electrons and semicore Cu 3d electrons
are treated explicitly. The charge density is projected on a
real-space grid with an equivalent cutoff energy of 250 Ry
to calculate the exchange-correlation and Hartree potentials.
The nuclei are treated classically, and their positions optimized
using a conjugate gradient algorithm.3%40

The host crystal is represented by a 216-atom supercell
(Siz16). The lattice constant of the supercell is optimized in
each charge state. A Monkhorst-Pack* (MP) scheme is used to
sample the Brillouin zone. Convergence tests were performed
for Cu;, Cu,, Cu;Cu,, and Cu,Cu, defects. These showed
that the geometry is already fully converged (< 10~ nm) for
I"-point calculations. First donor and acceptor levels are also
already converged within 0.11 eV for I'-point calculations,
with the exception of the donor level of Cu;, which can be
only calculated with accuracy using MP-23 sampling. For
that k-point sampling density, the calculated level differs only
0.07 eV from that obtained in a MP-43 calculation. These
results show that MP-23 sampling is reasonably accurate for
the calculation of the electronic levels of defects in a 216-
atom supercell. Thus, we used for the geometry optimization
and total energy calculations MP-2°2 sampling, whereas
for the force constant, calculations are performed at the I’
point.

The dynamical matrices are obtained from a direct cal-
culation of the force-constant matrix. The eigenvalues w;
(s =1,2.,...,3N, where N is the number of atoms) are the
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normal-mode frequencies of the system and the orthonormal
eigenvectors e, (where o numbers the nuclei and i = x,y,z)
give the relative displacements of all the nuclei for every
normal mode s. The localization of the mode s on the defect

D is defined as
L%) = Z Z (eiii)z

i aeD

and the sum runs over all the atoms belonging to the defect D
(or over a set of atoms D in the defect).

The ionization levels are calculated by comparing the
ionization energies and electron affinities of the supercells
containing the defects with those of perfect supercells (marker
method).* Using the energy of bulk supercells when a hole
is added to the top of the valence band or an electron to the
bottom of the conduction band, it is possible to place defect
acceptor and donor levels with respect to the conduction and
valence bands, respectively. The method works best for deep
levels that are not too far from the band used as a reference.
This is due in one instance to the band-gap underestimation
error, the effect of which increases with the distance separating
the level from the reference band, but practically cancels
out when this distance is small. On the other hand, levels
very close to the reference band edge are often very delo-
calized and therefore more affected by spurious defect-defect
interactions.

At T =0 K, the formation energy of a neutral defect is
defined as

E (D) = E(Sizi6 : D) — nculbcu — Rsiltsi 5

where E(Sizj¢ : D) is the total energy of the supercell with a
defect D, ncy and ng; are the number of Cu and Si atoms
it contains, and pc, and ug; are the respective chemical
potentials. The chemical potentials reflect the availability of
the chemical species. Here, they are taken to be the energy per
atom in bulk Si and bulk Cu reservoirs. The formation energy
of charged defects was obtained from the formation energy of
the neutral charge state using the ionization levels calculated
with the marker method as

Eg(D?) = Eg(D*"") +elp. — E(q/q + 1],

where e is the electron charge and 1, its chemical potential (at
T = 0, the Fermi level).

III. FOUR-COPPER COMPLEXES

Interstitial copper is the most stable form of this impurity
in silicon. In the neutral charge state, its formation energy is
1.58 eV, or 0.72 eV lower than that of neutral substitutional
copper. However, if a vacancy is provided, interstitial copper
becomes substitutional through the reaction in Eq. (1). The
3.13-eV energy gain is less than the formation energy of the
vacancy, which is 3.85 eV at the current level of theory. If
there is Cu contamination in the melt, this reaction can occur
during crystal growth, leaving some copper atoms occupying
substitutional lattice positions. If Cu is implanted into the
crystal, some vacancies will result from the implantation. If
Cu is diffused into the crystal, an annealing step at a relatively
high temperature can also result in the formation of Cuy. In any
case, the concentration of Cu; depends on the history of the
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TABLE 1. Ionization levels (eV) of substitutional and interstitial
copper. Experimental values [for Cu, (Refs. 14 and 16) and Cu;
(Ref. 4)] are listed in parentheses, below the respective calculated
values. Note that the double-acceptor level of Cu, has also been
assigned to the single donor level of Cu; (Ref. 4). The donor
and acceptor levels are calculated with respect to the valence and
conduction bands, respectively. When the opposite band edge is used
for comparison with the experimental values, the calculated band gap
E, =0.78 eV is used.

Defect E(+/0) E(0/-) E(—/ =)
Cu; E.—0.09

(E. — 0.15)
Cu, E, +0.19 E, +0.29 E.—0.36

(E, +021-0.23) (E,+0.43-0.48) (E.—0.16-0.17)

sample, not just on the total copper concentration. Since Cupp,
contains Cuy, its concentration also depends on the history of
the sample and on the way copper is introduced.

Cu, is both a donor and an acceptor (Table I). The first-
acceptor level is in the lower half of the band gap and, therefore,
Cu;, is in the negative charge state in intrinsic material. Thus,
Cu; is a Coulomb trap for the much more abundant and highly
mobile Cu:r.5

A model for the interaction of the simplest copper defects
(combinations of Cu; and Cu;) as they form small copper
clusters and leading to the formation of the Cupp defect
must provide a defect reaction chain that can occur at room
temperature, and which culminates with the formation of
a defect with four copper atoms, which is stable up to
250°C.

We have investigated ten defects incorporating four copper
atoms, m at substitutional sites and »n at interstitial (T or BC)
sites (Cug,, Cu;,, with m +n = 4). They are Cuyy, Cuy;3Cu;g
(including two possible starting configurations with Cu; at the
T or BC sites), CuypCu;;, (five possible configurations, but
only one is trigonal), Cuy;Cu;3, and CupgcCu;3. Additionally,
we have considered two defects containing a silicon self-
interstitial, Ig;Cu;Cu,; and Is;Cu,Cu;3, which, as will be
considered below, are obtained from the relaxation of the
unstable CugcCuy3z and CugcCu;z defects. We did not include
a complex of four Cu;’s since the long-range repulsion
between Cuf’s makes its formation most unlikely. Further,
the thermal dissociation of Cupy, is known to leave Cu,, and
the reaction is reversible upon reintroduction of copper into the
sample.*”

The formation energies versus Fermi level of selected
Cu,,; Cu;,, defects are shown in Fig. 1. The ionization levels of
the most stable of each Cuy,, Cu;,, defects are given in Table II.
All but one of these 10 defects can be excluded as possible
candidates as Cupy, because they have low stability, or because
of their electronic structure, gap levels, and/or vibrational
spectra. We start by considering this evidence in Sec. IIT A.
Then, Sec. III B is dedicated to the Cuy defect with the lowest
formation energy amongst those investigated, Cu,;Cu;3. We
compare its calculated properties to those of Cup;, and
discuss why Cuy;Cu;;, CugCu;jp, and CugCuyy are not
observed.
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FIG. 1. (Color online) Formation energies of various Cu,,Cu;,
defects as a function of the Fermi level (u.). The two structures that
include Ig;Cu, are those that initiate with Cugc. Only the least (A)
and the most stable of the Cuy,Cu;, complexes (B) are shown.

A. Cuy complexes unlikely to be Cupy,
1. Cus4

Four substitutional copper complexes (Cu,4) can, in prin-
ciple, exist. One possible trigonal configuration has an axial
Cu, with three nonaxial Cu; nearest neighbors. However, the
formation energy of the Cuyy complex is the highest of all
Cuy defects investigated here (Fig. 1), almost 2 eV per Cu
atom. Further, this defect is highly unlikely to exhibit the
observed annealing behavior at 250 °C: disappearance of Cupy
leaving isolated Cuy since each Cuy is strongly bound. For
these reasons, we conclude that Cugy is not a dominant defect
in Si and is not the Cupy, defect.

TABLE II. Ionization levels of the most stable Cu,,, Cu;,, defects.
The position of a level very close to a band is especially unreliable
since the associated wave function is artificially confined by the finite
size of the supercell.

Defect E0/+) E(—/0)
Cuyy E,+0.11 E.—0.66
I5iCu,Cuys E,+0.04 E.—0.66
ISiCllSCll,g Ev+ 0.68

Cuy;Cu;y E,+ 023 E.—0.49
Cu,,Cu;, (B) E,+ 041 E.—0.24
Cuy Cu;s E,+0.25 E.—0.04(7)
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2. CuﬂCuil

Another option that can be ruled out is Cuy;Cu;;. This
defect could, in principle, form following the trapping of two
interstitial copper atoms at a Cu,Cu; pair if vacancies are
available to bring the two Cu;’s into substitutional sites. This
defect has a donor level at E, + 0.23 eV, not far from the
electrical level of the Cupr, defect. However, we note that it
also has a deep acceptor level close to mid-gap. Therefore, it
seems incompatible with the PL emission at 1.014 eV. Further,
the formation energy of this defect is also quite high compared
with other four-copper defects (Fig. 1).

3. Cugc and related defects

Isolated Cupc (Ref. 34) and then the CupcCu;3 complex??
have been proposed to be Cupr. However, in contrast to
interstitial hydrogen, interstitial copper is not stable at the
bond-centered site in Si. Indeed, Cu makes much longer bonds
with Si than H does and there is simply not enough space
available at the BC for it to become a local minimum of the
potential energy. If forced into this site with its two Si nearest
neighbors relaxed all the way to the plane of their nearest
neighbors, Cu moves to the substitutional site and expels a Si
self-interstitial, forming a configuration we label Is;Cuy. This
configuration is 1.97 eV higher in energy than Cu; (in the
positive charge state).

Similarly, CugcCu;s spontaneously relaxes to Is;Cu;Cu;z
(Fig. 2). This structure is trigonal, but its formation energy
(Fig. 1) is almost 2 eV higher than that of the much simpler
Cu,Cu;3 complex. Further, it has a deep donor level high in
the gap (and no acceptor level), while the Cupy, center has a
donor level at E,, + 0.10 eV. Thus, Is;Cu,Cu;; is not a possible
candidate for Cupy..

For completeness, we have also considered a model
constituted by a bond-centered copper decorated with three
substitutional copper atoms CugcCuys. It is also unstable and
relaxes to IsiCu;Cuys. Its formation energy (Fig. 1) is even
higher than that of I5;Cu;Cu;3. Thus, our calculations firmly
rule out the existence of Cugc either as an isolated interstitial
or as a component of a four-copper complex.

4. Cug,Cuyy defects

A more realistic model incorporates two interstitial and two
substitutional copper atoms, Cu;,Cu;;. An obvious trigonal
configuration has Cu; ...Cu;—Cu, ...Cu; aligned along the
same trigonal axis [Fig. 3(a)]. This structure resembles two
Cu,Cu; pairs facing each other. The formation mechanism
relies on the formation of a Cu,Cu, core, which, if it exhibits
an acceptor level in the lower half of the gap, traps two Cu;’s.

Next-neighbor Cu,-Cu, pairs (Cuy;) have a lower formation
energy per copper atom than Cuy. Indeed, in the neutral charge
state, the formation energy of the vacancy is 3.85 eV and that
of the divacancy 5.64 eV. If we assume a preexisting V,, the
reactions Cu; + V, —»{VCuV} and Cu; + {VCuV}—Cuy,,
where VCuV represents a defect with Cu in the divacancy
cage, release 3.4 and 2.2 eV, respectively, in the neutral charge
state.*® Two nearby Cu;,’s could therefore, in principle, produce
a small amount of Cuy, defects, but the presence of Cu;r in
the immediate vicinity of another Cu;" is unlikely. Therefore,
the reactions leading to the formation of Cu,, require some
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FIG. 2. (Color online) (a) The Is;Cu,Cu;3 complex, obtained after
the relaxation of Cugc with three Cu;’s, and (b) I5;Cu,;Cu,; complex,
obtained after relaxation of Cupc(Cuy);. In both cases, Cupc is
unstable, expels a self-interstitial, and becomes substitutional. Copper
atoms are represented by black spheres.

speculative arguments, notably that the Fermi level is at the
right place, at least locally, or that divacancies are present in
sufficient concentration.

Regardless of the assumptions involved in the formation
mechanism, we analyzed the properties of Cuy,Cu;p. If we
consider only the configurations where the Cu;’s are at the
nearest T site of at least one of the Cu,, there are five
possibilities. Only one of these configurations, the one depicted
in Fig. 3(a), has trigonal symmetry, the (A) structure. Indeed, in
Cuy,, each Cuy has two nonequivalent nearest-neighbor T sites
where a Cu; can trap, and then both Cu;’s can also trap at the
same Cu,. The latter configuration is almost degenerate with
the lowest-energy one, but does not have trigonal symmetry.
The lowest-energy configuration found in this work, the (B)
structure, maximizes the overlap between each Cu; and the
two Cuy’s. In the trigonal configuration (A), the least stable
of the five configurations considered and 1.01 eV higher in
energy than the most stable one, each Cu; overlaps with
only one Cu,. The most and least stable (B and A) Cu,,Cu;,
defects are shown in Fig. 3. The other three configurations
have intermediate formation energies. Since Cu; is highly
mobile at room temperature and since changing one of these
configurations into another involves a single hop by Cu;, it is
most likely that the only the lowest-energy structure is realized.
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FIG. 3. (Color online) Two configurations of Cu,,Cu;, defects.
(a) Trigonal configuration (A), the highest in energy; (b) lowest-
energy configuration (B). The Cu atoms are represented by black
spheres.

All of the Cuy,Cu;;, defects have both donor and acceptor
levels, in a close energy range: E(0/+) = E, 4+ 0.40-0.45eV
and E(—/0) = E. — 0.15-0.25 eV, respectively. Thus, none
of them has an electrical signature compatible with that of
the Cupy, defect. Further, the trigonal structure is the highest
in energy. Finally, the most stable form exhibits no localized
pseudolocal mode below 150 cm™'. Therefore, none of the
five Cuy,Cu;, defects is a plausible candidate as Cupy .

B. Culeuig and CllPL
1. Properties of CuyCu;3

Shirai et al.*> have proposed that Cup consists of one
substitutional and three interstitial copper atoms, the latter
located at (or very near) any three of the four interstitial T
sites adjacent to the substitutional site. This Cuy;Cu;3 defect,
shown in Fig. 4, has the lowest formation energy of all the
four-copper complexes considered here (Fig. 1), 0.91 eV per
Cu atom, in the neutral charge state. Further, it is trigonal and
should reorient easily under uniaxial stress since the activation
energy for diffusion of Cu; is very low.

The calculated (—/0) level of Cuy; Cu;3 is virtually resonant
with the conduction band. It is therefore very unlikely to have
an acceptor level in the gap. However, it has a donor level,
calculated at E(0/4+) = E, + 0.25 eV. The level is farther
away from the valence band than the measured E, + 0.10 eV
(Ref. 22) donor level of Cupy, but still within the accepted

155322-5



A. CARVALHO, D. J. BACKLUND, AND S. K. ESTREICHER

FIG. 4. (Color online) The Cuy;Cu;3 complex consists of three
interstitial Cu atoms at or very near three of the four T sites adjacent
to Cu,. Copper atoms are represented by black spheres.

error bar of the marker method. The calculated vibrational
spectrum of Cuy;Cu;3 shows the presence of several defect-
related pseudolocal vibrational modes localized at the defect
core near 90 cm~'. The strongest one is an A, mode at
87 cm~! (Fig. 5), corresponding to a twist of the three nonaxial
Si atoms closest to Cu,. The next strongest one is an £ mode
at 89-90 cm~!, predominantly localized on the axial Si atom.

The error bar associated with the prediction of low-
frequency defect-related pLVMs is not known. In the case
of high-frequency LVMs, such as Si-H stretch modes near
2000 cm~!, many defects are well identified experimentally
and theoretically. It is not uncommon for the predicted
frequencies to be within less than 20 cm™! of those measured
at low temperatures, corresponding to an accuracy of about
1%. On the other hand, no pLVM has been associated with a
specific defect. Further, a theoretical prediction with the same
20 cm™! in the case of a pLVM at 60 cm~! corresponds to a
30% error.

An additional complication arises from the fact that high-
frequency LVMs are often very strongly localized at the defect.
The degree of localization L2 of a specific mode on an atom

1.0
08k |
| 434 ]
06 : |
2 5
7 (F 293 L ses |
0.4} 1
I isi |
02} .
L g i
0.0 ":".' i | ) B R
0 100 200 300 400 500 600
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FIG. 5. (Color online) Localization L(zu) of the normal vibrational
modes associated with the Cuy; Cu;3 complex. The dotted (blue) lines
have « running over all the Cu atoms and the solid (red) line) includes
the four Si atoms nearest to Cu;.
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or group of atoms « can be quantified using the eigenvectors
of the dynamical matrix as discussed above (see Fig. 5).
In the case of bond-centered hydrogen (Hﬁc), for example,
L% for the motion of H along the trigonal axis corresponds
to over 85% of the total motion of all the atoms. If one
includes the two Si NNs to H, well over 90% of all the atomic
displacements can be accounted for, implying that the mode
is strongly localized on the defect and a few host atoms in
its immediate vicinity. On the other hand, the localization of
low-frequency pLVMs associated with Cuy; Cu;3 adds up to no
more than 30%, indicating that many more Si atoms oscillate
in this mode than in the case of H;\.. The pLVM is much more
delocalized in space, and supercell size effects could be much
larger. Thus, it is much more difficult to estimate the reliability
of a theoretical prediction in the case of pLVMs than of
LVMs.

Additionally, the identification of phonon replicas in a PL
spectrum is often tricky for a number of reasons.*’->! The
zero-phonon line involves the recombination of an exciton,
which consists of an electron state |¢) and a hole state
|h). The recombination involves the dipole-moment operator
p. The recombination produces the vacuum state (ground
state), which transforms like the fully symmetric irreducible
representation of the point group involved (A; in C3,). Thus,
the zero-phonon line is observed if the product I', ® I', ® Ty,
contains A, where I',, I'p, and I, are the irreducible
representations of the electron state, dipole moment, and hole
state, respectively. However, the local deformation of the
center is driven by the properties of the bound exciton, and
the symmetry of the defect in its ground state can be different
from the symmetry of the exciton.*”*

A phonon sideband occurs when the recombination does not
produce the vacuum state but one (or more) phonons (Stokes),
or when the excited state has one vibrational component
(anti-Stokes). If the zero-phonon line is observed and the
initial and final states are nondegenerate, then the phonon
must transform like A; in order to be visible in the PL
spectrum. But, this is not necessarily the case, as illustrated by
the luminescence spectra of the vacancy in diamond, which
shows phonon sidebands of E and T; or T, modes,* and other
well-known defects in diamond, which can be found in Table |
of Ref. 50. Thus, in the present situation, we can not rule out
(a) that supercell size effects have an impact of the frequency
and/or symmetry of the calculated pLVMs, (b) that calculations
in larger supercells could show new lower-frequency normal
modes, or (c) that the observed phonon sidebands have indeed
a symmetry different from A;, as there is no experimental
information on the symmetry or degeneracy of the states
involved in the PL.

2. Formation of Cu,1Cu;;

A more important question relates to the fact that an entire
family> of complexes involving four (sometimes five) metallic
impurities is seen by PL (Cuy, CuzAg;, CuyAg,, Agy, as well
as centers containing Au, Li, etc.), while no complex involving
two, three, or more than four (sometimes five) metals ever
seems to occur. What is puzzling too is that, in the case of the
four-copper defect, the most abundant and mobile species is
Cu;", which should prevent aggregation because of the long-
ranged Coulomb repulsion. It is important to notice that, in
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Cug CuCu; CuCup,  CugCuiz Cup (exp.)

E, N I S R E——

FIG. 6. (Color online) Calculated ionization levels (thick horizon-
tal lines) for the Cuy; Cu;,, complexes withn = 0,1,2,3. The measured
levels of Cuy and Cupp (light-red shaded regions) are shown as well.

order to avoid issues associated with free-carrier absorption, all
the PL experiments have been done in high-resistivity material.
Therefore, we can assume that the Fermi level is near mid-gap
in the samples in which Cupr, has been observed.

The first step in the formation of Cup is the existence of
Cuy. In Cu-implanted material, vacancies are created by the
implantation itself. As discussed above, in situations where
Cu is in-diffused at some high temperature, an anneal around
700 °C is required for Cupp, to form. A small fraction of Cu;
becomes Cu, during this anneal. We will now show that,
if the Fermi level remains near mid-gap, it is plausible that
the Cu,;Cu;3 defect will form. Figure 6 shows the calculated
gap levels of Cuy, CuyCu;, Cuy;Cu;y, and CuyCu;z. Once
Cu, forms, it is in the single negative (—1) charge state and,
therefore, traps Cu;r to form the copper pair Cu,;Cu;; © with a
gain in energy of 0.78 eV:

Cu; + Cu — CuyiCu;; * +0.78 V.

This trigonal pair has Cu; at a T site adjacent to Cu,.>* Note that
if one starts with two impurities A* and B, initially far apart
from each other in a material with the dielectric constant of Si
and places them within 2.3 A of each other, the electrostatic
energy gain is approximately 0.5 eV. Since virtually no lattice
distortion is involved, the Cu,-Cu; binding energy is about 2/3
ionic and 1/3 covalent and the covalent overlap between Cu;”
and Cuj leads to an energy gain of about 0.25-0.30 eV.

However, the copper pair itself has ionization levels very
close to those of Cuy. It is in the single negative (—1) charge
state when the Fermi level is mid-gap. Therefore, Cuy;Cu; 0
traps an electron, becomes Cuy; Cu;; —, and thus becomes itself
atrap for Cul?L. The second Cu;r traps at another T site adjacent
to Cug,:

Cuy;Cy;; ~ + Cu — CuyCupn® 4 0.76 eV.

Here, again, the binding energy is about 2/3 ionic and 1/3
covalent.

As shown in Fig. 6, Cu,;Cu;, also has an acceptor level
below mid-gap, but the double-acceptor level has been passi-
vated. Therefore, it will trap an electron, becomes negatively
charged, and trap a third Cu;':

Cu,;Cujp ~ + Cu — Cu,Cui3° 4+ 0.77 eV.
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Here, again, the binding energy is about 2/3 ionic and 1/3
covalent. But now, the calculated acceptor level Cuy;Cu;s
is almost resonant with the bottom of the conduction band,
and the complex remains in the neutral charge state. The
reaction stops because the trapping of an additional Cu;” has
no Coulombic component and would result in an energy gain
of about 0.3 eV in intrinsic material, too low to be stable at
room temperature. Thus, Cuy;Cu;4 will not form.

This chain of reactions resulting in the formation of
Cuy; Cu;3 takes place under the experimental conditions that
typically generate the Cupp. defect. It would be interesting to
see if similar sequences of gap levels also occur in the case
of the other four- (or five-) metal complexes that have been
reported. However, our argument predicts that no Cupy, defect
should form in p-type Si, where the Fermi level is close to the
valence band. Then, even the simple Cu,Cu; pair will not form
at room temperature.

Finally, we note that there is no overlap between the three
Cu;’s in Cuy;Cu;3. The three interstitials are bound to Cu
independently of each other, each with a binding energy of
about 0.8 eV. This value is consistent with the measured 0.84 +
0.09 eV binding enthalpy.?’

IV. DISCUSSION

We have calculated the properties of ten complexes con-
taining four copper impurities in Si. The complexes studied
involve various combinations of Cu, and Cu;. Based on the
assumption that Cupp, is one of the ten Cus complexes we
considered here, we identify plausible candidates for the
Cupr, defect, which is known to contain (at least) four Cu
atoms. This photoluminescence center is commonly seen
in high-resistivity Cu-contaminated samples and belongs to
a family of a dozen four- (and sometimes five-) metal
complexes.

Cupr, forms following Cu implantation or Cu in-diffusion if
itis followed by an ~ 700 °C anneal and a quench. The PL band
consists of a zero-phonon line at 1014 meV, which correlates
with a donor level at E, + 0.10 eV, and phonon replicas at
57 ecm~ L It is trigonal, isoelectronic, and easily reorients
under uniaxial stress. Its binding energy is 0.84 & 0.09 eV.
It anneals out at 250 °C, leaving isolated Cu;. No complex
containing two or three Cu atoms has been reported. Nine
of the ten complexes studied can be ruled out as plausible
candidates for Cupy, for a variety of reasons. Some of them
have an excessively large formation energy and/or the wrong
symmetry and/or calculated gap levels that are incompatible
with those observed and/or do not leave Cu; following
dissociation.

The Cuy complex with the lowest formation energy amongst
those investigated is the one that has been proposed by Shirai
et al 3* Tt has all the key features of Cupy , even though we have
not been able to identify the specific pLVM responsible for
the observed phonon sidebands. The most interesting feature
of this defect is that it must form in intrinsic and n-type Si as
soon as Cu, forms. The key lies in the position of the donor and
especially acceptor levels of the Cuy Cu;,, series of complexes.
Indeed, if n = 0, Cu is in the single negative (—1) charge state
in intrinsic Si and therefore traps Cu;r to form Cuy;Cu;q. This
pair is also in the single negative charge state in intrinsic Si
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and traps an additional Cujr to form Cuy;Cu;,. This complex
also has an acceptor level below mid-gap and, therefore, traps
another Cui+ to form Cu,;Cu;3. But, the sequence of events
stops there as the acceptor level of Cuy;Cu;; is resonant with
the conduction band. As a result, the only complex in the entire
series is Cuy;Cu;3. At each step, the binding energy of Cu; is
about 0.8 eV.

It is tempting to speculate that a similar coincidence of
gap levels is the reason for the formation of the other four-
(or five-) metal complexes that have been reported in the PL
studies. Future theoretical studies are needed to confirm this.

PHYSICAL REVIEW B 84, 155322 (2011)
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