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We calculate formation energies and transition levels for copper-related defects in silicon using the
screened hybrid functional of Heyd, Scuseria, and Ernzerhof HSE06. We consider Cu siting on interstitial
sites (Cu,;), a substitutional site (Cug;), a Cug;-Cu; pair, a complex formed from substitutional Cu and
interstitial hydrogen (Cug;-H;), and a complex formed from a substitutional Cu and three interstitial Cu
atoms (Cug;-3Cu;). We find that Cu; is a fast diffuser, with a migration barrier of only 0.19 eV, in good
agreement with experimental values. Cu; is a shallow donor and its formation energy is lower than that of
Cug; for all Fermi-level positions in the band gap. Cusg;, on the other hand, induces levels in the gap which
are related to the occupation of antibonding states originating from the coupling between the Cu 3d states

(t(zd)), resonant in the valence band, and the vacancy-induced gap states (tgp )). The stable charge states of
Cug; in the gap are +1, 0, —1, and —2. The transition levels of Cug;-Cu; and Cug;-H; are closely related to
the levels of isolated Cug;: a donor level (+/0) near the valence band, an acceptor level near midgap, and a
double-acceptor level in the upper part of the gap. The calculated transition levels are in good agreement

with experimental results, and the formation energies explain the observed solubility.
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I. INTRODUCTION

Copper is a common impurity in silicon, often present in
the processing environment of Si wafers [1]. It has long been
known that the presence of Cu in a Si-based p-n junction
leads to an increase in leakage current [2—5]. It has also been
reported that Cu may cause a breakdown in gate silicon
oxide [6,7], resulting in leakage current in MOS capacitors.
With the use of copper as interconnect material in integrated
circuits [8], Cu contamination has become a major concern
due to its detrimental effects on device operation. Copper is
also considered for replacing silver for the front metallization
of solar cells, potentially leading to cost reduction. Davis and
co-workers [9,10] conducted the first systematic studies of
the effect of Cu contamination on the minority carrier
lifetime in Si, and the impact on solar-cell performance.
The authors found that Cu concentrations up to 10'® cm=3 in
Si had no effect on solar-cell efficiency. However, studies by
other groups have shown a weak effect of low Cu contami-
nation levels on minority-carrier lifetime in p-type [11-14]
and a stronger effect on n-type silicon [12,15].

The behavior of Cu in Si has been considered extensively
by experimentalists [16—42] as well as by theoreticians
[43-55]. For a long time, the Cu concentration that was
detrimental to device performance was uncertain, and
reliable techniques for measuring the Cu contamination
level was unavailable [19]. Studies performed by various
groups in the last 30 yr have led to a better understanding of
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the behavior of the Cu impurity and its impact on electrical
and optical properties of Si crystals. Despite tremendous
progress, there still remains marked disagreement between
the theoretical and experimental results (see Fig. 1). While
the geometries of interstitial and substitutional Cu point
defects and complexes are relatively well understood,
accurate predictions of transition levels with respect to
the band edges, the absolute formation energies, and the
solubilities are still lacking. Thus far, computational studies
based on density-functional theory (DFT) have led only to a
qualitative description.

Copper is a very fast diffuser in Si and tends to form
complexes or precipitates [19,29]. Experiments indicate that,
at high temperatures, almost all Cu is dissolved interstitially
(Cu;) under electronically intrinsic conditions. Only a small
fraction of Cu atoms occupy substitutional sites, Cug;,
typically less than 0.1% of the equilibrium concentration
[18,19,35]. The solubility of Cu in Si reaches a maximum of
1.5 x 10! cm=3 at 1300°C [19]. From measurements of the
Fermi-level dependence of equilibrium solubility and resis-
tivity [18], it was concluded that interstitial Cu exists in the
positive charge state; i.e., it acts as a single donor, Cuj’, at all
investigated temperatures. Early experiments on Cu diffu-
sivity in p-type Si gave an effective migration barrier of
0.43 eV. This result was later reinterpreted and attributed to
the effect of trapping of Cu;” by acceptor impurities [24].
Experiments based on the transient-ion-drift technique indi-
cate that Cu diffuses through a direct interstitial mechanism,
with a migration barrier of 0.18 eV in electronically intrinsic
conditions and moderately n-type doped material [24,37].
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FIG. 1. Thermodynamic transition levels for the substitutional
copper impurity in silicon (Cug;). The zero in energy is placed
at the valence-band maximum (VBM). Experimental values are
taken from (a) Ref. [17], (b) Ref. [21], (¢) Ref. [22],
(d) Refs. [30,33], and (e) Ref. [40]. The results from previous
calculations [(f) Ref. [47], (g) Ref. [50], (h1-h4) Ref. [52], and
(1) Ref. [55]] illustrate the wide spread in the theoretical values.

This very high diffusivity, i.e., approximately
2.4 x 107 cm?/s at room temperature [37], suggests that
an isolated Cu interstitial is rather unstable. Therefore,
following high-temperature processing, the diffusivity of
interstitial Cu at room temperature is still high enough that
Cu; either diffuses out of the material or forms complexes
and precipitates, leaving only occupied substitutional sites
as Cu-related point defects. Substitutional copper, Cug;,
has been observed by an emission-channeling technique
where the angular distribution of 5~ particles emitted by the
implanted radioactive isotope ®’Cu ions was monitored
following annealing up to 600 °C [31,32]. It was reported
that, after high-temperature annealing, all Cu atoms that
occupy a near-substitutional site after implantation are
converted to ideal substitutional lattice sites [32].

The impact of Cu impurities on the electrical properties
of bulk Si has been widely reported in the literature, with
both experimental and theoretical results, yet there still
exists marked disagreement on the position of the transition
levels with respect to the band edges. Deep-level-transient-
spectroscopy (DLTS) experiments reveal a donor level
0.15 eV below the conduction band, which has been
attributed to either isolated Cu; or a Cu;-related complex
[23]. This conclusion contrasts with DFT calculations which
indicate that Cu; is a hydrogenic shallow donor [50,51].

Transition levels associated with substitutional copper
are difficult to extract due to the low concentrations of
isolated Cug; wunder equilibrium conditions [25].
Experiments suggest that Cug; displays an amphoteric
behavior, with acceptor and donor levels in the band gap

[17,21,22,30,33,40]. Early results of temperature-
dependent Hall measurements revealed two levels, one at
0.24 and another at 0.49 eV above the valence band, which
were attributed to the donor (+/0) and acceptor (0/—)
levels of Cug; [17]. Early DLTS measurements also
detected two levels, at 0.23 and 0.43 eV above the valence
band, that were assigned to the single donor and acceptor
levels of Cug; [21,22]. A third level at 0.16 eV below the
conduction band was correlated with the two other levels
and accordingly assigned to the (—/—2) double-acceptor
level of Cug; [21,22]. Later, DLTS experiments performed
by another group observed levels at 0.207 and 0.478 eV
above the valence band, which were also assigned to the
donor (+/0) and acceptor (0/—) levels of Cug;, and a third
level at 0.167 eV below the conduction band, assigned to
the double-acceptor (—/—2) level of Cug; [30,33]. More
recently, Laplace-transform DLTS measurements give the
(+/0) level at 0.225 eV and the (0/—) level at 0.430 eV
above the valence band [40]. A triple-acceptor level
(—2/-3) related to Cug;, as predicted by an analysis based
on Hall measurements [18], has not been observed with
DLTS.

While the experimental data for the transition levels lie
in a relatively narrow range, the calculated transition levels
for Cug; are spread in a too wide of an energy range
[47,50,52,55], as shown in the center of Fig. 1. For
instance, the reported values for the acceptor (0/—) level
of Cug; vary in the range of 0.5 eV, which is about half of
the band gap of crystalline Si. The main problem with
existing reports on Cu impurity in Si based on DFT
calculations is the band-gap error [56,57]. DFT within
the local-density or generalized-gradient approximations
(LDAs and GGAs) severely underestimate band gaps,
leading to large errors in the position of transition levels
with respect to the band edges [58]. Here, we revisit the
problem of Cu-related defects in bulk Si using calculations
based on a hybrid functional. We use the Heyd, Scuseria,
and Ernzerhof hybrid functional HSE06 [59,60], which
was shown to provide an accurate description of the Si
electronic band structure, and it has been successful in
predicting defect-induced levels in other semiconductor
materials [61,62].

In the following, we describe the computational methods
employed in this work, then present the results of formation
energies and transition levels for isolated Cu; and Cug;, and
for the complexes Cug;-Cu;, Cug;-H;, and Cug;-3Cu;. We
examine our results in light of previous DFT calculations
and experiments, and we discuss implications to Si-based
electronic devices and solar cells.

II. COMPUTATIONAL APPROACH

Our calculations are based on the generalized Kohn-
Sham theory [57,63,64] with the HSE06 hybrid functional
[59,60] as implemented in the Vienna ab initio simulation
package code [65,66]. In the HSEO6 hybrid functional, the

024023-2



HYBRID-FUNCTIONAL CALCULATIONS OF THE COPPER ...

PHYS. REV. APPLIED 8, 024023 (2017)

exchange potential is separated into long-range and short-
range parts. We use the standard screening parameter of
the HSEO6 hybrid functional, which is @ = 0.2, where @
is related to the characteristic distance, 2/w, which
defines the range separation. In the short-range part,
25% of the nonlocal Hartree-Fock exchange is mixed
with 75% of the semilocal exchange in the generalized-
gradient approximation form of Perdew, Burke, and
Ernzerhof (PBE) [67]. The correlation potential and
the long-range part of the exchange are described by
PBE. The interactions between the valence electrons and
the ionic cores are treated using the projector-augmented-
wave potentials [68,69].

The calculated equilibrium lattice parameter of Si is
5.433 A, in good agreement with the experimental value
of 5.4304 A [70]. This calculation is performed using a
primitive cell with two atoms, a 6 x 6 x 6 mesh of special k
points for integrations over the Brillouin zone, and a plane-
wave cutoff of 369 eV. The electronic band structure is
shown in Fig. 2. The calculated band gap is 1.16 eV, which
is only slightly smaller than the low-temperature value of
1.17 eV [71]; the valence-band maximum (VBM) occurs at
I' and the conduction-band minimum (CBM) occurs along
the I'-X direction, near the X point.

The Cu impurity in Si is simulated by using a 64-atom
supercell, which is a 2 x 2 x 2 repetition of the eight-atom
cubic unit cell. The integrations over the Brillouin zone
are performed using a 2 x 2 x 2 special k-point mesh. The
effects of spin polarization are included. Tests performed
using a supercell with 216 atoms (3 x 3 x 3 repetition of
the eight-atom cubic unit cell) and (1/4, 1/4, 1/4) as the
special k point show that formation energies are converged
to better than 0.1 eV. The stability of the impurity in a given
configuration, i.e., substitutional and interstitial, is given
by its formation energy, which depends on the Fermi-level
position ¢ in the case of charged centers. For example, the
formation energy of substitutional Cu in a given charge
state g (Cu,) is determined by [72]

° /N

;) E/<§é%>§%
f: 9\47 Y§>/ N
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FIG. 2. Band structure of Si calculated using the HSE06
hybrid functional. The zero in energy is placed at the VBM, at
the I" point.

E/(Cug?) = E,(Cug;?) — E,(Si) + ps; — picu + qeF + A4,

(1)

where E,(Cuf,) is the total energy of the supercell con-
taining a Cug; in charge state ¢, and E,(Si) is the total
energy of a perfect Si crystal in the same supercell. The
Si atom that is removed from the crystal is placed in a
reservoir of energy us;, which we take as the energy per
atom of Si bulk. Similarly, the Cu atom that is added to the
system is brought from a reservoir with energy fc,, which
is taken as the energy per atom of Cu bulk. The Fermi level
er 1s referenced to the VBM of the perfect crystal. Finally,
the term A7 is a charge-state-dependent correction due to
the finite size of the supercell [72].

The value of the Fermi level where the formation
energy for the defect in charge state ¢ equals that of the
same defect in charge state ¢’ defines the thermodynamic
transition level (g/q’), which can be directly compared
with levels obtained in DLTS and temperature-dependent
Hall measurements. The thermodynamic transition level
(¢/q") can be computed using

E/(Cul;ep = 0) — Ef (Cul; e = 0)

(Q/Q): qd—q

)

where E/(Cul;er =0) is the formation energy of Cug;
in the charge state ¢ when the Fermi level is at the VBM
(¢ = 0). The concentration of the impurity in the dilute
limit is determined by its formation energy:

¢ = Ny x i, (3)

where N, is the number of sites per volume that the
impurity can be incorporated on, k is the Boltzmann
constant, and 7 the temperature. For the substitutional site
in Si, Ny = 6.6 x 10> cm™.

III. RESULTS AND DISCUSSION

Different models for the electronic structure of the Cu
impurity in silicon have been proposed over the years, from
simple ionic models [73] to those based on self-consistent
Hartree-Fock [46,48] and DFT calculations [44,47,50,
53-55]. The ionic model for the substitutional Cu in bulk
Si assumed that the 3d states are in the band gap [73],
similar to the case of 3d transition-metal impurities in many
oxides, and inferred that their occupation gives rise to
observed levels in the gap. By contrast, another model
suggested that the 3d states are inert and lie well below the
bottom of the valence band [74-77]. Electronic-structure
calculations based on DFT, however, reveal that the Cu d
states are actually resonant in the valence band, and that the
Cug;-related states that appear in the gap are ligand states
[44.,47]. As discussed below, we also find that the Cu d
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states are resonant in the valence band for both interstitial
and substitutional configurations.

We investigate five Cu-related defects: isolated intersti-
tial (Cu;), substitutional (Cug;), a Cug;-Cu; pair, a complex
involving substitutional Cu and interstitial hydrogen
(Cugi-H;), and a complex involving substitutional Cu
and three interstitial Cu atoms in the neighboring sites
of substitutional Cu (Cug;-3Cu;). The calculated formation
energies as a function of the Fermi level are shown in
Fig. 3. The isolated interstitial Cu; behaves as a shallow
donor, whereas the defects Cug;, Cug;-Cu;, and Cug;-H;
display amphoteric behavior, with a single-donor (4/0)
level near the valence band, a single-acceptor level (0/—)
near midgap, and a double-acceptor level (—/—2) in the
upper part of the gap, closer to the conduction band. The
complex Cug;-3Cu; induces a donor (4/0) and a double-
donor level (+/42) in the lower part of the gap. We note
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FIG. 3. Calculated formation energies as a function of Fermi

level e for copper-related defects in Si: (a) an isolated interstitial
Cu; at the tetrahedral (tet) and the hexagonal (hex) site, (b) sub-
stitutional Cug;, (c) a Cug;-Cu; pair, (d) a copper-hydrogen
Cug;-H; complex, and (e) a Cug;-3Cu; complex. The zero in
the Fermi level corresponds to the VBM at T'.

that none of the Cug;-related defects exhibit a triple-
acceptor level (—2/-3) in the band gap, contrary to an
earlier suggestion based on solubility and diffusivity
experiments [18] and DFT calculations using the
Green’s function [47].

A. Interstitial copper Cu;

There are two high-symmetry interstitial sites in the Si
crystal that can accommodate the Cu impurity, the tetra-
hedral and hexagonal interstitial sites. The tetrahedral site
has four equally distanced Si nearest neighbors, while
the hexagonal interstitial site has six Si nearest neighbors.
The hexagonal site is located at the midpoint between two
neighboring tetrahedral interstitial sites along the (111)
direction. The local lattice geometry of Cu; at the tetrahe-
dral site is shown in Fig. 4(a).

We find that Cu; is a shallow donor and contributes one
electron to the conduction band, at either the tetrahedral
or the hexagonal interstitial site. Cu; is most stable at the
tetrahedral interstitial site, and the hexagonal site is only
0.16 eV higher in energy. We calculate the migration barrier
of Cu; using the nudged-elastic-band method within the
HSEO06 method. The results are shown in Fig. 4(d). The
maximum energy in the migration path occurs at the point
where the Cu; passes through the plane formed by three Si
nearest neighbors; the hexagonal is, therefore, a metastable
configuration. The calculated migration barrier of 0.19 eV
from Fig. 4(d) is in good agreement with the accepted
value of 0.18 £ 0.02 eV based on measurements using the
transient-ion-drift technique [24].

For comparison, we also perform calculations using the
nudged-elastic-band method with the DFT GGA, which
gives 0.11 eV as the migration barrier, and we find that the
hexagonal interstitial site is the saddle point in the migra-
tion of Cu; from one tetrahedral site to another. Previous
calculations [54,78] also find that Cu at the hexagonal
interstitial site is unstable and represents a maximum in the
migration path of Cu;; however, the earlier report, based on
the Hartree-Fock method, gives a barrier of 0.24 eV [78].
Previous calculations based on the DFT LDA or GGA
give a barrier of 0.11 eV [54], which is consistent with our
DFT-GGA results.

Our calculations show that Cu; does not induce any
levels in the gap, being stable only in the singly positive
charge state, Cu;", for all Fermi-level positions in the
band gap. This result is in agreement with previous DFT
calculations [47,50], and it cannot explain previous assign-
ment of a donor level at 0.15 eV below the conduction band
to Cu; [23]. In fact, we find that Cu; is an effective-mass
shallow donor; i.e., in the neutral charge state Cu?, the
electron bound to the Cu impurity occupies a conduction-
band-like state, with a typical donor ionization energy of
tens of meV. This neutral charge state, Cu?, cannot be
accurately described by our finite-size supercell calcula-
tions. We note that the neutral and —1 charge states and the
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FIG. 4. (a) Ball-and-stick model of the local lattice structure of

interstitial Cu at the tetrahedral site in the positive charge state
(Cuf). (b) Isosurfaces of the total valence charge distribution of
Cu; in a (110) plane containing the Cu impurity and two nearest-
neighbor Si atoms. (c) Total density of states (DOS) of a supercell
containing Cu;” and the projection on the Cu site showing the
3d contribution. (d) Migration energy barrier of Cu;” from one
tetragonal site (tet) and an equivalent site, passing through a
hexagonal site (hex).

(+/0), (0/+), and (0/—) levels in the gap assigned to Cu; in
previous work [54] are likely artifacts of the calculations
due to the DFT-LDA or -GGA band-gap error; the added
electrons for the neutral and —1 charge states probably
occupy conduction-band-like states.

Cu;" at the tetrahedral site forms four Cu—Si bonds of
equal length that are 3.2% larger than the equilibrium Si—Si
bond length. In Fig. 4(b), we show isosurfaces of the total

valence charge distribution in the (110) plane containing
Cu;" and one of its four Si nearest neighbors. We can see
only a slight directional component of the Cu;—Si bond,
indicating that the Cu;” bond to Si host atoms has a strong
ionic character. In Fig. 4(c), we show the total density of
states of the supercell containing Cu; and the DOS
projected on the Cu 3d orbital. The Cu 3d-related states
appear at about 5 eV below the VBM. The two-peak

structure is related to the 3d téd) and e(?) states that are split

due to the crystal field, and the width indicates the strength
of the coupling with the host states.

The formation energy of Cu;, shown in Fig. 3(a), is
lower than that of the other Cu-related defects studied
here—for all Fermi-level positions in the band gap—
indicating that Cu is incorporated primarily into the
interstitial sites under equilibrium conditions. The calcu-
lated formation energy explains the observed solubility of
1.5 x 10'"® cm™ at 1300°C for Cu in Si [19]. At such a
high temperature, the intrinsic carrier concentration is
expected to dominate, placing the Fermi level near midgap.
The experimental solubility follows an Arrhenius curve
with a formation energy of 1.49 eV [19], suggesting that
the Fermi level is located at 0.8 eV above the VBM,
according to Fig. 3(a). Our results for the variation of the
formation energy with the Fermi level in the case of Cu;,
the relatively high formation energy even in p-type Si, and
the calculated migration barrier of 0.19 eV explains the
instability of isolated interstitial Cu in Si and, thus, its
tendency to form complexes or precipitates. The present
results are in much better agreement with experiments than
previous calculations [54], which reported a formation
energy of 1.99 eV. There are two main issues with these
previous results: First, the formation energy is provided
for the neutral charge state, where an electron is actually
occupying a conduction-band-like state. Second, the posi-
tion of the conduction band with respect to the valence band
is severely underestimated due to the band-gap error in the
DFT LDA or GGA. Although these two effects tend to
cancel each other out, their results are still too far from the
experimental value.

B. Substitutional copper Cug;

The calculated formation energy of Cug; is shown in
Fig. 3(b), where we identify three transition levels in the
band gap (on the right in Fig. 1). We find a donor level
(+/0) at 0.20 eV, an acceptor level (0/—) at 0.54 eV, and a
double-acceptor level (—/ — 2) at 0.97 eV above the valence
band. A triple-acceptor level (—2/ — 3) is resonant in the
conduction band, well above the CBM. Thus, we find that
Cug; is amphoteric. In p-type Si, Cug; is most stable in the
+1 charge state, acting as a compensation center, counter-
acting the hole conductivity. For a Fermi level lying
between 0.20 and 0.54 eV, Cug; is stable in the neutral
charge state and is, therefore, electrically inactive. For a
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Fermi level between 0.54 and 0.97 eV, Cug; is stable in the
—1 acceptor charge state. In n-type Si, i.e., for a Fermi-level
position at or near the CBM, Cug; is most stable in the —2
charge state, acting as a compensation center for n-type
conductivity. These results agree with previous DFT
calculations [47,50,55], except that we find that the
triple-acceptor charge state, Cugf, is unstable; i.e., it occurs
well above the CBM. This finding is in contrast to early
DFT calculations [47] and a previous experimental report
[18]. We note that the position of the transition levels with
respect to the VBM reported in Ref. [55] are underesti-
mated, likely due to the band-gap error that is typical in the
DFT-LDA or -GGA method.

The transition levels of Cug;, reported above, are directly
related to the impurity-induced gap states and their occu-
pation, which are, in turn, a result of the chemical bonds that
the impurity makes with the host atoms. For substitutional
Cu in Si, we find two sets of impurity-induced states. One set
is composed of three states (which can hold up to six
electrons, with up and down spins) located in the band-gap
region, while a second is composed of six fully occupied
states (holding a total of 12 electrons) that are resonant in the
valence band. These states have strong contributions from
the impurity and the four nearest-neighbor Si atoms. In the
neutral charge state, the gap states are occupied by three
electrons; i.e., the gap states have three holes. The other
possible charge states can be formed by removing one
electron (Cugri) or adding one, two, or three electrons to form
Cug;, Cug?, and Cug}, respectively. From the atom-projected
density of states shown in Fig. 5(c), we note that the gap
states have large contributions from the four Si nearest
neighbors and, to a much lesser extent, from the Cu impurity.
The states resonant in the valence band can be subdivided
into three sets. A fully symmetric a; state, with large
contributions from the Si nearest neighbors, a twofold-
degenerate e state, and a lower threefold-degenerate ¢, state
derived mostly from the Cu 3d orbitals.

The model that emerges from these results is depicted in
Fig. 6. The Cu 3d states are resonant in the valence band

and are split into #, and e (labeled téd) and @) due to the

crystal field. The t;d) states couple with the 7, states
composed of dangling bonds of the four Si nearest
neighbors (tgp >), pushing the latter to higher energies in
the band gap. The ¢(4) states weakly interact with the host
orbitals, while the a; state is a fully symmetric combination

of the neighboring dangling bonds that couples weakly to

the impurity 3d states. In the case of Cug,, the tép ) gap states

are partially occupied with three electrons (three holes).

By adding three electrons, i.e., forming Cug?, the tgp ) gap

states are fully occupied and the Cu assumes a fully
symmetric tetrahedral configuration, with Cu—Si bond
lengths of 2.240 A. Removing one electron from Cug?,

(p)

the partial occupancy of the ¢, state drives a Jahn-Teller
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surfaces of the total valence charge distribution of Cu‘s’i ina (110)
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Si atoms. (c) Total density of states (DOS) of a supercell containing
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sites showing the 3d contribution to the resonant states in the
valence band and the Si contribution to the gap states.

distortion, lowering the symmetry to D,,, and gives a
net spin S = 1/2; the Cu impurity is slightly displaced
along the [100] direction, by 0.030 A, resulting in two sets
of Cu—Si bond lengths of 2.270 and 2.280 A. We test the

conduction band

t.P)
=_o'-€'-o_—. - t2(p)
! ——C-0—
I’ ll
1 1
1 1
1 1
I’ o :l-
J ay ¥ a4
d !
tz( ) , ;
COOOO0MN e@
e(d) T ,uuuuuo,-'
tg(d)
valence band

~_ X

FIG. 6. Illustration of the origin of the defect-related states in
the band gap for Cug; in the neutral charge state. The Cu d—related

states are resonant in the valence band (tgd) and e(9)), while the

t(zp ) gap states originate mainly from the nearest-neighbor Si

orbitals, i.e., the vacancy-related states.
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displacement of the Cu impurity along the [111] direction
but find it 0.04 eV higher in energy than the [100]
displacement. The distortion results in a splitting of the

tép ) state in a fully occupied twofold-degenerate state, and a
spin-split onefold state, the highest of which is unoccupied.
In the Cug! charge state, we find that the lowest energy
configuration has $ =0 and a D,; symmetry, with two
Cu—Si bond lengths of 2.305 A, and the other two
of 2.31 A.

In the neutral charge state Cu;, the defect prefers a
trigonal symmetry, Cs,,, with three Cu—Si bond lengths of
2.335 A, and one slightly longer Cu—Si bond of 2.348 A,
with § = 1/2. A high-spin S = 3/2 configuration, with
tetrahedral symmetry, is only 0.013 eV higher in energy.
Finally, in the positive charge state Cug;, we find that the
defect also prefers a trigonal configuration with § =0,
with three Cu—Si bond lengths of 2.372 A and a slightly
longer Cu—Si bond of 2.373 A. The high-spin § =1
configuration is higher in energy by 0.18 eV.

C. Cug;-Cu; pair

Because of the high formation energies and low migra-
tion barrier, it is anticipated that interstitial Cu forms
complexes with other defects in Si, including Cug;.
From the results for Cu; and Cug; discussed above, we
expect that Cug;-Cu; pairs are easier to form in n-type
material since, in this case, the two defects have opposite
charges, i.e., Cug? and Cug;. The trapping of Cu;” by Cug?
explains the observed decrease of Cu diffusivity in n-type
material [37] and also why Cu precipitates are easier to
form in n-type than in p-type Si [37]. It also indicates
that the binding energy of Cu; and Cug; depends on the
Fermi-level position.

The formation energy of the Cug;-Cu; pair is shown
Fig. 3(c). Similar to isolated Cug;, we find three transition
levels for Cug;-Cu;: a donor level (4/0) at 0.18 eV, an
acceptor level (0/—) at 0.63 eV, and a double-acceptor level
at 1.00 eV above the valence band. In this complex, Cu;
occupies a tetrahedral interstitial site next to Cug;, in a C3,
symmetry. Cug; is surrounded by four Si atoms and Cu;, as
shown in Fig. 7(a). In all charge states, we find one shorter
Cug—Si bond along the [111] direction and three
other longer Cug;—Si bonds. The Cug;—Cu; bond length
falls in between, except in the —2 charge state, where the
Cugi—Cu,; bond is longer than all four Cug;—Si bonds. For
example, in the neutral charge state, the Cug;—Si bond
along the [111] direction has a length of 2.242 A, and the
other three Cug;—Si bonds have a length equal to 2.378 A,
while the Cug;-Cu; distance is 2.349 A.

The electronic structure and transition levels of the
Cug;-Cu; complex is similar to those of isolated Cug;.
The interstitial Cu in the complex does not induce gap
states, and only provides an electron to the Cug;-related
partially occupied states in the gap. In the —2 charge state of

(a)

—~
O
~

[oo1] —»

[110] —p

FIG. 7. (a) Ball-and-stick model of the local lattice structure of
the Cug;-Cu; pair in Si in the neutral charge state [(Cug;-Cu;)°].
(b) Isosurfaces of the total valence charge distribution of
(Cug;-Cu;)° in a (110) plane containing a Cug;-Cu; pair.

the complex, all of the gap states are filled, and the complex
can be considered composed of Cug’ stabilized in the
presence of Cui*. In fact, we can see that the bond between
Cug; and Cu is significantly less covalent than the Cug;—Si
and Si—Si bonds, as shown in the total valence charge
distribution in Fig. 7(b).

The binding energy of Cug;-Cu; is charge-state depen-
dent and, therefore, depends on the position of the Fermi
level in the gap. For instance, in p-type material, we find
that the binding energy of (Cug;-Cu;)™ with respect to
isolated Cul. and Cu; amounts to 0.77 eV. Adding the
migration barrier of 0.19 eV for Cuj’, the estimated
dissociation energy amounts to 0.96 eV. If the Fermi level
falls between the (4/0) and (0/—) levels, the binding
energy of (Cug;-Cu;)? with respect to isolated Cug; and
Cu;” is 1.13 eV. This result is larger than the value of
0.78 eV reported in a previous study [55], yet consistent
with a stronger attractive interaction between Cug; and Cu;"
than between Cul; and Cu; . If the Fermi level falls in the
upper part of the band gap, between the (0/—) and (—/ — 2)
levels, the binding energy of (Cug;-Cu;)~ with respect to
isolated Cug? and Cu; is 1.47 eV. Finally, in n-type
material, to separate (Cug;-Cu;)~% into Cug? and Cu;
requires an energy of 1.64 eV plus the release of one
electron in the conduction band. We note that the preva-
lence of Cug;-Cu; in a negative charge state in n-type Si
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makes it more likely to attract Cu;r, favoring the formation
of complexes with more than two Cu atoms, and explains
why Cu clustering is most favorable in n-type material [37].
It is known that Cu complexes including four Cu atoms
exist and are believed to be the reason behind intense
photoluminescence (PL) emission with a zero-phonon line
at 1014 meV [79,80], referred to as a Cupy line. We discuss
the results for the complex containing four Cu atoms,
formed by a substitutional Cu and three neighboring
interstitial Cu (Cug;-3Cu;) atoms below.

D. Cug;-H; complex

Hydrogen is a ubiquitous impurity in semiconductors
which can be incorporated through implantation, plasma
annealing, or chemical wetting [81,82]. It can also be
unintentionally incorporated from a metal contact, a surface
layer, or organic masks. In silicon, H occupies interstitial
sites and rapidly diffuses through the material. It strongly
interacts with impurities and native defects, affecting their
behavior in most cases. Hydrogen is amphoteric, being
able to passivate or compensate for acceptors and donors,
counteracting the prevailing conductivity [81]. In particu-
lar, H form strong bonds with transition-metal impurities,
including Cu [83].

Experiments indicate that Cug; can form complexes with
more than one H atom [33,36,40]. DLTS spectra of Cug;-H;
and Cug;-2H; have been reported. Here, we limit our
study to the complex involving Cug; and one H atom.
The calculated formation energy as a function of the Fermi-
level position for the Cug;-H; pair [Fig. 3(d)] shows three
transition levels in the gap: a donor level (+/0) at 0.04 eV,
an acceptor level (0/—) at 0.44 eV, and a double-acceptor
level (—/ —2) at 0.85 eV above the valence band. For
comparison, recent experimental results based on Laplace-
transform DLTS reveal two levels associated with Cug;-H;,
(+/0) at 0.10 eV and (0/—) at 0.49 eV above the valence
band [40]. A previous DLTS measurement indicate that
there is a double-acceptor (—/ — 2) level at 0.81 eV above
the valence band [36]. The level structure is similar to that

of isolated Cug; and the Cug;-Cu; pair, and it suggests that

H; provides an electron to occupy the Cug;-related tép ) gap

states.

We find that H prefers to bind to Cug; forming a bond
along the [001] direction, as shown in Fig. 8(a), in all four
charge states. In the neutral charge state, the Cug;—H; bond
length is 1.557 A, and the distance between H; and the
two nearby Si atoms is 1.932 A. The Cug;-H; and H;-Si
distances slightly decrease, by about 0.03 A, going from
the +1 to the —2 charge state. From the valence charge
distribution shown in Fig. 8(b), we can see a strong bond
between Cug; and H;, with a much weaker yet noticeable
interaction between H; and the neighboring Si atoms.

We also calculate the binding energy for the Cug;-H; pair,
i.e., to break the pair into isolated Cug; and H; atoms. Our
calculations for the isolated H; atom show that only the

[110] —»

FIG. 8. (a) Ball-and-stick model of the local lattice structure
of the Cug;-H; complex in Si, in the neutral charge state
[(Cug;-H;)?]. (b) Isosurfaces of the total valence charge distri-
bution of (Cug;-H;)? in a (110) plane containing Cug; and H;.

single-donor and -acceptor charge states are stable for
Fermi-level positions in the gap, forming a negative-U
center, in agreement with previous studies [81]. The (4/—)
transition level occurs at 0.83 eV above the valence band. In
the donor charge state, H; prefers a bond-center configu-
ration, with two equal H,—Si bond lengths of 1.576 A. On
the other hand, in the acceptor charge state, it prefers the
antibonding site (along the [111] direction) with a Si—H
bond length of 1.730 A.

In p-type doped material, with a Fermi level at or near
the VBM, the binding energy of (Cug;-H;) ™ with respect to
Cud; + H;” amounts to 0.84 eV. We note that, despite the
positive binding energy—i.e., a situation where the pair is
more stable than the isolated species—the (Cug;-H;)™
complex has a low probability of forming in p-type
material due to the Coulomb repulsion between Cug; and
H; . This result may explain the difficulties in the identi-
fication of (4/0) level [36]. For a Fermi level between
(+/0) and (0/-), i.e., in the range 0.04-0.44 eV, the
binding energy of (Cug;-H;)® with respect to isolated Cug;
and H;" atoms is 1.35 eV. If the Fermi level falls between
(0/-) and (—/ — 2), the binding energy of (Cug;-H;)~ with
respect to Cug? and H;" is 1.88 eV, and, for a Fermi level in
a narrow range in the upper part of the band gap—between
0.85 and 0.97 eV—the energy to separate (Cug;-H;)~2 into
Cug; and H; is 1.72 eV. For a Fermi level above 0.97 eV,
i.e., above the (—/ — 2) level of Cug;, or in n-type material,
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breaking (Cug;-H;) 2 into Cug? and H; requires the capture
of one electron from the conduction band and costs 1.53 eV.
We note that the formation of (Cug;-H; )2 will occur with a
low probability due to the Coulomb repulsion between
Cug? and H; in n-type material. These results are some-
what smaller than the value of 2.3 eV reported in a previous
theoretical study since the authors considered neutral
interstitial H a product of the reaction [83].

E. Cug;-3Cu; complex

Photoluminescence studies of Cu-related complexes in
silicon have shown an intense zero-phonon line at 1.014 eV
[84] and a related donor level at 0.10 eV above the valence
band by DLTS measurements [21,22]. It was concluded
that the 1.014 eV line is associated with a complex
composed of at least four Cu atoms with trigonal symmetry,
referred to as the Cup;, center [80]. Based on DFT
calculations, Shirai et al. [79] proposed that a complex
composed of Cug; and three neighboring Cu; atoms with a
trigonal symmetry (Cug;-3Cu;) as responsible for the
1.014-eV line. Subsequent DFT calculations by Carvalho
et al. [55] showed that the Cug;-3Cu; complex is indeed the
lowest energy configuration among the possible complexes
involving four Cu impurities. The calculations by Carvalho
et al. predicted a (+/0) donor level 0.25 eV above the
valence band, and the authors suggested that this complex
could explain the level 0.10 eV observed in the DLTS
measurements [21,22]. Considering the band-gap error in
these earlier calculations, it is hard to justify the discrep-
ancy between the theoretical and experimental values.

Using the HSEQ6 functional and a 216-atom supercell,
we also carry out calculations for the Cug;-3Cu; complex.
The calculated formation energies are shown in Fig. 3(e),
and the relaxed local lattice configuration is shown in
Fig. 9(a). We find two levels in the gap, a (+2/+) level at
0.26 eV and a (+/0) level at 0.37 eV above the valence band.
By comparison, Carvalho et al. [55] reported only a (+/0)
level at 0.25 eV. We attribute this difference to the band-gap
error in the previous calculations. We note that the single-
donor level at 0.37 eV is too far from the observed level at
0.10 eV assigned to the Cup, defect [21,22].

Cug;-3Cu; in the neutral charge state corresponds to each
Cu; giving away one electron to fill the levels associated
with Cug;, resulting in all levels in the gap being filled.
The charge-density distribution of Cug;-3Cu; in the (110)
plane passing through Cug; and one of the neighboring
Cu; atoms is shown in Fig. 9(b), demonstrating the
similarities between the Cug;-3Cu; and the Cug;-Cu; com-
plex in Fig. 7(b). While the thermodynamic transition
levels (+2/4) and (+/0) are located in the lower part
of the gap, the filled single-particle states are at 0.7 eV
(onefold degenerate) and 0.6 eV (twofold degenerate)
above the valence band. Based on these single-particle
levels in the gap, we estimate an optical-emission-energy

(b)

[001] —»

[110] —»

FIG. 9. (a) Ball-and-stick model of the local lattice structure of
the Cug;-3Cu; complex in the neutral charge state [(Cug;-3Cu;)°].
(b) Isosurface of the total valence charge distribution of
(Cug;i-3Cu;)? in a (110) plane containing Cug; and one Cu; atom.

peak at about 0.5 eV, which is much smaller than the
observed 1.014-eV line for the Cup; center [80].

Based on our results, we can rule out Cug;-3Cu; being
responsible for the transition level at 0.10 eV by DLTS
measurements [21,22] and the peak at 1.014 eV observed in
photoluminescence experiments [80,84].

Recent experiments based on infrared spectroscopy and
photoconductivity measurements indicated the existence
of a shallow acceptor (0/—) level, with an ionization
energy of 27 meV, associated with the Cu impurity in
Si [42]. We note that none of the centers studied in the

(Cusi ] [(CugCy] (Cug-H) (Cus-3Cui)

1.0F! . g

F10.97 (2) .00 0.85 ]
0.8 C ST TTTTTTTTTToToTmTmomooooomooooooe 7
0.6 ‘ ) 0.63 “

[l 0.54 (0F) 0.44 ]
U077 ol .

[ 0.37 ]
0.2F (+/0) 026 (+2/+) 3
0.0t

FIG. 10. Calculated transition levels for the substitutional Cug;
atom, the Cug;-Cu; pair, the copper-hydrogen pair Cug;-H;, and
the Cug;-3Cu; complex. The zero in energy is placed at the VBM.
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present work can explain this shallow acceptor level. It
was then proposed that the shallow acceptor (0/—) level
would universally align in an absolute energy scale when
the band offsets between the various semiconductors were

taken into account [42]. Given that the gap levels of Cusg;

are associated with tgp ! states, which are derived mostly

from orbitals of the host atoms, we would not expect these
levels to follow a universal alignment, but rather that
they would be strongly dependent on the host material.
Therefore, our results cannot explain the Cu-related
shallow acceptor level observed in Ref. [42], for which
further calculations of complexes and experiments are
needed for a full characterization. These complexes could
perhaps involve interstitial Cu trapped by an acceptor
impurity.

Finally, our results indicate that Cug; and related
complexes induce gap states, as summarized in Fig. 10,
and that, if these defects are present in sufficient concen-
trations, they can cause leakage current, increasing the
tunneling probability of electrons from filled impurity-
induced states to empty states in the conduction band in Si
devices. Note that the Cu-related defects are not the only
or even the main source of leakage current observed in Si
devices since their concentrations are relatively low in
most devices that do not use copper as contacts [2—5]. The
different behavior of Cu in p-Si and n-Si, as suggested
previously [12,15], can be attributed to the fact that Cu; is
stable in the +1 charge state and tends to form complexes,
such as Cug;-Cu; and Cug;-H;, that are more stable in n-Si
than in p-Si and Cug;-3Cu; which is more stable in p-Si
than in n-Si. On the other hand, the complexes involving
Cu; and shallow acceptors are expected to be electrically
inactive with no levels in the gap and, hence, will not
affect the minority-carrier lifetime.

IV. SUMMARY AND CONCLUSIONS

Using the HSEO6 hybrid functional, we calculate in this
paper formation energies and transition levels for interstitial
Cu,, substitutional Cug;, the Cug;-Cu; pair, Cug;-H;, and the
Cug;-3Cu; complex in Si. We find that Cu; is a shallow
donor and a fast diffuser with a calculated migration barrier
of only 0.19 eV. Substitutional Cug;, the Cug;-Cu; pair, and
the Cug;-H; complex all induce donor and acceptor levels
in the gap, while the Cug;-3Cu; complex induces two donor
levels in the gap. The level structures of the Cug;-Cu; pair,
Cug;-H;, and the Cug;-3Cu; complexes are derived from
that of Cug;, meaning that levels reflect the occupancy of

(p)

ligand-derived 1, states in the band gap, while the Cu-

related tgd) states are resonant in the valence band, about
5 eV below the VBM. The present calculations show a
significant improvement over previous theoretical studies
when compared to the available experimental data, provid-
ing a quantitative description of the position of the
transition levels in the band gap.
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