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Passivation of copper in silicon by hydrogen
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The structures and energies of model defects consisting of copper and hydrogen in silicon are calculated
using the AIMPRO local-spin-density functional method. For isolated copper atoms, the lowest energy location
is at the interstitial site with 7, symmetry. Substitutional copper atoms are found to adopt a configuration with
D,,; symmetry. We conclude that the symmetry is lowered from 7, due to the Jahn-Teller effect. Interstitial
hydrogen atoms are found to bind strongly to substitutional copper atoms with an energy that is more than the
difference in formation energy over the interstitial site for Cu. The resulting complex has C,, symmetry in the
-2 charge state where the H atom is situated about 1.54 A away from the Cu atom in a [100] direction. In other
charge states the symmetry of the defect is lowered to C, or C;. A second hydrogen atom can bind to this
complex with nearly the same energy as the first. Two structures are found for copper dihydride complexes that
have nearly equal energies; one with C, symmetry, and the other with C; symmetry. The binding energy for a
third hydrogen atom is slightly more than for the first. Calculated electronic levels for the model defects
relative to one another are found to be in fair to good agreement with experimental data, except for the
copper-dihydride complex. The copper trihydride complex has no deep levels in the bandgap, according to our

calculations.
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I. INTRODUCTION

Copper is well known for its remarkable ability to diffuse
through silicon very easily as interstitial atoms. The activa-
tion energy is measured to be only 0.18+0.01 eV (Ref. 1). It
can also replace silicon atoms in the form of substitutional
defects Cug;, and form complexes with impurities and silicon
vacancies. The electrical levels of various copper related de-
fects are known from experiment.>”” Analysis and interpreta-
tion of the observations is assisted by the fact that related
impurities and their complexes with hydrogen such as zinc,
silver,’ gold,'®!! platinum,'? and palladium'? have defect in-
duced levels of similar character. According to Watkins, the
electrical levels of substitutional transition metals are derived
from those of the silicon monovacancy Vg; (Ref. 14). In this
model, the d states of a transition metal impurity, deep in the
valence band, perturb the 7, gap levels of ideal, T;,-symmetry
Vs;. Hydrogen atoms behave as donors or acceptors, depend-
ing on the electron chemical potential u, or Fermi level.
Thus, the ionization energies of hydrogenated substitutional
transition metals in silicon are also derived from those of V;.
The experiments mentioned previously all employ thermal-
electrical techniques to measure the energies of the electrical
levels, namely, deep level transient spectroscopy (DLTS),
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PACS number(s): 61.72.Bb, 61.72.Ji, 61.72.Tt, 71.15.Mb

Laplace DLTS, and minority carrier transient spectroscopy
(MCTS). However, these methods provide very little direct
information about what form these defects take.

The technological interest that motivates our work comes
from the increasing use of copper instead of aluminum for
electrical connections on silicon-based microelectronic de-
vices. Copper gives superior performance, except for the
problem of diffusion where elaborate schemes must be em-
ployed to prevent contamination of silicon devices by the
metal. One such scheme is to trap copper atoms in stable
defects that do not interfere with device operation. It is,
therefore, crucial to model the properties of these defects at
the atomic scale. In the work reported here we use an accu-
rate method based on the local-spin-density approximation of
density functional theory.

In previous theoretical studies using local-density, local-
spin-density, and Hartree-Fock approximations, Estreicher
and Hastings,"> Estreicher,'®!7 Estreicher et al.,'® and West
et al."® considered defects involving various combinations of
Cu, O, H, and vacancies in Si. Their work focused on the
formation energetics, structures, and dynamics of the defects.
The main emphasis in this work is on the electrical levels of
substitutional copper and copper-hydrogen complexes in Si.
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We will also compare our results for formation energetics
and structures with those of Refs. 15-19.

II. METHOD
A. Total energy calculations

Model defects are constructed in supercells with cubic
crystal symmetry, where the ideal Si structure contains either
64 or 216 atoms. In other words, the pure Si supercells con-
sist of either 2 X2 X2 or 3X3 X3 conventional cubic unit
cells stacked together. Their total energies are calculated us-
ing a program package based on self-consistent spin-
polarized local-density-functional theory, AIMPRO.?*-2? It can
provide detailed information about the structure of defects,
their formation energies, electronic band structure, local vi-
brational modes, etc. The method uses a Gaussian basis set to
describe the Kohn-Sham wave functions of the valence elec-
trons, while the charge density is represented by a plane
wave basis in reciprocal space, together with the Monkhorst-
Pack (MP) scheme to sample the band structure.?* Core elec-
trons are replaced by a pseudopotential constructed using the
Hartwigsen-Goedecker-Hutter ~ (HGH)  scheme.”*  The
exchange-correlation energy contribution is evaluated ac-
cording to the formula described by Perdew and Wang.?

Selected tests are then performed to ensure that the vari-
ous choices and approximations made for the particular
problem under consideration are valid. To achieve satisfac-
tory results it is necessary to have four Gaussian functions
per atom for the wave-function basis. Orbitals with s, p, and
d symmetry are generated by appropriate prefactors. For Si
atoms, d orbitals are only needed for the two smallest Gaus-
sians, and H atoms require none. The plane wave basis ki-
netic energy cutoff E_, that is required to yield converged
total energies depends on the types of atoms present. For Si
atoms only, this is E,~ 80-120 Ry. When H atoms are in-
cluded, it is necessary to increase this to E .~ 300-450 Ry.
Cu atoms need the cutoff energy set to E_,~450-675 Ry,
due to the rapidly varying wave functions of their 3d elec-
trons. The MP sampling mesh required depends on the size
of the supercell. For the smaller, 2 X2 X2 supercells we use
MP-43 k points, while for the larger 3 X 3 X 3 supercells we
use MP-23 k points. The mesh is shifted to avoid the I" point
and folded according to the symmetry of the system. These
values for E_,; and MP k points yield total energies that in
purely numerical terms are converged to <107 Ry or
=<10™*eV.

Defect formation energies are calculated by the conven-
tional method as described by previous authors.?*=° In gen-
eral terms, for defect in charge state ¢ its formation energy is
defined as

Ef(Q)=Ed(Q)+LIMe_2ni1u'iv (1)

where E,(g) is the total energy of a supercell containing a
defect composed from n; atoms of type i with chemical po-
tential u;, and where u, is the electron chemical potential
with respect to the top of the valence band of the pure ma-
terial. The occupancies of defect-induced electrical levels in
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the bandgap are set by including the appropriate number of
electrons in the calculation and keeping the net charge neu-
tral to prevent the total energy from being divergent by ap-
plying a uniform background charge of equal and opposite
magnitude to the sum of electrons and protons.

B. Electrical levels

The supercell formalism performs poorly at calculating
absolute values for the energies of defect levels. Various
remedies have been suggested, but none have yet proved to
be entirely satisfactory.

The first problem before Eq. (1) can be applied is to de-
termine the potential of the system, which has no straightfor-
ward reference. One method is to estimate the average po-
tential of the supercell sufficiently far from any defect it may
contain. Unfortunately, it is often not clear whether a suitable
region exists in a supercell where such an average may be
taken. The most common method to fix the potential involves
aligning the electronic bands of the supercells, plotted as
graphs. This procedure normally works alright, but fails
when the chosen bands (usually the top of the valence band;
often the bottom of the valence band) are confused with
defect-induced bands. Even for experienced hands, this pit-
fall is often not obvious, and when detected it is usually
difficult to find an alternative route.

A further, small correction may be necessary to allow for
the fact that an electronic transition probably occurs at a
point in the Brillouin zone (typically I') that does not coin-
cide with any point in the sampling mesh.

Then there is the problem that finite charge distributions
in a supercell interact with their images. The resulting energy
contribution can be estimated by adding a Madelung correc-
tion to Eq. (1) (Ref. 31). This is a sum of terms of which the
monopole energy is Ey(q)=ayg’/Le; where ay is the
Madelung constant, L is the lattice parameter, and € is the
permittivity of the material. The main problems with this
correction are that convergence is slow with respect to the
cell size, and being proportional to ¢> makes it unreliable for
|g|>1. The permittivity is also difficult to calculate accu-
rately ab initio, and normally one must resort to using mea-
sured values. The Madelung constant, at least, depends only
on the geometry of the supercell.

To avoid these problems, the method that we adopt, there-
fore, is one that depends only on total energies without any
further corrections applied. It provides results in a practical
and consistent form in the following way. First, we define for
a defect state labeled d with charge states ¢ and g’ a con-
figuration energy per electron Cy(g/q’) that is simply the
difference in the total energy divided by the difference in
charge between the two states, so that

Caalq") =[Edq") - Eda) (g -q"). ()

Note that the structure of the defect in charge state g is not
necessarily the same as when it is in charge state g'.

The configuration energies of d can then be compared
with the configuration energies of a chosen reference state or
“marker” labeled m. This may be either another defect, or a
supercell without any defect in it. The energy per electron of
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the state d relative to the reference state m is then

Dy(qlq") =Culqlq") = C,(pIp"). 3)

If m is a defect that has a measured electronic transition
energy per electron E,(p/p’) between charge state p and p’,
then it is possible to estimate the energy of a defect level
E/q/q")

E/ql/q')=D,qlq") + E,(p/p"). (4)

Otherwise, when m is a supercell without any defect in it,
C,(0/+1)=E,, the energy level of the top of the valence
band, while C,,(—1/0)=E,, the energy level of the bottom of
the conduction band. Note that the bands of the charged, pure
Si supercells are occupied according to a metallic filling
scheme.?” It is also necessary to increase the density of the
band-structure sampling to MP-6° for 64-atom supercells and
MP-43 for 216-atom supercells.

This method for calculating the energies of electrical lev-
els relies on the cancellation of systematic errors and, there-
fore, is more likely to give best results when d and m are
most similar in their electronic character, symmetry, struc-
ture, and so on. For example, if both are substitutional tran-
sition metals that are near to one another in the periodic table
such as Ag and Au, then estimates of the levels of one with
respect to the other are likely to be more accurate than if the
reference state is a dissimilar defect. Moreover, while there is
no particular restriction on what p, ¢, p’, and ¢’ are, the best
results are expected when both p=¢ and p’=¢g’. Naturally,
comparing the levels of one defect with another depends on
there being a suitable defect to make the comparison with,
and it means that the calculation is no longer truly ab initio.
If an ab initio result is wanted, then m must be a pure Si
supercell without any defect.

Based on past experience, differences in configuration en-
ergies between different charge states of similar defects
D,(q/q’) typically have errors ~+0.1 eV. In favorable cir-
cumstances this error can be smaller. The worst case is ex-
pected to be when the reference state m is a pure, ideal Si
supercell: then the error may be larger, but perhaps no worse
than by a factor of two. Absolute formation energies tend to
be of similar accuracy, while differences in energies between
similar structures in the same charge state are normally an
order of magnitude more accurate. It is difficult to be more
precise than this without being unduly pessimistic or overly
optimistic. Opinions vary widely on this subject. To guard
against rounding errors we quote configuration energies with
more digits than the real accuracy of the underlying theoret-
ical approximations. This facilitates possible future reuse or
reanalysis of the results.

III. RESULTS AND DISCUSSION
A. General observations

In small supercells the concentration of defects consid-
ered here is very much larger than in reality where it is close
to the infinitely dilute limit; therefore, to simulate the true
situation we choose to fix the lattice parameter a describing
supercells to the value that minimizes the total energy of
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TABLE 1. Configuration energies C,4(¢/q’) in electron volts for
silicon supercells without any defect. The quoted precision, while
being numerically significant, is probably at least an order of mag-
nitude better than the theoretical approximations provide. This is to
guard against propagation of rounding errors in any subsequent
reuse.

d\q/q' 0/+1 -1/0
Si 64-atom supercell 5.037 6.023
Si 216-atom supercell 5.175 5.884

pure Si. For the record, this is calculated to be a=5.3948 A
or 99.33% of the observed value. The calculated bulk modu-
lus is By=97.0 GPa (observed By=97.7 GPa).

Several types of defects are considered in the work re-
ported here: copper-hydrogen complexes; isolated substitu-
tional copper atoms; isolated interstitial copper, and isolated
interstitial hydrogen atoms. For the defects involving hydro-
gen, and for substitutional copper, several different structures
are compared.

When d and m are identical supercells of pure silicon
without any defects, then C4(-1/0)-C,,(0/+1) is the theo-
retical bandgap E, of the system. This depends on the cell
size. The calculated configuration energies for the two sizes
of supercell used in this work are given in Table I. For the
smaller supercell Eg=6.023—5.037%0.99 eV, while for the
larger supercell E£,=5.884—5.175~0.71 eV. This effect is a
consequence of the fact that the carrier concentration in a
charged supercell of volume V varies as 1/V and the disper-
sion decreases as cell size increases. Hence, E, converges on
the local-density approximation (LDA) value (which in the
case of Si is about half the true value) as the supercell size
Srows.

If pure silicon supercells are used as the reference con-
figuration energies C,(p/p') for calculating the ionization
energies of defects, then it is evident that this leads to an-
other problem when the real ionization energy is more than
the theoretical bandgap of the supercell but still less than the
real bandgap of the crystal. In cases where this occurs we
need to adopt a different strategy. If it is known or judged
that a level falls into this category, then, ionization energies
for donors are calculated with respect to E, [i.e., C,,(=1/0),
where m=Si] instead of E,, and the other way around for
acceptors. Making this judgement for levels about which
little or nothing is known is going to be a subjective deci-
sion, but in the absence of a better theory, there is no alter-
native.

B. Isolated hydrogen

Isolated interstitial hydrogen in silicon H; has been stud-
ied in great detail in the past by many experimental and
theoretical methods: see, for example, Refs. 33—36. See also
the recent study of muonium in Si by Lord et al.>” Thus, in
our calculations isolated hydrogen represents a known refer-
ence state. H; induces an electronic level in the bandgap that
may be occupied with zero, one, or two electrons depending
on where the position of the Fermi level w, is with respect to
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the defect state. As a bare proton H;“l, or a neutral atom H?,
its lowest energy location is at the bond-centered site be-
tween silicon atoms, while in the —1 charge state it prefers to
be situated at or near the tetrahedral interstitial site, away
from regions of high electron density. In the bond-centered
state, the Si-Si distance is about 40% larger for a bond con-
taining a proton than the bulk value.

The calculated formation energy of the neutral bond-
centered defect (H,)p. in the smaller and larger size super-
cells, respectively, is 1.47 and 1.42 eV relative to to isolated
hydrogen molecules and bulk silicon. A neutral hydrogen
atom at the tetrahedral interstitial site (Hi)(;d is estimated to
be higher in energy by 0.12 eV by our method. This energy
difference is 1.08 eV in the +1 charge state, while in the —1
state the situation is reversed and the (H; )T defect is lower in

energy by 0.66 eV relative to (H,);..

C. Electrical levels of isolated hydrogen

The gross change in structure with charge state for H;
gives it the special property that the donor level lies above
the acceptor level; hence, the quantity U=E (—1/0)—E 0/
+1) is negative and the neutral state is unstable. Conse-
quently, it is difficult to measure the electrical levels for H;;
its concentration in the neutral state is very low. Two fairly
recent measurements of the donor level E;(0/+1) of inter-
stitial hydrogen (d=H;) in silicon place it at E,.—0.175 eV
and E.-0.16 eV (Refs. 35 and 36). The change in structure
that occurs for the reaction Hi_1 HH?+e further complicates
measurement of the acceptor level. It is estimated to be
about 0.46 eV below the donor level placing it near midgap
at £.—0.62 eV (Ref. 36).

Three sets of calculated configuration energies for d=H;
are given in Table II. In the first two cases the defect is
constrained to be in a tetrahedral interstitial structure (Hi)Td
or the bond-centred form (H,),, only. The third row of figures
shows C,(q/q') calculated for H; in its lowest energy states,
(H))7, (Hy)pe, and (Hy)y

Using C,,(-1/0) where m=Si from Table I as our
reference makes the calculated donor level E, (0/+1)
=6.023-5.913=E_.—-0.11 eV for the smaller supercell, and
E (0/+1)=5.884-5.817~E,—0.07 eV for the larger super-
cell. Note that because this is a donor with an energy with
respect to E, well above the theoretical bandgap, we need to
use E, as the reference. Our calculated acceptor level, which
includes the change in structure, is E,(—1/0)=~E,—0.71 eV
for the smaller supercell and E (-1/0)=E,.—0.50 eV for the
larger supercell. This means that U= —-0.60 eV in the smaller
supercell, and U~—-0.44 eV in the larger supercell.

If we assume that the transition state is neutral hydrogen
at a tetrahedral interstitial site (Hi)(}d, then the activation en-
ergy for the reaction via this state is 0.83 eV for the smaller
supercell and 0.86 eV for the larger supercell. Problems with
finding a self-consistent total energy for (Hi)‘}l in the larger
supercell mean there is some additional uncértainty in the
latter figure. The measured activation energy is 0.84 eV
(Ref. 36).
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TABLE II. Configuration energies C,(q/q") in electron volts for
isolated interstitial hydrogen in silicon. The same remarks about
numerical versus real precision as in Table I and Sec. II apply here.

2 X2 X2 supercell 3 X3 X3 supercell

d\qlq’ 0/+1 -1/0 0/+1 -1/0
(H)r, 4.953 5.192 — ~5.03
(H)pe 5913 5.974 5.817 5.885
H, 5913 5314 5.817 5.382

D. Isolated copper

A single copper atom can in principle either occupy an
interstitial site Cu; or replace a silicon atom within a Si crys-
tal as Cug;. The difference in formation energy between sub-
stitutional copper with exactly tetrahedral symmetry (CU51)Td
and interstital copper at a tetrahedral site (Cu;)7, depends on
the charge state of the defects. When both are neutral, inter-
stitial (Cuy, )T is calculated to be lower in energy than substi-

tutional (CuSI)T by 0.70 eV. In the +1 charge state the

amount increases to 1.44 eV, while in the —1 state it is only
0.04 eV. Although the intersitial has a lower formation en-
ergy, both forms are observed to exist. The net reaction that
changes Cug; into Cu; creates a silicon vacancy Vg which
costs considerably more energy that the amount gained. The
absolute formation energy E; of neutral substitutional copper
(Cus,)T with respect to pure silicon and copper, is calculated

to be 2 30 eV in the smaller size supercell containing 64
atoms, and 2.40 eV in the larger size supercell containing
216 atoms.

Substitutional copper with 7, symmetry, in the neutral
charge state, has a doubly degenerate #, level occupied by
three electrons. This raises the possibility that it may undergo
a symmetry lowering Jahn-Teller distortion that splits the
orbital degeneracy into two levels of a; and e character. The
effect is not expected to be large, and any energy minima
fairly shallow. To examine the problem, several different ini-
tial structures with different symmetries are used in addition
to the ones with T,; symmetry. The AIMPRO computer code
can either preserve the symmetry of the initial structure when
minimizing the total energy, or perform an unconstrained
optimization as required. The relaxation pattern when using
unconstrained optimization in 64 atom supercells appears to
result in a structure with approximately D,,; symmetry in
neutral and negative charge states.

There are two ways that a distortion with D,; symmetry
may occur. The pattern found here is such that for the six
Si-Si lengths between the four Si atoms neighboring the Cu
atom, there are four equivalent lengths which are shorter than
the other two, that in turn are equivalent to each other. In
other words, the bounding box for this structure with its six
faces in the cubic {100} planes is short and broad in shape
rather than long and thin. For convenience we will label this
D, (A). The other form, which we will consider later, has the
four equivalent Si-Si lengths longer than the other pair of
equal lengths. Its bounding box in the six cubic {100} planes
is long and thin; we will label this form D, (B).
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TABLE III. Calculated Cu-Si and Si-Si lengths (dngstréms) and relative energies AE (electron volts) for Cuf; with respect to (CuSi)’%d in
2 X2 X2, 64-atom and 3 X 3 X 3, 216-atom supercells. The six Si-Si lengths are the six edges of the tetrahedron containing the Cu atom. The

calculated Si-Si bond length of pure Si is 2.336 A.

g Cu-Si Cu-Si Cu-Si Cu-Si Si-Si Si-Si Si-Si Si-Si Si-Si Si-Si AE
64 atoms, T; configuration
+1 2298 2.298 2.298 2.298 3.752 3.752 3.752 3.752 3.752 3.752 0.000
0 2271 2.271 2.271 2271 3.708 3.708 3.708 3.708 3.708 3.708 0.000
-1 2247 2.247 2.247 2.247 3.669 3.669 3.669 3.669 3.669 3.669 0.000
-2 2228 2.228 2.228 2.228 3.638 3.638 3.638 3.638 3.638 3.638 0.000
64 atoms, unconstrained configuration
+1 2298 2.298 2.298 2.298 3.749 3.752 3.752 3.753 3.755 3.757 —-0.000
0 2273 2273 2.273 2273 3.682 3.683 3.686 3.688 3.764 3.767 —-0.007
-1 2248 2.249 2.250 2.250 3.614 3.615 3.619 3.621 3.781 3.782 —-0.047
-2 2229 2.229 2.230 2.230 3.614 3.617 3.617 3.619 3.688 3.688 —-0.012
216 atoms, T, configuration
+1 2278 2.278 2.278 2278 3.719 3.719 3.719 3.719 3.719 3.719 0.000
0 2266 2.266 2.266 2.266 3.793 3.793 3.793 3.793 3.793 3.793 0.000
-1 2251 2.251 2.251 2251 3.676 3.676 3.676 3.676 3.676 3.676 0.000
-2 2232 2232 2.232 2232 3.644 3.644 3.644 3.644 3.644 3.644 0.000
216 atoms, D,,(A) configuration
+1 2277 2277 2277 2277 3.693 3.693 3.693 3.693 3.766 3.766 +0.000
0 2266 2.266 2.266 2.266 3.641 3.641 3.641 3.641 3.815 3.815 —-0.049
-1 2251 2.251 2.251 2.251 3.589 3.589 3.589 3.589 3.842 3.842 —-0.151
-2 2310 2.310 2.310 2.310 3.600 3.600 3.600 3.600 3.733 3.733 —-0.042
216 atoms, D,,(B) configuration
+1 2279 2.279 2.279 2.279 3.616 3.616 3.774 3.774 3.774 3.774 —-0.008
0 2268 2.268 2.268 2.268 3.595 3.595 3.756 3.756 3.756 3.756 —-0.036
-1 2251 2.251 2.251 2.251 3.581 3.581 3.723 3.723 3.723 3.723 —-0.060
-2 2233 2.233 2.233 2233 3.591 3.591 3.673 3.673 3.673 3.673 —-0.020
216 atoms, C,, configuration
+1 2279 2.279 2.279 2.279 3.608 3.614 3.776 3.776 3.776 3.776 —-0.008
0 2256 2.256 2.278 2278 3.530 3.704 3.741 3.741 3.741 3.741 -0.023
-1 2226 2.226 2.270 2.270 3.391 3.697 3.697 3.697 3.697 3.778 —-0.059
-2 2221 2.221 2.243 2.243 3.532 3.656 3.656 3.656 3.656 3.703 -0.023
216 atoms, unconstrained configuration
+1 2278 2.278 2.278 2278 3.607 3.607 3.773 3.773 3.775 3.780 —-0.008
0 22064 2.265 2.267 2.267 3.632 3.638 3.643 3.651 3.808 3.824 —0.049
-1 2249 2.250 2.250 2.250 3.583 3.585 3.593 3.595 3.834 3.841 —-0.151
-2 2233 2.233 2.233 2233 3.598 3.598 3.603 3.604 3.725 3.743 —-0.042

The energy difference between the unconstrained struc-
ture and the one with exact 7,; symmetry is greatest in the —1
charge state: the amount is nearly 0.05 eV. In the neutral state
the energy difference is about one twelfth of the size, while
in the —2 charge state it is about six times smaller than in the
—1 charge state. No significant distortion occurs in the +1
charge state: the unconstrained optimization and the 7; sym-
metry system both have essentially the same total energy and
structure. In all charge states the Cu-Si distance is smaller

than the bulk Si—Si bond length. The more electrons the sys-
tem has, the greater the difference becomes.

It is well established both in theory and by experiment
that the related system of Vg; undergoes a similar Jahn-Teller
distortion, and that the nature of the distortion given by
theory depends on the model used, particularly its size. For
example, see Ref. 38. The supercell based on 64 atoms,
while being a useful model, is not really sufficiently large to
obtain a fully converged result with respect to size. The 216-
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TABLE IV. Configuration energies Cy(g/q’) in electron volts for isolated copper in silicon. The same
remarks about numerical versus real precision as in Table I and Sec. II apply here.

2 X2 X2 supercell

3 X3 X3 supercell

d\q/q' 0/+1 -1/0 -2/-1 0/+1 -1/0 -2/-1
(Cui)Td 5.991 6.014

(CuSi)Td 5.268 5.368 5.472 5.389 5.482 5.535
(CuSi)C] 5.262 5.328 5.507 5.348 5.381 5.644

atom supercell, on the other hand, is expected to be large
enough. With this in mind, and taking into consideration the
results for the 64-atom supercell, we now turn our attention
to a more detailed examination of possible distortions for the
216-atom supercell.

When a constrained minimization is performed in a 216-
atom supercell, both A and B forms with D,; symmetry are
found to be local energy minima in all charge states. Both are
lower in energy than Cug; with exact 7,; symmetry except for
the +1 charge state of the D,,(A) defect which has the same
energy as the T structure. The D, (A) form is also lower in
energy than the D,,(B) form except in the +1 charge state.

If the symmetry of the system is lowered to C,,, then the
pair of Si-Si lengths that are equal in the D,; case are now
unequal. The two unequal and four equivalent lengths can be
ordered in three ways. Our initial, unoptimized structure has
one of the unequal lengths shorter than the set of four
equivalent ones, and the other is longer. Following optimiza-
tion, this pattern is retained when the defect has a negative
charge, while in the neutral and positive states both of the
unequal lengths are shorter than the set of equivalent four.
The total energy in all charge states is nearly the same as for
the D,,(B) structure.

Attempts to optimize structures with C3, symmetry do not
yield good results. The algorithms for self-consistency fail,
and even with various adjustments to work around the prob-
lem, the total energy is always higher than for the exact 7,
case.

When no symmetry constraints are applied then the opti-
mized structure is essentially the D,,(A) configuration in the
negative and neutral charge states, and matches very closely
the D,4(B) form in the +1 charge state. Their total energies in
the unconstrained and constrained calculations are equal to
within the numerical accuracy of the method. The formation
energy in the lowest energy configuration for neutral substi-
tutional copper in silicon calculated by this method in a 216-
atom supercell is Ef(Cugi) ~2.35 eV with respect to fcc cop-
per metal and cubic silicon. Details of these results are given
in Table III.

At this point it is necessary to consider some less obvious
consequences of the approximations made in these calcula-
tions. All essential tests, adjustments, and optimizations have
been made with due care and attention. We find that a sym-
metry lowering structural distortion occurs, apparently due to
the Jahn-Teller effect. However, the way that we have
sampled the band structure and ignored spin-orbit interac-
tions means that the character and magnitude of the distor-
tion may still be wrong. By following the normal practice of

using a sampling mesh that deliberately avoids the gamma
point (which would give a poor estimate of the total energy if
included) we have already broken the orbital symmetry. This
leads to an artificial lowering of the total energy. Having said
this, the situation is not as alarming as it might seem. When
a supercell is large, the Brillouin zone is small, hence any
point in it is near I' where the orbital symmetry is correct.
Thus, for a sufficiently large supercell the artificial splitting
of the degenerate level and dispersion effects due to the su-
percell formalism should be negligible. Spin-orbit coupling
effects can also lift the orbital degeneracy. As these are not
included in our model, this introduces an additional uncer-
tainty, although we expect this to affect things to a lesser
degree than the Brillouin zone sampling does. Under most
circumstances the factor limiting the accuracy of the method
is the local-spin-density approximation itself.

E. Electrical levels of isolated copper

Isolated substitutional copper in silicon has three electri-
cal levels in the bandgap. Measurements reported over a
number of years have provided progressively better estimates
of their energies.>>>~7 The three levels, according to Knack
et al.,” are a donor at E,(0/+1)=E,+0.207 eV, an acceptor
at Ey-1/0)=E,+0.478 eV, and a double acceptor at
E(-2/-1)=E_.—0.167 eV. Isolated interstitial copper has a
donor level at E;(0/+1)=E.-0.15 eV (Ref. 4).

The calculated configuration energies for d=Cu; and d
=Cug; are given in Table IV. For interstitial copper we have
only performed calculations using the smaller size of super-
cell. The calculated energy of the donor level is E (0/+1)
~F.—0.03 eV. In other words, adding an electron to this
system costs very nearly the same energy as adding an elec-
tron to a 64-atom supercell of pure silicon. For substitutional
copper, symmetry has a larger effect in the larger supercell,
and increases as electrons are added to the system. When the
symmetry is unconstrained and using m=Si, we arrive
at E 0/+1)=E,+0.22 eV, E,/(-1/0)=E.-0.70 eV, and
E (-2/-1)=E.-0.52 eV for the energies of the three
electrical levels of Cug; in a 64-atom supercell. Increasing
the supercell size to 216 atoms changes these energies to
E 0/+1)=E,+0.17eV, E4 -1/0)=E.—0.50¢eV, and
E,(-2/-1)=E_.—0.24 eV. Note that in accord with our strat-
egy for estimating electrical levels, the calculated acceptor
level E;(—1/0) in both cases when expressed with respect to
E., is above the top of the valence band. Hence, to facilitate
comparison with experiment, we may simply subtract the
observed energy for the acceptor level from the measured
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FIG. 1. (Color online) Two views of the C,, symmetry copper
monohydride complex in Si. The unique, large atom near the center
is Cu; the small atom directly below it is H; all the others are Si.

bandgap energy E,=1.17 eV. This yields E,(-1/0)~E,
—0.69 eV for the observed level.

F. Copper-hydrogen complexes

Copper and hydrogen in silicon can combine to form
copper-hydrogen complexes. These have several possible
structures and charge states to consider, making this a more
complicated problem than the isolated atoms. For example,
there are three arrangements with trigonal symmetry that
have collinear Cug;, Sis;, and H atoms: (Sig-Cugi-H)c, .
(Cugi-Hye-Sisi)c, » and (Cug;-Sigi-H), . It is also possible
that a hydrogen atom may be located in some other direction
relative to a given Cu-Si bond. According to our calcula-
tions, the lowest energy structure in all charge states has the
H atom close to a cubic site and directly bonded to the cop-
per. This is located in a [100] direction on a (110) plane
between two equivalent Si atoms. The exact location of the
H atom depends on the charge state of the complex. When
the defect is negatively charged then the H atom is equidis-
tant from the two nearest Si atoms, and occupies in the same
(110) plane as them and the Cu atom. The defect has C,,
symmetry (see Fig. 1). In the neutral and +1 charge state the
minimum energy structure has either C; or C; structure (see
Figs. 2 and 3). The energies of these structures are degener-
ate, and are only very slightly lower than the C,,-symmetry
structure. In the neutral state the energy difference is esti-
mated to be only 0.01 eV and in the +1 state the difference is
0.03 eV. It is debatable whether or not these amounts are
significant.

The energies of the collinear structures with C;, symme-
try are higher in all charge states than the ones with the H
atom close to a cubic site. In the neutral state the energy
differences are 0.22 eV for (Sig-Cug-H), 0.33 eV for
(Cug;-H,-Sig;), and 0.73 eV for (Cug;-Sig-H), using 65-atom
supercells. The charge state has very little effect on these
energies.

There is a significant binding energy between Cug; and
interstitial H. The reaction Cu+Hp, — (Cug-H)% +Sig;
yields 1.73 eV for the smaller size supercell. In the xlarger
size supercell the reaction yields 1.71 eV when Cug; is con-
strained to have T,; symmetry, falling to 1.67 eV when the
constraint is removed. These values are somewhat smaller
than the binding energy calculated by West e al.: their result
is 2.46 eV (Ref. 19).
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FIG. 2. (Color online) Two views of the C; symmetry copper
monohydride complex in Si. The atom identities follow a similar
pattern to Fig. 1.

Two different structures with nearly equal energies in
each charge state have been found for copper dihydride
Cug;-H,. One of them has C, symmetry while the other has
C, symmetry. The rotation axis for the C,-symmetry struc-
ture is the [100] axis that passes through the copper atom and
between the two hydrogen atoms (see Fig. 4). The mirror
plane for the C-symmetry structure is the (100) plane that
contains the copper atom and has the two hydrogen atoms in
equivalent positions either side of it (see Fig. 5).

The relative energies of these two defects depend on their
charge state. When the defects have a charge of -2 their
energies are equal to the accuracy of the method. In the
charge states —1, 0, and +1 the energy of C,-symmetry struc-
ture is estimated to be lower than that for the C,-symmetry
structure by 0.02, 0.06, and 0.11 eV, respectively. For both
sizes of supercell, the binding energy of a second hydrogen
atom to a copper-monohydride complex (Cusi-H)g‘+HgC
— (CuSi-Hz)%2+ Sig; is estimated to be 1.65 eV, a value only
slightly less than that for the first H atom. West et al.!® also
report that the binding energy of the second H atom is about
0.1 eV smaller than the first: their result is 2.32 eV. In an-
nealing experiments, Knack measured the binding energy to
be 1.2 eV (Ref. 5). He notes that in n-type material Cug;-H
and Cug-H, complexes should be negatively charged and
that interstitial H atoms will be in the +1 charge state. Ac-
cording to our calculations, the reaction (CuSi—H)EZT+HgCl
—>(CuSi-H2)E'2+SiSi yields 1.25 or 1.40 eV for small and
large supercells, respectively. Here, we have taken the charge
states to be those that the model defects have when the Fermi
level u, is at the bottom of the conduction band.

A third hydrogen atom added to the copper dihydride
complexes is calculated to bind with an energy of about 1.76
eV to form copper trihydride complexes Cug;-Hs. The opti-

FIG. 3. (Color online) Two views of the C; symmetry copper
monohydride complex in Si. The atom identities follow a similar
pattern to Fig. 1.
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FIG. 4. (Color online) Two views of the C, symmetry copper
dihydride complex in Si. The atom identities follow a similar pat-
tern to Fig. 1 with the largest size atom near the center being Cu,
surrounded by Si atoms, except there are now two H atoms attached
left and right of the Cu in the left-hand view.

mized structure for a model defect based on the
C,-symmetry Cug-H, complex has C, symmetry (see Fig.
6). Its energy is essentially the same as for a model defect
based on the C,-symmetry structure Cug;-H, complex: in the
neutral state this is higher by only 0.02 eV which is probably
not significant. This defect also has very nearly C; symmetry,
yet is not constrained to be so (see Fig. 7). One of the three
hydrogen atoms lies on the mirror plane: this is a (110) plane
as described previously. It is not possible to resolve whether
the very small asymmetry is real or due to numerical noise.

West et al.'® estimate the binding energy of the third hy-
drogen atom to be 2.42 eV. They also examine the possibility
of adding a fourth hydrogen atom. This, they find, is very
weakly bound and they conclude that the complex is not
likely to form. A full written description of the structures and
symmetries of the copper-hydrogen complexes modeled by
West et al.'® is not given. From visual inspection of their
figures it appears that they are similar to ours.

G. Electrical levels of copper-hydrogen complexes

Knack et al. have observed a set of six electrical levels in
their experiments on silicon containing copper and hydrogen
impurities that they conclude are due to defect complexes
containing both copper and hydrogen.>”’ Evidence for the
identities of the defects responsible for these six levels
comes from a careful analysis of their responses to various
thermal, chemical, and electrical treatments, including esti-
mating their depth distributions within the specimens. One of
the defect complexes has three levels very similar to those of
Cug;. It is identified as Cug;-H. The measured energies of the
three levels for this defect are E,(0/+1)=FE,+0.207 eV,
E(-1/0)=E,+0.54 eV, and E,(-2/-1)=E.—0.360 eV. A
second complex identified as Cug;-H, has two acceptor levels
at E/(-1/0)=E,+0.27 eV and E,(-2/-1)=E.—0.254 V.
The identity of the defect responsible for the sixth
level in the set, an acceptor near midgap at E (—1/0)=E,
+0.506 eV, appears to be different from the others, and can-
not be deduced from its properties. Knack er al. also infer
from their data that there are electrically neutral, electroni-
cally passive copper-hydrogen complexes present which con-
tain three or more hydrogen atoms.

The calculated configuration energies for our model
copper-hydrogen complexes are given in Table V. Given that
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FIG. 5. (Color online) Two views of the C; symmetry copper
dihydride complex in Si. The atom identities are again in a similar
pattern to those in the previous pictures where the Cu atom is at the
center with two small-sized H atoms attached to it.

the total energies of the different forms of each of the three
basic types of these defects are not significantly different
from one another in each charge state, structure has little
effect on C,(g/q’); hence, it is not necessary to repeat the
calculations for all forms of the defects in the larger size
supercell.

For d=Cug;-H, according to the calculations, there are
three levels in the bandgap with energies fairly close to the
three corresponding levels for Cug;. However, compared with
experiment, the relative energies are slightly different.

The calculated energy for the donor level of the complex
(with C, symmetry) in the smaller supercell is E; (0/+1)
~E,+0.07 eV, and E, 0/+1)=E,+0.08 eV in the larger
supercell, with respect to pure silicon supercells. Compared
with the measured donor level for m=Cug; (C; or D,,; sym-
metry), the calculated energy differences in the smaller and
larger supercells, respectively, are D,(0/+1)~-0.15 eV and
D,4(0/+1)=-0.10 eV, while the observed levels are equal.

The calculated energy of the single acceptor level
E (—1/0) of the complex is essentially the same as it is for
Cug; (D4(=1/0)=+0.01 eV in both sizes of supercells). In
Knack’s experiments the acceptor level of the complex is
about 0.06 eV above the acceptor level of Cug;.

The double acceptor level, according to our calculations,
is at Ej(-2/-1)=E_,—0.62 eV in the smaller supercell, and
E(-2/-1)=E_.—0.39 eV in the larger supercell with respect
to pure silicon supercells. In other words, these energies
with respect to m=Cug; are D,(-2/-1)=-0.10 eV and
D, (-2/-1)=-0.15 eV, respectively. This energy difference
according to Knack’s measurements is D,(-2/-1)
=-0.087 eV. Our simulations appear to suggest that there
could be a double donor level at E (+1/+2)=E,
+0.02 eV(m=Si). It is likely that this is only an artifact of
the theoretical approximations, which become poorer with
increasing charge state.

The results for Cug; and Cug;-H taken together provide a
crude indication of the accuracy of the method. The standard
deviation (root mean square error) with respect to the mea-
sured energies for all six levels of these two defects, calcu-
lated in the large-size supercells, using ideal silicon super-
cells as the reference state is 0.11 eV. If Cug; is used as the
reference potential or marker to calculate the energies of the
three levels of Cug;-H, then the standard deviation is 0.07 eV.
Clearly, this is by no means a rigorous analysis; however, it
does give some impression of the magnitude of the errors
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FIG. 6. (Color online) Two views of the copper trihydride com-
plex in Si with C| symmetry. As in the previous pictures, the large
atom at the center is Cu, now with three H attoms attached to it.

and the level of improvement that might be expected from
using an empirical marker, and is in accord with our past
experience of similar calculations.

Up to this point the energy levels of the model defects
bear more than a passing resemblance to the ones observed
experimentally. This is not the case for d=Cug;-H,. Our cal-
culations predict that this complex has a donor level in the
lower part of the bandgap and an acceptor level slightly be-
low midgap. The model Cug-H, complexes do not induce
any other levels in the bandgap.

The calculated energies for the donor level of the
C,-symmetry complex in small and large supercells, respec-
tively, are, E 0/+1)=E,+0.18 eV and E,0/+1)=E,
+0.10 eV, with respect to pure silicon supercells. If we take
the measured energy E,,(0/+1)=FE,+0.207 eV for m=Cug;
as a marker, together with its calculated configuration ener-
gies C,,(0/+1) (with C; or D,,; symmetry), then the calcu-
lated energies with respect to this are E 0/+1)=E,
+0.16 eV and E,(0/+1)=E,+0.15 eV in the smaller and
larger supercells.

The calculated acceptor level is at E (-1/0)=E,
—-0.78 eV (small supercell) and E,(-1/0)=E.—0.57 eV
(large supercell) with respect to pure silicon; while using m
=Cug; and E,=1.17eV, we estimate E,(-1/0)=E,
—0.78 eV (small supercell) and E (-1/0)=~E.—0.76 eV
(large supercell). As this energy is slightly larger than E, for
the larger supercell, and theory does not appear to match
experiment, there is uncertainty where the true level is, so we
must consider carefully whether or not to make E, the refer-
ence when comparing with pure silicon supercells. If this is
done, then based on our previous experience with Cug; and
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FIG. 7. (Color online) Two views of the copper trihydride com-
plex in Si with approximately C, symmetry. The atom identities are
as described previously.

Cug;-H, the acceptor level looks too close to the donor. In
this case, therefore, the true level lies a little higher than this,
but below midgap. Thus, changing the reference from E,, to
E_ does not change our conclusion significantly.

Both forms of the Cug;-H; appear to be electrically inac-
tive defects. The energy needed to remove one electron from
the complex with C,; symmetry is nearly the same as for a
64-atom supercell of pure silicon. The complex with nearly
C, symmetry with a charge +1 has a total energy =0.06 eV
lower than the C; symmetry configuration. This gives it a
donor level E,(0/+1)=E,+0.04 eV with respect to pure Si.
This is too close to the top of the valence band to resolve
definitely whether or not it is real or an artifact of the
method. The theoretical acceptor levels of both types of the
defect lie above the bottom of the conduction band.

IV. SUMMARY AND CONCLUSIONS

Using the AIMPRO method, we have explored the struc-
tural, energetic, and electronic properties of several defects
in silicon containing copper and hydrogen impurities. A well-
known weakness of the method is the underestimation of
semiconductor bandgaps. This is demonstrated for silicon by
our results. Electrical levels are also difficult to calculate
accurately. A strategy based on differences in total energies
of supercells is developed that aims to give meaningful re-
sults by careful consideration of each particular situation.

The known properties of isolated intersitial hydrogen H;
are reproduced well compared with both previous theory and
experiment. This includes its structure, electrical levels, and
negative-U behavior.

TABLE V. Configuration energies C,(q/q’) in electron volts for copper-hydrogen complexes in Si. The
same remarks about numerical versus real precision as in Table I and Sec. II apply here.

2 X2 X2 supercell

3 X3 X3 supercell

d\qlq’ +1/+2 0/+1 ~1/0 -2/-1 0/+1 -1/0 -2/-1
(Cusi-H)c, 5.052 5.097 5.331 5.405
(Cugi-H) . 5.059 5.109 5.342 5.407 5252 5392 5.492
(Cugi-H)c, 5.060 5.109 5.344 5.406
(Cugi-Ho), 4915 5216 5.243 6.100 5.279 5312 5.991
(Cugi-Ho), 4.920 5.167 5.202 6.089
(Cug-Ha)c, 5.029 5.043 6.102 6.091
(Cugi-Hy)c, 5.077 5.081 6.109 6.102
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Interstitial copper Cu;, also in agreement with experi-
ments, according to the calculations is a shallow donor. The
only known properties for isolated, substitutional copper at-
oms Cug; are its electrical levels. The theoretical method
again in agreement with experiment reproduces the measured
energies of the defect-induced electrical levels. In addition to
this it is predicted, as anticipated, that the defect is suscep-
tible to the Jahn-Teller effect.

While the electrical levels for Cug; have been well estab-
lished by a number of successively improved measurements,
far fewer data for copper-hydrogen complexes exist. In broad
terms, the model copper-hydrogen complexes with lowest
energy have up to three hydrogen atoms attached close to the
copper atom in the open interstitial spaces nearest to the
cubic directions of the silicon crystal. There are several
nearly equal energy minima for the hydrogen atoms resulting
in a number of different structures. Cug;-H has three distinct
variants while Cug;-H, and Cug;-H; have two each. It is rea-
sonable to expect that the activation energies for transforma-
tion of the complexes from one form to another are fairly
low. In all cases the binding energy per hydrogen atom when
the species are neutral is similar at about 1.7 eV. This figure
is a little lower for the formation of Cug;-H, from Cug;-H and
H in n-type material where the charge states of the species
need to be taken into account. When this is done, the theo-
retical estimate for the binding energy is only ~0.1 eV
higher than the measured amount, 1.2 eV.

Theory and experiment remain in good agreement on the
character and energies of the electrical levels of Cug;-H and
Cug;-H;. The monohydride complex has three levels similar
to Cug; while the trihydride appears to be a passive defect.
However, for Cug-H, the electronic levels of the model
complex differ from the experimental assignments. Theory
predicts the complex has a deep donor level in the lower part
of the bandgap, between the predicted donor levels for Cug;,
and Cug;-H. We suggest this near degeneracy may explain
why no donor level has been observed for Cug-H,. The
model complex also has an acceptor level above the donor
and below midgap. No evidence is found for the existence of
a double acceptor level for Cug;-H,, or any other level within
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TABLE VI. Summary of the “best” estimates for the energies of
electrical levels in electron volts for model defects of copper and
hydrogen impurities in silicon calculated with respect to pure sili-
con supercells.

d\qlq’ 0/+1 -1/0 ~2/-1
H, E.—0.07 E,—0.50

Cy, E.—0.03

Cug; E,+0.17 E,—0.50 E,—0.24
Cug-H E,+0.08 E,—0.49 E.—0.39
Cug-H, E,+0.10 E.—0.57

the bandgap. The calculated total energy for this complex in
the —2 charge state places its energy level well above the
conduction band minimum. We can find no explanation
among our models for the level observed by Knack et al. at
E_.—0.254 eV. The acceptor near midgap at E,+0.506 eV
also remains unexplained. Further calculations for other
model defects will be needed to resolve these issues.

Finally, Table VI provides a summary of what may be
considered our best estimates for the energies of electrical
levels for the model defects calculated according to the strat-
egy adopted for this work.
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