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It is well known in experimental studies that Cu is usually a fast diffuser in semiconductors. In some
semiconductors (e.g., CdTe), Ag is also a fast diffuser. The diffusion plays an important role in many
applications when Cu (Ag) is employed to tune the semiconductor’s electrical or optical properties.
However, the origin of why Cu (Ag) shows different diffusion behavior compared to group-IA elements is
still unclear. Using first-principles method, we compare the diffusion behaviors between Cu (Ag) and
group-IA elements in CdTe, and find that the novel diffusion is due to the strong coupling between Cu
(Ag) d levels and unoccupied host s levels. This coupling alters the stable doping site, diffusion pathway,
and diffusion energy curve from those of group-IA elements, which have no active d levels, thus making

the Cu (Ag) diffusion faster in many semiconductors.
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Copper (Cu) is an abundant, nontoxic, and easy to purify
element that plays an important role in many applications,
such as high-temperature superconductors, dilute-magnetic
semiconductors, luminescent nanomaterials, and solar cells
[1-8]. In many of these applications, the incorporation of Cu
is through diffusion [5,9,10]. Experimentally, it has been
well known for over 50 years that Cu exhibits fast diffusion
in many semiconductors [11,12], including Si [13], Ge [14],
GaAs [15], InAs [16], InSb [17], AISb [18], CdS [19], CdTe
[20-22], ZnS [23], and ZnSe [24]. The fast diffusion of Cu
has a strong impact on the performance of devices. For
example, Cu is widely used as interconnections in integrated
circuits, but it must be covered by a barrier metal layer to
limit its diffusion; in nanocrystals, the fast diffusion of Cu is
helpful for overcoming the dopant solubility [5]; in solar
cells, Cu, either as a part of the host material (e.g., Cu
chalcogenides) [25,26] or as a dopant to enhance p-type
doping (e.g., CdTe) [10,27-29], can cause the instability of
these solar cells.

In spite of its importance, the physical origin for the
novel diffusion has not been clearly explained. Here, we
study the diffusion behavior of Cu in CdTe and compare it
to that of group-IA elements. CdTe is a promising candi-
date for low-cost thin-film solar cells, which has recently
achieved cell-efficiency above 18%. The diffusion of Cu
from the back contact into the CdTe absorber is a key
process that can significantly enhance solar cell efficiency
[9,30,31]. However, the diffusion of Cu into the CdS layer
will degrade the efficiency and is linked to long-term
device instability [32,33]. The understanding of the diffu-
sion of Cu is thus imperative for further improvement of
CdTe solar cells.

Silver (Ag) is another group-IB element that plays an
important role in many semiconductors, such as Si, CdSe,
InAs [5,34,35]. Experimentally, it is found that Ag diffuses
even faster than Cu in CdTe [36], although its size is larger.
This is contrary to the common belief that larger atoms
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diffuse slower. The abnormal diffusion behavior has not
been explained, either.

Using first-principles calculations, we find that the exis-
tence of d electrons is the main reason for the novel
diffusion behaviors of Cu and Ag in semiconductors. The
effects of d electrons in group-IB and group-1IB elements
in semiconductors have been extensively studied in the
past. The p-d couplings can strongly affect the properties
of semiconductors [37]. However, the s-d coupling has not
been carefully considered before, because for most semi-
conductors with O, (diamond structure) or 7, (zinc-blende
structure) symmetry, the coupling between s and d levels is
not allowed. However, in the diffusion process, the local
symmetry around the diffuser is reduced, which can turn on
the s-d coupling. Cu has high-energy d levels and con-
sequently strong s-d couplings. We show that the strong
s-d coupling at low-symmetry sites can explain: (i) the
most stable interstitial sites of group-IA atoms are the
tetrahedral sites, but the most stable site of Cu is the M
site; (ii) all group-IA atoms diffuse along the [111] or
equivalent directions from one tetrahedral site to another,
but Cu diffusion deviates from exact [111] directions and
does not cross the tetrahedral sites; and (iii) the diffusion
energy curves of group-IA atoms show two equivalent
barriers, but the diffusion energy curve of Cu shows two
nonequivalent barriers. Ag has relatively low-energy d
levels and consequently weak s-d couplings. Therefore,
its most stable interstitial site and diffusion pathway are
more like those of group-IA atoms, but the s-d coupling
lowers the diffusion energy barrier and can explain its fast
diffusion in CdTe.

Our calculations are based on density functional theory
within the generalized gradient approximation formulated
by Perdew, Burke, and Ernzerhof (PBE) [38] as imple-
mented in the Vienna ab initio simulation package (VASP)
[39]. The projector augmented wave pseudopotentials [40]
are employed, and the valence wave functions are
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expanded in a plane-wave basis with an energy cutoff of
300 eV. The calculations are performed in a 64-atom
supercell and a 2 X2 X2 k-point mesh is used for
Brillouin zone integration. The diffusions are calculated
with the nudged elastic band method [41]. Spin polariza-
tion has been explicitly taken into account.

First, we discuss the most stable sites of interstitial Cu,
Ag, and group-IA atoms in CdTe. Our calculated results
are summarized in Table I. The most stable interstitial site
for a group-IA atom (Li, Na, or K) is the tetrahedral site. In
CdTe (and other zinc-blende materials), there are two kinds
of interstitial tetrahedral sites. One is surrounded by cation
atoms, which is labeled as 7, and the other is surrounded
by anion atoms, which is labeled as T,. From Table I, we
notice that Li prefers the T, site, whereas Na and K prefer
the T, site. From K to Na to Li, the energy difference
between the T, site and T, site increases from —0.41 to
—0.09 to 0.19 eV. This is explained by the size effect.
Because Te gains electrons from Cd, the size of the Te
ion is larger than that of the Cd ion. Therefore, there is
more space around the 7, site. In general, large dopants
prefer sites with large space and small dopants prefer sites
with small space, to reduce the strain energy. Therefore,
as the dopant size increases, the T, site becomes more
preferred than the 7', site.

Cu has ten 3d electrons. Because the d electrons are not
as localized in the nucleus region as the core electrons, the
positive charges in the nucleus are not fully screened by the
d electrons. Therefore, the 4s electron of Cu experiences a
strong Coulomb attraction and locates close to the nucleus.
As a result, the size of Cu is small, so Cu is more stable at
the T, site than at the T, site. Cu™ is further stabilized by
stronger Coulomb attraction at the T, site. However,
according to our density functional calculations, the most
stable site of interstitial Cu is not the tetrahedral site.
Instead, it is nearly in the middle of the two tetrahedral
sites, which is labeled as M here. The reason is the s-d
coupling between the occupied Cu d levels and the unoc-
cupied host s levels. When Cu stays at a tetrahedral site,
the local symmetry is T,. According to the crystal field
splitting, the d levels split into a triplet ¢, state and a
doublet e state, and the s level is in a singlet a; state.
Because the d levels and s levels have different symme-
tries, they cannot couple. However, when Cu moves away

TABLE I. The energies (eV) of Cu (Cu™), Ag (Ag™), and
group-IA atoms at the M and tetrahedral sites. The energy of
the most stable site is set to zero.

Atom T, M T,

Li 0 0.25 0.19
Na 0.09 0.52 0

K 0.41 0.97 0

Cu (Cu®) 0.12 (0.12) 0 (0) 0.43 (0.63)
Ag (Agh) 0 (0) 0.06 (0.07) 0.08 (0.16)

from the tetrahedral site, the symmetry is reduced and the
s-d coupling becomes allowed. The s-d coupling can be
observed clearly from the partial density of states (pDOS)
in Fig. 1. Compared to the pDOS at the 7. site, the
occupied Cu d levels move down in energy at the M site,
and the unoccupied s levels move up in energy. The system
gains the electronic energy from the s-d coupling.
However, the M site has relatively small space for inter-
stitial atoms compared to the tetrahedral sites, so the strain
energy is higher at the M site. The competition between the
electronic energy gain and the strain energy cost deter-
mines the relative energies of the M and tetrahedral sites.
Because the size of Cu is small due to the existence of d
electrons, the strain energy cost is small. Furthermore,
because the d levels of Cu are high in energy, the s-d
coupling is strong. Therefore, the electronic energy gain
dominates and stabilizes the M site for interstitial Cu.

The energies of Ag d electrons are lower than those of
Cu. Therefore, the s-d coupling is weak, and the M site is
higher in energy than the 7', site. Because the size of Ag is
larger than that of Cu, according to the trend discussed
above, the energy difference between the T site and 7, site
decreases to 0.08 (0.16) eV for Ag (Ag™).

Now, we consider the diffusion behavior. The diffusion
is calculated from the most stable site to another most
stable site. For a group-IA atom, as presented in the right
panel of Fig. 2, it diffuses exactly along the [111] or
equivalent directions between the two tetrahedral sites.
The diffusion energy curves are presented in the left panel
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FIG. 1 (color online). The pDOS of d and s levels around Cu.
The top, middle, and bottom panels are for Cu at the T, T", and
M sites, respectively. The energy has been aligned with the 1s
core level of CdTe. The dashed line indicates the valence band
maximum (VBM) of CdTe. Compared to that at the T, site, at the
T!. and M sites, the energy of the d levels below VBM (red line)
decreases and the energy of the s levels above VBM (black line)
increases, which indicates the s-d coupling due to the symmetry
reduction.
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FIG. 2 (color online). The left panel displays the diffusion
energy curves of group-IA atoms. The energy of the most stable
site is set to zero. The right panel displays the diffusion pathway.
The small cyan balls represent Cd, the big green balls represent
Te, and the diffusion pathway of interstitial group-IA atom is
highlighted in red. The diffusion is exactly along the [111] and
[111] directions.

of Fig. 2. Due to the lack of s-d couplings, the strain energy
makes the M site the energy barrier state. The diffusion
energy barrier decreases as the atom size decreases. In the
diffusion, the group-IA atom passes a metastable site and
overcomes two equivalent diffusion barrier states.

The diffusion of Cu is different from those of group-1A
atoms. The diffusion pathway and energy curves are pre-
sented in Fig. 3. The interstitial Cu first diffuses from the
most stable M site, crossing the T, region, to another M
site. However, the second M site is not related to the first
one by a lattice vector. To finish the diffusion, the inter-
stitial Cu then diffuses to the third M site that is related to
the first one by a lattice vector, crossing the 7, region. In
the right panel of Fig. 3, the dashed lines indicate the [111]
and [111] directions (the diffusion pathway of group-IA
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FIG. 3 (color online). The left panel displays the diffusion
energy curves of Cu (Cu™). The energy of the most stable site
(M) is set to zero. The right panel displays the diffusion pathway.
The small cyan balls represent Cd, the big green balls represent
Te, and the diffusion pathway of interstitial Cu is highlighted in
red. The dashed lines indicate the [111] and [111] directions.
Different from the group-IA diffusion, the Cu diffusion deviates
from these directions and does not cross the tetrahedral sites. The
real diffusion barrier states are labeled as T". and T7,.

atoms). However, Cu diffusion deviates from these direc-
tions, and does not cross the exact T, or T, site. Instead, it
goes through the T/, and T, sites labeled in the figure. The
deviation from the exact tetrahedral sites is also explained
by the s-d coupling. Although at the exact tetrahedral site,
the s-d coupling is forbidden due to the 7; symmetry, as Cu
moves away from the tetrahedral site, the symmetry is
reduced and the s-d coupling is allowed, which can also
be clearly observed from the pDOS (Fig. 1). The deviation
from the tetrahedral sites also costs strain energy. The
competition between the strain energy cost and the elec-
tronic energy gain determines the energies and positions of
the T" and T/, sites. Because there is more space around the
T. site, the strain energy cost is small and the T site is
relatively far from the 7. site with an energy gain of
~0.07 eV (~ 0.2 eV) for Cu (Cu*). Around the T, site,
because there is less space, the strain energy cost is larger
and almost offsets the electronic energy gain. Therefore,
the T" site is close to the T, site and the energy gain is only
several meV. Different from group-IA diffusions, the 77,
and T/, sites are diffusion barrier states (the left panel of
Fig. 3). For Cu (Cu™), the diffusion energy barrier at the 7",
site is ~0.36 eV (~0.42 eV) and at the T/ site is
~0.11 eV (~0.10 eV). Therefore, the interstitial Cu
crosses two nonequivalent barriers in the diffusion.

The s-d coupling strength depends on the energy sepa-
ration between the s and d levels. Because PBE calcula-
tions underestimate the energy of s electrons, the band gap
is underestimated and the s-d coupling is overestimated. To
correct this error, we employ an empirical external poten-
tial to boost the energy of s electrons so the band gap has
the experimental value, following the method in Ref. [42].
The external potential weakens the s-d coupling and
increases the s orbital size. After applying the potential,
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FIG. 4 (color online). The diffusion energy curves (left panel)
and pathway (right panel) of Cu (Cu*) after correcting the band
gap. In the left panel, the energy of the most stable site (M) is set
to zero. In the right panel, the small cyan balls represent Cd, the
big green balls represent Te, and the diffusion pathway of
interstitial Cu is highlighted in red. The dashed lines indicate
the [111] and [111] directions. The diffusion pathway shows
smaller deviations from these directions, compared to the regular
PBE results.
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the calculated diffusion pathway and energy curves are
displayed in Fig. 4. As expected, the diffusion pathway
shows smaller deviations from the [111] direction, com-
pared to the regular PBE results (Fig. 3), because the
system gains less electronic energy from the weakened
s-d coupling. Especially in the T, region, Cu almost
exactly follows the [111] and [1 11] directions and crosses
the T, site. Because the s-d coupling is weakened, the
energy of the M site increases by ~0.11 eV, which is close
to that of the T, site. Therefore, the diffusion energy curves
are almost flat around the T, site for Cu (Cu™). Similarly,
the energy of the T’ site becomes close to that of the T,
site. For Cu, the energy barrier at the 7. site decreases to
~0.22 eV. This is mainly due to the size effect. As the size
of the s orbital increases, the atom size increases, so the
energy of the T, site decreases compared to that of the T,
site, according to the energy trend in Table 1. For Cu™*,
because the s orbital is empty, the size of Cut does not
change, so the size effect does not affect the energy barrier.
Because the energies of the M and T, sites both increase by
similar amounts for Cu*, the energy barrier of Cu™ does
not change compared to the regular PBE results. The
calculated energy barrier of Cu™ (0.46 eV) is very close
to the experimental value (0.57 eV) [21].

Our results and analysis above demonstrate clearly that
d electrons play an important role in Cu diffusion. If the
s-d coupling does not exist, Cu should diffuse similarly as
group-IA atoms. In this case, the diffusion barrier state
appears around the M site and the energy barrier is E(M) —
E(T,), which is greater than E(T,.) — E(T,). As the s-d
coupling is introduced into the system, the energy of the M
site decreases, thus lowering the energy barrier. In the
CdTe case, the M site becomes degenerate in energy with
the T, site and the T’ site becomes the diffusion barrier
state. Furthermore, the s-d coupling also lowers the energy
of the T" site compared to that of the T, site. The real
energy barrier E(T.) — E(M) is smaller than E(T,) —
E(T,). Therefore, we conclude that the s-d coupling
decreases the diffusion energy barrier and contributes to
the fast diffusion of Cu.

For Ag (Ag"), because the s-d coupling is weak, the
diffusion pathway shows no deviations from the [111]
direction; i.e., it is similar to those of group-IA atoms.
However, the s-d coupling still affects the diffusion.
Because the s-d coupling lowers the energy of the M
site, it is not the diffusion barrier state within regular
PBE calculations (left panel of Fig. 5). As Ag moves
away from tetrahedral sites, the system gains the electronic
energy from the s-d coupling and loses the strain energy.
The competition between these two terms makes the dif-
fusion barrier state close to the 7, site for Ag. For Ag*,
because its strain energy is smaller and the electronic
energy gain is larger at low-symmetry sites, the diffusion
barrier state is T.. The diffusion energy barrier is deter-
mined by the energy difference between the 7, and T,
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FIG. 5 (color online). The diffusion energy curves of Ag
(Ag™) before (left panel) and after (right panel) correcting the
band gap. The energy of the most stable site (7,) is set to zero.

sites, which is smaller than that of Cu. After applying the
external potential (right panel of Fig. 5), the s-d coupling is
weakened, so the M site increases in energy and becomes
the diffusion barrier state. However, because the s-d cou-
pling still exists, the energy of the M site is close to that of
T,. The diffusion energy barrier for Ag (0.16 eV) and Ag*
(0.2 eV) is smaller than that of Cu, which explains the
faster diffusion [36].

In conclusion, we have compared the diffusion
behaviors of interstitial Cu and Ag with group-IA atoms.
The most stable interstitial sites, diffusion pathways, and
diffusion energy curves are very different in these cases.
All these differences are explained by the s-d coupling.
The s-d coupling lowers the diffusion barrier and contrib-
utes to the fast diffusion. Because the results and analysis
are based mainly on the symmetry argument, we expect
that the same conclusion can be obtained for diffusions in
other zinc-blende semiconductors.
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