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ARTICLE INFO ABSTRACT

Upon their observation in 2008, the IR absorption peaks at 1094.11, 1107.45, and 1126.33 cm™! of O-doped
wurtzite-CdSe sample have been proposed to associate with the local vibrational modes (LVM) of oxygen —
DFT vacancy Cd complex defect (Oge-Viq) (Chen et al., 2008) [8]. Later, first principles calculations by T-
Defect Thienprasert et al. reveal that the LVMs of the Og.-Vcq complex defect are actually at 223, 507 and
LM 517 em™! not in the 1000 ecm™! range (T-Thienprasert et al., 2012) [14]; suggesting that the assignment has
to be revised. Bastin et al. identified the source of the modes to be a sulfur-oxygen defect complex (Bastin et al.,
2014) [11] by intentionally varied the amount of S and analyzed the isotope abundances of S and O from the
measurements. In this work, sulfur-oxygen defect complexes in wurtzite-CdSe were studied by first principles
calculations. It is found that SO, energetically prefers to substitute on the Se site accompanied by a Cd vacancy
(Vca); forming a SO»-Veq complex defect. According to the crystal symmetry of CdSe, there are two different Vg
surrounding the Se site that SO, occupied. In addition, there are various different orientations of SO, relative to
the Vcq. The lowest energy configuration is identified. Its local vibrational modes along with the modes of other
possible orientations can explain the observed values both in terms of the frequencies and the dipole
orientations. Further, our nudged elastic band calculations showed that the rotation barrier of the SO, in the
complex is quite low; indicating the molecule can rotate at reasonable temperature. This is consistent with the
experimental observation that the peaks are broadened and merged into one at high temperatures.

Keywords:
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1. Introduction

Electronic and optical properties of materials are significantly
affected by the presence of defects or impurities in materials. In case
of light impurities (compare to the host atoms), for instance hydrogen,
oxygen, nitrogen and sulfur defects, infrared (IR) absorption spectro-
scopy technique has been shown to be a powerful tool for identifying
the local structures of such defects in crystals. When the mass of
impurity atoms are significantly lighter than that of the host atoms the
local vibrational modes (LVMs) associated with them are clearly
separated from the host's crystal phonon. The LVM associated with
each defect has unique vibrational frequencies depending on the type
and local environments. Therefore, LVMs can serve as a fingerprint for
identifying each defect in crystals. However, it is difficult to identify the
local structure of defects based solely on experimental LVMs.
Independent first-principles calculation is usually needed to aid the
identification. A combination of first-principles calculations and IR

absorption spectroscopy has been shown to successfully identify the
local structure of various defects in crystals, for instance hydrogen-
related defects in SrTiO5 [1,2], H- and N-related defects in ZnO [3-5],
and O-related defects in CdTe [6,7].

During 2006—-2008, G. Chen et al. nicely observed the LVMs of
oxygen-related defects in oxygen-doped CdTe and CdSe by using
polarized Fourier transform IR (FTIR) absorption spectroscopy [8—
10]. For oxygen-doped CdTe samples, at low temperature, they found a
low-frequency LVM at 349.79 cm™' accompanied by two higher-
frequency LVMs at 1096.78 and 1108.35 em™! [10]. They found that
the two high-frequency modes merge into a broad peak at ~
1104.49 cm™ when the temperature is increased above ~ 300 K. The
low frequency mode was assigned to the LVM of an oxygen substituting
for Te atom (Or,), while the two high frequency modes were assigned
to the LVMs of a complex defect between Or. and Cd vacancy (Ore-
Vca)- For oxygen-doped CdSe samples, at low temperature they again
found two strong absorption peaks at y; = 1094.11 and y, =
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1107.45 cm ™! with one additional peak at y5 = 1126.33 cm™! [8]. They
attributed this additional peak to the lower symmetry of wurtzite
structure (CdSe) compared to zincblend structure (CdTe). These three
high LVMs also merge into a single broad peak at the temperature
above 560 K. They assigned these high-frequency modes to the LVMs
of a complex defect between oxygen substituting for Se and Cd vacancy
(Ose-Vea)-

Our group recently calculated and confirmed that Chen et al.’s
observed value of 348.79 cm™! is indeed consistent with the LVM
associated with the Or. in CdTe (the calculated LVM of 338 cm™) [7].
However, for the Ore-Vcq complex defect, the calculated values are only
467 and 197 cm™! [7], which are quite far from the observed values in
the 1000 ecm™ region. Similarly, for CdSe, our group calculated the
LVM of Og.-Vcq complex defect and obtained the LVMs of 223, 507,
and 512 ecm™! [7]. Therefore, the observed high-frequency modes in the
1000 cm™! region should come from other O-related defects, not the
Ose/te-Vca complexes.

Recently, Lavrov's group reinvestigated the LVMs of oxygen-related
defect in oxygen-doped CdTe and CdSe [11-13]. They found the same
LVMs in CdTe and CdSe samples as observed in G. Chen's works
[8,10]. However, in their work they intentionally added not only
oxygen but also sulfur into both CdTe and CdSe samples. In additional
to the modes observed by Chen's group, they also carefully looked and
found the corresponding modes that are the results of minority S
natural isotopes (**S and 3*S). Therefore they claimed that the
observed LVMs at ~ 1100 cm™ in CdTe and CdSe samples involve
sulfur-oxygen (SO) complex. For CdTe, T-Thienprasert et al. revealed
that SO, prefers to substitute for Te and binds with a Cd vacancy;
forming a SO»-Vq complex defect with two possible configurations.
The calculated vibrational frequencies are ~ 1094.9 and 1097.4 cm ™! in
good agreement with the observed values [14]. In addition, SO5 in such
complex defects can rotate from the metastable configuration to the
stable configuration at high temperature. This explains the experi-
mental observation that the two frequencies merged into one at high
temperature. For CdSe, which has lower crystal symmetry, the SO
complex model is more complicated.

One might wonder why unintentionally doped CdSe samples
contain sulfur. Se is a rare element that are naturally found in sulfide
minerals of copper iron and lead [15]. That is why S is a common
impurity in CdSe. Although, both Chen et al. [8-10] and Bastin et al.
[11-13] did not report the concentration of defect responsible for the
1100 em™ modes, low temperature infrared spectroscopy as used by
them are known to highly sensitive to even a trace element. The defects
with distinctive LVMs with the concentrations as low as 10'* em™ for
thick samples (or 10'® em™ for thin films) can be detected [16].

In this work, we employed first-principles calculations to investi-
gate the SO-related defects in CdSe to seek out the energetically stable
configurations and their LVMs that fit experimental observed IR
absorption peaks in the ~ 1100 cm™ region. To calculate the LVMs,
the frozen-phonon approach, which is based on a harmonic approx-
imation, is used. We found that SO, in wurtzite-CdSe prefers to bind
with Vg becoming SO,-Vq complex defect. There are, however, more
possible structures and orientations due to the lower symmetry of
wurtzite-CdSe when comparing with the complex in zincblend-CdTe.
Their calculated vibrational frequencies are presented and compared
with available IR absorption results.

2. Computational method

We used first-principles calculations based on density functional
theory (DFT) within local density approximation (LDA) to study sulfur-
oxygen related defects in wurtzite-CdSe. The projector augmented wave
potentials [17] as implemented in VASP codes [18,19] were employed
to describe the electron-ion interactions. The energy cutoff for expand-
ing the plane wave basis set was set at 500 eV and the Monkhorst-Pack
scheme [20] with a sampling k-point mesh of 9 x 9 x 9 was used for
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primitive cell calculations. The calculated lattice parameters of bulk
wurtzite-CdSe are a = 4.288 A and c/a = 1.620, which are in good
agreement with the experimental values of a = 4.302 A and ¢/a = 1.630
[21]. For defect calculations, we used a so-called supercell approach
with a supercell size of 96 atoms. The stability and possibility of defect
formation could be investigated by calculating the defect formation
energy, which is defined by

AH/(D) = E,, (DY) = E,(bulk) + Y. nypt, + q(Ep + Eygy + AV),
X

1)

where E; (DY) and E;«bulk) are the total energy of the supercell
containing the defect D in charge state g and that of the supercell
without any defect (perfect cell), ny represents the number of atoms
which is added to (removed from, if negative) a supercell to create the
defect with the corresponding atomic chemical potential x, described
below, Er is the Fermi energy referenced to the valence band maximum
(Evgn), and the last term represents the correction term for charged
defect [22].

To grow a single crystal wurtzite-CdSe under thermodynamic
equilibrium, the following condition must be satisfied

E,,(CdSe) = pcy + ps, (2)

where E,,(CdSe) is the total energy per formula unit of CdSe, y, and
Hg, are the atomic chemical potentials of Cd and Se, respectively. If u.,
is limited by the total energy per formula unit of metallic Cd for
preventing the existence of such phase in a crystal, we can simply
obtain u,, from Eq. (2). This condition is called Cd-rich growth
condition. In opposite, if ug, is limited by total energy per formula
unit of metallic Se, we can again determine Heq from Eq. (2). This is
called Se-rich growth condition. For the computations of supercell
containing S and O, the phase precipitations produced by S and O, such
as CdO, CdSO,, CdS, Se0,, and SO, have to be avoided by limiting the
chemical potentials of S and O. We found that under Cd-rich growth
condition y, and ug are limited by CdO and CdS phases, respectively.
Under Se-rich growth condition, . and ug are limited by CdSO4 and
SO, phases, respectively.

To compare with the observed IR absorption peaks, we calculated
the vibrational modes by constructing a full dynamical matrix. The
matrix is constructed by calculating the force acting on each atom in
each direction (x, y, and z) as it is perturbed to be slightly shifted from
its equilibrium position [7]. The eigenvalues and eigenvectors obtained
from the dynamical matrix are the vibrational frequencies and vibra-
tional modes, respectively. To test our calculated approach, we
calculated the vibrational frequencies of the SO, free-molecule and
compared with the corresponding experimental values [23] as illu-
strated in Table 1. The calculated values are in agreement with the
experimental values with the errors of less than 4%.

3. Results and discussions

The local structure of bulk wurtzite-CdSe is depicted in Fig. 1(a). In
wurtzite structure, each Cd (as well as Se) atom is four-fold coordi-
nated. All three bond distances between Cd and Se atoms lying near the
basal plane (perpendicular to the c axis) are equivalent but are slightly
differed from that on the c axis. To investigate the SO-related defects in
wurtzite-CdSe, we first studied the behavior of isolated S defect by
considering two most stable forms, i.e., substitution for Se site (Ss.)
and interstitial site (S;). To determine their stability, we calculated the
defect formation energies as a function of Fermi-energy under both Cd-
rich and Se-rich growth conditions (Fig. 2). We found that Sg, and S;
defects are stable in the neutral charge state with the formation energy
of S; substantially higher than that of Sg. defect under both Cd-rich and
Se-rich growth conditions. This indicates that the majority of S atom is
likely to exist in the form of Sg. defect as shown in Fig. 1(b). We further
studied a SO-defect by introducing an oxygen atom near Sg. defect;
forming (SO)s, defect. We found that O atom prefers to bind with the S
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Table 1

The calculated vibrational frequency associated with a free SO, molecule and SO,-related
defects in wurtzite-CdSe in comparison with the experimental measured infrared

spectroscopy peaks.

Type Relative Mode' Calculated Observed
Energy frequency frequency
(eV) (em™) (ecm™)
S0, (molecule) Sym. 1122.55 1151.4°
Anti-Sym. 1312.91 1361.8>
Bending  499.48 517.7°
S0, Sym. 827.08
Anti-Sym.  937.15
[SOy"-Veal® 0.12 Sym. 951.12 y1 = 1094.11°
Anti-Sym.  1046.09
[SOy"-Veal®! 0.00 Sym. 1007.08 Y2 = 1107.45°
Anti-Sym.  1095.39
[SOy"-Veal? 0.00 Sym. 1017.99 ys = 1126.33%
Anti-Sym.  1103.25
[SO,"-Veal?? 0.24 Sym. 991.04
Anti-Sym. 1122.97

! Sym = Symmetric stretching mode; Anti-Sym. = Anti-Symmetric stretching mode.

2 Ref. [8,23].
3 Ref. [8,23].
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Fig. 2. Defect formation energies as a function of Fermi energy under Cd-rich (left
panel) and Se-rich (right-panel) growth conditions. The slope of each line indicates the
charge of each defect. The Fermi-energy is plotted from the valence band maximum of
CdSe up to the calculated band gap at the special k-point to reduce the well-known DFT
band gap underestimation.

Fig. 1. Schematic illustration of (a) bulk CdSe, (b) Sge, (¢) (SO)se, (d) SO5", (&) [SO-Veal®!, () [SO2"-Veal®?, (2) [SO™-Veal? and (h) [SO, -Veq]. The blue, blown, red, and yellow
spheres represent Cd, Se, O, and S atoms, respectively. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.).
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atom forming a dumbbell-like structure as shown in Fig. 1(c). The
calculation shows that (SO)s, is also stable in the neutral charge state.
However, the formation energy of (SO)s, is quite high under both Cd-
rich and Se-rich growth conditions. The binding energy of (SO)s. is
calculated based on the difference between the sum of the formation
energy of isolated defects (AH{Ss.) + AHAO;) defects) and the
formation energy of (SO)s.. In Fig. 2, the two energies are shown
using dashed and filled green lines, respectively. Note that O; defect is
charge neutral. Both S and O prefer to form bonds with host Cd atoms
and share the Se site. The binding energy of (SO)s. is only ~0.16 €V,
which is quite low; indicating that (SO)s. could form in a low
concentration. If another oxygen is added to (SO)s., the SO," defect
can be formed as shown in Fig. 1(d). Note that, the star symbol *’ is
used to distinguish it from the SO, free-molecule. This SO, is also
charge neutral and it looks similar to SO, free-molecule. Interestingly,
the formation energy of SO," defect is quite low, especially under Se-
rich growth condition. The binding energy of SO," defect is 3.41 eV,
which is very high. This indicates that S atom prefers to bond with two
oxygen atoms to form SO,".

We directly calculated the vibrational modes of SO, . The calculated
vibrational frequencies of SO, are 827 and 937 cm ™! for the symmetric
and anti-symmetric stretching modes, respectively. (Note that the
observed IR peaks should relate to anti-symmetric stretching modes.
The symmetric stretching mode has a very weak oscillator strength for
infrared spectroscopy.) These calculated values are significantly lower
than the observed IR peaks at ~ 1100 cm™!. This suggests that SO, " is
not the origin of the observed peaks at ~ 1100 cm™ in CdSe sample.
We further investigated complex defects between SO, and other
dominant native defects to seek out the source of the 1100 cm ™! mode.
Vacancy defects are generally abundant native defects in most materi-
als. In this case, we found that a Cd next to SO," can be removed;
forming SO, -Vcq complex defects. Removing a Cd atom helps relief
the strain near SO, , which could effectively increase the vibrational
frequencies of SO,". As shown in Fig. 1(d), there are two distinct Cd
atoms which could be removed to create the SO, -V¢q complex defects,
i.e., beside or above SO, " defect as shown in Fig. 1(e) — (g). In addition,
there are many possible orientations of SO," in each complex structure.
In Fig. 1(e) and (f), we illustrate the most stable structures of SO, -Vcq
complexes for two nonequivalent configurations that we named them
[SO5"-VealP! and [SO5 -VeqlP?, respectively, where the superscript “b”
stands for “beside”. The energies of [SO;—VCd]'Jl and [SOQ*—VCd]b2 are
almost identical; indicating that they can co-exist in a comparable
concentration. Note that there are two equivalent configurations for
[SO5"-VcqlP! as shown in Fig. 1(e). In Fig. 1(g), we show the structure
of SO, -V¢q complex when Vgq is created above SO,  defect. This
complex is named as [SO,"-Vcal?, where the superscript “a” stands for
“above”. The calculated relative energies for different SO,"-Veq com-
plexes are shown in Table 1. The formation energy of [SOZ*—VCd]bl/ b2 ig
lower than [SO,"-V4]?; indicating that the former is more likely to
form in CdSe sample. The [SOy"-VqlP/P? complexes are stable in the
neutral charge state and have low formation energies, especially under
the Se-rich growth condition. In order to determine the stability, we
calculated the binding energy of the complex. In Fig. 2, the dashed pink
line represents the sum of the formation energies of the parent isolated
defects, i.e., AHf(SOZ*) + AHy(Vey)- The binding energy between the
S0," and V¢4 to form [SO»-Vea]?/P2 complex is the energy difference
between the dashed and filled pink lines. The binding energy is high
when the Fermi energy is in the bottom region of CdSe band gap (i.e., ~
1 eV from the VBM). However, when the Fermi level is close to the
conduction band edge the complex is unbound. In the crystal growth
process [8], the CdSe sample was grown with the addition of SeO to
provide oxygen and excess Se to suppress the formation of Se vacancy.
In other words, the CdSe sample was grown under Se-rich condition.
Under Se-rich condition, V4 defect, which is an acceptor, has low
formation energy and becomes a major native defect. Therefore, the
Fermi level of SO-doped CdSe sample should be near the VBM;
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implying that SO,"-Vq complex defects could exist in the sample.

The vibrational frequencies associated with the SO, "-V¢q complexes
are calculated and compared with the observed values in Table 1. The
vibrational frequencies of the anti-symmetric stretching vibrational
modes associated with [SO,"-Vcq]®! and [SO, -VcqlP? complexes are
1095.39 and 1103.25 ecm™!, respectively. These are close to the most
dominant observed peaks y; = 1094.11 and y, = 1107.45 cm™'. The
[SO,-Vcq]* complex gives a somewhat lower frequency than the
observed values. As explained earlier, the symmetric stretch modes
have small oscillator strengths and are unlikely to be observed in
infrared spectroscopy measurement. Therefore, the observed vibra-
tional frequencies y; and y> modes should belong to the vibrational
modes of [SO>"-VeqlP! and [SOs"-Veql”? complexes, respectively. The
fact that the formation energy of [SO, -Vq]® is higher than that of
[SO,"-VeqIP/?? also support this assignment. In experiment, by using
polarized IR absorption measurement, the vibrational direction of y;,
Y2, and y3; modes are determined. It is found that the oscillator
direction of y» mode lies close to the basal plane (almost perpendicular
to the ¢ axis). On the other hand, the oscillator directions of y; and y;
modes are pointing by a significant angle (> 45°) away from the basal
plane. From our calculated results, the vibrational direction of S-O in
[SOz—VCd]bz (see Fig. 1(f)) is almost perpendicular to ¢ axis, while that
of S-O in [SOQ—Vcd]bl (see Fig. 1e) make some angle with respect to e
axis. Therefore, the calculated formation energies, vibrational frequen-
cies and structures are all consistent to assign y; and y, modes to
[SO5"-VealP! and [SOs"-Veql?? complexes, respectively. However, the
observed vibrational frequency y5 at 1126.33 cm™?, which is a minority
peak, is left unexplained.

We further explored other meta-stable structures by rotating SO,"
in both [SOQ—VCd]bl and [SOZ—VCd]b2 complexes. If the S0," in [SO»-
Veal?! is rotated away from the equilibrium position and it can be
trapped in a metastable state as shown in Fig. 1(h). We will call this
state [SOo-Veq]?® complex. The total energy of this metastable state is
0.24 eV higher than the ground state [SO,-Vcq]P' complex. Therefore,
it should exist in a low concentration compared to the ground state one.
The calculated vibrational frequencies of [SO5-Veq]P? are also tabulated
in Table 1. The calculated anti-symmetric stretching vibrational
frequency is in good agreement with the y; mode. The [SOo-Vea]P?
complex is related with [SO,-Vq]?! by a simple rotation of SO," and
the orientation of SO, in these two complexes are quite similar
[Fig. 1(e) and (h)].

The [SO-Veal®!, [SO2-Veal®?, and [SO»-Veal?® complexes are
related to each other by a simple rotation of the SO,". We have
determined the rotational barriers separating each local minima by
using a climbing nudge elastic band method [24-27] (cNEB) as
implemented in VASP code. Fig. 3 shows the calculated relative energy
as a function of configuration coordinate, where the total energy is

04 T T T T

=
w

e
o

Relative Energy (eV)

g .

1 2 3
Configuration Coordinate

Fig. 3. Calculated energy of the SO, -V¢q complex as SO, in the complex is rotate to
form three different configurations. The total energy on the y axis is referenced to that of
the [SO»-Veq]! complex.
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referenced to that of [SO,-Veal™! complex. Based on our calculated
results, we found that the migration barrier for rotating SO, between
[SO2-VealP! and [SO»-Veal?? complexes and that between [SO»-VealP?
and [SO,-Vca]®® complexes are only 0.16 and 0.09 eV, respectively.
These low migration barriers indicate that SO,  could rotate and
populate the three structures at reasonably low temperatures. At a
reasonably high temperature the meta-sable configuration [SO,-Vca]”®
can also be populated and the configuration is trapped after cooled
down; resulting in a minority peak ys;. The experiment results also
showed that the three sharp peaks at ~ 1100 cm™ at very low
temperature of 5 K are broadened and merged into one when increas-
ing the temperature [8,9]. This is consistent with the rather low
rotation barriers we calculated. Based on our calculated results, the
Y1, Y2, and y3 modes are consistent with the vibrational modes of [SO,-
Veal®, [SO2-VealP?, and [SO»-VealP?, respectively.

4. Conclusion

Using first-principles DFT calculations, we investigated the origin
of the observed IR absorption peaks at y; = 1094.11, y»
1107.45 cm™, and y; 1126.33 cm™!, which are proposed to be
related to the SO» complex defects in wurtzite-CdSe. We found that
SO, prefers to substitute on the Se-site accompanied by a Cd vacancy;
forming a SO,-Vcq complex. The SO," in such complex can rotate and
trapped in two stable configurations with almost exactly the same
energy with a meta-stable structure that are named [SO2-VialP?, [SO2-
Veal?? and [SO»-Veal, respectively. Our calculated vibrational fre-
quencies associated with the three complexes are in good agreement
with the observed values of the y;, y», and y3 modes. By using cNEB
method, we found that the migration barriers for rotating SO, are
quite low; indicating that SO, can easily rotate. This could make the
observed peaks broadening and merged into one as the temperature
increased.
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