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distribution is discussed.

The structural, electrical and mid-infrared optical properties of wurtzite structured ZnSe nanowires with
different Chromium impurity distribution are investigated using first-principles calculation based on
density-functional theory (DFT). The formation energies have been calculated to study the relative stabil-
ities of different Cr doping positions. It is shown that when the Cr doping position shifted from the center
to the edge, the splitting energy between °T, and °E levels of Cr d-orbitals is decreased and a redshift is
observed in the calculated infrared absorption spectra. A probable reason for these effects of the impurity
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Introduction

Semiconductor nanowires (NWs) have attracted considerable
attention due to their unique optical, electronic and mechanical
properties and their potential application in novel electronic and
photonic devices [1-3]. Compared with their bulk counterpart,
the bandgap of NWs is increased because of the quantum confine-
ment effect. To test and understand the fundamental concepts
about the roles of dimensionality and size on physical properties,
much effort has been made to rationally synthesis semiconductor
NWs in single crystal forms, with control of chemical composition,
diameter, length, doping and electronic properties [4]. At present,
semiconductor NWs represent one of the best-defined classes of
nanoscale building blocks for nanoscience and nanotechnology [5].

Divalent transition metal ions (TM?*) doped II-VI semiconduc-
tors are considered as promising laser gain media and optoelec-
tronic materials in mid-infrared (MIR) region owing to their
desirable qualities such as large absorption and emission band-
width, large emission cross sections and low energy optical pho-
non cut-off [6]. Cr doped ZnSe is one of the most important
member of these materials and has been demonstrated covering
a broad range of regimes of operation and output parameters
[7-12]. In our previous work, nanocrystalline Cr doped ZnSe NWs
have been successfully fabricated for the first time, and shows
strong emission at around 2000-2500 nm under excitation of
1300-2250 nm wavelength at room temperature [13]. Compared
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with their bulk counterpart, 1D nanostructure lasers have a lower
threshold [14] and a shift in wavelength [13].

Although bulk ZnSe crystals have a stable zincblende crystal
structure, experiments have proved that ZnSe nanowires can be
synthesized in both cubic zincblende and hexagonal wurtzite
structures [15-17]. Using an empirical interatomic potential
approach which incorporates the electrostatic interaction between
bond charges and that between ionic charges [18], Akiyama et al.
have clarified the structural trends of ZnSe/ZnS NWs [19]. They
found that the wurtzite structure is stabilized for ZnSe NWs with
diameter less than 4 nm. Similar conclusion was obtained by Shi
et al. with first-principles approaches [20].

In this article, first-principles studies of wurtzite structured
ZnSe NWs with different Cr doping positions are performed to
investigate the effects of the impurity distribution on the stability,
electrical structures and mid-infrared optical properties. It is found
that Cr atoms prefer to occupy the inner sites of the bare ZnSe
nanowire. A redshift of the absorption coefficient in the mid-
infrared region is observed as the doping position shift from the
center to the edge of the NW. We expect that this work will extend
ab initio studies in areas of mid-infrared nanomaterial laser.

Method of calculations

The first-principles calculation based on density-functional the-
ory (DFT) was performed as implemented in the Vienna ab initio
simulation package (VASP) [21] using the projector augmented
wave (PAW) method [22]. The generalized gradient approximation
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(GGA) of Perdew-Burke-Ernzerhof (PBE) functional [23] was used
to evaluated the non-local exchange-correlation energy, with a
planewave energy cutoff of 500 eV. A 1 x 1 x 4 Monkhorst-Pack
mesh was used for k-point sampling for atomic force relaxation,
whereas a dense 1 x 1 x 8 k-point mesh was used for computation
of the total energy, electronic, and optical properties. The energy
and force convergence criteria were 107* eV and 1072 eV/A, respec-
tively. The valence electron configurations which included Zn
(3d1%4s2), Se (4s%4p*) and Cr (3d°4s!) were considered.

The calculated bulk lattice parameters of wurtzite structured
ZnSe are a = b = 4.005, ¢ = 6.657, slightly larger than the experi-
mental value of a = b = 3.974, ¢ = 6.506 [24]. The GGA-PBE calcu-
lation shows a direct band gap of 1.15 eV at G-point for bulk ZnSe,
which is close to previous GGA result but lower than the experi-
mental value of 2.67 eV. This underestimate in band gap calcula-
tion is due to the intrinsic shortcoming of DFT method. Some
recently developed post-DFT method like DFT+U, HSE and GW
can provide more accurate prediction of band gap, but they are also
much more expensive than the ordinary GGA method. It is worth
noting that in this article we mainly focus on the optical properties
in the mid-infrared spectral region, which are resulted from the
electron transitions between the impurity bands. The underesti-
mate in band gaps will not affect the results and the GGA with
PBE functional is sufficient, which have been verified by our previ-
ous theoretical and experimental works [25,26].

A wurtzite structured ZnSe nanowire (NW) along the [0001]
direction with a diameter of about 2 nm is considered in this study,
as shown in Fig. 1. The pristine ZnSe NW model is formed by 108
Zn and 108 Se atoms and is devised by cutting out a fragment from
a9 x 9 x 2 bulk ZnSe supercells. The vacuum region is more than
10 A, which is sufficiently large to reduce the interactions between
adjacent NWs. In view of the fact that NWs are mainly fabricated
by CVD methods in vacuum, the edge of the NW model are not ter-
minated by any functional group. The Cr?*-doped NWs are con-
structed by substituting a Zn atom in the unit cell of the pristine
NW model with a Cr atom, and have a Cr** concentration of
0.93%. We choose five nonequivalent Zn positions from the center
to the edge, labeled as p-1-p-5 (as shown in Fig. 1a), to study the
influence of different doping sites.

Results and discussion

Fig. 2a shows the geometry of ZnSe NW after fully relaxation.
From the optimized NW structures, we can find that the positions
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of the internal atoms approximately remain unchanged but atoms
in the surface are significantly relaxed. The Zn atoms in the surface
relax inward toward the bulk from their bulk-terminated position,
while Se atoms slightly relax outward. Finally, the Zn atom lies in a
plane with its three Se neighbors, effectively rehybridizing from
sp° to sp?. This surface dimer relaxation reflected that ZnSe is dom-
inated by covalent character [27], similar to other II-VI materials
[28]. Because the radius of the Cr atom is close to Zn atom, the opti-
mized Cr?*:ZnSe NWs structures are similar to the pristine ZnSe
NW. In Fig. 2b, we plot the coordination structures of Cr atoms in
five configurations of Cr?*:ZnSe NWs. The Cr atoms and their
nearby Se atoms have a tiny distortion. The average Cr-Se bond
length for p-1-p-5 is 2.477 A, 2.478 A, 2.495A, 2,501 A and
2.398 A, respectively, which is slightly increased from the center
to the edge, except for outermost position p-5. Same as ZnSe
NW, Cr atom at surface position rehybridizing to sp? after geome-
try relaxation and no longer in tetrahedral symmetry.

To compare the relative stabilities of different doping positions,
the formation energy of Cr?>*-doped nanowire was calculated by
the following formula [29]:

Eform = Edoped - Epure + Uz — Uer (1)

where Ej. is the total energy of pristine pure ZnSe NW unit cell,
Eqopea 1s the total energy of Cr**-doped NW unit cell. y,, and p,
are the chemical potentials of Zn and Cr, respectively. The relations
between i, and the other atoms are as follows:

:uZn + :uSe = ,u(ZnSe) (2)

Her + s, = H(CrSe) 3)

The chemical potential can be changed from Se-rich to Zn-rich
which depends on the growth condition. However, in this case,
Uz — Ue equals to u(ZnSe) — p(CrSe) and is a constant. It should
be mentioned that the formation energy of Cr?*-doped ZnSe bulk
calculated from above formula is positive (~1.5 eV), indicating that
it is hard to incorporate Cr into ZnSe crystals, which agrees with
the experimental results. The Cr** concentration in a typical high
doped Cr:ZnSe crystal fabricated by thermal diffusion method is
usually with an order of magnitude of 10'® ions/cm?, and the mass
fraction is lower than 0.1% [30]. Fig. 3 shows the formation ener-
gies of different Cr doping positions in the NW. It is noted that
the formation energies of Cr doped NWs are bigger than that of
bulk, even for the lowest position p-2 (~1.8 eV). The results show
that it is even harder to incorporate Cr into ZnSe NWs, however,

Fig. 1. Top (a) and side (b) views of a ZnSe NW model. Green and grey balls denote Se and Zn atoms, respectively. Blue balls numbered 1-5 denote the chosen nonequivalent
Zn positions p-1-p-5. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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Fig. 2. (a) Top view of pristine ZnSe NW after relaxation. (b) Coordination structures of Cr atoms in 5 configurations of optimized Cr?*:ZnSe NW models. Green, grey and blue
ball are Se, Zn and Cr atoms, respectively. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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Fig. 3. The formation energies of Cr-doped ZnSe nanowires with different dopant
positions.

Cr?** doped NWs can be made from pre-prepared Cr:ZnSe crystals
[13] and the models are reasonable. From Fig. 3, we can find that
the formation energy shows an upward trend when substituted
Cr atom positions shift from the center to the edge and is signifi-
cantly increased at the outermost site (p-5), indicating that Cr
atoms prefer to occupy the inner sites of the ZnSe nanowires.
The discrepancy of formation energies for different doping posi-
tions can be attributed to the change in bond lengths and the
chemical environment when the host Zn atom is substituted by a
Cr atom.

To investigate the influence of the Cr dopants and their doping
positions on the modification of the electronic structures, the band
structures and density of states (DOS) were calculated. Fig. 4 dis-
plays calculated band structures of pure and Cr**-doped NWs.
The fermi levels (EFL) have been chosen as zero of energy. From
the band structure, the conduction band minimum (CBM) and
the valence band maximum (VBM) are both located at I" point.
The band gap energy of the pure NW is 1.880 eV, larger than that
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Fig. 4. Band structures of pure and Cr?*-doped NWs. The red bands located at the
bandgap corresponding to Cr impurity bands. The fermi levels have been chosen as
zero of energy. (For interpretation of the references to colour in this figure legend,
the reader is referred to the web version of this article.)

of bulk ZnSe calculated under the same conditions (1.15 eV). The
bandgap value is reduced due to the well-known quantum confine-
ment effect.

When Cr atoms enter a ZnSe crystal as impurities, they lose the
electron of the 4 s shell and an electron of the 3d shell. The partly
empty 3d shell is then the outermost shell and is strongly exposed
to the action of the neighboring ions. The tetrahedral crystal field
(T4) of the surrounding ions splits fivefold degenerate >D ground
state of free Cr?* ions into triplet °T, and duplet °E. The duplet °E
is then the ground state of the substituted Cr?* ions. The Energy
splitting between °T, and °E levels corresponds to the infrared
spectral range and leads to infrared absorption and luminescence
of Cr?*-doped ZnSe materials. From the Fig. 4, there are five impu-
rity bands (IB) appear in the bandgap (red bands in Fig. 4) of each
Cr?*-doped NW. The fermi levels shift upward, dividing the IBs into
two group, indicating that these bands are partially occupied. For
p-1-p-4, the substituted Cr?* ions are in the tetrahedral crystal
fields, and these two groups of IBs can correspond to °T, and °E
levels, respectively. But for p-5, the substituted Cr atom is in a
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Fig. 5. DOS and PDOS for ZnSe NW and Cr?*:ZnSe NWs.

trigonal field so the splitting levels are quite different. As the dop-
ing positions shift from the center to the edge, the splitting energy
value between °T, and °E levels is slightly reduced when the dop-
ing at inner sites, but greatly changes when Cr atom doping at
surface.

Fig. 5 displays the total density of states (DOS) and partial den-
sity of states (PDOS) near the Fermi energy of ZnSe NW and Cr?":
ZnSe NWs. We can find that the valence band edge is mainly
formed by Se-p orbitals and the conduction band edge is mainly
formed by Se-p and Zn-s orbitals, which are consistent with the
bulk material. And as expected, the IBs are mainly derived from
the d orbitals of Cr atoms and are separated into two peaks on
the both side of the Fermi energy. As the doping sites of Cr atom
move from the center to the edge, the splitting energy value
between peak positions of T, and ’E is reduced, which are 0.66,
0.65, 0.57, 0.45 and 0.25 eV for p-1-p-5 sites, respectively. This
reduction in splitting energy is due to the distortion of the cage-
like structure around the Cr atoms after relaxation. The average
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Cr-Se bond lengths are slightly increased when the doping sites
shift from the center to the edge, leading to the weakening of the
crystal field.

The optical properties of the Cr?*-doped ZnSe nanowires are
discussed based on the dielectric function and the absorption coef-
ficient. The imaginary part &, of the frequency dependent dielectric
function &(w) = & (w) + ig;(w) can be obtained after ground state
calculation. Using Kramer-Kronig relations, the real part & can
be evaluated from ¢&,. The absorption coefficient can be calculated
by the following formula,

[(8% + 8%)1/2 I 8]} 1/2
where w is the frequency; c is the speed of light in vacuum.

The calculated imaginary part (&, ) of dielectric functions for the
ZnSe NW and Cr?*:ZnSe NWs are shown in Fig. 6a. We can find that
in high energy range the line shapes of for all NWs are almost the
same, while the low energy range (<1 eV) of the &, are quite differ-
ent. An enlarged view of the energy from 0 to 1.8 eV are shown in
the Fig. 6b. For Cr?*:ZnSe NWs there are additional peaks appear in
the low-energy region. In our previous works, it has been con-
firmed that these small peaks are derived from the impurity Cr?*
3d states and is responsible for the infrared optical properties.
From postion-1 to 4, the additional peak positions decrease from
0.66, 0.65, 0.57 to 0.45, consistent with the reduced splitting
energy value between >T, and E levels calculated before. Similarly,
the Cr doped at postion-5 is quite different with other positions
which are in the tetrahedral crystal field.

The calculated absorption coefficients o of pure ZnSe NW and
Cr?*:ZnSe NWs with 4-coordinated doping positions are plotted
in Fig. 7a. After Cr doping, an additional absorption peak appears
in the infrared range compared with pure NW. In Fig. 7b,
Ogoped — Opure are plotted to investigate the effect of Cr doping on
the absorption spectrum. We can find that as the doping site shift
from the center to the edge, the absorption peak position shift to a
longer wavelength. Calculated absorption peak for p-1-p-4 is
located at 1851, 1854, 2172 and 2606 nm, respectively. The red-
shift of the absorption peak position can be attributed to the weak-
ening influence of external atoms as the doping sites shift to
outside positions. The result shows Cr doped ZnSe NW can be used
in infrared photoelectric devices.
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Fig. 6. (a) The calculated imaginary part ¢, of pure ZnSe NW and Cr?*:ZnSe NWs with different doping sites. (b) An enlarged image of the low energy region (red frame in (a)).
(For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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Fig. 7. (a) The calculated absorption coefficient and (b) dtgoped — %pure as a function of wavelength for ZnSe NW and Cr*>*:ZnSe NWs with different doping positions.

Conclusion

In summary, the stability, electronic structures and mid-
infrared optical properties of different Cr**-doped ZnSe nanowires
are studied using density functional theory. It is found that Cr
atoms prefer to occupy the inner sites of the bare ZnSe nanowire.
The average Cr-Se bond length is slightly increased from the center
to the edge. 5 impurity bands appear in the bandgap because of Cr
doping, which are mainly derived from the d orbitals of Cr atoms.
The Energy between the splitting °T, and °E levels is responsible
for the infrared optical properties of the material. As the doping
positions shift from the center to the edge of the NWs, the splitting
energy value is significantly reduced due to the Cr atom and its
nearby Se atoms cage-like structure relaxation. A redshift of the
absorption coefficient in the mid-infrared region is observed as
the doping position shift from the center to the edge of the NW.
The Cr**-Cr?* interactions are not considered in present models
and will be studied in further work. We expect that this work will
extend ab initio studies in areas of mid-infrared nanomaterial laser.
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