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ABSTRACT While the presence of axial screw dislocations in
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helical nanowires and nanotubes is known to be due to the growth
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process, their effect on the electronic properties remains unexplored.
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density functional theory calculations, we predict significant screw-
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dislocation-induced band gap modifications in both materials. The

effect originates in the highly distorted cores and should be present

at radii larger than those considered in our simulations (maximum
~2 nm) as well as in other materials. The observed band gap dependences on the size of the Burgers vector and wall thickness could motivate new
strategies for growing, via the screw dislocation mechanism, stable nanostructures with desired band gaps.
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ue to their intrinsic one-dimensionality

combined with quantum confinement

effects, semiconductor nanowires
(NWs) and nanotubes (NTs) exhibit novel
electronic and optical properties, of interest
for various nanoscale device applications.
An understanding of the structure—electronic
properties relationship is crucial for advancing
these applications. Screw dislocations are an
important type of extended defect identi-
fied in a variety of quasi-one-dimensional
materials including PbS, GaN, PbSe, ZnO,
In,0s, InP, Cu,0, CdS, and CdSe'~"" NWs and
NTs. The reason for an axial screw disloca-
tion to exist in these nanostructures is
known to be its involvement in the growth
processes.' ¢~ What is less known is
the structure—electronic properties relation-
ship in these novel organizations of matter.
This represents a challenging endeavor not
only because of the small scale involved but
also because the axial screw dislocation cou-
ples to the shape of NWs and NTs." "

On the basis of macroscopic elastic theo-
ry, Eshelby predicted that a whisker contain-
ing a screw dislocation exhibits a stabilizing
torsional deformation,'’ =" which depends
directly on the magnitude of the Burgers
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vector b and inversely on the cross-sectional
area R’ ye = b/mR?. Interestingly, all the
experimentally observed NWs and NTs con-
taining axial screw dislocations were twisted,
prompting comparisons'*>” with the Eshelby
model originally developed for the much
larger scale. Nevertheless, the measured’
twist rate was sometimes found to be only
in semiqualitative agreement with Y.

In a broader view, it is unclear if any dis-
agreement between experiment and the
continuum model should be attributed to
a possible invalidation of the classical con-
tinuum model by the presence of surface
effects or to the extraordinary challenges
associated with measuring the atomic scale
twist. While quantum mechanical micro-
scopic modeling could shed light onto
this aspect, there are challenges associated
not only with the accurate description of
chemical bonding but also with a quantum
mechanical description of large systems.
Indeed, with standard methods, one can
efficiently simulate only ideal NWs and NTs
by considering their translational periodicity
T and accounting for the small number of
atoms N located in one primitive cell. Un-
fortunately, the generated twist (unknown
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beforehand) prevents the applicability of the standard
periodic boundary conditions (PBC) treatment.

The technique used here—objective molecular
dynamics' (MD)—is able to overcome the large-size
difficulty. Without introducing any additional approx-
imations, it allows for performing atomistic simulations
of screw-dislocated NWs and NTs in an economic
fashion, using the same N atoms located in the primi-
tive translational cell prior to the introduction of the
dislocation. The infinitely long NWs and NTs are de-
scribed as objective structures,’® with

Xy = RX+CTj=1,.,N; —o<f<oo (1)

Here, Xjz and X; represent the Cartesian coordinates
of atoms j located in the cell labeled by integer { and
initial cell, respectively. Matrix R indicates a rotation with
angle 6 around the direction indicated by vector T, here
taken along the z-axis. In objective MD, only the N atoms
in the initial cell are explicitly simulated under the objective
boundary conditions indicated by eq 1. We coupled eq 1
with the two-center nonorthogonal symmetry-adapted
tight binding'® in the code Trocadero.!” The electronic
states are represented in terms of generalized Bloch
sums

lio, kyee Y| jo, &), —m < k= 2
4

where o indicates the symmetry of a valence atomic
orbital located on atom j, and k is the helical wave-
number. Note that the above scheme gives the entire
electronic spectrum as a function of k, instead of the
usual wavevector k encountered in solid-state physics.

Concerning the description of the chemical bond,
density functional-based potentials'®'® are known to
give accurate and computationally efficient descrip-
tions of chemical bonding in zinc compounds and
silicon. Relying on objective MD coupled with symmetry-
adapted non-orthogonal tight-binding and density
functional-based potentials, in this paper we investi-
gate whether the presence of the screw dislocation has
any effect on the electronic properties of nanostruc-
tures. The main results were further verified with full
density functional theory (DFT) calculations and local
density approximation calculations with d orbital cor-
rection (LDA+U).

Modulating the electronic structure of semiconduct-
ing NWs and NTs presents great importance for device
applications, as these structures have been proposed
as important components in electronic and optoelec-
tronic nanodevices. To achieve this goal, several pos-
sibilities are investigated including change in quantum
confinement by diameter variations and orientations,*
doping with impurities,?’ and surface doping.??~2* Uni-
axial and biaxial strain variations were also shown to
significantly affect the electronic properties of semicon-
ducting nanoribbons and nanomembranes.>>~22 Along
this latter line of research, here we identify a new way to
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influence the electronic band structure at the nanoscale,
via the high strain generated at the core of an axial
screw dislocation. The robustness of the effect is de-
monstrated in calculations performed on two important
semiconducting nanomaterials, ZnO and Si, which al-
ready found many applications including photonics®®
and solar energy conversion.>®*! So far, classical inves-
tigations of dislocations in the bulk®*** were conducted
mainly from the perspectives of the dislocation-induced
gap states and band bending of the bulk due to the
presence of such states. Here we pursue an investigation
from a microscopic and nanoscale level viewpoint and
propose a new utility.

RESULTS AND DISCUSSION

We simulated a large set of pristine and screw-
dislocated ZnO NWs and NTs with a wurtzite structure
and of H-passivated Si NWs with a cubic diamond
structure. Our ZnO NWSs have an initial translational
periodicity of 5.32 A along the [0001] direction and are
bound by six nonpolar {1010} surfaces, which are the
most stable surfaces in ZnO. In comparison with other
surfaces, the ZnO dimers located on {1010} are known
to exhibit significant relaxation® ¢ but not recon-
struction. The number of layers L in the cross section
was varied from 2 to 6, such that their radii, as defined
in ref 37, varied from 5.5 to 17.7 A. Next, from each
pristine L NW we created a set of (L,h) NTs, by system-
atically removing inner atomic layers. We label by h the
number of missing layers. Finally, in all these structures
we introduce screw dislocations with the axis at the
center and minimal Burgers vectors b = 5.4 A in NWs
and larger (multiple of b) in NTs. For this, we used the
morphologies of the pristine relaxed structures. Start-
ing from the center, the atoms in the vicinity of the cut-
plane were gradually displaced along the dislocation
axis until atomic displacements equal to the magni-
tude of the desired Burgers vector were reached and
maintained up to surface atoms. Note that the chosen
location of the dislocation axis is not crossing any
atomic site. In Si, we considered (110) NWs exhibiting
hexagonal cross sections. The number of {111} layers
in the cross section was varied from 6 to 12 in steps of
2 so that the radii of the created NWs ranged from 6.27
to 18.8 A. The surface region is expected to be elec-
trically active due to the undercoordinated Si atoms.
Since we are interested in elucidating the effect of the
screw dislocation, all these surface states were sup-
pressed by passivating with H each Si dangling bond
located on the surface. We introduced “shuffle”-type
screw dislocations with the Hornstra core®® located at
the NW center and the minimal Burgers vectorb=3.8 A.

Because the number of atoms N in the primitive
objective motif is independent of the values of the
structural parameters, adoption of helical symmetry (1)
enables systematic calculations of chiral and twisted
NWs and NTs>’~*' that would otherwise be beyond
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reach. With the symmetry-adapted treatment of the
electronic states (2), conjugate gradient structural re-
laxations can be carried out with the structural param-
eters |T| and 6 taking arbitrary values. The obtained
potential energy surface indicated that even for the
smallest structures (see Table 1, referring to the ZnO
study) the optimized structural parameters, as well
as the inner and outer radii, are close (within £3%) to
the values predicted from the bulk. The derived surface
energy values g; are found to be in good agreement
with the ab initio DFT value of 64.3 meV/A® for the
{1010} surface3* 3% These conclusions are further
supported by our full DFT calculations performed on

TABLE 1. Geometric Characteristics, Energetics, and Band
Gaps of the DFTB-Optimized Pristine ZnO (L,h) NWs and
NTs?

Lh) |T@& e R@A &* () rR) E (VAR o, (meV/ ) band gap (eV)

,0) 544 23 549 24 0 242 70.2 3.27

0 539 15 853 —12 0 3.64 67.9 3.29

31 544 24 861 —03 260 464 65.9 332

0 53 08 85 —08 0 3.09 575 117 (2459
BN 542 19 85 —10 32 509 68.9 140 (2429

L0) 537 11 157 —07 0 4.36 66.8 331

41 540 15 1162 —03 260 594 66.5 3.30

,2) 545 25 1170 04 565 6.89 63.3 333
(40)" 53 08 1140 —21 0 5.01 69.8 0.89

“ & and £* are the axial and radial (outer radius only) pre-strains, as measured with
respect to the bulk material. £ and o are the formation (measured from bulk) and
surface energies, respectively, related by £ = 2770(R+r). % Results obtained with
DFT. “These band gap values were obtained with LDA--U.

(@)

Total energy (eV/A)

the selected structures, summarized as well in Table 1.
At the larger considered diameters, the differences
with bulk were even less notable as the perturba-
tion caused by the surface relaxation becomes less
significant.

All objective MD simulations indicated that the
pristine NWs and NTs cut from the bulk did not possess
intrinsic twists. However, in all screw-dislocated struc-
tures the optimal angular parameter 6 is nonzero in
the stress-free state. Examples of such calculations are
shown in Figure 1, plotting the total energy of the
pristine, Figure 1a, and screw-dislocated (3,0) ZnO NW
versus 6, Figure 1b. While the pristine NW has a min-
imum at 8 = 0° (ie, the stress-free structure is un-
twisted), the screw-dislocated NW exhibits a minimum
at O = 6.7° corresponding to an intrinsic twist rate of
ye = 1.26°/A. Note also that in the untwisted NW the
DFTB formation energy of the dislocation of 1.88 eV/ A
compares well with the full DFT value of 1.61 eV/ A and,
thus, indicates reliability of the DFTB modeling.

Our data for ZnO summarized in Table 2 show that
the amount of microscopic twist has a complex de-
pendence on the parameter space, r, R, and b. Never-
theless, our previous comprehensive analysis®’*8*! of
the morphologies of these relaxed structures eluci-
dated that in both ZnO and Si the amount of twist and
dislocation energies can be rationalized with Eshelby's
twist model supplemented by a nonlinear-elastic en-
ergy term.

The dislocation core, which cannot be treated with
the linear elasticity, is the highly distorted central

o

E

w
"
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g

Total energy (eV/A)
me

6 (deg)

Figure 1. Atomistic representation gf DFTB stress-free configuration (left) and total energy vs twist angle (right) for (a) (3,0)
and (b) (3,0), ZnO NW with R = 8.53 A. The twisted purple plane indicates the cut made to create the dislocation. The angle at

the minimum gives the Ehelby twist yg = 6¢/|Tg|.
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region close to the dislocation axis. It has an estimated
radius ranging from one to five Burgers vectors. Out-
side the core, deformation is less dramatic and linear
elasticity works very well3”* In the center of the
relaxed ZnO NWs we identified broken Zn—O bonds
and new homoelemental Zn—Zn and O—O interac-
tions. For instance, in the DFTB relaxed screw-
dislocated (3,0), ZNO NW shown in Figure 1b, the length
of originally connected 2.0 A axial Zn—0O bonds became
3.3 Along. The smallest distances between Zn—Zn and
0—0 atoms in the core region are 2.8 and 2.7 A, re-
spectively. Note that even the open-core NTs can
contain Zn—Zn and O—O atom pairs at these distances
when the Burgers vector is large enough, such as in the

TABLE 2. Geometric Characteristics, Energetics, and Band
Gaps of the DFTB Relaxed Screw-Dislocated ZnO (L,h)
NWs and NTs?

Lh)y [Tl R) e®%) Op(deg) yg(deg/h) Eq(eV/R) band gap (eV)
20, 532 01 143 2.69 0.80 255

B0y 532 02 67 126 113 2.58

G, 537 1.1 64 119 017 3.27
B0y 528 —08 0.81(1.09
By 529 —06 133 (2.069
40, 533 02 38 0.72 135 262

@1, 535 07 37 0.68 034 33

42, 54 19 31 0.57 0.05 332
40> 532 02 0.56
BGyp 501 —58 160 3.20 132 3.01

@1, 510  —41 103 202 297 239
42y 523 -16 87 166 045 3.24

“The magnitude of the dislocation is indicated in the subscript notation. Dislocation
energy E4 is defined as the formation energy of the screw-dislocated structure
minus the formation energy of the pristine one. ° Results obtained with DFT. ¢ These
band gap values were obtained with LDA+-U.
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L

(6,1)3, case. In the DFTB relaxed pristine NW, these
Zn—Zn and O—O distances measure 3.28 A. In Si NWs,
the considered Burgers vector is smaller in size. For this
reason, in the relaxed structures, the set of Si—Si bonds
adjacent to the dislocation axis stay connected,
although they are highly stretched. For example, the
longest Si—Si bonds in the screw-dislocated NW con-
taining six cross-sectional {111} planes are 2.60 A,
compared to a pristine bond length of 2.35 A.

We now examine the consequences of the screw
dislocation on the electronic properties, focusing on
the fundamental band gap, Figure 2. All pristine NWs
and NTs present direct band gaps with values consis-
tent with the values in bulk material. Bulk Si has an
indirect band gap. The pristine Si NWs have direct band
gaps, a feature observed before in (100), (110), and
(111) Si NWs?*?2 and that can be rationalized by
considering the quantum confinement effect and sim-
ple band-folding arguments.?° In Figure 2¢, the quan-
tum confinement effect is visible in the band gap
decrease with size. The results summarized in Figure 2a
and c evidence considerable downshifts in the band
gaps of screw-dislocated NWs, which persist at all
considered diameters. Extrapolation of the obtained
monotonic dependence suggests that these differ-
ences are well maintained at larger L. In ZnO NTs, the
band gap shifts are correlated with the wall thickness
and size of the Burgers vector, Figure 2b, and are more
significant in thick (L,h) NTs with large Burgers vector.
Unlike in carbon NTs,*? here we observe that the shear
strain stored in the ZnO NT walls modifies the band gap
very little.

More insight into this notable behavior can be
gained by inspecting the band structures displayed
in Figure 3. Responsible for the band gap decreases are

__3.20f
3 (6,h) ZnO NT
) ,h) Zn
g 300" " 0p
o
g 280 Ob
m +3b
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Figure 2. DFTB band gap variations with number of layers L in stress-free pristine and screw-dislocated (a) ZnO NWs, (b) ZnO
NTs, and (c) Si NWs. Panel (b) shows the DFTB band gap variations with wall thickness, as measured by L —h, and Burgers vector

size, in (6,h) ZnO NTs.
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Figure 3. DFTB band structures for pristine (left) and screw-dislocated (center and right) (a) (3,0) ZnO NW, (b) (6,1) ZnO NT, and
(c) (6,0) Si NW. Zero energy corresponds to the Fermi level set to the middle of the band gap. Dashed blue lines indicate the

gap states developed in the screw-dislocated NWs.

the new gap states developed in the screw-dislocated
NWs and NTs (see the dashed line in Figure 3a and b).
As the number of atoms per computational cell in the
screw-dislocated and pristine counterpart structures is
the same, the gap states cannot be related to an extra
number of electrons. Notably, even in the presence of
the quantum confinement effect, all band gaps are
indirect in screw-dislocated Si NWs, Figure 3c. An
important observation is that the screw-dislocated
but untwisted structures, Figure 3 (right), already dis-
play significant differences with their pristine partners,
Figure 3 (left). The further occurrence of the Eshelby twist,
Figure 3 (center), modifies the band gap very little in ZnO.
In Si, the consequences of this symmetry-lowering de-
formation are clearly visible in the removal of many band
degeneracies without leading to significant band gap
changes. Overall, this analysis suggests that the core of
the screw dislocation is the primary cause for the dra-
matic band gap modifications noted in Figure 2 and not
the linear shear strain located outside the core region.

AKATYEVA ET AL.

The effective coupling of the screw dislocation to the
conduction states is visible in calculations carried out at
higher levels of theory, such as the DFT calculations
presented in Figure 4. Note that these calculations
were performed under PBC, and thus the Eshelby twist
effect (proved above to be less significant) is not
captured. A comparison of DFT data with Figure 3a
and cindicates that all the important features observed
with DFTB, such as the singular band developed in the
band gap of screw-dislocated ZnO NW, are still present
in the DFT results. Furthermore, the additional plots of
spatial wave function corresponding to the conduction
band minimum evidence two causes for the observed
band gap modifications: While in ZnO, the gap states are
due to the new Zn—Zn interactions located in the core,
in Si the lowering of the conduction band at the X point
originates in the highly strained Hornstra core. This
is in spite of the fact that all core atoms are still 4-fold
coordinated. Note that this explanation is consistent
with the DFTB result of Figure 3b. As mentioned
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Figure 4. DFT band structures for pristine (left) and screw-
dislocated (untwisted) (a) (3,0) ZnO NW and (b) (6,0) Si NW.
The Fermi level is at the zero y-axis. To understand the
mechanics of gap reduction, the spatial wave function
distributions at the conduction band minimum of the dis-
located structures (see arrows) are plotted underneath. The
value of the isosurface (shown in green) was taken at 10% of
the wave function maximum. Zn, O, Si, and H atoms are
shown in gray, red, yellow, and light gray balls, respectively.

previously, although the (6,1) ZnO NT has a hollow core,
the large Burgers vector leads to Zn—Zn interactions.
In agreement with previous reports,>2*> our DFT
calculations are underestimating the band gap of ZnO
and Si nanostructures. For example, DFT gives a value of
1.17 eV for pristine (3,0) ZnO NW, about 3 times less than
the semiempirical DFTB result. Note that the larger than
bulk DFT band gap value is caused by the confinement
effect® Nevertheless, follow-up single-point LDA+U
calculations based on the DFT relaxed geometries calcu-
lations summarized in the last columns of Tables 1 and 2
give more realistic band gap predictions. Most impor-
tantly, the LDA+U band structures are in agreement
with the DFTB and DFT ones in all the important aspects
(see for example the band structures shown in Figure S1
and Figure 4a). Thus, they confirm our DFTB findings.

METHODS

In our DFTB calculations, we used an atomic basis comprised
of sp basis functions for Si and O, spd for Zn, and s for H. For
all structural relaxation calculations 10 k points were used and
the energy relaxation threshold was set to 107° hartree. Static
configuration band-structure calculations were performed with
45 k points. The DFTB parametrization predicts the structural
properties of ZnO materials well, but it overestimates the band
gap values in comparison with experimental data. That is why
one of the parameters that refers to the on-site energy for the
4s electron of Zn was slightly changed from —0.2079 au to
—0.3527 au in order to regain the experimentally measured
band gap of the bulk wurtzite ZnO phase. Note that the larger
DFTB band gaps compared to DFT are mainly due to error
cancelation due to the minimal basis. The primitive domain
placed under the objective boundary conditions (1) contains
N=12(L%> — h?) atoms in both pristine and screw-dislocated (L,h)
ZnO structures. Consideration of angular (277/3) and helical (77/3)
symmetries leads to 6 times reduction in the cell size of the

AKATYEVA ET AL.

CONCLUSIONS

We identified screw-dislocation band gap narrowing,
an effect common to ZnO and Si nanomaterials. By
carefully analyzing the relaxed structures and electronic
properties, we traced this effect to the new homo-
elemental Zn—Zn interactions created in the screw-
dislocated ZnO core and to the conduction band low-
ering at the X point caused by the highly strained
Hornstra core of Si NWs. These newly identified mechan-
isms act independently from the known quantum
confinement effects and should be present in nano-
structures with diameters larger than the ones consid-
ered here as well as in similar nanostructures made out
of other materials. In ZnO NTs, the band gap appears
stable against the shear strain generated by the dis-
location in the NT walls. Nevertheless, the band gap
modaulation effect is still present in thick NTs with large
Burgers vectors, due to the same Zn—Zn interactions
located in the small open cores.

We emphasize that the effect reported here is
robust. The analyzed dislocation cores are already
relaxed, and thus the band gap narrowing cannot be
easily removed via dangling bond reconstruction.
Furthermore, although the Eshelby twist has a negli-
gible impact on the band gap, it plays an important
role in stabilizing the dislocation at the center of the
nanostructures.?”3® Thus, the screw-dislocated NWs
and NTs cannot easily heal. It was recently proposed®’
that the structural stability of synthesized screw-dis-
located NW and NTs can be understood by analyzing
the energetic costs for creating internal surfaces within
the host NW versus the energy of the highly stained
core dislocation region. This understanding, combined
with the band gap dependences on the size of the
Burgers vector and wall thickness observed here, could
motivate new strategies for growing nanostructures
with desired band gaps.

pristine structures. Taking into account angular symmetry in
screw-dislocated NTs, the objective domains become 2 and 6
times smaller for (L,h), and (L,h)3, NTs, respectively, than the
original PBC cell size. Note that the forms of the objective
boundaries and symmetry-adapted basis should be slightly
changed, as discussed in ref 16. In our atomistic calculations,
the smallest possible simulation domains were used in ZnO
structures. In (L,0) Si NWs, the computational domain comprises
4[(3/8)L% + (1/4)L] Si atoms and 4L H atoms. For a ball-and-stick
representation of selected computational domains see Figure S3.

In our supporting DFT calculations, structural relaxation cal-
culations were carried out with the linear combination of atomic
orbital basis implemented in the SIESTA package,* using the
Perdew—Burke—Ernzerh generalized gradient approximation
for the exchange—correlation energy and norm-conserving
pseudopotentials for the core—valence interactions.** The d
electronic states of Zn were treated as valence states. The NW
and NT structures were placed under PBC in all three dimen-
sions separated by a vacuum region larger than 10 A in radial
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directions, so that the interaction with the image structures is
negligible. The double-¢ polarized numerical atomic-orbital
basis sets for all atoms were used. A1 x 1 x 10 Monkhorst—
Pack k-point grid was used in the energy calculations. An energy
cutoff of 300 Ry is sufficient to converge the grid integration of
the charge density, and atomic positions are fully relaxed using
a conjugate gradient method so that the force on each atom is
less than 0.02 eV/A. The single-point LDA+U calculations in ZnO
were performed with the plane-wave-based Vienna ab initio
package.*® The electron wave functions were described using
the projector-augmented wave method.*® Plane waves have
been included up to an energetic cutoff of 430 eV. For integra-
tion within the Brillouin zone, specific k points were selected
usinga 1 x 1 x 5Monckhorst—Pack grid. To improve the accuracy
of the band gap result, we introduced a Coulomb energy param-
eter of 7 eV for the d orbital of Zn.*”**® This value is in agreement
with photoemission experiments. For the bulk wurtzite ZnO
phase, the LDA+U gives a direct band gap*® of 1.38 eV, which is
larger than the 0.7 eV obtained by the DFT method, but still
lower than the experimental 3.4 eV value.
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