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mong the recently obtained nano-

structures, semiconductor nanow-

ires (NWs) are particularly interest-
ing for applications to nanoelectronics and
nanophotonics.”® A number of key renew-
able energy applications, such as photo-
electrochemical water splitting and solar
cells, have also been devised for nanow-
ires, together with applications to nanosen-
soring for environmental pollution detec-
tion and antibody molecule
recognition.'’®"'* An important property of
nanowires stems from their electronic struc-
ture: indeed, they realize one-dimensional
quantum structures where the current can
flow along one direction (the growth direc-
tion) usually a few micrometers long, while
the electronic states are confined in the or-
thogonal planes, some tens of nanometers
wide. Another important property relies on
the large surface to volume ratio. For most
of the envisaged applications, surfaces are
the locations where most of the device ac-
tivity takes place. They are going to play a
relevant role in (1) the formation of contacts
for nanoelectronics applications, (2) the
passivation with functionalizing groups or
dyes (for solar cells), or, again, (3) the mol-
ecule recognition process for nanosensors.
Furthermore, in most cases, nanowires have
to be doped. Useful dopants should act as
donors or acceptors, inserting shallow
states just below the conduction edge or
just above the valence edge. However, sur-
face and ridge elements could affect dopant
incorporation during growth, and vice versa,
it was observed that dopant incorporation
can trigger a change in the overall NW
structure.' The doping efficiency can also
be affected electronically via interplay be-
tween surface and dopant states.' Most
theoretical studies on the electronic proper-
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ABSTRACT On the basis of accurate ab initio calculations, we propose a model for predicting the stability of
IlI—V nanowires (NW) having different side walls and ridge configurations. The model allows us to obtain the NW
formation energies by performing calculations only on relatively “small” systems, small diameter NWs and flat
surfaces, to extract the contributions to the stability of each structural motif. Despite the idea illustrated here for
the case of hexagonally shaped GaAs NWs grown along the [111]/[0001] direction, the method can also be applied
generally to other differently shaped and oriented |1l —V NWs. The model shows that NW surfaces (side walls
plus ridges) mainly determine the NW stability, so the changes to the surface structure (e.g., induced by defects
or different growth conditions) would modify the final NW structure in a remarkable way. We find that wurtzite
and zinc blende nanowires have similar energies over a wide diameter range, thus explaining the observed
polytypism. Furthermore, new more stable ridge reconstructions are proposed for zinc blende nanowires. The
surface-related structural motifs also have clear fingerprints on the NW electronic structure. We find that the more
stable nanowires are all semiconducting. The band gaps are ruled by surface states and do not follow the trend
mandated by the quantum confinement effect. Small diameter wurtzite nanowires have an indirect band gap, but
for some of them, an indirect to direct transition can be foreseen to occur at larger diameters. Surface states
have a larger impact on the zinc blende NW band gaps than on the wurtzite NW ones. Zinc blende nanowire band
gaps reduce significantly with increasing nanowire radius, reaching the bulk value at a diameter of about 30 A.
The surface structure and the high surface related DOS below the conduction band are going to affect the nanowire
dopant incorporation and efficiency when doping is carried out during the NW growth.

KEYWORDS: nanowires - GaAs - surface properties - electronic properties

ties of free-standing nanowires have fo-
cused on structures having hydrogen-
passivated surfaces, thus the attention was
devoted exclusively to confinement effects.
However, molecular beam epitaxy (MBE) as-
grown nanowires are not passivated, and
free surfaces may play an important role in
determining both the structure and the
electronic behavior. In this paper, we show,
using accurate first-principles calculations,
that, indeed, the atomic configuration of
the NW surface plays a determinant role in
deciding the NW structure, stability, and
electronic properties. Through a model that
highlights the contribution to the NW for-
mation energy of each structural element
(bulk-like core, side walls, and ridges), we
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Figure 1. Cross sections of the structural models of the bare GaAs nanowires. The wurtzite structures are shown at the top
line and the zinc blende structures at the bottom line. Type | structures have {1120} (WZ) or {101} (ZB) facets, while type Il
structures have {1010} (WZ) or {121} (ZB) facets. Dashed hexagons emphasize the nanowire shape. Yellow and purple atoms

represent cations and anions, respectively.

have found that the NW stability can be explained
mainly in terms of the surface energy of the side walls.
The correction to the formation energy due to the
ridges is important for small diameter NWs and charac-
teristic of each ridge type. As a consequence of this re-
sult, we conclude that to derive or compare the stabil-
ity of large structures it is not necessary to perform
direct expensive calculations on large systems. Calcula-
tions on small prototypical NWs and flat surfaces suffice
to obtain reliable values for the relative stability of dif-
ferently shaped and oriented NWs. Each surface motif
also has a clear fingerprint on the NW electronic struc-
ture. In particular, the presence and the structure of the
ridges introduce empty states at or just below the con-
duction edge, which can affect light absorption, emis-
sion, and doping effectiveness.

RESULTS AND DISCUSSION

Most MBE growth of Ill—V nanowires occurs on a
(111)B substrate, and the grown structures show ran-
domly distributed rotational twin planes, stacking
faults, and polytypism, where a mixture of wurtzite
and zinc blende segments is observed. On the basis of
these observations, we constructed the nanowire struc-
tural models by considering both plane stackings (zinc
blende and wurtzite) along the [1111/[0001] direction.
Furthermore, since experimental characterization stud-
ies have reported that the nanowires have a hexagonal
cross section, we extracted the nanowires from the
zinc blende and wurtzite stacked bulks by drawing
regular hexagons of variable apothems r (referred in
the following as the nanowire radius) and centers on
an atom or, alternatively, at the center of the triangle
formed by second neighbor atoms on the (111)/(0001)
planes and keep all of the atoms inside the volume de-
limited by the orthogonal (to the nanowire section)
planes passing through the hexagon edges. We clas-
sify the obtained nanowires on the basis of the plane
stacking [e.g., zinc blende (ZB) and wurtzite (WZ)] and
of the side wall orientation. WZ nanowires with side
walls belonging to the (1010) family and ZB nanowires
with side walls belonging to the (112) family are labeled
type I. WZ nanowires with side walls belonging to the
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(1120) family and ZB nanowires with side walls belong-
ing to the (101) family are labeled type II. Cross sec-
tions of the prototypes of each structural model are re-
ported in Figure 1. The considered structures have radii
ranging from 6.88 to 24.80 A, corresponding to a mini-
mum of 48 atoms (24 Ga—As pairs) to a maximum of
624 atoms (312 Ga—As pairs). We can notice from Fig-
ure 1 that NWs whose side walls have the same orienta-
tion can differ for (1) the surface structure, due to the
fact that the side wall planes cut different surface
bonds; and (2) the ridge structure, also for NWs having
the same side wall surfaces.

Structure and Stability. All of the structures are relaxed
to the minimum energy configuration, and the forma-
tion energies Er per Ga—As pair of WZ and ZB NWs of
both types have been calculated by DFT and reported
as symbols in Figure 2. E¢ is defined as

NW
E=E ()

N

where ENY is the total energy of the nanowire, N is the
number of Ga—As pairs, and w8 is the total energy of
the bulk zinc blende primitive cell, which is the stable
bulk phase of GaAs. We see that E is always positive, in-
dicating that the NWs are less stable than the ZB bulk.
The formation energy depends on the NW radius, as ex-
pected (that is, the NW instability decreases by increas-
ing the radius), and on the detailed NW structure [WZ
or ZB stacking, side wall orientation, number of surface
dangling bonds (DB), and ridge structure]. We note that,
in general, WZ structures have the lowest E; and the
(1070)/(101) side wall orientations tend to be more fa-
vorable for both WZ and ZB stackings than (1120)/(112).
Among the NWs having the same stacking and same
side wall orientation, those having lowest E¢ are those
whose surface atoms have the smallest number of dan-
gling bonds (see, for example, the energy difference be-
tween WZ NWs type I(a) with only one DB per surface
atom and WZ NWs type I(b) that have surface atoms
with two DBs). Also, a dependence on the ridge struc-
ture is evident, by comparing, for example, the energies
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Figure 2. NW calculated formation energies per GaAs pair (symbols) and energies obtained using eq 4 (lines). In the main
plot, the curves correspond to A" = 0, and the crossing between WZ type Il and ZB type Il occurs at r = 22.5 A. Line colors
are related to stacking (WZ or ZB) and side wall orientation: dark cyan (WZ type 1), black (WZ type Il), pink (ZB type I), and red
(ZB type Il). Inset (a) shows the atoms having two dangling bonds at the ZB type lI(a)-0 ridges: these atoms are removed to
obtain the energetically stabler ZB type ll(a)-1 and type ll(a)-2 nanowires (red squares and inverted triangles, respectively). In-
set (b) shows the calculated formation energies of the type Il nanowires (symbols) compared with those obtained using
the full model (eq 4), with the A/ values given in the text (lines). Here, the crossing between WZ type li(b) and ZB type li(a)-2

occursatr = 27.2 A,

of the WZ nanowires type ll(a) and (b) that differ only
for the ridge structure.

Model for the NW Formation Energy. To assess the role of
each structural motif on Er, we assume that the forma-
tion energy has a contribution coming from the bulk
core plus a contribution from the surface shell (side
walls plus ridges):

B= G )+ A+ B ()
NW NW

where i is for WZ or ZB, V; is the volume of the surface
shell, Vians is the average volume of a Ga—As couple in
the bulk [similar for ZB (44.230 A3) and WZ (44.267 A3)],
App = pf, — wgs Fori = WZ, Ay, is the total energy dif-
ference per pair of wurtzite and zinc blende bulks, for
which we obtain 22.8 meV. Our value is in good agree-
ment with those obtained by other authors (20 meV,'®
11 meV,"” 19 meV,'® 16.6 meV,' 24.0 meV%); u, is the
formation energy per pair of the surface phase that we
assume to be distinct from the bulk. Finally Frgge is an
energy contribution associated with the particular ridge
structure. Vyw is the nanowire volume. For a hexagonal
NW, Viw = 2\/3hr?, where h is the nanowire unit cell
height. Since we are interested in extrapolating the NW
Er values to larger diameters (some tens of nanome-
ters are the dimensions of the usually grown GaAs
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NWs), we neglect the height variation due to atomic re-
laxation, which is relevant only in small diameter
nanowires and use the ideal values of h for the WZ
and ZB NWs (we have calculated the height relaxation
to be only 0.7% at r = 9.10 A (WZ type lla) and 0.2% at
r = 10.32 A (WZ type la), thus h relaxation is negligible
at large NW radii).

To determine E; in eq 2, we need to calculate p.. Ob-
viously, this term depends not only on the stacking
along the growth direction (WZ or ZB) but also on the
particular side wall orientation and plane. We consider
for each side wall orientation only the planes corre-
sponding to the lowest number of surface dangling
bonds. From eq 2, we see that E: is larger for larger i,
thus NWs whose side walls have more DBs have a too
large formation energy to have a probability to form
during growth.?' We extract .. from the DFT calculated
surface energy v,%? which is the energy for unit surface
area. For a semi-infinite solid, yA = Ny(jus — ), where A
is the surface area and N, the number of Ga—As pairs
in the slab. The surface energies for both WZ and ZB
side walls have been calculated using the usual slab
method. We obtained the following values for the sur-
face energies y: 43.26 meV/A% (WZ {1010}), 45.58
meV/A2 (WZ {1120}), 51.48 meV/A? (ZB {101}), and 66.97
meV/A2 (ZB {112}).22 The value we obtain for the cleav-
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age ZB (101) surface is in very good agreement with
the value of 52 meV/A? obtained in ref 24.

For hexagonal nanowires, we finally obtain the fol-
lowing expression for the formation energy per pair:

2r—d,

El};j(r) - r2 SYi’j(r)VGaAs +

1 EIFl(jidge(r)VGaAs

i
V372 h A

@)

where j refers to the side wall orientation, d; is an effec-
tive surface thickness, and r is the nanowire radius. In
this expression, we allow Ef4qe and v to depend on r.
In fact, for small NWs, such as those we have calculated
(see Figure 1 and Figure 2), we have to assume that
the ridges and the opposite side walls may interact if
close enough, so that their energy contribution gets
modified with respect to the case where they are dis-
tant as in large NWs. We have actually calculated this ef-
fect using symmetric slabs with variable thicknesses
and fitting the resulting y(r). Finally, we rewrite eq 3 as

Eln = %yi'j(r)VGaAs + '%A'J(r)VGaAS + Ay, @)
where A(r) = (1/27/3)(Eifage(n)/h) — v'(r)ds contains
two terms: the first term is related to the ridge geom-
etry, and the second, negative contribution, is a correc-
tion due to the fact that a rolled-up surface shell of
thickness d contains less pairs than the flat surface shell
having the same thickness and area.

Comparison between the Model Predictions and the Calculated
Values. In Figure 2, we compare the formation energies
given by the model with the directly calculated values
for the small diameter NWs. The curves are with A¥(r) =
0 in eq 4. Obviously we expect the flat surface model
to apply better to NWs having a large diameter. We can
notice the following: (i) the formation energies Ei(r)
given by eq 4 without the second term are already un-
expectedly close to the directly calculated E¢ of the cor-
responding small radius NWs; (ii) the calculated NW E;
and the corresponding curve given by eq 4 with Aii(r) =
0 become closer to each other as the NW radius gets
larger, as expected; (iii) at small radii, the WZ NWs are
more stable than the ZB NWs, while the opposite is true
at large diameters. This result shows that at small radii
the surface energy rules the NW stability, while the bulk
ZB dominates at large radii (but without canceling the
surface effects within each kind of stacking). (iv) The dis-
crepancy between the NW E; and the model has a dif-
ferent sign depending on the structure: it is positive in
the case of the ZB type Il(a) NWs and negative for the
WZ type |, WZ type ll(b), and ZB type I(b) NWs. It is al-
most zero in the case of WZ type ll(a) NWs. We have ex-
tracted A¥(r) by fitting the calculated values using eq 4.
Surprisingly, we found that the A7 does not depend sub-
stantially on r. We obtain AZ10 = +0.1 eV/A, AWZ1010
= —0.05 eV/A, AWZ121210 — g gV/A, AWZIDA210 — —0 07
eV/A. These values can be approximately related to the

number of dangling bonds on the ridges per GaAs
monolayer: 6 for ZB type llI(a) (with 2 atoms having
only one DB and 2 atoms having 2 DBs), 6 for WZ type
li(a) (with 6 atoms having 1 DB), 0 for WZ type | and WZ
type li(b) (with no atoms on the ridge in both cases).

In the case of ZB type lI(a), the ridge contributes with a
very high positive energy (that is Ei{idge/h >> vid,) since
the presence of two dangling bonds on a single atom
creates a very unstable configuration. For WZ NWs, in-
stead, we have Ekgqe/h < v7d,, showing that the ridges
do not destabilize significantly the structure and might
probably favor the chemical bonding with the neigh-
boring atoms more than the corresponding flat sur-
faces. These considerations explain the different sign
of the A” terms. The ZB type I(b) NWs constitute a spe-
cial situation (the A%8"12 term is large and negative).
Their side walls belong to the {112} family. The (112)A
side wall has two 3-fold-coordinated Ga atoms and one
2-fold-coordinated As (with two DBs) per surface unit
cell, whereas the opposite (112)B side wall has two
3-fold-coordinated As atoms and one 2-fold-
coordinated Ga atom (with two DBs) per surface unit
cell. The A and B side walls are always opposite in the
NWs. Thus, the above-reported value for the calculated
surface energy is the average value of the two A and B
surfaces. Both ZB (112)A and B surfaces have been
found to be unstable® against decomposition into
lower index facets, and this explains the high value we
have found for the surface energy (see Figure 2). On the
experimental side, InAs ZB NW side walls with this ori-
entation indeed show tilted (111) microfacets.? From
Figure 2, we can see that the small diameter NWs hav-
ing these side walls have a formation energy much
smaller than those predicted through model eq 4 with
A¥(r) = 0. This behavior is due to the fact that small di-
ameter NWs are more efficient in reconstructing their
surface (through As dimer and Ga dimer or even trimer
formation) due to the closeness of the ridges. Indeed,
their formation energy decreases less by increasing the
NW radius, and for diameters sufficiently large, it should
merge with the corresponding flat surface curve, which
is higher in energy than those corresponding to the
other orientations. In the following, we neglect these
NWs since for large radii they should not form due to
the high E: (or, better, they likely form with lower in-
dex microfaceted side walls).

Finally, we observe that ZB type ll(a) NWs having
ridge atoms with two DBs per atom (which from now
we will call type Il(a)-0) should be unstable since this
configuration does not satisfy the electron counting
rule (ECR), which is followed by almost all observed low
energy surface reconstructions of IlI-V systems.?” As a
consequence, these NWs are metallic with localized DB
states at the Fermi level."”® We propose here two more
stable semiconducting structures. The first one is ob-
tained by simply eliminating the atoms (3 As and 3 Ga
shown in Figure 2a) having two DBs and allowing the
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neighboring atoms to relax and form dimers lying along
the vertical direction. The second one is obtained by
eliminating the 6 GaAs couples on the ridge and allow-
ing the nearest atoms to form Ga—Ga or As—As dimers
connecting two adjacent side walls. The resulting struc-
tures are still stoichiometric (equal number of Ga and As
atoms) and have a lower E¢ (11 and 13 meV per pair in
the first case, 36 and 28 meV per pair in the second case,
for the 122 and 182 atom structure, respectively). We la-
bel the new structures as ZB type ll(a)-1 and ZB type
ll(@)-2 in Figure 2, and the corresponding E values are
given in the figure. They are closer to the flat surface
curve. Their fitted AZ1°" = +0.05 eV/A for ZB type lI(a)-1
and A%191 = 0 eV/A for ZB type li(a)-2 also do not de-
pendent on r. The ridge atoms with two dangling bonds
are shown in inset (a) of Figure 2.

In inset (b) of Figure 2, we report E¢(r) obtained us-
ing the full model of eq 4 for type Il NWs, including
the appropriate Aj; values (the observed polytypism is
produced by ZB and WZ segments belonging to the
same type), and determine the radius at which the
crossing between the formation energies of the WZ
and ZB structures occurs. We find it at 30.4 A for ZB type
ll(@)-1 and 27.2 A for ZB type li(a)-2. We notice that if
the contribution of the A terms is neglected the cross-
ing would occur at 22.5 A. The crossing between the fa-
vored WZ type | structure and the ZB type lI(a) occurs
at 31.3 A for A7 = 0. The crossing radius with WZ type |
shifts at 36.8 A for ZB type li(a)-0 if we consider the A7
contributions. For the more stable ZB ll(a)-2 structure,
the crossing radius will fall between these values. Thus,
the ridge contribution shifts the crossing radius at a
somewhat larger value. A rougher estimation of the
crossing radius between the formation energy of ZB
NWs with facet orientation j and that of WZ NWs with
facet orientation j' can be obtained from eq 4 by

78 wz,

= 2VGaA53%A_:L (5)
Mo

re

where the dependence on r of the surface energies y
is neglected. Using this simple relation, we obtain for
the crossing radius between ZB type Il and WZ type II,
r.=22.9 A, and for that between ZB type Il and WZ type
I, re = 31.9 A, which are close to the values previously
obtained using A7 = 0. This is due to the small depen-
dence of vi(r) on r. Our model has been applied also to
InAs, GaSb, and InSb NWs of same shape and orienta-
tion, obtaining very similar results and trends. The fact
that vy%(r) does not depend substantially on r and the
ridge structure coefficients A/ have well-defined values
would suggest that the model can be applied more
generally to compare the stability of differently oriented
NWs with different side walls and different shape and
ridge geometries. Thus, all we need to do is to perform
less expensive calculations of the side wall surface ener-
gies. To predict relatively small diameter structures, we
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can further extract the ridge energy from calculations
on small prototypical NWs. The introduction of these
values in eq 4 produces very accurate predictions of the
corresponding formation energy for larger NWs.

Comparison with Existing Models and Experiments. Our values
for the crossing radius need to be compared with those
obtained in very recent papers. Shtrikman et al.?® were
able experimentally to obtain a 13 nm thick pure WZ
GaAs NW without stacking faults and claimed a good
agreement with a theoretical value for the crossing ra-
dius between ZB and WZ NWs estimated to be around
5 nm, almost double of our value. Using their DFT-GGA
calculated values' (Apl? = 19 meV, y?811° = 37 meV/
A2, yWZ1120 = 33 maV/R2 and Veaas = 46.80 A?) and eq 5,
we obtain r. ~ 20 A, in better agreement with our value.
The discrepancy is then due to the different way the ex-
trapolation to large diameters has been performed
(only numerically and including in the fit also the un-
stable higher energy small NWs in ref 28). Ghaderi et
al.”” extrapolated the values calculated for small GaAs
NWs by DFT-LDA to large diameters using a model
based on the number of surface DBs originally pro-
posed by Akiyama et al.? for InP NWs and found that
the WZ NWs are energetically favored with respect to
ZB NWs up to a 5 nm diameter, thus their r. =~ 25 A, in
substantial agreement with our result.

Akiyama et al.’® investigated the relative stability be-
tween type | WZ and type Il ZB NWs of group Ill—V com-
pounds using an empirical potential approach and esti-
mated the crossing radius for bistability being at r. =~
60—70 A for GaAs and GaSb, r. ~ 70—75 A for InSb, and
r. =~ 100—105 A for InAs. They found that their r. de-
pends almost linearly on the compound ionicity. Our
corresponding results, in the case of A/ = 0, give r. =
34, 38, and 45 A for GaSb, InSb, and InAs, respectively.
Thus, we find a similar trend, but our r. values are all
about one-half of those calculated in ref 19. Finally, Du-
brovskii and Sibirev3 using a thermodynamic model es-
timated the crossing radius for GaAs ranging from 8.5
to 12.5 nm. The discrepancy with our value is due essen-
tially to their use of 1.5 J/m? (94 meV/A?) for y?211° and
of 0.75 for the ratio y"Z/y?, which was evaluated by a
simple counting of the surface DBs. Our ab initio calcu-
lation, which includes full surface atomic relaxation,
gives instead 51.48 meV/A? and 0.84 (0.89) for y?5110
and yWZ1010/ 78 (yWZ1120/,78) yaspectively. Inserting
these values in Dubrovskii and Sibirev’s formula, we ob-
tain again r. = 31.7 A. Therefore, we conclude that the
theoretical investigations of NW stability are all approxi-
mately in good agreement if the same values for the
surface energies are used.

It is not easy to compare the value of r. with the ex-
periment. Several papers reported the diameter depen-
dency of nanowire crystal structure, with small diam-
eter NWs (generally lower than 20—30 nm?®) tending
to adopt predominantly a WZ phase and larger diam-
eter NWs tending to adopt instead a ZB phase.? Pure
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Figure 3. Electronic band structure of WZ type I(a) nanowires having 192 (left) and 588 (right) atoms per unit cell (r = 13.75
and 24.07 A, respectively). The band dispersion and the DOS and the band-edge wave functions are given. In the DOS, the
separate contributions from core (dashed lines) and shell (solid lines) As (red) and Ga (blue) atoms are shown. The z-averaged
wave functions are labeled by the order number of the state (starting from the corresponding band edge) both for holes
(h) and electrons (e). The direct (Eg), indirect (E'g), and confinement (E§) band gaps are indicated by arrows. The calculated val-
ues for Ej and Ej are reported in Figure 7a, while for the two NWs shown in the figure, E5 = 1.92 eV (192 atoms) and E§ =

1.79 eV (588 atoms).

WZ and ZB nanowires are usually difficult to obtain.
However, many experiments showed that the observed
structures depend also on the particular growth condi-
tions. Very recent experiments on MOCVD grown NWs
revealed that (i) twin-free ZB NWs having diameters as
thin as 24 nm have been successfully grown;* (ii) for
whatever nanowire diameter, both twin-free ZB NWs
and stacking-fault-free WZ NWs were grown just sim-
ply varying the growth temperature and the V/IIl ratio.>
Thus, these studies show that the NW diameter does
not determine by itself uniquely the NW structure as
was commonly believed. Also, it has been shown that
nucleation dynamics at the vapor—liquid—solid triple-
phase boundary between the NW, the metal droplet,
and the vapor can play a role in determining the final
structure.® It is well-known that growth conditions also
affect considerably the thermodynamic stability and re-
construction of free surfaces,* and here we show the
strict connection between the surface facet and ridge
stability and the overall NW stability. More work needs
to be done in order to assess the relative weight of sur-
face thermodynamics and growth kinetics in deciding
the final NW structures.

We notice, however, that in the case of GaAs nanow-
ires the values we obtain for the formation energy of
ZB and WZ structures are very close to each other over
a wide range of radius values. Any stacking fault or twin
structure would also have a very similar formation en-
ergy. This explains the observed remarkable polytypism
in NWs of different thickness. On the basis of these re-
sults, we expect that during growth entropic effects,
modulated by subtle changes of the growth conditions,
will then determine the preferred structure.

Electronic Structure Analysis. A detailed first-principles
study of the electronic structure of unpassivated IlI-V
NWs is still missing. On the other side, empirical meth-
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ods (tight-binding, k- p) are unable to correctly access

surface states. Having studied the effects of the differ-

ent surface-related structural motifs on the NW stabil-

ity, we now examine their fingerprints on the NW elec-
tronic structure.

Wurtzite Nanowires. In Figure 3, Figure 4, and Figure 5,
we show the Kohn—Sham electronic structure of the
most stable nanowires for different values of the diam-
eter: WZ type I(a), WZ type ll(a), and WZ type li(b), re-
spectively. The first observation is that all NWs are semi-
conducting and small diameter WZ NWs are indirect
gap semiconductors. Moreover, the states in the top re-
gion of the valence band are mainly As bulk-like,
whereas the states at the bottom of the conduction
band are mainly due to surface Ga. We need to recall
that (i) WZ type | and type |l differ for the side wall ori-
entation and thus have different facets, and (i) WZ type
li(a) and (b) differ only for the ridge structure. These dif-
ferences are mirrored in the band dispersion and in
the localization of the wave functions.

We have found that there are distinct features in
the electronic structure due to the bulk core, the sur-
face shell, and the ridges. The states having most of
their amplitude in the NW bulk core present an approxi-
mately parabolic dispersion at the band edges with a
maximum at I for the holes and a minimum always at
I" for the electrons. In the case of the conduction states,
this dispersion is clearly indicated by the green color
in the figures. We find that the valence band maximum
(VBM) at I" is always localized in the bulk core and is
similar to the valence states in the folded band struc-
ture shown in Figure 6. The symmetry of the wave func-
tion at the VBM may change with the NW diameter
(see, for example, Figure 4 and Figure 5 for WZ type Il),
but a common feature of these wave functions is to
have most of their amplitude in the NW core region.
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Figure 4. Electronic band structure of WZ type lI(a) nanowires having 228 (left) and 444 (right) atoms per unit cell (r = 14.99
and 20.92 A, respectively). The band dispersion and the DOS and the band-edge wave functions are given. In the DOS, the
separate contributions from core (dashed lines) and shell (solid lines) As (red) and Ga (blue) atoms are shown. The z-averaged
wave functions are labeled by the order number of the state (starting from the corresponding band edge) both for holes
(h) and electrons (e). The direct (E}, EL?), indirect (E}), and confinement (E5) band gaps are indicated by arrows. The calcu-
lated values for Ej and Ej are reported in Figure 7a, while for the NWs shown in the figure, E5 = 1.67 eV and E{? = 1.38 eV

(228 atoms), E§ = 1.63 eV and Ej2 = 1.20 eV (444 atoms).

As for the electron states, instead, the behavior is quite
different for the different structures.

WZ Type | Nanowires. In the WZ type I(a) electronic structure, we
can identify the dispersion of the bulk core states and of the surface shell
states at the conduction band edge. The states localized in the bulk-like
core have their minimum at I', while those localized on the surface shell
have their minimum along the I"—A direction and originate the indirect
gap. The two band dispersions are indicated in the figures by two differ-
ent lines (green and orange) and can be easily related to the folded band
structure shown in Figure 6. The smaller NWs have the conduction state of
minimum energy at I also localized on the surface shell since the truly
“bulk core” band has a higher energy (not shown in the figure). By increas-
ing the NW diameter, the bulk core states shift down and anticross the
bands of states localized on the surface whose energy is less sensitive to
the NW dimension. As a consequence the states at the bottom of the con-
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duction at I" spread over all the NW cross section. The trends of the direct
and indirect gaps with the NW radius are reported in Figure 7a (diamonds).
The trend of the direct gap, whose band edges, for r = 12 A, are both lo-
calized mainly in the NW core, can be approximately explained in terms of
quantum confinement, while the indirect gap depends less on the NW ra-
dius and shows a characteristic oscillation. We can also see that the direct
and indirect gaps become closer as the NW radius increases, and we expect
a direct—indirect crossover behavior at larger radii with the system be-
coming a direct gap semiconductor. The oscillation of the indirect band gap
value with the NW radius is due to the coupling of the states at the bot-
tom of the conduction band. Indeed, we find that the NWs having an even
number of atoms at the hexagonal cross section edge have a double de-
generate state (labeled Tel) at the hottom of the conduction band. The
wave function squared amplitude of one of these states is given in Figure
3 for the NW with 192 atoms per unit cell (the other state of the doublet

624 atoms

AL

Figure 5. Electronic band structure of WZ type Il(b) nanowires having 168 (left) and 624 (right) atoms per unit cell (r = 12.87

and 24.80 A, respectively). The band dispersion and the DOS and the band-edge wave functions are given. In the DOS, the

separate contributions from core (dashed lines) and shell (solid lines) As (red) and Ga (blue) atoms are shown. The z-averaged

wave functions are labeled by the order number of the state (starting from the corresponding band edge) both for holes

(h) and electrons (e). The direct (Eg), indirect (E'g), and confinement (E§) band gaps are indicated by arrows. The calculated val-

ues for Ejy and Ej are reported in Figure 7a, while for the two NWs shown in the figure, E5 = 1.98 eV (168 atoms) and Ej =

1.81 eV (624 atoms).
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Figure 6. Folded band structures of the bulk WZ and ZB, calculated over the hexagonal supercell corresponding to the WZ
type | (192 atoms), WZ type Il (228 atoms), and ZB type Il (182 atoms) nanowires.

has a similar but 90° rotated charge distribution). On the other side, the
NWs having an odd number of atoms at the hexagonal cross section edge
have a singlet 1el state whose charge distribution is given for the NW hav-
ing 588 atoms per unit cell also in Figure 3. Thus, the different state sym-
metry, in the case of the odd number of atoms on the edge, induces a cou-
pling and a splitting between the doublet states pushing down one state
and causing in this way a small shrinking of the indirect gap.

WZ Type Il Nanowires. The WZ type ll(a) and (b) NWs have the same
side walls but differ for the ridge structure (see Figure 1). Comparing their
band structures in Figure 4 and Figure 5, we can see how the different ridge
configuration modifies the electronic structure. The first observation is
that WZ type II(a) has distinct ridge states forming a separate narrow band
inside the semiconducting gap. On the contrary, WZ type II(b) NWs have
no such bands and their dispersion is more similar to that of WZ type I(a)
NWSs. The ridge states are strongly localized on the ridges forming six sepa-
rate channels for conduction along the growth direction. Their energy
does not change with the NW radius, as can be seen in Figure 7a. The in-
creasing NW radius leads to a narrowing of the ridge state band and, thus,
to an intensification of the DOS within the gap. These NWs present there-
fore a high density of states within the semiconducting gap. This behavior
leads to direct and indirect gaps which do not change appreciably with

the NW radius (see Figure 7a). By increasing the radius, however, the hot-
tom of the continuum of states at I above these ridge states moves
down, and we expect that for NWs having larger diameters the ridge
states will sit at the bottom of the conduction band coupling with the sur-
face core states and contributing to them with a high density of states.
Let us notice that the higher sitting 7el state is delocalized over all the
NW cross section with a larger amplitude on the ridges.The WZ type Ii(b)
NWs have the same facet orientation, but their band structure (see Figure
5) is more similar to that of the WZ type | NWs shown in Figure 3. We re-
call that both of these types of NWs have no dangling bonds on their ridges.
The trend with r of the direct and indirect band gaps is, however, differ-
ent. In the case of WZ type lI(b), they depend both less on the radius and,
thus, the difference AF, = £; — £} is also less dependent on the NW ra-
dius (see Figure 7a). Thus, a direct to indirect gap transition, if ever occurs
in these NWs, is going to take place at a larger value of the radius than for
the WZ type | NWs.

Zinc Blende Manowires. The electronic structures of ZB
type Il [(@)-0, (a)-1, (a)-2] NWs are shown in Figure 8.
They are completely different from those of the WZ
NWs and also are strongly modified with respect to the
ZB bulk folded dispersion shown in Figure 6. From

A ' L WZbulk
(2) &0 WZ type 1 (1)
&0 WZtypel (i)
£ WZ type Ila (T)
= £1 WZ type Ila (1)
»—x WZ type IIb ()
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Figure 7. Nanowire band gaps as a function of the radius for WZ (a) and ZB (b) nanowires. Dashed and continuous lines
plus symbols represent the indirect and direct band gaps, respectively; fine dashed lines represent the trends predicted by
previous models,*>3¢ as explained in the text; dotted lines represent the calculated band gaps for WZ and ZB bulks. On the ZB
plot, we have indicated with dot plus symbols the distance between the valence band maximum and the first bulk-like

state (see also Figure 9).
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Figure 8 and Figure 9, we can see that the NW elec-
tronic structure is also strongly dependent on the ridge
geometry.

The electronic structure of the nanowire with the un-
reconstructed ridge (Figure 8a), type lI(a)-0, is character-
ized by a band consisting of six electronic states in the
middle of the band gap. These are the DB states local-
ized at the ridges. Thus, this nanowire structure is me-
tallic, with the Fermi level located in this band.

The (a)-1 and (a)-2 structures are instead semicon-
ducting. In the ZB type ll(a)-1, the ridge states have a tri-
angular symmetry and form bonding and antibonding
states that are also localized at the ridges and, conse-
quently, have a small dispersion in the Brillouin zone.
The bonding states lie at the top of the valence band,
and their charge distribution at the I" point of the Bril-
louin zone is shown in Figure 8b (1hI" state). The low-
est of them (3hI") mixes with the states localized in the
nanowire core. The empty antibonding states form
bands 0.7 eV above. The wave function charge distribu-
tion of the first electron state at the I" point is shown
in Figure 8b labeled as 1el’. The unusual characteristic
of this band dispersion is that, while the minimum gap
is indirect, there is a direct gap at a slightly higher en-
ergy, which, at least for the thinner nanowires, is not at
the I" point but instead at the A point at the zone
boundary.

In the case of ZB type lI(a)-2, the empty antibond-
ing bands have disappeared since the ridge atoms
have been removed and the remaining atoms dimer-
ize. The band gap thus increases. In Figure 9, we show
the dependence of the band structure on the NW radius
or number of atoms. In particular, looking at the DOS
and at the wave functions in Figure 9, it turns out that,
again, the valence states are mainly localized in the bulk
region, while surface Ga atoms mainly contribute to
the first conduction bands. We see that the dispersion
of the electron states at the bottom of the conduction
is greatly affected by the NW dimensions and the gap
strongly reduces with the radius r. In Figure 7b, we re-
port the calculated band gaps for the ZB li(a)-2 nanow-
ires as a function of the radius.

Nanowire Band Gaps versus Radius. Figure 7 shows the cal-
culated direct and indirect gaps versus radius for both
WZ (panel a) and ZB (panel b) nanowires. In Figure 7a,b,
we compare our results for the unpassivated GaAs
nanowires also with the gaps obtained considering the
simple “quantum confinement” model, proposed by
Nanda et al.® in which the first conduction state and
the first valence state are both supposed to be confined
in simple quantum wells. The quantum well thickness
is given by the NW diameter, and its depth is given by
our ab initio calculated barriers between the average
potential within the NW and the vacuum. We have also
used our calculated values for the WZ and ZB bulk
band gaps and electron and hole effective masses.
Since these approaches neglect the surface contribu-
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Figure 8. Electronic band structure of ZB type ll(a)-0 nanowire having
182 (a) and ZB type lI(a)-1 nanowire having 176 (b). The z-averaged wave
functions are labeled by the order number of the state (starting from
the corresponding band edge) both for holes (h) and electrons (e). The
direct (EJ, E5?), indirect (Ey), and zone edge (E5%) band gaps are indicated
by arrows. The cross sections of the different structures showing the dif-
ferent ridge geometries are reported on top of the corresponding band
structure.

tion, this comparison highlights the role of the surface
states on the NW band gap value.

In the case of WZ nanowires (Figure 7a), we see
that the dependence on r of the direct gaps is much
weaker than that predicted by the pure confinement
model. Only for the WZ type | NW direct band gaps, a
kind of confinement-like behavior can be clearly seen.
However, it is evident that the presence of surface
states affects considerably the gap values, leading to a
deviation from the predicted trend with smaller gaps at
r=12Aand larger gaps atr = 12 A,

In Figure 7b, we also compare our results for the
band gaps of the ZB type ll(a)-2 NWs with the band
gap energy versus nanowire radius obtained by Niquet
et al.® for zinc blende [111]-oriented GaAs nanowires,
whose surfaces have been saturated with hydrogen at-
oms. The curve was obtained in ref 35, fitting the band
gaps calculated using a tight-binding (TB) method. The
TB values have been scaled in our figure by the bulk
band gap difference between our DFT-LDA value (0.842
eV) and the experimental one (1.424 eV) parametrized
in the TB method. Again, we see that our calculated
band gaps are much lower than those predicted by the
models. This behavior is due to the existence of the
surface-related bands at the conduction edge decreas-
ing the gap value. In the same figure, we also report the
gaps determined at I" by the first parabolic bulk-like
states in conduction (in the 170 atoms structure, it ap-
pears at about 1.45 eV; see Figure 8). We also see that
for this state the gaps decrease in an almost linear way
much faster than expected on the basis of the confine-
ment models.
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Figure 9. Electronic band structure of ZB type ll(a)-2 nanowires having 170 (left) and 326 (right) atoms per unit cell (r =

10.56 and 14.63 A, respectively). The band dispersion and the DOS and the band-edge wave functions are given. In the

DOS, the separate contributions from core (dashed lines) and shell (solid lines) As (red) and Ga (blue) atoms are shown. The
z-averaged wave functions are labeled by the order number of the state (starting from the corresponding band edge) both
for holes (h) and electrons (e). The direct (Eg), indirect (E'g), and zone edge (E‘;ZE) band gaps are indicated by arrows. The cal-
culated values for Ejj and E}, are reported in Figure 7, while for the two NWs shown in the figure, E5F = 1.23 eV (170 atoms)
and E‘;ZE = 1.02 eV (326 atoms). The cross section of the structure is also reported. The first bulk-like band is evidenced by the

green color.

Thus, we see that the fundamental band gaps of
the ZB nanowires depend strongly on the ridge recon-
struction and are always smaller than those calculated
for passivated NWs. The calculated gap values range
from zero for the metallic nanowires with the unrecon-
structed ridge to the largest values obtained in the case
of the ZB type lI(a)-2 structures reported in Figure 7b.

SUMMARY
In summary, our results show that the presence of
the ridges and their detailed atomic configuration con-

METHOD

DFT calculations are carried out using the local density ap-
proximation (LDA) as implemented in the Quantum-ESPRESSO
simulation package.*® The ion—electron interaction is described
through norm-conserving, separable, and core-corrected
pseudopotentials. We use a 15 Ry plane-wave cutoff. For the ZB
bulk systems, the minimization of the total energy leads to a
theoretical cubic lattice constant a, = 5.614 A, while for the WZ,
the theoretical lattice parameters of the hexagonal unit cell are
a = 3.9704 A and ¢/a = 1.633. Nanowires are modeled in the
supercell approach, where neighboring wires are separated
by at least 14 A of vacuum to minimize their mutual interac-
tions. The Brillouin zone summations are performed on a
Monkhorst-Pack mesh of 1 X 1 X N, where N = 12 in the
case of wurtzite NWs and N = 8 in the case of zinc blende
NWs. All of the examined structures have been relaxed in or-
der to find the equilibrium geometries until all of the forces
acting on the atoms were less than 2.5 X 1073 eV/A. A smear-
ing of 0.02 Ry has been used in order to account for the pos-
sible metallization of the electronic structure.

For the calculation of free clean surfaces, we adopt the
repeated-slab method using material slabs with a thickness of
at least 22 A and separated by a vacuum region of at least 20 A.
To model the surfaces of semi-infinite solids, the bottom sides of
the slabs are passivated by pseudo-hydrogen atoms, and the
bottom atomic layer is kept fixed during the relaxation. The slabs
are fully relaxed using a set of special k-points equivalent to the
ones used for the nanowire calculation.
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tributes to the nanowire stability and electronic struc-
ture in a non-negligible way. In many cases, dopant at-
oms tend to migrate to the NW surface or diffuse along
the side walls during growth.” For example, theoreti-
cal analyses on ultrathin silicon NWs suggest that
dopants tend to segregate to the surfaces where they
can lower the system elastic energy and interact with
existing dangling bonds, becoming electronically inac-
tive."” Thus, the detailed knowledge of the side wall and
ridge structure can also help in predicting the dopant
diffusion behavior.
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