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ABSTRACT

The effects of surface reconstruction and progressive hydroxylation on the electronic properties of [110] hexagonal silicon nanowires are
investigated by ab initio calculations within the density functional theory. Progressive hydroxylation changes the density of states close to
valence band maxima and leads to a general decrease in the band gap. The magnitude of band gap reduction is dependent on the facet where
the hydroxyl group is bonded. While a high reduction in band gap (10%) is observed for hydroxylation on (111) facets, for (001) facets the
reduction is more pronounced (21%) only when there is a (3 × 1) reconstruction. The reduction in band gap is generally accompanied by an
off-center radial shift in the location of the charge density arising from the HOMO. These results go to show the impact of surface reconstruction
and termination groups on the electronic properties of Si nanowires, which are important for using these materials for biosensor and transistor
applications.

Silicon nanowires (SiNWs) have become promising for
electronic applications such as transistors,1 photovoltaic
devices,2 thermoelectric power generation, and biosensors3

due to their unique properties such as large surface-to-volume
ratio (SVR), high carrier transport mobility, and tunable band
structure not present in the bulk. As quasi-one-dimensional
material systems, SiNWs exhibit unique electronic and
optical properties due to quantum confinement effects arising
from their nanoscale cross section. For example, a direct gap
is calculated for [110] NWs with hexagonal cross section
with a diameter of up to 7 nm,4 a phenomena that is
promising for use of SiNWs in optoelectronic applications.
While these properties are mainly determined by the
diameter, crystallinity, and orientation of the NW core, they
can be drastically influenced by surface properties including
surface defects and surface termination bonds. Generally, the
surfaces of Si NWs and nanocrystals are modified to control
and reduce surface dangling bonds that can introduce
electronic levels near the Fermi energy. For example, Tian
et al.2 have shown that the open circuit voltage and efficiency
of SiNW photovoltaic devices can be enhanced by proper
passivation of NW surface and grain boundaries due to
suppression of recombination processes. In addition, dramatic
improvements in carrier mobility, threshold voltage, and
stability of poly-Si NW devices used in wet ambient

conditions are primarily attributed to H+ and/or OH- surface
passivation effects.5

Most of the theoretical calculations to date have been done
to study the influences of crystalline orientations and the
diameters on the electronic properties of SiNWs using ab
initio density functional theory (DFT).6-10 These DFT
calculations have reliably predicted that as the diameter of
silicon NWs and nanocrystals are reduced, quantum confine-
ment leads to a general increase in the band gap. More
specifically, the band gap of SiNWs is shown to linearly scale
with SVR for different NW cross sections.4 On the other
hand, it has been shown that the interaction of the surface
termination groups with the valence band edge competes
against the quantum confinement effects and can induce a
reduction in the band gap.11 Recent theoretical studies on
surface passivation focused on the effect of different types
of chemicals and their surface coverage on electronic
structure of SiNWs.6,11,12 The effect of surface termination
groups on electronic structure can change for different facets
of SiNW, and the role of different facets in tuning the
electronic properties is not clear yet. Recently, it was shown
that bonding of radical NH2 to the different facets can have
different contributions to the density of states, which helps
in choosing the right facets for making SiNW sensors.13

In this paper, we use state-of-the-art first principles
calculations to investigate the effect of progressive hydroxy-
lation on (111) and (001) SiNW facets and how the electronic* Corresponding author, peymans@ece.ubc.ca.
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properties are affected by the facet morphologies. Hydroxyl
groups on the surface are important models for technologi-
cally relevant processes including oxidized SiNW surfaces
and can be used to prepare an ideal surface for atomic layer
deposition of metal oxide dielectrics, based on ligand
exchange reaction. Many theoretical studies on hydroxylation
of silicon nanocrystals have been reported in the past
years.14,15 Here, we consider small diameter [110] SiNWs
that are shown to be preferred due to development of lower
energy surfaces such as (111) and (001). We also explore
surface reconstruction in (001) planes. The sensitivity of
different facets to hydroxylation is shown to be dependent
on the presence of surface reconstruction.

The SiNW structures have been constructed along the
[110] direction with hexagonal cross section and diameters
of about 1.7 nm which have been observed experimen-
tally.16,17 Reference 18 has predicted that hexagonal wires
become stable starting at about 1.2 nm diameter which is
close to a recent reported experimental value of about 3 nm.18

Each nanowire contains four (111)-type facets and two (001)-
type facets which are the low-free-energy planes for � growth
axis.16 On the (111)-type facets, each Si atom is bonded to
a single H atom. For the (001) facets, two surface structures
were considered in order to study the effects of (001) surface
reconstruction. The first type is the symmetric SiH2 dihy-
drides structure (labeled NW1) where two H atoms are
bonded to one Si atom (Figure 1). The other type (denoted
as NW2) involves surface reconstruction (Figure 1) on the
(001) facets where a pair of H atoms on each (001) facet
are removed and an additional Si-Si bond is formed. This
modification is referred to as a (2 × 1) surface reconstruction
which is well studied for bulk Si(001) surfaces. Since there
is one dihydride left on each (001) facet, the reconstructed
(001) surfaces become a (3 × 1) structure which has been
observed for bulk silicon (001) surface by scanning tunneling
microscopy (STM).19,20 For both surface structures, we first
study the NW with full H-passivation, followed by gradual
introduction of hydroxyl (-OH) on (001) or (111) facets.
We use suffix A to denote OH-passivation on (111)-type
facets and use suffix B for OH passivation on (001)-type
facets. For example, NW2A-4OH is the NW with surface

reconstruction where four H bonds on (111) facets of one
unit cell are replaced by OH. The calculations in this work
have been performed in the framework of ab initio DFT21

within the local density approximation (LDA).22 We have
used a double-� polarized basis23 set with pseudopotential
constructed using a Troullier-Martins scheme.24 The struc-
tural relaxation was performed using conjugated gradient
minimization such that the force on each atom is less than
0.04 eV/Å. The distance between the NW and its images
was about 18 Å, which is enough to avoid any interactions
between the NW images. The cutoff for the grid integration
was taken to be 200 eV. The Brillouin zone was sampled
by up to five Monkhorst-Pack k-points along the nanowire
axis. To calculate the electronic density of states (DOS), the
Brillouin zone sampling was increased to 11 k-points.

Figure 1 shows a schematic of SiNW after relaxation,
demonstrating a bulklike configuration due to the H-
passivation layer. Due to the strong interaction between the
adjacent dihydrides on the (001) facets of the NW1 category,
the dihydrides repel each other and slightly rotate toward
the (111) facets in the relaxed structure as shown in Figure
1. In the relaxed structure of NW2, the single dihydride on
(001) facet does not rotate because of the (3 × 1) reconstruc-
tion on the surface. We also found that the O-H bonds on
the (001) facets will be different from that on the (111) facets.
Figure 2 shows two hydroxyl groups bonding to a single Si
atom on the (001) facet of NW1B-4OH. Both cis and trans
structures can be observed on the (001) facets with no
reconstruction, while the hydroxyl groups on the (111) facets
are symmetric and located in the cross-section plane of the
NW. In contrast, in the NW2 category because of the larger
H-H separation on the (001) facets, hydroxyl groups are in
the same cross-sectional plane of the NW.

The formation energy of the NW system can be calculated
by7

where Etot is the total energy of the nanowire, i represents
different species, and µi is the corresponding chemical

Figure 1. The cross section of the two types of SiNWs studied
here after relaxation. The left structure is referred to as NW1 and
the other NW2 with surface reconstruction as described in the text.
NWs are oriented along [110]. Suffixes A and B denote (111)-
type and (001)-type facets, respectively. The cyan balls represent
Si atoms and the gray denotes H atoms.

Figure 2. Cis (top) and trans structures (bottom) of hydroxyl groups
on the (001) facets of NW1B-4OH after structural relaxation. The
cyan, red, and gray balls represent the Si, O, and H atoms,
respectively.

Eform ) Etot(wire) - ∑
i)Si,O,H

Niµi (1)
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potential of the species. The chemical potential of silicon is
taken as that of bulk silicon, and the chemical potential of
hydrogen and oxygen are extracted from molecular hydrogen
and oxygen, respectively. The formation energy analysis (see
Table 1) shows that the H-passivated NWs are metastable
as indicated by their positive formation energies.25 The
surface-reconstructed structure (NW2) is more stable than
NW1 with an energy difference of 0.678 eV due to a larger
separation of hydrogen atoms on the surfaces. We can also
see that both NW structures show a monotonically decreasing
formation energy as the number of OH radicals increase,
implying that hydroxylation is an energetically favorable
process. Interestingly, we found that for the same number
of OH groups, hydroxylation on (001)-type facets results in
lower energy than that on (111)-type facets. This can be
clearly observed from the formation energies of NW1A-4OH
and NW1B-4OH. This is also the case for surface-
reconstructed NW that shows hydroxylation on (001)-type
facets is more energetically stable (see NW2B-4OH and
NW2A-4OH).

In this report, a direct band gap is seen (Figure 3) in all
calculations, as the valence band peak and the minimum of
the conduction band are at the Γ points. The band gaps we
obtained for NW1 (1.3231 eV) and NW2 (1.3002 eV) are
similar to the results of the hydrogenated SiNWs reported
in ref 9. The lowest band gap is found in NW2B-4OH which
is 1.0248 eV. As discussed in ref 11, although LDA-DFT
calculations underestimate the band gap of [110] nanowires,
the trends in the band gap can still be predicted correctly.26,27

Comparing the band gap of the NW1 group and that of the
NW2 group, we can see that (001) surface reconstruction
induces a red shift in the band gap, which has been observed
experimentally in silicon nanoparticles.15,28,29 However, ref
12 showed that (001) surface reconstruction leads to a larger
band gap due to the slight reduction in effective size. To
further investigate the surface reconstruction effect on the
band gap, we calculated the change in band gap for two
SiNWs with hexagonal cross section but different diameters
and surface-to-volume ratios. As shown in Table 2, for the
SiNW with diameter about 2.6 nm, the change in the band
gap due to surface reconstruction is 2.36% larger. In contrast,
for the SiNW with diameter of about 1.4 nm (i.e., smaller
than our current NW), a stronger red shift is observed: the
band gap is reduced to 3.27 eV after surface reconstruction.
On the basis of these results, we conclude that the impact of

surface reconstruction on the band gap is size-dependent,
which explains the discrepancy with ref 12.

Generally, hydroxylation reduces the energy gap in
comparison to H-passivation. As shown in Figure 3, the
change in the maximum energy of valence band is more
significant as compared to the change in the minimum of
the conduction band. For NW1A-2OH, NW1A-4OH, and
NW2, the second valence band maximum is located just
below the first one. Comparing NW1, NW1A-2OH, and
NW1A-4OH, it can be observed that the reduction in the
band gap values becomes more effective as the surface
coverage of OH increases. The band gap of NW1A-2OH is
reduced by 4.23%, while for NW1A-4OH it is reduced by
9.76%. However, the effect of OH passivation on (001)-type
facets is different from that on (111)-type facets. Since
NW1A-4OH and NW1B-4OH have the same number of
atoms, we can compare them directly with NW1. The energy
gap is only reduced by 4.15% with four OH bonded on the
(001) facets, while the passivation on (111) facets with the
same amount of OH shrinks the energy gap by 9.76%, which
is more than twice larger. In contrast, the same analysis on
NW2 shows that the reconstructed (001) facets seem to be
more active in band gap modification. The band gap of
NW2B-4OH is reduced by 21.18% with respect to NW2.
These results go to show that the effect of hydroxylation is
strongly facet dependent, which is very important for design
and implementation of NW based biological and chemical
sensors due to the fact that the density of carriers in NWs
changes exponentially with a change in the band gap.

Table 3 summarizes the corresponding effective masses
for different NWs. The effective masses of holes and
electrons are determined directly from the curvatures of the
valence and the conduction bands, respectively. The calcu-
lated effective masses of NW1 and NW2 which are passi-
vated only with hydrogen agree well with the results reported
in ref 30. As expected, the changes in electronic band
structure lead to changes in the effective masses. It is found
that for both NW1 and NW2 groups the effective mass of
electron increases slightly as OH is introduced to the (111)-
type facets (NW1A and NW2A in Table 3). In contrast,
hydroxylation on (001) facets decreases effective masses for
both electrons and holes. However, this trend in the change
of effective masses is not observed in the SiNWs with surface
reconstruction (NW2 category in Table 3). Our results show
that the effective masses of electrons in NW2 category are
generally smaller than that of NW1, while the effective
masses of holes are larger as compared to the NW1 group.

After the structures were fully relaxed by the DFT-LDA
approach, the molecular orbitals were calculated at the
B3LYP/6-31G(d)31 level of theory using the Gaussian 03
package.32 It is found that the presence of hydroxyl groups
on the NW surfaces delocalizes the highest occupied mo-
lecular orbitals (HOMO), while the lowest unoccupied
molecular orbitals (LUMO) remain highly localized at the
center of the NW (not shown here). Figure 4 shows the
HOMO of NW1 and NW2 with and without hydroxylation.
The charge distributions are generally around the Si-Si
bonds along the nanowire’s axis. When the NW is fully

Table 1. Calculated Total Energies, Electronic Band Gap
(Eg) for All Systemsa

system Eform (eV) CB (eV) VB (eV) ∆Eg (%)

NW1 5.512 -3.819 -5.142
NW1A-2OH -25.038 -3.827 -5.094 -4.23
NW1A-4OH -55.578 -3.870 -5.064 -9.76
NW1B-2OH -25.447 -3.809 -5.101 -2.37
NW1B-4OH -57.708 -3.807 -5.077 -4.15
NW2 4.834 -3.856 -5.156
NW2A-2OH -25.732 -3.878 -5.113 -5.03
NW2A-4OH -56.356 -3.955 -5.104 -11.58
NW2B-2OH -25.866 -3.983 -5.105 -13.69
NW2B-4OH -57.436 -3.788 -4.813 -21.18

a ∆Eg (in percentage) is the change in the energy gap compared to the
original systems (NW1 or NW2) with full hydrogen passivation.
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passivated with hydrogen, the HOMO is concentrated more
in the interior of the NW. As OH passivation increases on
the (111)-type facets of both types of NWs, the HOMO
densities spread out to the surface and mostly toward the
hydroxyl groups. However, hydroxylation on the (001) facets
shows different results for NW1 and NW2. While for NW1
hydroxylation does not change the HOMO significantly, for
NW2 the hydroxyl groups displace the HOMO states toward
the surface. In NW1B-4OH, a large contribution around the
center of NW remains and the induced surface states are
small. Note that the nonsymmetric nature of HOMO densities
for NW1B-4OH is due to the cis and trans structures on two
(001) facets. In NW2B-2OH/4OH, although the interior
orbital remains, there is a significant contribution from the
passivation sites as well on the reconstructed surfaces. The

difference must be due to the different surface structure of
the (001) facets. We can conclude that the common effect
observed in both NW1 and NW2 categories due to surface
modification is that hydroxylation on (001) facets does not
change the HOMO around the center of the wire, while OH-
passivation on (111) facets can significantly shift the HOMO
from the center to a close proximity of the passivation sites.
This can explain the change in the electronic band structures.
The surface states induced by OH passivation cause signifi-
cant changes in the valence band maxima (VBM) at the Γ
point, while the conduction band minima (CBM) are
relatively stable.

In order to understand the effect of hydroxylation on the
electronic band structures, we also examine the partial density
of states (PDOS). The total electronic DOS was decomposed
into partial atomic contributions from different species and
atoms at different sites. The PDOS curves were normalized
by the total number of atoms. A Gaussian broadening of 0.05
eV was used. The PDOS contributions form the terminating
groups (H, O) and the two types of Si atoms (one on the
surfaces and one around the center) of NW1A-4OH are
displayed in Figure 5. As reported in ref 13, the surface states
of SiNWs seem to be more relevant in the formation of the
VBM states. The main contribution to the DOS near the
VBM is from the Si atoms at the hydroxyl sites (in this case
on (111) facets), as can be seen in Figure 5 by comparing
the first peaks of the PDOS graphs of different atoms. The
next two contributions, although at lower level, are from the
O atom at the hydroxyl site and the Si atom around the
center. However, the contributions from the Si atom on the
facets with no hydroxyl group (i.e., (001) facets in this case)
and the H atoms are relatively small. Similar effects are
observed in NW2A-4OH and NW2B-4OH as well.

Since we know Si atoms play an important role in the
DOS, we then plot the PDOS derived from Si atoms at
different sites for both NW1 and NW2 categories. The three

Figure 3. Electronic band structures and band gap of different SiNWs. The Fermi levels are all in the middle of the band gaps. k-points
are sampled along Γ-X.

Table 2. The Changes in the Electronic Band Gap Due to
(001) Surface Reconstruction for NWs with Different
Diametersa

D (nm) Eg (eV) Eg′ (eV) ∆Eg (%)

1.4 1.402 1.356 -3.28
1.7b 1.323 1.300 -1.74
2.6 1.102 1.128 2.36

a ∆Eg (in percentage) is the change in the energy gap compared to the
structure before surface reconstruction. b The NW with diameter 1.7 nm
corresponds to NW1 shown in Figure 1.

Table 3. Calculated Ratios of Effective Masses for
Electron (me*) and Hole (mh*) to the Mass of a Free
Electron (m) for All Systems

system me*/m mh*/m

NW1 0.1260 0.1614
NW1A-2OH 0.1265 0.1649
NW1A-4OH 0.1270 0.1656
NW1B-2OH 0.1244 0.1584
NW1B-4OH 0.1247 0.1545
NW2 0.1191 0.1785
NW2A-2OH 0.1194 0.1703
NW2A-4OH 0.1203 0.1560
NW2B-2OH 0.1186 0.1613
NW2B-4OH 0.1197 0.1634
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plots in Figure 6 are for NW2, NW2B-4OH, and NW2A-
4OH, respectively. For NW2 with H only passivation, the
contributions of the silicon atoms on (001) and (111) facets
and around the wire center to the DOS near the valence band
edges are very similar. For NW2B-4OH where hydroxyls

are absorbed on the (001)-type facets, the contribution to
the valence band edge from the Si atoms on (111) facets
dominates which is about 3 times larger. When hydroxyls
are absorbed on the (111)-type facets (NW2A-4OH), the Si
atoms on (111) facets contribute the most. This is consistent
with the fact that the HOMO densities move toward the
hydroxyl sites. For the states near the CBM, the contribution
from the central atoms always dominates. But there is no
significant difference among the Si atoms from these three
sites. Figure 7 shows similar PDOS analysis for NWs from
NW1 group. In contrast to NW2 group, where both the
reconstructed (001) and the monohydrated (111) facets have
significant contributions to the band-edge, the monohydrated
(111) facets of NW1 seems to be more active than the
symmetric (001) facets. Hydroxylation on the symmetric
(001) facets of NW1 does not create states close to VBM.
This difference must be due to the variation in the (001)
facet morphology as observed in the HOMO density.

Figure 4. HOMO orbitals (of the same contour value 0.045) associated with different NW systems. The cyan, red, and gray balls represent
the Si, O, and H atoms, respectively.

Figure 5. PDOS plots for H (yellow solid), O (cyan solid), and Si
(black dot) atoms on (111) facets, H (green solid) and Si (blue
dash) atoms on (001) facets, and Si (red solid) atoms around the
center for NW1A-4OH.

Figure 6. PDOS of silicon atoms on (001) surface facets (blue
dash), (111) surface facets (black dot), and around the center (red
solid) for NW2, NW2B-4OH, and NW2A-4OH.

Figure 7. PDOS plots of silicon atoms on (001) surface facets (blue
dash), (111) surface facets (black dot), and around the center (red
solid) for NW1, NW1A-4OH, and NW1B-4OH.
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In conclusion, we have investigated the effect of hydroxy-
lation and surface reconstruction on electronic properties of
SiNWs including band gap, effective mass, and density of
states. In contrast to confinement effects, the size of the band
gap decreases by increasing the amount of hydroxyl groups
on the surface. The decrease in band gap is more pronounced
(∼10%) for hydroxyl groups on (111) facets in comparison
to those on (001) facets (∼4%), when there is no reconstruc-
tion. But for NWs with reconstructed (001) facets, the
decrease in band gap of about 21% can be observed for
hydroxylation on reconstructed surfaces. The decrease in
band gap of these NWs is accompanied by a general
movement of charge densities arising from HOMO from the
center of NW toward the surface. While effective masses
for electrons and holes do not significantly change upon
hydroxylation, reconstruction induces a small decrease in
effective mass of electrons and a small increase in effective
mass of holes. PDOS analysis for hydroxylated NWs also
shows that the contributions of the surface Si atoms on either
(001) or (111) facets will dominate the density of states
around the VBM. The sensitivity of density of states to
hydroxylation on (111) facets is pronounced for NWs with
no surface reconstruction, while this is more pronounced for
hydroxylation on reconstructed (001) surfaces. These results
are important for understanding the effect of surface termina-
tion on the electronic properties of SiNWs and can be used
for design of NW sensors and optimization of surface
chemistry for SiNW transistors.
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