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Surface chemical control of the electronic structure of silicon nanowires:
Density functional calculations

Paul W. Leu,* Bin Shan, and Kyeongjae Cho†

Stanford University, Stanford, California 94305, USA
�Received 6 February 2006; revised manuscript received 1 April 2006; published 23 May 2006�

Silicon nanowires �NWs� have potential use in many electronic and photonic applications. In this study, we
have systematically investigated the modification of Si NW electronic structure for different sized NWs and
different surface coverage �H, Br, Cl, and I� using ab initio density functional theory calculations. The surface
chemistry is shown to have strong effects, comparable to that of quantum confinement, on the band structure
of Si NWs. Electronic structure analysis reveals the primary cause of the band gap change is the suppression
of surface states as determined by the strength of the surface bonds. The results elucidate surface chemical
control of NW electronic structure and illustrate an example of simulation-based design characterization of
nanoelectronic components.
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Recent developments in vapor liquid solid growth
methods1 have made possible the synthesis of semiconductor
nanowires �NWs� with precise control. Semiconductor NWs
have emerged as a potential building material for a diverse
variety of electronic and optical applications, such as light
emitting diodes,2 lasers,3 and optical interconnects. These
small-sized NWs not only provide for increased sensitivity,
higher density devices, and better functionality, but also have
the potential for integration with existing Si microelectron-
ics.

Si NWs have quite different electronic structure from
their bulk crystalline counterpart due to quantum confine-
ment. While bulk Si is a poor optoelectronic material due to
its indirect band gap, Si NWs can have a direct band gap and
optical activity has been observed experimentally.4–6 The
quantum confinement effect gives rise to visible
photoluminescence7 and its enlargement of band gap in
H-terminated NWs has been experimentally observed.8 A
number of theoretical calculations9–12 have also been per-
formed to study the quantum confinement effect in Si NWs,
mostly on �100� oriented NWs with rectangular cross sec-
tions terminated with H. These studies have shown that
quantum confinement becomes significant for NWs with di-
ameters less than 3 nm.

While the effect of quantum confinement on Si NW band
structure has been explored extensively, the use of Si NW
surface modification for band structure engineering has re-
ceived less attention despite its potential importance. Si sur-
face modification is frequently used in microelectronic
device processes. In porous Si, the existence of different sur-
face species such as polysilanes or SiHx,

13 siloxene
molecules,14 and nonbridging oxygen hole centers15 has been
proposed to be responsible for photoluminescence. Some
computational studies have shown the importance of
oxygen16,17 and other passivants18 in Si nanoparticles. Simi-
larly, the large surface-to-volume ratio in Si NWs can be
exploited in NW functionalization and used to modify trans-
port properties in applications such as sensors19,20 and ad-
dressing arrays.21 Si NWs tend to form a layer of SiO2 with
thickness 1–2 nm under ambient conditions,1 and subse-

quent HF treatment can be used to remove this oxide layer
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and terminate the surface with Si-H bonds. A number of
different Si surface treatments can be performed and it is also
energetically favorable to passivate Si surfaces with halogens
�Cl, Br, and I�.22 However, the effects of surface chemical
modification of Si NW electronic structure have not been
systematically investigated.

In this study, we report a first-principles study on the ef-
fects of different surface species �H, Cl, Br, I� on the band
gap of Si NWs. The NWs we studied range from 0.6 to 3 nm
in diameter and have different growth directions. It was
found that the band gaps of Si NWs with different types of
surface passivation can differ by up to a few eV, comparable
to those due to quantum confinement. Such variation is more
pronounced for NWs that are smaller and those with surface
coverage above 50%. The reduction in band gap is shown to
be correlated with the existence of surface states due to the
surface bonding species. Based on the calculations, we
present the idea of using surface coverage as a degree of
freedom in modifying the band structure of Si NWs.

We considered NWs with four different growth directions:
the �111�, �110�, and �112� are growth directions that have
been observed experimentally,8 as well as the �100� growth
direction, which most previous first-principles studies have
focused on.11,23–25 The NWs were cut using the low free-
energy �111�, �100�, and �110� facets consistent with Wulff
construction26 and experimental observations.27 The NW
cross sections are illustrated in Fig. 1�b�. The calculations
were done using density functional theory �DFT� within the
generalized gradient approximation �GGA�28 and projector
augmented wave pseudopotentials29 using the Vienna Ab Ini-
tio Simulation Package �VASP�. The NWs are put in a su-
percell with a cross section of 45�45 Å2. At this unit cell
size, the interwire distance is �8 Å, which effectively pre-
vents the overlapping of wave functions from neighboring
cells. The Kohn-Sham single-electron wave functions are ex-
panded by plane waves with a cutoff energy of 245.3 eV. We
used four Monkhorst-Pack k points along the axis of the NW.
The whole geometry was relaxed within the supercell until
the forces on each atom are less than 0.1 eV/Å.

Figure 1�a� illustrates the band gaps for different sized

H-terminated NWs in various growth directions, where the
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cross sections of these different growth directions are dis-
played in Fig. 1�b�. The band gap Eg for the NWs is such that
Eg

�110�
�Eg

�110�re
�Eg

�111�
�Eg

�112�
�Eg

�100�. In addition, we note
that the �110� and �100� NWs are direct band gap, while the
�111� and �112� NWs are indirect, consistent with the band-
folding approximation. The data points have been fitted to
Eg

hkl=A /dn+Eg
bulk, where Eg

bulk is the GGA bulk band gap of
Si=0.6 eV and A and n are fitting parameters. While DFT
within the local density approximation is known to underes-
timate band gap, more accurate quantum Monte Carlo calcu-

FIG. 1. �Color online� Band gaps of H passivated NWs in di
diameter, while �b� shows the cross section of the NWs.

FIG. 2. �Color online� Band gaps of H passivated NWs at diffe
has the strongest effect at smaller diameters and at passivation abo

coverage at different diameters, while �b� displays the structure of the 2

195320
lations have shown that DFT reproduces the general trends
of band gap change.30 We obtained values of n in the range
of 1.2–1.6 from our fitting, close to n=2 corresponding to
the effective mass approximation.

The correlation between surface structure and electronic
properties can be seen in the �100� surface reconstruction of
�110� NWs �denoted �110�re�. The �100� facets were recon-
structed by removing a pair of H atoms from neighboring Si
atoms and forming an additional Si-Si bond, as shown in Fig.
2�b�. We observed that 2�1�100� surface reconstruction in

nt growth directions. �a� displays the band gaps as a function of

iameters as a function of surface coverage %. Surface passivation
0% coverage. �a� displays the band gaps as a function of surface
ffere
rent d
ve 5
nm diameter NWs at 100% H coverage and 50% I coverage.
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NWs leads to a band gap enlargement of a few tenths of an
eV. In contrast, small Si nanoparticles have been reported to
exhibit a redshift in band gap after �100� surface
reconstruction.17,31 Surface reconstruction leads to localized
surface states that behave like impurity levels. Puzder et al.
note that these surface states reside within the band gap for
small nanoparticles, leading to an optical gap of 3.5 eV with
weak size dependence. However, NWs are confined in one
less dimension than nanoparticles and our smallest �110�
NWs have a band gap of 2.7 eV. The states from the surface
dimers reside outside the band gap of these NWs. In fact,
NW �100� surface reconstruction leads to a slightly larger
band gap because the effective size of the NW is slightly
reduced and, hence, confinement is slightly stronger. After
reconstruction, the NW conduction- and valence-band edge

ter at 0%, 50%, and 100% I coverage. The band structures and
ilar trends for different diameters and different surface passivation
lume ���r��Vcell� with units of Coulombs of the valence-band and

3 3
TABLE I. Reaction energy for 6.9 Å diameter NW at different
surface coverage. The reaction energy for each surface coverage is
calculated with the reactants of the Si NW with H passivation and
I2, while the product is the Si NW with appropriate passivation and
H2. Other halogen species and different size NWs exhibit similar
trends.

Surface coverage �%� Reaction energy �eV/at�

4 −0.77

8 −0.76

25 −0.68

50 −0.64

75 −0.61

100 −0.54
FIG. 3. Band structure of I passivated NWs about 2 nm in diame
conduction-band minimum and valence-band maximum states show sim
species at the same coverage %. The charge density multiplied by the vo
ts. Vcell�7760 Å . ��r�=0.09 C/Å is shown in light gray.
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states cannot hybridize with the surface states from the re-
constructed Si dimer and do not extend to the reconstructed
�100� surfaces.

To study the effects of different surface passivations in
more detail, we focused on �110�re NWs since �110� is the
most common growth direction for NWs from 3 to 10 nm in
diameter27 and it is energetically favorable to reconstruct the
�100� surfaces. It should be mentioned that the results we
present in the following are general and apply well to NWs
with other growth directions. We have investigated the pas-
sivation of NWs with halogen atoms �Cl, Br, I�, which are all
stable methods of passivating Si surfaces. Fluorene is kineti-
cally unstable on Si and Ge surfaces due to its high polarity
and thus is not included in the calculation. Table I lists the
heat of reaction for I atoms on Si NW surfaces. We note that
the reaction is exothermic and that it should be possible to
obtain 100% coverage on these NWs. With increasing sur-
face coverage, the binding affinity is weaker, but the driving
force continues to be toward 100% surface coverage as the
stability of the H2 molecule in the reaction products helps
drive the NWs to halogenate. Other halogen species show
similar trends and are more exothermic.

Figure 2 depicts the band gap modification of NWs using
these halogens for different diameters at different surface
coverage �0%, 50%, and 100% for all NWs and some more
surface coverages for smaller NWs�. The geometry of 50%
passivated NWs is shown in Fig. 2�b�, where the halogen
atoms alternate with H atoms along the NW axis. Under the
same percentage of passivation, I has the strongest reduction
of the band gap, followed by Br and then Cl. The bonding
strength of Si NWs and these halogen atoms are in exactly
the opposite order of band gap reduction. The bond lengths
of the different passivation species are about 1.51 Å for H,
2.07 Å for Cl, 2.24 Å for Br, and 2.46 Å for I. Cl has the
greatest reaction energy followed by Br, and then I. We also
note that the halogens on the �100� reconstructed surface are

FIG. 4. Partial charge density of the valence-band maximum and
H, no passivation, Cl, Br, and I passivation. The partial charge dens
unit cell ��r��Vcell. Vcell�544 Å3. The valence- and conduction-ba
with H. With weaker bonding, the valence-band and conduction-ban
slabs.
about 3.86 Å apart from each other.

195320
The observed band gap modification by surface passiva-
tion can be understood from band structure analysis. Figure 3
depicts the details of the band structure modification of a
2 nm diameter Si NW with different amounts of I passiva-
tion. We note that for H passivated Si NWs, the valence-band
maximum and conduction-band minimum states are concen-
trated more in the interior of the wire. Similar effects have
been observed in studying H passivated NWs versus free
surface NWs.32 With increasing halogen passivation, the
conduction-band minimum and valence-band maximum
states are spread out more toward the surface of the NW.
With 100% halogen passivation, the conduction-band mini-
mum state is now located in both the internal part of the NW
and the �100� surfaces, and the valence-band maximum is
now concentrated on the �110� surfaces. NWs of different
diameter with the same surface coverage show similar
trends.

To see more concretely the existence of surface states and
the origin of band gap reduction, we perform calculations on
Si slabs of about 3 nm thickness with H, no passivation, Cl,
Br, and I passivation. The charge density of the valence-band
maximum �VBM� and conduction-band minimum �CBM�
are displayed in Fig. 4. With H passivation, the VBM and
CBM are concentrated more in the interior of the slab, hav-
ing bulklike character. Without passivation, the surface states
are located in the midgap of the slab. H exhibits strong bond-
ing with Si and pulls the surface states out of the band gap
into the conduction and valence bands. With the different
surface halogen passivations, Cl, Br, and I, weaker bonding
strength between the surface species and Si results in a
smaller band gap and increasingly more surfacelike character
to the VBM and CBM. The change in VBM is more signifi-
cant than that from the CBM.

It is also observed that band gap reduction is more rapid
at high surface coverage. Above 50% surface passivation, the
halogens become nearest neighbor along the axis direction

duction-band minimum for an Si slab of about 3 nm thickness with
in units of Coulombs after being normalized by the volume of the

tates have bulklike character to them when the slabs are passivated
tes become more surfacelike. �b� shows the structure of one of the
con
ity is
nd s
d sta
and start interacting more strongly with one another. This
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interaction weakens the bonding of the halogen atom with
the Si NW, resulting in a reduced band gap. Figure 5 depicts
a contour plot of the band gap of NWs as a function of
diameter and surface I passivation. The circles indicate ac-
tual data points to which the contours are interpolated using

33

FIG. 5. Contour plot of the band gaps of I passivated NWs.
biharmonic spline interpolation. The contours are produced
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by curve fits of Eg
hkl=A /dn+C for 0%, 50%, and 100% sur-

face coverage and contours are produced using interpolation.
The shape of the contours indicates that the band gap change
is most significant at �50% surface coverage and diameter
changes are most significant under 30 Å. This plot is an ex-
ample of simulation-based design and can be used to guide
band gap engineering.

In conclusion, we have studied the effects of different
surface passivation on the band structure of Si NWs. It was
found that the coverage of more weakly interacting surface
species leads to a larger band gap reduction. The origin of
band gap reduction comes from the surface species weakly
interacting with the NW and thus not pulling the surface
states as far out of midgap. The passivation of halogens is
energetically favorable and allows for a new method for en-
gineering the electronic states of Si NWs.
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