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Electronic band gaps of diamond nanowires
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Recent advances in the fabrication and characterization of semiconductor and metallic nanowires are proving
very successful in meeting the high expectations of nanotechnologists. Although diamond has been found to
possess remarkable electronic and chemical properties, development of diamond nanowires has been slow.
Successes in this are expected to increase, making a description of the electronic properties of diamond
nanowires of significant importance. In an attempt to predict the electronic properties of diamond nanowires,
we have usedab initio techniques to calculate the electronic density of states of stable diamond nanowires,
with cubic and dodecahedral surface facets. Our results indicate that the energy band gap of diamond nano-
wires is significantly reduced, due to the contributions from occupied and unoccupied surface states. This
reduction is shown to be dependent on the nanowire diameter, surface morphology, and surface hydrogenation.
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The emergence of molecular nanotechnology has in
duced a wide range of potential applications of nanostr
tured materials, for a variety of purposes. One-dimensio
~1D! nanowires have been proposed as important com
nents, playing an integral part in the design and construc
of both electronic and optoelectronic nanodevices.1 In par-
ticular, the electronic properties of nanowires, theI -V char-
acteristics, and the degree to which these properties ma
manipulated by modifying the nanowire structure are
great interest. Significant work has been compiled regard
the electronic properties of semiconductor nanowires incl
ing silicon,2,3 silicon carbide,4,5 and carbon.6–10 Recent ad-
vances in the synthesis, characterization, and struct
modification of silicon nanowires have shown great promi

Diamond has been suggested to be the optimal choice
nanomechanical designs, due to its high elastic modulus
strength-to-weight ratio, and relative ease with which s
faces may be functionalized.11 Theoretical comparisons with
carbon nanotubes have shown that diamond nanowires
energetically and mechanically viable structures, even at
ameters under 5 nm.12 Aligned diamond nanowhiskers hav
been successfully formed using air plasma etching of po
crystalline diamond films.13 Dry etching of the diamond
films with molybdenum deposits created well-aligned u
formly dispersed nanowhiskers up to 60 nm in diameter w
a density of 50mm22. These diamond nanowhiskers show
well-defined characteristics of diamond.13 Diamond nanocyl-
inders with a diameter of'300 nm have been synthesized14

and most recently, ‘‘nanorods’’ of single crystalline diamo
have been reported.15 These predictions and fabrication su
cess stories make the description of the electronic prope
of diamond nanowires of significant importance.

As nanowires have very high surface-to-volume ratios
surface structure is central to the electronic properties
these nanostructures. The surface structure of stable c
diamond nanowires has been examined previously, and
been found to vary significantly over individual surfa
facets.16 These surface variations~and more complicated sur
face disorder! will effect the electronic properties of diamon
nanowires, making the band structure differ from that of b
diamond, especially in the vicinity of the band gap. For t
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reason, it is first necessary~in order to gain an understandin
of the effects of surface structure upon the band gap! to
examine the electronic structure of more homogeneous
mond nanowire surfaces, and to compare to bulk diamo
Only after such a study may the electronic structure of m
complicated diamond nanowires be investigated.

A number of papers have been published regarding
electronic structure of both hydrogenated and dehydro
nated bulk diamond C~110! ~Ref. 17! and C~100! ~Ref. 18!
surfaces. Kern and Hafner17 found using density-functiona
theory ~DFT! within the local-density approximation~LDA !
that the C~110! surface produces a number of bonding a
antibonding states. The occupied bonding states for the
hydrogenated C~110! surface fall from'1.0 eV below to 1.0
eV above the valence-band maximum, and were charac
ized asppp* states. Thepz antibonding states~formed by
the dangling surface bonds! were found to form two states
situated in the band gap~along theGX direction!. These
states had a large dispersion of 3.4 eV above the vale
band maximum, thereby reducing the band gap. In the c
of the hydrogenated C~110!:H surface, these antibondin
states were removed, and the C-H states were introdu
from 2 eV above the valence-band maximum to merge w
the conduction band, also reducing the band gap. Their s
concluded that the C~110! surface is metallic whereas th
C~110!:H surface is semiconducting.

Furthmüller et al.18 conducted a similar~DFT LDA! study
on the C~100! and C~100!:H surfaces. The dehydrogenate
surface was found to produce unoccupiedp states in the
band gap from'1.5 eV to 2.5 eV above the valence ban
maximum Table I. The occupied states fell between22 eV
and 0 eV, below the valence-band maximum. Yanget al.19

~using DF-TB! also found states in the band gap, from 0
eV to 3.0 eV from the valence-band maximum. Like t
C~110!:H surface, hydrogenation was found to remove the
states.18,19 The C~100!:H surface also showed band-gap na
rowing, with the C-H bonding states evident from 3.3 eV
6 eV below the conduction-band minimum, merging with t
conduction band.

In the first part of the present study, the electronic pro
erties of diamond nanowires have been investigated a
©2003 The American Physical Society07-1
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function of nanowire diameter and morphology. Three m
phologies have been considered consisting of pure dod
hedral and combination cubododecahedral forms, one
which is denoted as ‘‘cubic’’ due to the square or rectangu
cross section and the other as ‘‘cylindrical’’ due to the circ
lar cross section. The three dodecahedral nanowires ran
average lateral diameter from;0.46 nm to;0.78 nm, con-
sisting entirely of C~110! surfaces with the principle axis in
the @100# direction. The three cubic diamond nanowir
~with average diameters from;0.45 nm to;0.87 nm) con-
sist of two C~110! surfaces and two C~100! surfaces, and
have the principle axis in the@110# direction. Like the cubic
nanowires, the five cylindrical diamond nanowires~with av-
erage diameters from;0.44 nm to;1.79 nm) consist of
four C~110! surfaces and four C~100! surfaces, but with the
principle axis in the@100# direction. Each of the nanowire
has been structurally relaxed prior to the calculation of pr
erties and determined to be stable in the diamond struct
with the exception of the smallest dehydrogenated cu
nanowire,20 which has therefore been omitted from th
study. While these nanowires are ultrafine, and succes
synthesis of such nanomaterials may take some time, the
of ab initio methods~and currently available computation
resources! in this case limits the size of systems that may
studied.

TABLE I. Electronic states produced by dehydrogenated a
hydrogenated C~100! and C~110! bulk-diamond surfaces, indicatin
the occupied~bonding! and unoccupied~antibonding! states. All
energy ranges are given in reference to the valence-band maxim

Surface Occupation Energy range~eV!

C(100)(231) Occupied 22.0–0.0
C(100)(231) Unoccupied 1.5–2.7
C(100)(231):H Occupied 3.3–6.0
C(110)(131) Occupied 21.0–1.0
C(110)(131) Unoccupied 1.0–3.4
C(110)(131):H Occupied 2.0–7.0
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In all, ten dehydrogenated and nine hydrogenated d
mond nanowire structures were constructed with perio
boundary conditions applied along the principle axis, a
sufficient vacuum space added in the lateral directions
create infinite 1D structures. This gives a sample of str
tures with two distinct orientations, a variety of surface stru
tures, and a range of sizes. The electronic properties w
calculated with the Viennaab initio simulation package,21

using DFT within the generalized-gradient approximati
~GGA!, with the exchange-correlation functional of Perde
and Wang.22 We used ultrasoft, gradient correcte
Vanderbilt-type pseudopotentials23 and expanded the valenc
orbitals on a plane-wave basis up to a kinetic-energy cu
of 290.00 eV. This method has been successfully applie
bulk diamond,24 diamond nanowires,16 nanodiamond,25 and
fullerenes,26 and has been shown to give results in excell
agreement with experiment and all electron methods. P
liminary testing determined that a 163434 Monkhorst-
Pack k-point mesh was sufficient in this case, and that
advantage could be gained by using a largerk mesh or plane-
wave cutoff. Application of the linear tetrahedron method f
Brillouin-zone integration meant that the use of lessk points
~even in nonperiodic directions! was not recommended.

Although the DFT GGA method may not be the ‘‘idea
method of choice for calculating band gaps, it has been u
here for a number of reasons. First, higher levels of the
that give more accurate band-structure results~such as quan-
tum Monte Carlo27! are currently computationally too expen
sive to make the investigation of the larger diameter nano
ires viable. Second, it was considered desirable to ob
results for all of the nanowires considered using the sa
theoretical technique, to promote consistency and ena
cross comparison of the nanowire results. Finally, the ap
cation of DFT facilitated direct comparison with the ban
gaps of bulk-diamond and bulk diamond surfaces obtai
by other research groups.17,18

As expected~from knowledge of bulk-diamond surfaces!
the electronic density of states~EDOS! of the dehydroge-
nated dodecahedral nanowires showed additional peak

d

m.
with
m-
TABLE II. Electronic band gap (Eg) of the dehydrogenated and hydrogenated diamond nanowires,
corresponding diameter~D! and percentage C~110! surface bonds. Hydrogen terminations included in dia
eters.

Morpohology C~110! Dehydrogenated Hydrogenated
(%) D ~nm! Eg ~eV! D ~nm! Eg ~eV!

Dodecahedral 100 0.46 1.35 0.52 3.08
Dodecahedral 100 0.58 0.54 0.65 2.65
Dodecahedral 100 0.72 0.77 0.78 2.40
Cubic 55.6 0.47 3.50
Cubic 66.7 0.58 1.10 0.61 2.72
Cubic 50.0 0.81 0.89 0.86 2.75
Cylindrical 33.3 0.44 4.08 0.49 4.15
Cylindrical 50.0 0.59 1.29 0.63 3.44
Cylindrical 20.0 0.85 3.27 0.89 3.07
Cylindrical 55.6 1.55 1.80
Cylindrical 60.0 1.79 3.59
7-2
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FIG. 1. The structure~left! and
EDOS ~right! for the dehydroge-
nated;0.58 nm dodecahedral~a!,
;0.58 nm cubic ~b!, and
;0.59 nm cylindrical ~c! dia-
mond nanowires.
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the band gap, due to the addition of unoccupied C(110
31) surface states. These states appear to merge
valence-band maximum, thereby narrowing the band g
The number of these states increased in the larger dodec
dral nanowires, with the;0.58-nm dehydrogenated$110%
structure effectively having the smallest calculated band g
As an example, the structure and the EDOS for
;0.58-nm dodecahedral nanowire are given in Fig. 1~a!.
The small gap at'22 eV is within the occupied valenc
band, with occupied states above this range.

The dehydrogenated cubic and cylindrical nanowires a
exhibited significant band-gap narrowing due to the introd
tion of unoccupied C(100)(231) and C(110)(131) states
above the valence-band maximum. The structures and ED
for the ;0.58-nm cubic nanowire and the;0.59-nm cylin-
drical nanowire are shown in Figs. 1~b! and 1~c!, respec-
tively. For both the;0.58-nm and;0.81-nm cubic struc-
tures, significant band narrowing is observed, with
unoccupied C(100)(231) and C(110)(131) states merg-
ing with the valence-band maximum. The band gap of
23540
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0.58-nm cubic nanowire shown in Fig. 1~b!, is zero~and the
density of states at the Fermi level is finite! indicating a
metal or semimetal. However, in the case the cylindri
nanowires the unoccupied C(100)(231) and C(110)(1
31) states are higher than the valence-band maximum.
states in the band gap of;0.59-nm cylindrical nanowire
~although unoccupied! are closer to the conduction ban
minimum, rather than the valence-band maximum as w
observed in the cubic nanowire of the same size, indicatin
semiconductor.

In all of the nanowires~irrespective of morphology!, the
hydrogenated diamond nanowires exhibit a reasona
amount of band-gap narrowing due to the occupied C(1
3(131):H and C(100)(231):H states, which merge with
the conduction-band minimum. This narrowing is more p
nounced in the larger nanowires than the smaller ones, e
though the surface-to-volume ratio is lower. Three examp
are given in Fig. 2, showing the structure and EDOS for
;0.65-nm dodecahedral nanowire@Fig. 2~a!#, the;0.61-nm
cubic nanowire @Fig. 2~b!#, and the 0.63-nm cylindrica
7-3
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FIG. 2. The structure~left! and
EDOS ~right! for the hydroge-
nated;0.65 nm dodecahedral~a!,
;0.61 nm cubic ~b!, and
;0.63 nm cylindrical ~c! dia-
mond nanowires.
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nanowire @Fig. 2~c!#. These results are summarized alo
with the dehydrogenated nanowires in Table II.

The most startling result presented here is dramatic
crease of the band gap, especially in the larger dehydro
nated dodecahedral nanowires. Also, the degree to which
decrease occurs is dependent upon the nanowire diame
fact that cannot be merely predicted from knowledge
bulk-diamond surfaces. This, along with the other resu
listed above, indicated that the presence of the C~110! sur-
faces~at the nanoscale! has a significant impact on the ban
gap, for both dehydrogenated and hydrogenated structu
Preliminary result indicates that dehydrogenated nanow
with .50% C~110! surface bonds are semimetals or met
in this size range, whereas dehydrogenated nanowires
,50% C~110! surface bonds are semiconductors. To as
in determining the extent of these effects, the indirect ba
gaps for the dehydrogenated and hydrogenated diam
nanowires considered here have been listed in Table I, a
with the percentage of C~110! surface bonds~either dangling
or C-H!.
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By comparing like morphologies~both dehydrogenated
and hydrogenated versions!, the effective band gap wa
found to decrease with increasing nanowire diameter.
though~due to computational intensity! the band gaps of the
hydrogenated diamond nanowires with a diameter gre
than 1 nm are not available at this time, since the calcula
bulk-diamond band gap is 5.56 eV~experimental value of
5.48 eV!, it is anticipated that at some critical diameter th
~decreasing! trend of the hydrogenated nanowire band ga
will reverse, and the band gap increases once again to
ymptote to the bulk-diamond value.

By comparing like-diameters~across morphologies! the
nanowires with a higher percentage of C~110! surface bonds
have a lower band gap than those with a higher percentag
C~100! surface bonds. By considering the largest dehydro
nated structures of each morphology, the band gap is hig
for the cylindrical nanowires with only 20% C~110!. The gap
then decreases considerably when the percentage of C~110!
is increased to 50% for the cubic nanowire, and decrea
still further when the percentage of C~110! is increased to
7-4
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ELECTRONIC BAND GAPS OF DIAMOND NANOWIRES PHYSICAL REVIEW B68, 235407 ~2003!
100%. A similar trend is evident in the hydrogenated v
sions.

In an attempt to define some kind of predictable relatio
ship, based on the assumption that the band gap is influe
by the nanowire diameter and the fraction of C~110! surface
area@as the C~110! surfaces of bulk diamond are metallic17#,
all of the data has been combined. The band gaps for
dehydrogenated and hydrogenated nanowires have been
ted as a function of the average diameter of each nanow
scaled by the fraction of C~110! surface area. These plots a
given in Figs. 3~a! and 3~b! for the dehydrogenated and hy
drogenated nanowires, respectively. The dispersion evi
in the plots is believed to be due to variations in the surf
structure of the nanowires, especially in the vicinity of t
edges of the surface facets.16 The smallest structures effec
tively have ‘‘only edges’’ as all surface atoms are position
at a facet edge; however the larger nanowires have m
generous surface facets, with relatively fewer atoms p
tioned at facet edges.

In each case the empirical best fits were found to be q
dratic. By solving for the minima it was determined that f
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FIG. 3. The electronic band gap vs nanowire diameter scale
the faction of C~110! surface bonds for the dehydrogenated~top!
and hydrogenated~bottom! diamond nanowires.
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the band-gap minimum, the scaled diameter of dehydro
nated nanowires was;0.61 nm, and of hydrogenate
nanowires was;0.90 nm. Assuming that a general nan
wire may be synthesized with 50% C~110! surface area, this
equates to a dehydrogenated nanowire diameter
;1.22 nm, and a hydrogenated nanowire diameter
;1.81 nm. At these diameters, the predicted band gaps
;0.45 eV, and;2.42 eV, respectively. As the dehydrog
nated diamond nanowire band gaps increase beyond
point ~and the hydrogenated diamond nanowire band g
are expected to increase beyond this point!, the diameter at
which the band gaps equal the calculated bulk-diamond b
gap of 5.56 eV@assuming 50% C~110! surface area# occurs
at ;2.39 nm and;4.14 nm for the dehydrogenated and h
drogenated nanowires, respectively.

Although the reason for the presence of the minimum
the band gap is still under investigation, it is curren
thought that the minimum is caused by the presence of
unoccupied surface and edge states in the gap, and th
crease above this value~for nanowires with a larger diam
eter! is due to the decrease in the dispersion induced by
nanowire edges~and their proximity to one another!. It is
also thought that the increase in the band gap below
minimum value~for nanowires with a smaller diameter! oc-
curs due to quantum confinement effects,28 although this has
not yet been confirmed.

In conclusion, it has been determined that the band g
of diamond nanowires with diameters less than 1.8 nm
significantly smaller than bulk diamond. In dehydrogena
nanowires this reduction in the band-gap is due to the in
duction of unoccupied surface states in the gap, whereas
hydrogenated nanowires the band gap narrowing is du
the introduction of occupied surface states near
conduction-band minimum. Our results indicate that t
band gap of diamond nanowires may be semiconducting
semimetallic or metallic, depending upon the nanowire
ameter, surface morphology, and degree of surface hydr
nation, as well as combinations of these factors. It is the
fore suggested that the band gap of diamond nanowires
be engineered to a desired width by skillful manipulation
these structural parameters. Current work is underway to
termine the extent to which this is possible, specifically
considering larger nanowire structures, by examining the
lationship between the band gap and surface inhomogene
and applying more sophisticated levels of theory.

We would like to thank the Victorian Partnership for Ad
vanced Computing and the Australian Partnership for A
vanced Computing supercomputer center for their ongo
support.
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