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Electronic structure of sulfur-modified nanocrystalline carbon films
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Thin films of nanocrystalline diamond were grown by filament-assisted chemical-vapor deposition
using methane as carbon precursor with high hydrogen dilution and hydrogen sulfide concentration
ranging from 0 to 500 ppm in the gas phase. The surface topography and electronic structure of
these filmssn-C:Sd were investigated using ultrahigh-vacuum scanning tunneling microscopy and
scanning tunneling spectroscopysSTSd, respectively. Topographic image analyses depict that the
root-mean-square roughness of the film surface and average grain size decreases with increasing
sulfur incorporation either in gas phase or solid films. High-resolution scanning tunneling
microscopy images reveal the localized regions of high conductivityswhited surrounded by less
conductive regionssblackd pointing at the existence of inhomogeneous mixture ofsp2- and
sp3-bonded carbon in aggregate or clustered and dispersed state. The surface density of states was
determined using scanning tunneling spectroscopy where normalized differential conductivity, i.e.,
sdI /dVd / sI /Vd mimics local density of statessDOSd. These methods were employed to understand
the role of sulfur in the modification of both the surface microstructure and electronic structure near
the Fermi level. The band edges were derived by taking tangents to the differential conductivity
sdI /dVd within a certain potential window of ±2 eV of the Fermi level. The resulting band gap is
found to be similar to that measured opticallysTauc gapd. The Fermi level for undoped
nanocrystalline carbonsn-Cd was found just below the midgap indicating thatn-C is a weakly
p-type semiconductor. The STS DOS shows oscillatory behavior or peaks which we ascribe to states
of the surface layer having relatively more graphitic orsp2-bonded carbon bonds. With higher sulfur
addition, the Fermi level is found to move above the midgap. These results seem to agree quite well
with our early work on electrical conductivity exhibitingn-type doping taking place and declining
band gap at higher sulfur contents measured with spectroscopic ellipsometry technique on the same
samples. ©2005 American Institute of Physics. fDOI: 10.1063/1.1888025g

I. INTRODUCTION

Diamond thin films grown by chemical-vapor deposition
sCVDd techniques possess enormous potential and interest
and its usage has been persisted for more than a decade in
technological arena such as hard coatings, optical windows,
surface acoustic wavesSAWd devices, electrochemical elec-
trodes, conformal coating for micro-electromechanical sys-
tems sMEMsd, and electron emitting surfaces for field-
emission displayssFEDsd. Each of these applications
requires that diamond properties be optimized to fulfill dif-
ferent functionalities including hardness, surface smooth-
ness, optical transparency, electrical conductivity, field emis-
sion, and so on, which are usually achieved by operating
only on the microstructure. By continuous reduction in crys-
tallite size, the physical propertiessmechanical, electrical,
and electronic propertiesd of the resulting material were en-
hanced substantially.1–3 For instance, going from an insulat-
ing to an electrically conductingsi.e., semiconducting to me-
tallicd material is largely due to the enhancement of grain

boundariessGBsd, which is primarily p bonded. In fact,
since the number of grain boundaries increases vastly, the
entire film becomes electrically conducting and enables it as
an excellent cold cathode material while opening new possi-
bilities for probing the structure of matter at the atomic
level.4 Indeed, this suggests that control over the microstruc-
ture from poly- to nanocrystalline provides us an opportunity
to exploit many of their unique physical properties and ex-
tends its utilization as an advanced nanoengineering mate-
rial.

Conventionally CVD diamond uses hydrocarbon such as
methane in high hydrogen dilution gas mixtures.1 Interest
becomes special when one replaces the hydrogen dilution
with either noble gas and/or impurity incorporations.2,5 There
are several ways to induce nanostructuring in carbon-based
materials outlined in various reports.6–10The potentialn-type
dopants of diamond are of particular interest which may en-
hance the electron field-emission properties of disordered
and nanocrystalline carbon films by providing electrons close
to the conduction band4,11 and helping control the film mi-
crostructure by introducing specific types of defects.12 p-type
doping is also important, but it has been achieved with the
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only known acceptor in diamond; boronsBd.13 However, the
synthesis of diamond and diamondlike or disordered carbon
thin films with n-type conductivity is still interrogative and is
a subject of intense research.14 A great deal of interest exists
on sulfur sSd besides nitrogen and phosphorus due to the
experimental and theoretical findings that it is a promising
donor dopant in diamond.15 A considerable amount of work
has been performed on the nature of impurities in carbon
films and some of the earlier works demonstrated the induc-
tion of shallow donor levels in diamond through the incor-
poration of S, but concrete experimental evidence on the
potential role of sulfur as ann-type donor in diamond has yet
to be reported.16

The electronic propertiessband gap and density of
statesd are known to be sensitive to the structure or micro-
structure includingsp3/sp2 C fraction, GBs or defects, and
impurities usually influenced by processing conditions. The
electronic density of statessDOSd of nanostructured carbon
consists of two types of states: thes bonds ofsp3 and sp2

sites forms states in the valence band ands* states in the
conduction band separated by a band gap of about 5 eV. The
sp2 sites and anysp1 sites also possess more weakly bonding
p states giving rise to filledp and emptyp* states, that lie
close to the Fermi level largely within thes-s* gap. There-
fore, p states control the optical gap and the electronic prop-
erties of disordered carbons, while the mechanical properties
are governed bys states.17,18 In addition, the electronic
structure is also largely controlled by the size of thesp2 C
clustersschain or ring formationd than that of its absolute
concentration.

There are a variety of characterization techniques inves-
tigating the electronic structure in terms of pseudogap and
shape of band tails of several disordered carbon material19

that include photoemission spectroscopysPESd,20 electron-
energy-loss spectroscopysEELSd,21 and optical-absorption
spectroscopy, to name a few.22 While photoemission and
EELS probe the filled valence-band states and empty
conduction-band states, respectively, the optical absorption
determines the transitions between the filled and empty
states. On the other hand, scanning tunneling microscopy
sSTMd and scanning tunneling spectroscopysSTSd are two
of the most efficient tools for investigating the electronic
states within a few eV of the Fermi level. They offer another
means to probe electronic structure with additional facility of
detecting inhomogeneity of the surface at a spatial resolution
of nanometer—a feature of particular importance when
studying composite materials.19,23 The real advantages of
STS are that a single technique can measure both the filled
and empty states and it is sensitive to a dopant density down
to ,1015/cm3 in semiconductors. In order to gain an insight
on the surface characteristics crucial to the field-emission
efficiency of these materials,12 we conducted topographic
and electronic properties of undopedsn-Cd and sulfur-
modified nanocrystalline carbonsn-C:Sd films by STM/STS
in ultrahigh vacuum and determined the Fermi-level shift
caused due to sulfur impurity incorporation, if caused. In this
work, we report our findings on the influence of sulfur addi-

tion on the electronic structure of nanocrystalline carbon
films deposited using filament-assisted chemical-vapor depo-
sition sHFCVDd.

II. EXPERIMENT

Sulfur-incorporated nanocrystalline carbonsn-C:Sd
films were synthesized in a custom-built HFCVD reactor on
mirror-polished 1.4-cm-diameter Mo substrates, which is de-
scribed in detail elsewhere.6 Briefly, a 2.0% CH4:H2 gas
mixture with a total flow of 100 SCCMsstandard cubic cen-
timeter per minuted was directed through a rheniumsRed
filament heated to 2500 °C. High-purity hydrogen sulfide
sH2Sd in high hydrogen dilution was used as the source of
sulfur atomssdopantd and varied between 0 and 500 ppm
with 100-ppm interval. All of the films were deposited at a
substrate temperature of 900 °C. The reason of selecting
these growth parameters was based on our excellent electron
field-emission properties from these films reported earlier.8

The films thickness was around 1–1.5mm as measured me-
chanically using a Tencor surface profilometer. The sulfur
incorporations in the solid films were quantified to be
,1.2 at. %, determined by x-ray photoelectron spectroscopy
sXPSd and Auger electron spectroscopysAESd depth profil-
ing techniques described in our earlier work.24 For the scan-
ning tunneling microscopy measurements, the samples were
transferred into the UHV chamberspressure below 2
310−10 mbarsd. A commercial Omicron VT-STMsUHV-
STMd was used. For spatial measurements, the mechanically
prepared tungsten STM tip is biased to a certain voltage and
is scanned over the sample surface, and its height is con-
trolled by interrupting the feedback to give a constant tun-
neling currentsId mode, which allows the topographic imag-
ing of the sample surface. STM images were collected from
a sample area of 131 mm2 with 1003100 raster points, and
out of these 40340 points were used for spectroscopy.
Given that the STS technique is quite sensitive to both the tip
and sample surface structure and nanocrystalline carbon is a
form of disordered carbon, we were careful to present only
those which are truly representative of the surface studied. In
this respect, we have measuredI –V curves on a few samples
and at various positions on each sample. In STS, the tip is
held at a fixed height above some position on the sample and
the tunneling currentsId to the tip is measured as a function
of the tip or sample biassVd. Since the tunneling current
depends upon the DOS of the tip and the sample, given the
metallic nature of the tipsi.e., tungstend, the DOS of the tip
does not influence the overall shape of the specimens’ DOS.
The magnitude of the tunneling current provides a measure
of the local DOS. This work focuses on the tunneling spec-
troscopy along with the nanoscaled topology of the sulfur-
modified nanocrystalline carbon films. These results are also
compared to those grown without sulfur.

III. RESULTS AND DISCUSSION

Figure 1 shows the characteristic STM images of the
surface for then-C andn-C:S films in scales of 131 mm2,
1003100 nm2, and 20320 nm2, respectively. The STM im-
ages were obtained using the bias voltage ofV=−1.0 V ap-
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plied to the sample and the tunneling current ofI =1 nA. It is
evident from the STM images that the surface properties of
the films depend upon the sulfur incorporation and exhibit
granular structure. The surface topography also depict that
the root-mean-squaresrmsd roughness decreases with sulfur
incorporation of the order of a few angstroms. High-
resolution STM images exhibit localized regions of higher
conductivity ssp2-bonded carbond of several nanometers in
diameter surrounded by less conductivessp3-bonded carbond
host regions, which is indeed promoted due to the sulfur
incorporation in the CVD process and in the filmsfsee Figs.
1sbd, 1sdd, and 1sedg. These images reveal some of the note-
worthy features:sid the presence of bothsp3- andsp2-bonded
carbon, which is indispensable for sustainable field emission;
sii d the existence ofsp2-bonded carbon in either aggregate or
dispersed state; andsiii d the clusters of hills or bumps on the
film surface with different sizes imbibed in insulating matrix
and forming composite mixture at nanoscale. Another evi-
dence in support of the above-mentioned observations is
based on the concept of percolationsa mix of conducting-
insulating/semiconducting material—where the electrons are
allowed to tunnel from one conductive cluster to another
separated by insulating matrixd and demonstrated recently by
means of room-temperature electrical conductivity measure-
ments on these samples.24 In the context of explaining the
field-emission phenomena from such electrically heteroge-
neous composite structures, Latham’s unifying theory25 elu-
cidated a vital role of both the filamentary structuressnano-
sized conducting channels embedded in a nonconducting
nanostructured matrixd and spatially localized electronic
statessmidgap statesd. While the former was estimated using
Raman spectroscopy in our earlier work,8 the latter is mea-
sured using STS technique in the present study.

Figure 2 displays a series ofI /V characteristics acquired
from n-C:S films. Each curve is acquired at a constant tip-
sample separation and the tip was displaced closer to the
sample by 0, 1.2, 3.2, and 4.8 Å for curvess1d–s4d corre-
sponding to tip currents of 0.01, 0.1, 1.0, and 5.0 nA, respec-
tively, for a tip voltage of +2 V. As the tip-sample separation
is reduced, the current increases by about one order of mag-

nitude per angstrom, as apparent from Fig. 2. In general, the
tunnel current between the STM tip and the sample depends
upon the overlap of the wave functions of the tip and the
sample. Neglecting factors such as the effect of electric fields
on the surface DOS, the tunnel current is proportional to the
sample DOS, the tip DOS, and the tunneling current matrix
element or transmission function, which depends strongly on
the tip voltage.26 It has been demonstrated that the sample
DOS is proportional to the differential conductivity,dI /dV.
However, since this term still includes the voltage-dependent
tunneling matrix element, the logarithmic ratio
d logsId /d logsVd=sdI /dVdp sV/ Id provides an accurate rep-
resentation of the surface DOS eliminating the tunneling ma-
trix element.27 Nevertheless, this ratio gives singularities in
the gap for the semiconductors, becauseI >0 when the DOS
is zero in the gap. To circumvent this problem, suggested by
Feenstra and Stroscio,28 a broadening procedure and running
I –V averaging were adopted when calculating logarithmic
ratio. Since this broadens DOS at the band edges, we use raw
dI /dV to define the band edges.

Figures 3 and 4 represent the STS spectra in terms of
tunneling currentsId versus sample voltagesVd, differential
conductivitysdI /dVd, and normalized differential conductiv-

FIG. 1. High-resolution scanning tunneling microscope
images of nanocrystalline carbon films withoutsn-Cd
sleftd and with sulfursn-C:Sd srightd showing the topo-
graphical differences on sulfur addition in two different
scalesstop and bottomd. The high-resolution STM im-
ages show localized regions of higher conductivity
smarked by circlesd of a few nanometer in diameter
surrounded by less conductive regions. The scale bar is
provided with the corresponding figures. Tunneling
conditions:I =1.0 nA, Vtip=−1 V.

FIG. 2. Shown are the typical curves for as-deposited sulfur-incorporated
nanocrystalline diamond sample taken at different tip heights. The tip
heights n1-n4 correspond to tip current ofI1=−0.1 nA, I2=0.1 nA, I3

=1 nA, andI4=5.0 nA, at a sample voltage of +2 V.
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ity sdI /dVd sV/ Id for the undoped sn-Cd and sulfur-
incorporated nanocrystallinesn-C:Sd thin films, respectively.
In order to have contribution specifically from the surface
states, the tip height was sufficiently higher yielding in rela-
tively larger gap in DOS as compared to that from the bulk
states.I –V curves also show that the tunneling current in-
creases on sulfur incorporation, consistent with the increase
in bulk conductivity fsee Figs. 3sad and 4sadg.16 Since the
conductivity of the samples is relatively high, no interference
of the interface hampers the measurements. It has been ob-
served that for the doped or impurity incorporated materials/
semiconductors, tunneling current is a reasonable indication
of the type of doping. The tunneling current in the positive
bias is higher than that in the negative bias and vice versa.
With an additional advantage of nanometer spatial resolu-
tion, STS works quite well for the determination of band gap
sdifference between the conduction- and valence-band edges;
CB and VB, respectivelyd near to the Fermi levelsEFd.

The band gap in the amorphous or disordered semicon-
ductor must be defined with care and in a particular fashion,
because the band states tail into the gap. We choose to adopt
similar method described in Ref. 23, i.e., by defining each
band edge by taking intercept ofdI /dV at the valence- and
conduction-band slopes in the region ±2 V away from the
Fermi level to define band edges. The window energy of
±2 V was selected because this definition provides the same
band gap at tip heights ofn3 and n4 for the as-deposited
samples. Recalling that the valence and conduction bands of
the disordered carbon are formed ofp states, thep bands

FIG. 3. Shown aresad tunneling currentsId vs sample voltage appliedsVd,
sbd the corresponding differential conductivitysdI /dVd, and scd the corre-
sponding fsdI /dVdp sV/ Idg~DOS for n-C films grown by hot-filament
CVD.

FIG. 4. Shown aresad tunneling currentsId vs sample voltage appliedsVd,
sbd the corresponding differential conductivitysdI /dVd, and scd the corre-
spondingfsdI /dVdp sV/ Idg~DOS n-C:S grown by hot-filament CVD with
500 ppm offH2Sg in gas phase atTS=900 °C.
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should lie symmetricallyswith respect to positive and nega-
tive sample bias voltagesd about midgap in simple
sp2-bonded lattices, which is much more apparent in the nor-
malized differential conductivity plotfFigs. 3sbd and 4sbdg.
The observed asymmetry of the band tails inn-C and n
-C:S shows that the disorder is not simply due to the pres-
ence of differentsp2 configurationssringlike versus chain-
liked, but may also be due to the distortions resulting in due
to the mixing ofs andp states.29 Additionally, the slopes of
the valence bands are steeper than that of the CB as it implies
that disorder broadens the CB more than the VB inn-C and
n-C:S. Also theEF s0 Vd is lying close to unfilled states
suggestingn-type character of then-C:S material. The
dI /dV curve is much more flat forn-C than that ofn-C:S
fFigs. 3sbd and 4sbdg. The normalized ratio of the tunneling
conductivity also shows singularities in the gap region as the
tunneling current is close to zerofFig. 3scdg for the materials
having a finite gap such asn-C. The separation of the fun-
damental bandssEgd calculated from thedI /dV curvessnot
shown hered shows an energy gap of approximately 2.5 and
0.1 eV forn-C andn-C:S, respectively. In general, it is very
useful to compare the DOS observed from STS with the data
calculated from other methods. Since the resulting tunneling
gap fsee Fig. 5sadg varies in a similar fashion to that mea-
sured using spectroscopic ellipsometry measurements12 with
sulfur addition, it indicates that the STS is a reliable tech-
nique for DOS forn-C:S samples. Above all, the STS spec-
trum of n-C fFig. 3scdg resembles to high-density diamond-
like carbon19 sDLCd or boron-doped tetrahedrally amorphous
bonded carbonsta-C:B; defined asa-C with high content of
sp3 C of 85%d.23

The surface and bulk states contribution to the eventual
DOS measured by scanning tunneling microscopy in spec-
troscopic mode STS is distinguished by measuringI –V
curves at different tip heights. The bulk DOS dominates the
differential conductivitydI /dV spectra at lower tip heights,
while the surface layer DOS contributes more todI /dV spec-
tra at lower tip heights. Since the current magnitude varies
strongly with tip heights,dI /dV spectra must be normalized
to the absolute value of the current at some arbitrary tip
voltage. Figure 5 displays the normalized differential con-
ductivity to its current at an arbitrary voltage of 2 V for two
of the tip heights in order to distinguish the surface layer

from bulk for one of the representativen-C:S sample grown
with 500 ppm offH2Sg at 900 °C. The narrower gap of the
surface layershigher tip heights or alternatively low tunnel-
ing current;I2d is due to its highersp2-bonded carbon content
in contrast with the bulkslower tip heights or alternatively
higher tunneling current;I4d. The presence of ansp2-rich
surface layer has previously been inferred fromex situspec-
troscopic ellipsometry measurements for the same samples.30

Figures 3scd and 4scd show the presence of peaks and
oscillatory features in the DOS of thesp2-bonded C-rich
samples. They are reasonably reproducible for all of the
samples and in all of the regions of the samples investigated.
They are not dependent upon the STM system or the STM
tip materialsIr–Pt used in air, W used on UHVd and they are
not due to extrinsic effects such as contamination. We at-
tribute the DOS features to graphitic bonds as explained.

The assignment of these surface DOS features in the
conduction band of the Figs. 3scd and 4scd was carried out
following notation in Ref. 31. In a recent work by Arenaet
al.,23 states due to localizedp bonding in surface DOS mea-
sured by STS were reported at 1.7, 2.8, and 3.6 eV and in the
case of graphite, peaks close to these valuess1.7, 2.5, and
3.5 eVd were assigned asp* band, an extrinsic surface state
and a bulk state, respectively. The present DOS features are
observed atsC1d, 1.4 sC2d, 2.07 sC3d, and 2.72sC4d fFigs.
3scd and 4scdg exhibiting the graphitization of the surface
layer similar to the computed ones forta-C, and C2 and C4

peaks visible in STS spectra are fromsp3-rich structures. The
C1 state is assigned to be thep* state that resembled well
with the C1s→p* transition in the experimental x-ray ap-
pearance near-edge spectroscopy31 sXANESd and XPSsRef.
12d spectra. Therefore, we suggest that the presence of a
well-defined C1 state on spectra is a clear indication of the
graphitic reconstruction of the surface.

We have conducted STS measurements on sulfur-
incorporated nanocrystalline diamond samples as a function
of sulfur incorporation. Typical STS spectrum is shown in
Fig. 4. Figure 6 shows the variation of the band gap and the
position of the Fermi level from midgap. According to the
STS definition, bias of 0 V corresponds to theEF. It is clear
that EF is closer to the CB than the VB and additional DOS
appears between the CB edge and the VB forn-C:S samples
shown in Fig. 6sbd. We suggest that this may be due to the
donor state occurring due to S addition during the CVD
growth or incorporated in solid thin films. Alternatively, sul-
fur is causingn-type doping inn-C with increasingfH2Sg. In
fact, similar proposition has been reported previously, where
temperature-dependent field emission was employed to dem-
onstrate this phenomenon.24 The band gap begins to close up
as the sulfur concentration in gas phasesfH2Sgd is raised
above 200 ppm. This closing or reduction in the band gap is
due to the carbon reverting to moresp2 bonding at higher S
contentfsee Fig. 6sadg. This effect was seen previously in
spectroscopic ellipsometry measurements of the gapfFig.
6sadg.24 Notice that the Fermi level remains above midgap
even when the gap closes.

FIG. 5. Shown are the differential conductivitydI /dV, normalized to its
current at 2 V for two tip heightsn2 andn4 for an-C:S sample grown with
500 ppm offH2Sg in gas phase atTS=900 °C. This shows that surface layer
is sp2 C-rich snarrower gapd as compared to bulkslarger gapd.
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IV. CONCLUSIONS

In conclusion, we elucidated a correlation between the
microstructuresincluding grain size, topology, and chemical
bondingd and electronic structure of the surface of sulfur-
incorporated nanocrystalline diamond thin films by scanning
tunneling microscopy and scanning tunneling spectroscopy.
Along with a systematic decrease in grain size and surface
roughness with increasing hydrogen sulfide concentration in
the gas phasesS/C ratio from 0.00 to 0.162d, there is a
modification in the electronic structure. Alteration due to the
sulfur addition not only results in the introduction of spa-
tially localized defect states, but also in partial doping. For
instance, the Fermi level is found to shift towards the con-
duction band in the sulfur-incorporated samples, indicating
that n-type doping occurs. Thisn-type doping is possibly
occurring due to incomplete ionization of S atoms demon-
strated using scanning tunneling microscopy in spectroscopy
mode. This synthesis-specific nanocomposite material
shighly conductivesp2 C regions surrounded by less conduc-
tive sp3 C regions in an aggregate or dispersed stated has a
strong potential as cold cathode or field emitters, as low-
temperature thermionic emitters, and thermionic power gen-
erators.
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FIG. 6. Variation ofsad band gaps andsbd Fermi-level energy of nanocrys-
talline carbon films plotted as a function of hydrogen sulfide concentration
in gas phase, i.e., during deposition. Corresponding atomic fraction of sulfur
in solid films is also providedstop abscissad. The maximum value of band
gap corresponds to maximumsp3 C content. The band gap determined using
spectroscopic ellipsometry modeling is also shown for comparison.
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