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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 films(n-C:S) were investigated using ultrahigh-vacuum scanning tunneling microscopy and
scanning tunneling spectroscof$TS), 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 conductiwtyite) surrounded by less
conductive regiongblack pointing at the existence of inhomogeneous mixturespt- and
sp>-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.,
(dI/dV)/(1/V) mimics local density of state®09). 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
(dI/dV) within a certain potential window of +2 eV of the Fermi level. The resulting band gap is
found to be similar to that measured opticalffauc gap. The Fermi level for undoped
nanocrystalline carbo(n-C) was found just below the midgap indicating thaC 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 graphitispt-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 exhibitingtype doping taking place and declining

band gap at higher sulfur contents measured with spectroscopic ellipsometry technique on the same
samples. €005 American Institute of PhysidDOI: 10.1063/1.1888025

I. INTRODUCTION boundaries(GBs), which is primarily = bonded. In fact,
since the number of grain boundaries increases vastly, the
Diamond thin films grown by chemical-vapor deposition entire film becomes electrically conducting and enables it as
(CVD) techniques possess enormous potential and interegh excellent cold cathode material while opening new possi-
and its usage has been persisted for more than a decadeyjfiities for probing the structure of matter at the atomic
technological arena such as hard coatings, optical windowgge|# |ndeed, this suggests that control over the microstruc-
surface acoustic waveSAW) devices, electrochemical elec- v, o from poly- to nanocrystalline provides us an opportunity
trodes, conformal coating for micro-electromechanical SYStq exploit many of their unique physical properties and ex-

te”?s (MEMS)’ and electron emitting surfaces fc_)r ﬂeld- tends its utilization as an advanced nanoengineering mate-
emission displays(FEDS. Each of these applications rial

requires that diamond properties be optimized to fulfill dif-" . :
ferent functionalities including hardness, surface smooth- Conventionally CVD diamond uses hydrocarbon such as

ness, optical transparency, electrical conductivity, field emis[nethane in high hydrogen dilution gas mixtufesterest

sion, and so on, which are usually achieved by operatin§©comes special when one replaces the hydrogen dilution
only on the microstructure. By continuous reduction in crys-With either noble gas and/or impurity incorporatidrisThere
tallite size, the physical propertiggnechanical, electrical, are several ways to induce nanostructuring in carbon-based
and electronic propertig®f the resulting material were en- Mmaterials outlined in various repofts.’The potentiah-type
hanced substantially> For instance, going from an insulat- dopants of diamond are of particular interest which may en-
ing to an electrically conducting.e., semiconducting to me- hance the electron field-emission properties of disordered
tallic) material is largely due to the enhancement of grainand nanocrystalline carbon films by providing electrons close
to the conduction barfd* and helping control the film mi-

JAuthor to whom correspondence should be addressed; electronic maiff\ros_truc_ture by_immducmg Sp?CifiC types of de_felétp:type
sxg535f@smsu.edu doping is also important, but it has been achieved with the
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only known acceptor in diamond; bordB).™®> However, the tion on the electronic structure of nanocrystalline carbon
synthesis of diamond and diamondlike or disordered carbofilms deposited using filament-assisted chemical-vapor depo-
thin films with n-type conductivity is still interrogative and is sition (HFCVD).

a subject of intense researthA great deal of interest exists

on sulfur (S) besides nitrogen and phosphorus due to thél. EXPERIMENT

experimental and theoretical findings that it is a promising Sulfur-incorporated nanocrystalline carbom-C:S)

donor dopant in diamont. A conS|derabI§ amqqnt (,)f work films were synthesized in a custom-built HFCVD reactor on
has been performed on the nature of impurities in carbofyior holished 1.4-cm-diameter Mo substrates, which is de-
f!lms and some of the earller_works demonstrated the.'”ducécribed in detail elsewhefeBriefly, a 2.0% CH:H, gas
tion of shallow donor levels in diamond through the incor- nixture with a total flow of 100 SCCMstandard cubic cen-
poration of S, but concrete experimental evidence on thgmeter per minutg was directed through a rheniugiRe)
potential role of sulfur as antype donor in diamond has yet fijlament heated to 2500 °C. High-purity hydrogen sulfide
to be reported? (H,S) in high hydrogen dilution was used as the source of
The electronic propertiegband gap and density of sulfur atoms(dopan} and varied between 0 and 500 ppm
stateg are known to be sensitive to the structure or micro-with 100-ppm interval. All of the films were deposited at a
structure includingsp®/sp? C fraction, GBs or defects, and substrate temperature of 900 °C. The reason of selecting
impurities usually influenced by processing conditions. Thethese growth parameters was based on our excellent electron
electronic density of state®O9S) of nanostructured carbon field-emission properties from these films reported edtlier.
consists of two types of states: tieebonds ofsp® andsp?  The films thickness was around 1-Juf as measured me-
sites formo states in the valence band and states in the chanically using a Tencor surface profilometer. The sulfur
conduction band separated by a band gap of about 5 eV. THacorporations in the solid films were quantified to be
s sites and angpt sites also possess more weakly bonding™1-2 at. %, determined by x-ray photoelectron spectroscopy
7 states giving rise to filledr and emptyr” states, that lie (XPS and Auger electron spectroscopES) depth profil-
close to the Fermi level largely within the-o* gap. There- iNg techniques described in our earlier wéfkEor the scan-
fore, 7 states control the optical gap and the electronic prop™iNg tunneling microscopy measurements, the samples were

erties of disordered carbons, while the mechanical propertiet§"’11n(?cleo”eé)j intoA the UHV (lzhgmk_)e(prefﬁrurseﬂvtl)ﬂzv:/ 2
are governed byo states”® In addition, the electronic mbarg. A commercial Omicron VT-STM(UHV-

structure is also largely controlled by the size of #@ C STM) was used. For spat_ial_megsurements, th‘? mechanically
clusters(chain or ring formatioh than that of its absolute prepared tungsten STM tip is biased to a certain voltage and
concentration is scanned over the sample surface, and its height is con-

Th ietv of ch terization techni . trolled by interrupting the feedback to give a constant tun-
ere are a vanely ol characterization techniques InVesﬁeling current(l) mode, which allows the topographic imag-

tigating the electronic structure in terms of pseudogap anﬂqg of the sample surface. STM images were collected from
shape of band tails of several disordered carbon mai‘t%riala sample area of st 1 xm? with 100X 100 raster points, and

that include photoemission spezcltroscquS,zo electron- ot of these 440 points were used for spectroscopy.
energy-loss spectroscopfEELS),”” and optical-absorption  Gjyen that the STS technique is quite sensitive to both the tip
spectroscopy, to name a fé.While photoemission and ang sample surface structure and nanocrystalline carbon is a
EELS probe the filled valence-band states and emptyorm of disordered carbon, we were careful to present only
conduction-band states, respectively, the optical absorptiothose which are truly representative of the surface studied. In
determines the transitions between the filled and emptyhis respect, we have measuled/ curves on a few samples
states. On the other hand, scanning tunneling microscopgnd at various positions on each sample. In STS, the tip is
(STM) and scanning tunneling spectrosco@TS are two  held at a fixed height above some position on the sample and
of the most efficient tools for investigating the electronic the tunneling currentl) to the tip is measured as a function
states within a few eV of the Fermi level. They offer anotherof the tip or sample biagV). Since the tunneling current
means to probe electronic structure with additional facility ofdepends upon the DOS of the tip and the sample, given the
detecting inhomogeneity of the surface at a spatial resolutiometallic nature of the tigi.e., tungstep the DOS of the tip

of nanometer—a feature of particu|ar importance Wherfjoes not influence the overall Shape of the specimens’ DOS.
studying composite materiat&?® The real advantages of The magnitude of the tunneling current provides a measure
STS are that a single technique can measure both the fille®f the local DOS. This work focuses on the tunneling spec-
and empty states and it is sensitive to a dopant density dowfioScopy along with the nanoscaled topology of the sulfur-
to ~105/cm? in semiconductors. In order to gain an insight modified nanocrystalline carpon films. These results are also
on the surface characteristics crucial to the field-emissioffOrnloared to those grown without sulfur.

efficiency of these materiafé, we conducted topographic
and electronic properties of undopdd-C) and sulfur-
modified nanocrystalline carbdn-C:S) films by STM/STS Figure 1 shows the characteristic STM images of the
in ultrahigh vacuum and determined the Fermi-level shiftsurface for then-C andn-C:S films in scales of X1 um?,
caused due to sulfur impurity incorporation, if caused. In this100x 100 nn¥, and 20x 20 nn?, respectively. The STM im-
work, we report our findings on the influence of sulfur addi-ages were obtained using the bias voltag&/ef-1.0 V ap-

[ll. RESULTS AND DISCUSSION
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FIG. 1. High-resolution scanning tunneling microscope
images of nanocrystalline carbon films withouiC)

(left) and with sulfur(n-C:S) (right) showing the topo-
graphical differences on sulfur addition in two different
scales(top and bottom The high-resolution STM im-
ages show localized regions of higher conductivity
(marked by circles 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, Vip=-1 V.

plied to the sample and the tunneling currentofl nA. Itis  nitude per angstrom, as apparent from Fig. 2. In general, the
evident from the STM images that the surface properties ofunnel current between the STM tip and the sample depends
the films depend upon the sulfur incorporation and exhibitupon the overlap of the wave functions of the tip and the
granular structure. The surface topography also depict thatample. Neglecting factors such as the effect of electric fields
the root-mean-squar@ms) roughness decreases with sulfur on the surface DOS, the tunnel current is proportional to the
incorporation of the order of a few angstroms. High-sample DOS, the tip DOS, and the tunneling current matrix
resolution STM images exhibit localized regions of higherelement or transmission function, which depends strongly on
conductivity (sp’-bonded carbonof several nanometers in the tip voltagez.6 It has been demonstrated that the sample
diameter surrounded by less conductisg®bonded carbon  DOS is proportional to the differential conductivitg]/dV.

host regions, which is indeed promoted due to the sulfuHowever, since this term still includes the voltage-dependent
incorporation in the CVD process and in the filisge Figs. tunneling matrix element, the logarithmic ratio
1(b), 1(d), and Ze)]. These images reveal some of the note-d log(l)/d log(V)=(dl/dV)*(V/l) provides an accurate rep-
worthy featuregi) the presence of botbp>- andsp’-bonded  resentation of the surface DOS eliminating the tunneling ma-
carbon, which is indispensable for sustainable field emissiorifix element.’ Nevertheless, this ratio gives singularities in
(ii) the existence a$p’-bonded carbon in either aggregate or the gap for the semiconductors, becals® when the DOS
dispersed state; ar(di) the clusters of hills or bumps on the is zero in the gap. To circumvent this problem, suggested by
film surface with different sizes imbibed in insulating matrix Feenstra and Stroscf8a broadening procedure and running
and forming composite mixture at nanoscale. Another evil—V averaging were adopted when calculating logarithmic
dence in support of the above-mentioned observations igtio. Since this broadens DOS at the band edges, we use raw
based on the concept of percolatitm mix of conducting- dl/dV to define the band edges.

insulating/semiconducting material—where the electrons are  Figures 3 and 4 represent the STS spectra in terms of
allowed to tunnel from one conductive cluster to anothertunneling currentl) versus sample voltage/), differential
separated by insulating matyiand demonstrated recently by conductivity(dl/dV), and normalized differential conductiv-
means of room-temperature electrical conductivity measure-
ments on these sampl&sin the context of explaining the

field-emission phenomena from such electrically heteroge- LN M et |

neous composite structures, Latham’s unifying th&beju- — aomet] ThTEO™

cidated a vital role of both the filamentary structuteano- 5.:: o

sized conducting channels embedded in a nonconducting g 0.0+ i

nanostructured matrixand spatially localized electronic © 20x0°

stategmidgap states While the former was estimated using £ 1

Raman spectroscopy in our earlier wérthe latter is mea- £ “ox10*

sured using STS technique in the present study. = o 7
Figure 2 displays a series bfV characteristics acquired

from n-C: S films. Each curve is acquired at a constant tip- -s0x10® 3 5 4 e 3 3 3

sample separation and the tip was displaced closer to the Sampling Voltage (V)

sample by 0, 1.2, 3.2, and 4.8 A for curvé8—(4) corre- _ _ _
sponding to tip currents of 0.01, 0.1, 1.0, and 5.0 nA, reSpeCEIG. 2. Shqwn are the typical curves for as-deposned sulfqr-mcorporatgd
. . . . nanocrystalline diamond sample taken at different tip heights. The tip
tively, for a tip voltage of +2 V. As the tip-sample separation heights n1-n4 correspond to tip current of,=-0.1 nA, 1,=0.1 nA, I,

is reduced, the current increases by about one order of mag4 nA, andi,=5.0 nA, at a sample voltage of +2 V.
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FIG. 3. Shown aréa) tunneling currentl) vs sample voltage applie®/), %
(b) the corresponding differential conductivitgl/dV), and(c) the corre- % 5
sponding [(dI/dV)#(V/I)]«DOS for n-C films grown by hot-filament ~
CVD.
0- L) T T T
2 -1 0 1 2 3
ity (dl/dV) (V/1) for the undoped(n-C) and sulfur- Sample Voltage (V)

incorporated nanocrystallif@-C : S) thin films, respectively.
In order to have contribution specifically from the surfaceF!G: 4. Shown aréa) tunneling currentl) vs sample voltage appliet),

. . .. . . . . (b) the corresponding differential conductivitgl/dV), and (c) the corre-
states, the tip height was sufficiently higher yielding in rela_sponding[(dl/d\/}*(V/I)]xDOS n-C:S grown by hot-filament CVD with
tively larger gap in DOS as compared to that from the bulksoo ppm of[H,S] in gas phase &fs=900 °C.
states.|-V curves also show that the tunneling current in-
creases on sulfur incorporation, consistent with the increase _ ) )
in bulk conductivity[see Figs. &) and 4a)].16 Since the The band gap in the amorphous or disordered semicon-
conductivity of the samples is relatively high, no interferenceductor must be defined with care and in a particular fashion,
of the interface hampers the measurements. It has been obecause the band states tail into the gap. We choose to adopt
served that for the doped or impurity incorporated materialssimilar method described in Ref. 23, i.e., by defining each
semiconductors, tunneling current is a reasonable indicatioRand edge by taking intercept df/dV at the valence- and
of the type of doping. The tunneling current in the positiveconduction-band slopes in the region +2 V away from the
bias is higher than that in the negative bias and vice vers&ermi level to define band edges. The window energy of
With an additional advantage of nanometer spatial resolux2 V was selected because this definition provides the same
tion, STS works quite well for the determination of band gapband gap at tip heights af3 andn4 for the as-deposited
(difference between the conduction- and valence-band edgesamples. Recalling that the valence and conduction bands of
CB and VB, respectivelynear to the Fermi levdlEg). the disordered carbon are formed wfstates, ther bands
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from bulk for one of the representativeC:S sample grown
with 500 ppm of{H,S] at 900 °C. The narrower gap of the
surface layefhigher tip heights or alternatively low tunnel-
ing current;l,) is due to its highesp’-bonded carbon content
in contrast with the bulklower tip heights or alternatively
higher tunneling currentl,). The presence of asp-rich
surface layer has previously been inferred frersituspec-
troscopic ellipsometry measurements for the same sarﬁ(bles.
Figures &c) and 4c) show the presence of peaks and
Sample Voltage (V) oscillatory features in the DOS of thep?-bonded C-rich
_ _ N _ _ samples. They are reasonably reproducible for all of the
e e o s s e ., Samples an nal of the regions of th samples nvesigated
500 ppm of H,S] in gas phase as=900 °C. This shows that surface layer 1h€Y are not dependent upon the STM system or the STM
is sp? C-rich (narrower gapas compared to bulkarger gap. tip material(Ir-Pt used in air, W used on UH\and they are
not due to extrinsic effects such as contamination. We at-
should lie symmetricallywith respect to positive and nega- tribute the DOS features to graphitic bonds as explained.
tive sample bias voltagesabout midgap in simple The assignment of these surface DOS features in the
sp’-bonded lattices, which is much more apparent in the norconduction band of the Figs(@ and 4c) was carried out
malized differential conductivity plofFigs. 3b) and 4b)].  following notation in Ref. 31. In a recent work by Areea
The observed asymmetry of the band tailsrwC andn  al.,” states due to localizedt bonding in surface DOS mea-
-C:S shows that the disorder is not simply due to the pressured by STS were reported at 1.7, 2.8, and 3.6 eV and in the
ence of differentsp? configurations(ringlike versus chain- case of graphite, peaks close to these valdeg, 2.5, and
like), but may also be due to the distortions resulting in due3.5 eV) were assigned as” band, an extrinsic surface state
to the mixing ofs andp states™” Additionally, the slopes of and a bulk state, respectively. The present DOS features are

the valence bands are steeper than that of the CB as it impligshserved a(C,), 1.4 (C,), 2.07 (C3), and 2.72(C,) [Figs.
that disorder broadens the CB more than the VB-@ and 3(c) and 4c)] exhibiting the graphitization of the surface

n-C:S. Also theEg (0 V) is lying close to unfilled states
suggestingn-type character of then-C:S material. The

dli/dvV Normalized

layer similar to the computed ones f@C, and G and G,

. _ peaks visible in STS spectra are frem-rich structures. The

<[1lli/dV ;Ltj’;venlj 2;;)]3: hTrkr:or: Ilr(:t Ifg n-dCrtf:ian tfh?ht O'In-ni.ﬁn C, state is assigned to be the state that resembled well
gs. a - the hormajized ratlo ot the WNNEING i the cls— #* transition in the experimental x-ray ap-

conductivity also shows singularities in the gap region as the
tunneling current is close to ze[Big. 3(c)] for the materials pearance near-edge spectroséﬂ)pj}(ANES) and XPS(Ref.

having a finite gap such asC. The separation of the fun- 12) speptra. Therefore, we 5“99e5t that the .pre.sence of a
damental band$E,) calculated from thail/dV curves(not WeII-d_e_flned G state_on spectra is a clear indication of the
shown hergshows an energy gap of approximately 2.5 anddraphitic reconstruction of the surface.

0.1 eV forn-C andn-C:S, respectively. In general, it is very We have conducted STS measurements on sulfur-
useful to compare the DOS observed from STS with the datéicorporated nanocrystalline diamond samples as a function
calculated from other methods. Since the resulting tunnelingf sulfur incorporation. Typical STS spectrum is shown in
gap[see Fig. Ba)] varies in a similar fashion to that mea- Fig. 4. Figure 6 shows the variation of the band gap and the
sured using spectroscopic ellipsometry measurertfenith position of the Fermi level from midgap. According to the
sulfur addition, it indicates that the STS is a reliable tech-STS definition, bias of 0 V corresponds to tg. It is clear
nique for DOS fom-C:S samples. Above all, the STS spec- that E. is closer to the CB than the VB and additional DOS
trum of n-Cg[Fig. 3(c)] resembles to high-density diamond- appears between the CB edge and the VEi@: S samples
like carbort® (DLC) or boro_n-doped tetra_lhed_rally amorphous shown in Fig. 6b). We suggest that this may be due to the
bonded carbofita-C:B; defined ag-C with high content of  q5nor state occurring due to S addition during the CVD

23
sp’ C of 85%. o rowth or incorporated in solid thin films. Alternatively, sul-
The surface and bulk states contribution to the eventua?ur is causingn-type doping im-C with increasingH,S]. In

DOS measured by scanning tunneling microscopy in Specﬂact, similar proposition has been reported previously, where

troscopic mode STS is distinguished by measurlrg/ . o
curves at different tip heights. The bulk DOS dominates thetemperature-dependent field emission was employed to dem-

differential conductivityd!/dV spectra at lower tip heights, °nStrate this phenomenﬁfh?l’h_e band gap begins to close up
while the surface layer DOS contributes moreitédV spec- @S the sulfur concentration in gas phasH,S]) is raised
tra at lower tip heights. Since the current magnitude varie&P0ove 200 ppm. This closing or reduction in the band gap is
strongly with tip heightsdli/dV spectra must be normalized due to the carbon reverting to masg” bonding at higher S

to the absolute value of the current at some arbitrary tigsontent[see Fig. €3)]. This effect was seen previously in
voltage. Figure 5 displays the normalized differential con-spectroscopic ellipsometry measurements of the [dag.
ductivity to its current at an arbitrary voltage of 2 V for two 6(a)].2* Notice that the Fermi level remains above midgap
of the tip heights in order to distinguish the surface layereven when the gap closes.
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