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Carbon and carbon nitride films, grown in argon or nitrogen discharges by reactive dc magnetron sputtering
of a graphite target, were characterizedibysitu scanning tunneling microscopy. When the growth tempera-
ture increased from ambient to 800 °C, we observed a topographic evolution of the carbon films from an
amorphous to a graphitelike structure, and further to a distorted-graphitic phase with curved and intersecting
basal planes, and finally to a surface containing nanotubes and nanodomes. When nitrogen was incorporated
into the films, distortion of the graphitic basal planes occurred at a lower temperature compared to the pure
carbon case. At temperatures-0200 °C and above, regions of a nongraphitic phase, containing a high degree
of carbonsp® bonds were observed. Spatially resolved tunneling spectroscopic measurements indicated that
the band gaps were 6;0-0.6 eV, and~0.4-2.0 eV for graphitelike structures, the distorted-graphitic phase,
and the nongraphitic phase, respectively. Together ithitux-ray photoelectron spectroscopy and reflection
electron energy loss spectroscopy measurements, the results suggest that the incorporation of nitrogen pro-
motes bending of the graphitic basal planes and thereby facilitates the formation of three-dimensional co-
valently bonded networks with a high degreesgf-coordinated carbon atoms.

[. INTRODUCTION curve due to the incorporation of pentagons, which is facili-
tated by the substitution of nitrogen. Curved basal planes
Carbon-based hard materials, such as diamondlike carbamould, in turn, promote cross linking between two neighbor-
and carbon nitride (CJ thin films, have gained extensive ing planes througls p®> bonds. By virtue of such basal plane
attention because of their wide spread technological applicazurvature and the possible presence of pentagons, the struc-
tions, e.g., as tribological and wear resisting coatih@ie  ture has been defined as “fullereneliké.’Several experi-
structure, chemistry, and morphology of such films havemental results support this interpretatibhowever, it is dif-
been characterized, among other techniques, by transmissiggyt to unambiguously confirm the presence of cross links,

electron microscopyTEM), electron energy loss spectros- e.g., by TEM, EELS, or x-ray photoelectron spectroscopy
copy (EELS), and scanning electron microscopy (XPS).

(SEM). TEM in combination with EELS have shown to be

. . . . . X Using scanning tunneling microscop$TM), the surface
a particularly useful tool, since it combines high-resolution 9 9 g FSTM)

imaqing with the possibility to obtain local chemical structure of such compounds can be studied with atomic
9ing P y resolution. However, due to surface reconstructions and con-

information? taminations occurring when the film is exposed to the atmo-
Physical vapor-deposited diamondlike carbon films, hav- g P

ing a high degree op® bonds, are normally found to be sphereex situanalysis does not give information about the

amorphous. However, graphitic or turbostratic carbon filmslomic structure during growth. Therefore, in order to gain
can also be found, especially when deposited at elevated l|ncreased understandm_g a_bout the str.uct.urall evolution
temperatures. Carbon nitride films are also normally amorduring growth of such filmsin situ characterization is nec-
phous for low-growth temperatures, but evolves into a moré&SSary. _ _
ordered turbostraticlike structure at temperatures above In this paper, we present atomic-scale topographic and
~200°C? This phase has been found to be hard, but als@lectronic analysis oh situ prepared carbon and carbon ni-
highly elastic, a property that has been ascribed to a micrdride films. Films were deposited by magnetron sputtering at
structure consisting of frequently cross-linked and curvedvarious temperatures between ambient and 800 °C, in order
graphitic basal planesit was proposed that the basal planesto study the structural evolution under various growth con-
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ditions. The films were then studieek situby XPS and
reflection electron energy loss spectroscopy.

Il. EXPERIMENTAL DETAILS

Carbon and carbon nitride films were deposited onto clean
Si(001) substrates by unbalanced dc magnetron sputtering in &
a preparation chamber having a background pressure of v“'
~3x%10 Torr. The target was a high-purity 99.99% pyro- &
lytic graphite disc, 30 mm in diameter, mounted on a planar ¢
magnetron cathode. The depositions were carried out at a
pressure of 10 mTorr, either in Ar of 99.9999% purity level,
or 99.999% pure M The discharge was operated at a con-
stant power of 20 W and with a current between 36 and 42
mMA. The substrates, which were mounted 100 mm from the
target, were held at a negative floating potentiat-&0 to 40
V. With a plasma potential of~10—20 V, as measured by a
Langmuir probe, this corresponds to an incideft éhergy
of ~20 eV. The Si001) samples were cleaned by the stan- v
dard RCA methotibefore being introduced into the growth Ry 2
chamber, and were then flashed to 1150 °C in the vacuum in ) \,i
order to remove residual oxides. The substrates were ther ]
clean and flat as observed bysitu STM before deposition,
and the atomically resolved dimer rows on thé081) sur-

facing away from the target. The substrates were heated tc
the desired temperature by passing a current through the sili-§.
con. The temperatures above 550 °C were accurately moni-
tored by an infaredIR) pyrometer, while temperatures be- £
low 550 °C were determined by the power of the passing §
current. The power vs temperature calibration had been per-§
formed previously by a thermocouple. A series of deposi- *
tions were made at different substrate temperatures, ranging
from room temperature to 800 °C. The deposited films were
then transferredh vacuiinto the analysis chamber equipped
with a home-built UHV STM’ The background pressure of "> 9 .
the STM chamber was kept belowx10 °Torr. All the nght images are close views of the_ square box areas of the left
images shown in the paper were taken from films thicker:mages.' The size of the left images is 1&ntBnm and the en-
- . .~ .~larged images are 4.5 nt¥.5 nm. Images have been processed by
than 20_nm, and p.rocessed by Fh_e.s_tatlsncal dn‘ferentlatlngi;ne statistical differentiating methotRef. 8
method in order to improve the visibility of small structural

features. This image processing enhances the contrast on flat,,on and carbon nitride films. Figure 1 shows typical sur-
areas, and reduces the sensitivity on areas with large height.q topography of the pure carbon films deposited at room
variations. Thus atomig: cor.rugation becpmes _visible on dif‘temperature(a), 350 °C(b) and 800 °C(c), respectively. The
ferent surface layers, in spite of the height differences. Ngy|ose view imagegto the right show the detailed features of
artifacts are introduced, besides that the true threege square box areas. The surface of the room temperature-
dimensional picture may become somewhat distorted. Aﬁe&eposited films was amorphous as we could not identify any

thein situ measurements, the films were analyesdsituby  14er. When the growth temperature was increased above
XPS and REELJsee Ref. 5 for experimental detail¥he  >00°c| regions consisting of parallel “stripes” appeared on

grov_\rth rate was also determined afterwards using a surfacge otherwise amorphous films, as can be seen in K. 1
profilometer. for a film deposited at 350 °C. The distance between neigh-
boring “stripes” was 0.35-0.02 nm, which agrees well with
Ill. RESULTS AND DISCUSSION the interplanar distance of graphite basal plaf®335 nm.

We believe that the “stripes” are the cross-sectional view of
the graphite basal planes, consistent with previous repdrts,

The results showed that independent of the growth condiwhich have shown that carbon films grown at these condi-
tions, the first several monolayers of the films were amortions have a graphitelike structure with theaxis preferen-
phous or disordered. However, after a few nm thickness &ally oriented in the plane of the film surfac¢eertical basal
microstructure evolved, which was then maintained duringplane$. The area fraction of amorphous regions decreased
growth. When increasing the growth temperature, a graduakith increasing deposition temperature. However, even at the
transition in surface topography could be observed for botthighest growth temperature of our experiments, there still

FIG. 1. STM images of surface topography of the pure carbon
films grown at(a) room temperature(b) 350 °C, and(c) 800 °C.

3.1. Carbon films
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bon and carbon nitride films had very high resistivity if the
film thickness was less than2 nm, and no tunneling current
was recorded for bias voltages betweeb and—5 V. The
resistivity dropped rapidly when increasing the film thick-
ness and stayed constant for films thicker than 10 nm. The
resistivity of thick films as measured by a four-point probe
was ~4x10 2 Q-cm.*? The high resistivity of very thin
films can be explained by the probable formation of an insu-
lating SiC or S|C; _,N interface layer between the films and
the Si substrates, which would act as a barrier preventing the
tunneling current running away. For the thicker films, tun-
neling current could be transported in the films because of
their good conductivity, and be conducted away through the
metal sample holder, which contacted the edges of the films.
The contribution of the Si substrates to the tunneling charac-

(b) teristics between the tip and the film can thus be expected to
be negligible.
FIG. 2. STM images ofi@ a nanodome structure ant)) a The good conductivity of the thicker films allowed us to

conical nanotube with a 26:51.0° cone angle, found on a film Vview the specific nanometer-scale structures with nonzero
grown at 800 °C. The same scale is used in both images. The insband gaps as islands in a conducting sea. Because of the
images in(a) show two line profiles revealing the curvature of the charge transfer to and from the surroundings, the band struc-
dome. Imageb) has been processed by the statistical differentiatingture of a specified structure obtained from its tunneling spec-
method and the small inset shows the raw image. tra would not equal the DOS of the isolated nanometer-scale
structure. However, the tunneling spectra would still provide
existed small regions of amorphous or disordered surfaceénformation about the local electronic properties. The tunnel-
When the growth temperature was increased above 500 °@)g spectroscopic measurements were repeated 20 to 30
the “stripes” were, in most cases, curved in a wavelike fashtimes at each measuring point and showed very good repro-
ion, indicating that the graphite basal planes were distorted atucibility. Images were taken before and after the tunneling
these temperatures. The distortion of the basal planes wapectroscopic measurements as references to guarantee the
even more pronounced for the films grown at 800 °C, aspatial accuracy of the tunneling spectroscopy. For the pure
illustrated in Fig. 1c). Some basal planes were also found tocarbon films, we measured the tunneling spectra of various
be curved such that the@r axes were almost normal to the types of representative structures: the amorphous phase,
film plane (horizontal basal plangsas can be seen in the graphitelike phases with standing and lying basal planes, re-
lower-right corner of the square box area. Here, a hexagonalpectively, the distorted-graphitic phase with wavelike basal
structure is revealed, highlighted by the solid dots, with aplanes, as well as the nanodome features. The overall char-
nearest-neighbor distance of 0226.02 nm, comparable to acters of the current vs voltagéV) curves repeated very
that of graphite seen by STNKD.246 nm. well for the same kinds of structures. In Fig. 3, I-V curves
At the higher temperature@bove 500 °C we also ob- are plotted, as well adl/dV vs V and (V/I)(dI/dV) vs V
served other types of interesting structures, such asurves since they are good approximations to the local
nanometer-scale domes, and tubular nanostructures, as illuBOS!® The graphitelike phase had a metallic behavior, as
trated in Fig. 2. An example of the domes is given in Fig.shown in Fig. 3a), whose DOS is nonzero near the zero-bias
2(a). Two line profiles(inset imagesover the surface of the voltage, i.e., the Fermi level. The band structures of the dis-
nanodome reveal spherical shape of the dome. The dome terted basal planes, both vertical ones and horizontal ones,
build up from connected aromatic rings, and the diameter oflisplayed transitional features. Some of them have a gapless
the rings was 0.380.02 nm, similar to the size of the pen- behavior[as Fig. 3b) showd, but the apparent low conduc-
tagonal or hexagonal rings of g;@nolecule. The image can tance near the zero bias means that the DOS is very small
not reveal whether it is a pentagon or a hexagon, but oddaround the Fermi level, as indicated by thédV curve. In
membered rings must be involved to form spherical strucsome cases, the conductance near the zero bias reduced to
tures. The half dome thus might be part of a fullerene-typezero so that there appeared a gap of zero DOS, as shown in
molecule or an end cap of a nanutube. Figuit® 8hows an  Fig. 3(c). Figure 3d) shows a typical tunneling spectrum of
example of a nanotubelike feature with a 26 50° cone a nanodome, indicating a band gap-e®.3 eV. The width of
angle, and with a half-dome cap at its end. the band gaps varied from 0.2 to 0.6 eV for different nan-
The high lateral resolution of the STM makes it an idealodomes. The reason why these curved graphitic planes have
tool for studying how the local electronic properties vary such a broad distribution of band gaps is not clear. It is well
spatially on a nanometer-scafe!! While ramping the bias known that a perfecs p>-bonded graphite has a zero band
voltage between the tip and the sample, when separated bygap, while thesp*-bonded diamond structure has a band gap
constant distance, the recorded tunneling current is a repras large as 5.5 eV. However, since the band gaps recorded
sentation of the local density of statd30S) of the sample here were in most cases0.6 eV, we conclude that these
surface. Here, we employed tunneling spectroscopy to studfims were predominantlysp? coordinated. This was also
the electronic properties of the specific nanometer-scaleonfirmed by theex situ REELS measurements, which
structures observed in the films. It was found that both carshowed a significant signal from(sp?) bonds for the car-
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FIG. 3. Local tunneling spectra I-Vinsed, dI/dV-V (cross,
and (V/1)(dl/dV)-V (squarg¢ measured on the different structures
of the pure carbon filmga) The graphitelike phaséb) and(c), the
distorted-graphitic phaségl) the nanodomes. The bias voltage was  FIG. 4. STM images of surface topography of the carbon nitride
applied to the tip, which means that the positive bias corresponds tbims grown at 350 °C(a) and (b), 500 °C (c). Right images are
the filled states and negative bias to the empty states. close views of the square box areas of the left images. The size of

the left images is 18 nx18 nm and the enlarged images are

. o . 4.5nmXx 4.5 nm. Images have been processed by the statistical dif-
bon films grown above 300 °C. The local variations of theferentiating method(Ref. §

band gap could be the result of the distortion of the graphite

planes, meaning not only incorporation 8° bonds, but ably explain the increased band gapNevertheless, both
also curvature and the presence of odd-membered rings. f\qqretical and experimental efforts are required to unravel

recent report has suggested that the electronic structures gfa electronic properties afp?/sp® hybrid system.
nanotubes would be sensitive to the position of pentagons

and their degree of confinement at the tube efiddighly
curved nanodomes and distorted graphite planes, such as
those observed here, are likely to involve more pentagons, Carbon nitride films were grown at different temperatures
which would result in more band structure distortion. and studied byin situ STM. The room temperature-grown
Furthermore, tunneling spectra of the amorphous filmsCN, films had the highest nitrogen concentration as deter-
grown at low temperature, were measured, showing banthined by XPS(~30 at. %. For increasing growth tempera-
gaps ranging from O up to 2.0 eV. Because of the amorphousures, the nitrogen concentration reduced gradually, and was
nature of the film, the tunneling spectra could not be correfound to be~15 at. % at 600 °C. This trend is consistent
lated to any specific geometric structures. Considering thevith previously reported result§.Similar to the pure carbon
0.6-eV band gap upper limit of the predominantly films, CN, films grown below 200°C exhibited an amor-
sp?-coordinated films grown at higher temperatures disphous structure. When increasing the temperature up to
cussed above, it is not likely that these large band gaps wer@50 °C, however, a distorted-graphitic phase of curved basal
solely caused by distortion of thep? bonds. However, a planes gradually emerged out of the amorphous/disordered
somewhat larger fraction afp*-coordinated carbon, which background, as shown in Fig(a}. While the distortion of
can be expected in the amorphous carbon films, could prolgraphite planes for pure carbon films took place above

3.2. Carbon nitride films
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FIG. 5. Local-tunneling spectra I-\insed, dI/dV-V (cross,
and (V/I)(dl/dV)-V (squarge of the CN, films. (a) Distorted-
graphitic phase an¢b) nongraphitic phase. The bias voltage was
applied to the tip, which means that the positive bias corresponds t
the filled states and negative bias to the empty states. a band gap typically below 0.6 eV, as displayed in Fig)5

The non-graphitic phase, however, had a much wider band
500 °C, it occurred at-350 °C for the CN films. This dif-  9ap 0f~0.4-2.0 eV, as shown in Fig(B). Figure 6 displays
ference is likely caused by nitrogen substitution in the graphStatistical distributions of the band gap width for the
ite sites. This observation would support previous quantunfiStorted-graphitic phase and the non-graphitic phase mea-

chemical calculations indicating that the nitrogen atoms preSuréd on the same GNilm. Totally 80 tunneling spectra
fer a nonplanar surroundidg’ Apart from the distorted- We'e recorded from different areas of the two structures. The

graphitic phase, we also observed regions on the 350 -graph presents the counts of spectra having a specific bgnd
grown CN, films consisting of graphitic planes that appearsgap! Wherg the number of the spectra Whose band gap width
to be cross linked and intersected, as shown in Fig). he are in the intervaE-0.05 eV toE+ 0.05 eV is represented by

o :  grin o the population at energf, whereE is 0.00 eV, 0.10 eV,
enlarged view indicates that the neighboring “stripes” were
frequently linked together by interplanar bridggsinted by 0'20(%/’ -1 2.00 V. Ift can be see]p ltlha_t the band gaps qf the
the arrow, resulting in three-dimensional networks. TheseWo different types of structures falls into two categories.

regions were different from the graphitic phases. It illustrates' '€ band gaps of the distorted-graphitic phase centeat

a 0.20:0.02-nm spaced network with a nearly 90° bondev’. while the nor_l—graphitic phase center~a1l.; _eV. We
angle. This inter planar distance is comparable, e.g., to th elieve that the wide band gap present here originates from a

: . igher local density ofsp®-coordinate carbon atoms. We
(111) plane distance of diamon@®.206 nm. However, the '9
cubic symmetry, and the fact that high-resolution TEM havealso detected~2.0 eV band gaps on the amorphous pure

not revealed any crystalline regions in CRlms grown by carbon films that are known to have a higtsg® fraction.

magnetron sputtering at elevated temperattiiadjcate that Therefore, it |ﬁ_tr_easor:1able tto ascrllr)]_e Lhellargle l:jand_?apsfof
these regions do not correspond to diamond, or any othépe3 non(?rap (|j|c pb ase 1o a ;? _loca _henS||y ﬁ
crystalline structure. Instead, we believe that the short plangP “c0°r ;nate carbon structure. eglog_s wit da ocr? Y
distance may be due to distorted graphite planes, which ar@Wel Sp-concentration appear as a distorted-graphitic
forced together due tep>-bonded carbon cross links. The structure, which coexists with the nqngrgph|_t|c structgres.
detailed bonding structure is, however, unclear and we define The present rgsults support prewou;_mdlcat?dhat n-
this type of structures as nongraphitic phase. corporation of nitrogen into the graphitic carbon structure
When further increasing the growth temperature moréeads to a distortion of the basal planes and thereby facilitate

disordered/amorphous regions transformed into the distortef{©SS links between the planes as they come closer together.

graphitic, both with vertical and horizontally oriented basal imilar kmds of dlstor_t|ons were also observed in the pure
planes, but somewhat less regions with the non—graphitigarbon films, but at higher temperatures. The spectroscopic

phase could be seen. Figur@is an image of the surface of measurements further suggested that regions of high fraction

a 500°C grown CN film, which exhibits an appearance °f sp’ bonds were formed in the nitrogen containing
similar to that of the pure carbon films grown at the Samesamples. However, since the overall conductivity of all films

temperature, however, more regions where the basal mang\éas_very good, we conclude that the. structures were pre-
dominantly graphitic, but due to the distortion of the basal

merged together, or were possibly cross-linked could be ob-I links betw he bl d oth )
served. The arrow in the enlarged image marks a point wher@lanes, cross links between the planes, and other regions,

different basal planes seem to merge. This further suppor{&®uld have a high local fraction afp>-coordinated carbon.
the observation that the nitrogen incorporation distorts the
graphitic structure.

The tunneling spectra of the distorted-graphitic phase of In conclusion, the carbon films grown at temperatures
the CN, films resembled those of the pure carbon films, withabove 300°C by dc magnetron sputtering were highly

IV. CONCLUSIONS
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graphitelike, in other words, they were quite well ordereddensity ofsp3-coordinated carbon. Thus, the incorporation
and were dominated by ther(sp?) bonding. The bond of nitrogen promotes curving of the basal planes, and regions
angles became deformed at elevated growth temperaturegith a high degree op® bonds were formed, presumably

Consequently, the graphite basal planes were distorted. Thghere the graphitic structure was the most distorted.
deformation of the geometric structures also changed their

electronic properties, and the local tunneling spectra revealed
that those distorted-graphitic structures have a broad spread
of band gaps from zero to 0.6 eV. In the presence of nitro-
gen, the basal plane distortion occurred at lower tempera- The financial support from the Material Research Consor-
tures compared to the pure carbon films and, a nongraphitigum on Thin Film Growth, through the Swedish Foundation
phase having larger band gaps developed, indicating a highéor Strategic Researct8SH, is greatly appreciated.

ACKNOWLEDGEMENTS

* Author to whom correspondence should be addressed. Electroni@N. Hellgren, M. P. Johansson, E. Broitman, P. Sandstrb.
address: niali@ifm.liu.se. Present address: Max-Planck-Institute Hultman, and J.-E. Sundgrénnpublished

FKF, Heisenbergstrasse 1, 70569 Stuttgart, Germany. 103, W. G. Wildoer, L. C. Venema, A. G. Rinzler, R. E. Smalley,
1See, e.g., A. Grill, Surf. Coat. Techn®4-95 507 (1997, and and C. Dekker, Naturé_ondon 391, 59 (1998.
references therein. 1T, W. Odom, J-L. Huang, P. Kim, and C. M. Lieber, Nature

%K. Suenaga, M. P. Johansson, N. Hellgren, E. Broitman, L. R. (London 391, 62 (1998.
Wallenberg, C. Colliex, J.-E. Sundgren, and L. Hultman, Chem!?E. Broitman, N. Hellgren, K. Iaendahl, M. P. Johansson, S.

Phys. Lett.300, 695 (1999. Olafsson, J.-E. Sundgren, and L. Hultm@mpublished

SH. Sjostram, L. Hultman, J.-E. Sundgren, S. V. Hainsworth, T. F. 133, A. Stroscio and R. M. Feenstra,$tanning Tunneling Micros-
Page, and G. S. A. M. Theunissen, J. Vac. Sci. Techndl4A copy, edited by J. A. Stroscio and R. M. Feenstfecademic,
56 (1996. New York, 1993, pp. 95-141.

“H. Sjostram, S. Stafstrm, M. Boman, and J.-E. Sundgren, Phys. 1*D. L. Carroll, P. Redlich, P. M. Ajayan, J. C. Charlier, X. Blase
Rev. Lett.75, 1336(1995. A. De Vita, and R. Car, Phys. Rev. Le#t8, 2811(1997.

SN. Hellgren, M. P. Johansson, E. Broitman, L. Hultman, and J.-EXJ. J. Cuomo, D. L. Pappas, J. Bruley, J. P. Doyle, and K. L.
Sundgren, Phys. Rev. B9, 5162(1999. Saenger, J. Appl. Phy30, 1706(1992).

6W. Kern and D. A. Puotinen, RCA Re®d1, 187 (1970. 184, sjostram, I. Ivanov, M. Johansson, L. Hultman, J.-E.

"F. Owman, Ph.D. Thesis No. 420, Linking University, Linko Sundgren, S. V. Hainsworth, T. F. Page, and L. R. Wallenberg,
ping, 1996. Thin Solid Films246, 103 (1994.

SW. K. Pratt,Digital Image ProcessingWiley, New York, 1978. 17M. C. dos Santos and F. Alvarez, Phys. Re\o@13 918(1998.



