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Atomic resolution ultrahigh vacuum scanning tunneling microscopy
of epitaxial diamond (100) films

R. E. Stallcup,® A. F. Aviles, and J. M. Perez
Physics Department, University of North Texas, Denton, Texas 76203

(Received 30 November 1994; accepted for publication 3 March)1995

We report atomic resolution images of chemical vapor deposition grown epitaxial diathofd
films obtained in ultrahigh vacuurtHV) with a scanning tunneling microscope.(2x1) dimer
surface reconstruction and amorphous atomic regions are observe@XHeunit cell is measured

to be 0.51:0.01x0.25+0.01 nnf. The amorphous regions are identified as amorphous carbon. A
radial structure 1.5 nm in diameter is observed on a plane at a 20° slope (@xh¢ surface.
Tunneling current versus voltage spectra in UHV and Raman spectra are also obtain2895©
American Institute of Physics.

Diamond films grown using chemical vapor deposition CVD reactor, a conducting diamond film 1+&n thick was
(CVD) have a great number of applications from cutting in-deposited on the substrate surface. The reactor is coupled to
struments to electronic components. Large single crystals dhe UHV STM chamber via an all-metal through valve, and
diamond would have applications in optical windows, the samples are transferred from the reactor to the UHV
electro-optical components, and integrated circuits. CurSTM chamber without contamination by exposure to®air.
rently, growth of large crystals using CVD has proven to beThe thin diamond film was deposited for 120 minutes with a
difficult.* Understanding the CVD diamond growth processsubstrate temperature of 850 °C at a pressure of 30 Torr us-
at the atomic level is crucial in successfully producing largeing hydrogen and methane with flow rates of 200 and 1
crystals in high volume. A basic assumption concerning théccm, respectively. The tungsten filament temperature was
CVD diamond growth process is that it involves the forma-2200 °C. The growth experiment was terminated by first
tion of amorphous carbon and other carbon complexes on thghutting off only the methane flow and maintaining the
growth surfacé~* Recently, scanning tunneling microscopy Sample, filament, and 3settings for 2 minutes. The filament
(STM) in air has been used to observe parallel lines at equa¥as then turned off followed by the sample heater and then
distance along two orthogonal directions on a CVD grownthe H flow being turned off. The images were obtained in
diamond(100) surface known by using electron diffraction UHV at & pressure of 1:010°*° Torr using an Aris 5000
techniques to have &@X1) reconstructiors. STM in ultra-  UHV compatible STM from Bur!eigh Instrum_ents. The STM
high vacuum(UHV) has been ideal for studying the growth probe was constructe.d of 20 mil tungsten wire and was elec-
process at the atomic level of Si, Ge, and GA/&TM in trochemmally etched in a KQH solutiohTunneling currents
UHV has many advantages over STM in air such as surfac@’ 2-8 NA with a sample bias of-800 mV were used to
cleanliness and the possibility of the use of etched tungstefPt&in atomic resolution~V spectroscopy in UHV was ob-
tips that result in sharper images. Tunneling current versuin€d using the same image scan paramefarerent and

voltage(1-V) spectroscopy using STM is also more reliable SMPle biasstated previously. _ ,
in UHV.® In this letter, we report, for the first time, UHV Flgu_re ]_(a) _ShOWS a UHV STM_Image of the d'f"‘m"”d
STM studies of CVD grown epitaxial diamor{d00) films. (100 epitaxial film having a2 1) dimer reconstruction of

We directly observe &2Xx1) surface reconstruction due to th_e su_rface. Steps are o_bserved consisting of ?‘Omic planes
dimerization, and measure th@x1) unit cell to be 0.51 with dimer rows rotated in they-plane 90° relative to the

+0.01x0.25+0.01 nnf. Moreover, we report the observa- ?r:g“cajrarr?]vc\)ﬁ d'nst?; (;Jepzira?]r ;?X,Vri-rcastgg?:-ﬁlaﬁ\f' l?raeg;;?f
tion of amorphous atomic regions on thH&x1) recon- ! u ' ' W 1y

structed surface. The amorphous regions consist of linear producible. A dimer-type reconstruction has been hypoth-

structures surrounded by particles without any order. Thesesmed for the diamondi00 (21) surface, but the dimers

egons reseme anap bonded caron in smarshous (500 L€ el soseed preveusln Bl present
carbon reported by Chet al.” using STM in air.l-V spectra P . P 9

. ; LT measured at higher resolution, as shown in Figp),1thus
obtained in UHV show that the surface of the filmpaype y oy confirming the dimerization of thé2x1) surface.
and has an electronic state 0.52 eV above the Fermi level.

L . From Fig. 1b), the (2X1) unit cell is measured to be
The n%pnamal film was grown on a pol!shed 0:25.5 0.51+ 0.01x0.25+0.01 nnf, in agreement with the diamond
X1.5 mm (100 pre 2b high-pressure, hlgh—temperaturg(loo) (1% 1) lattice constant of 0.252 nm. The step heights in
(HPHT) grown diamond substrate purchased from HarrlsFig' 1(a) are measured to be 0.40.01 nm, in agreement
Corporation. The substrate was cleaned ultrasonically in aGyith the reported spacing between diamc(tiOO) planes of
etone, and then in a mixture of HCl and HN@.:3), and  ( 4g9 nm. In Fig. a), particles grouped together in clusters
rinsed in triple distilled water. Using a hot-tungsten filament,, i+, jittle or no apparent order are observed at the edges of
the steps on the right-hand side of the figure. Other regions
“Electronic mail: stallcup@ponder.csci.unt.edu of the film showed ordered linear chains of particles with
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FIG. 1. (8 UHV STM atomic resolution image of a CVD grown epitaxial
diamond (100 film. A (2x1) dimer surface reconstruction is observed.
Clusters of particles with little or no apparent order are also observed on the
right-hand side(b) UHV STM image of dimer rows showing the individual
dimers within the rows.

disordered groups of particles, as shown in Fi@).2These 5.7 nm

structures are similar to those reported in amorphous CarbofE]G. 2. (a) UHV STM atomic resolution image of a region of the same film
by Choet al.” using STM in air. The lattice spacings of the showing an amorphous region consisting of ordered linear chains, indicated
linear chains in Fig. @) are measured to be 0.39.01 nm by thg arrows, sur_rou_nded by particles without any or@®rSTM image of
and 0.26-0.01 nm along the long and short axis, r(:’,Sp(:‘,c_a :)a(;jla: structure, indicated by the arrow, on a plane at an angle of 20° to the
tively. These measurements are in excellent agreement Wit(ﬁ ) plane.

the spacings of 0.350.01 nm and 0.280.01 nm reported

for the linear chains in amorphous carbolVe therefore 514.5 nm. Thesp® carbon signal from the bulk at 1579 ¢
attribute the amorphous regions to amorphous carbon. li$ slightly above the baseline of the spectrum showing that
Ref. 7, the ordered linear chains are attributed to a form othere is very little graphitic carbon. Figurét® shows the
spf bonded graphite and the disordered regions to a randoftaman spectrum of the epitaxial film after growth on this
network ofsp? bonded carbon. Random networksspf and ~ substrate. Thep? carbon signal at 1579 ¢m has the same
sp® bonded carbon atoms have been predicted to form in
polycrystalline  diamond films based on Raman

spectroscopy’ Approximately 20% of the diamond film sur-
face was observed to consist of the amorphous regions de- I E L @] ]
scribed above. - 2 .
Radial structures are also observed on (g0 surface ~[ £ ® ]
at steps, as indicated by the arrow in Figb)2 One would ut EJL*_\_Q
not expect to observe a reconstruction of the diam@d) E’, O chib ) i
surface to have this geometric shape. After further analysis, it Z | x20 w )
is found that the steps in Fig.(ld are approximately 6 «g _ (@) ]
atomic layers high{0.06 nn) and the radial structure is at a = W M(b)
20° angle to thg100 plane. This structure could therefore - ]
be a reconstruction of a plane 20° to tti®0 plane. L © -
Large area STM images of 0.5 x? show the surface x5
of the film to be flat and epitaxial. We obser(Z00 planes 100 1300 1500 1700 1900
with the same orientation stacked on one another and parallel Raman Shift (cm-1)

to the substrate surface. The root-mean-squared roughness of _ _
a 3.4<3.4 MZ area is measured to be 90 nm. FIG. 3. () Raman spectrum of_ thg dla_\mond substrate before film growth.
. . (b) Raman spectrum of the epitaxial filfic) Raman spectrum of a poly-
Figure 3a) ShO_WS the Raman spectrum of the dlar.'nondcrystalline film grown on Si. Inset shows the corresponding unexpanded
substrate before film growth obtained using a laser line oRaman spectra.

2332 Appl. Phys. Lett., Vol. 66, No. 18, 1 May 1995 Stallfcup, Aviles, and Perez

Downloaded 02 May 2012 to 129.120.92.130. Redistribution subject to AIP license or copyright; see http://apl.aip.org/about/rights_and_permissions



- ‘ . — 10 face density of states below and above the Fermi level,
18 respectively. The large conductance observed for negative
i 16 § sample voltages shows that the surface of the epitaxial film is
0 14 ?E’ p type, consistent with previous measurements using Hall
5 [=— — 12 2 effect and other techniquésA new peak is observed in the
S 10 3 conductance at-0.52 V, showing a surface state 0.52 eV
E i ] D above the Fermi level.
= 1473 In summary, we have reported the first atomic resolution
i 16 § UHV STM images of a CVD grown epitaxial diamoriti00)
i 1gF film. We showed direct evidence for dimerization of the dia-
N R B T mond (100 surface, thus confirming the hypothesis that the
05 00 05 10 15 (2X1) reconstruction is due to dimerization. We observed
Sample Voltage(V) amorphous regions on tti@x 1) dimer reconstructed surface

that we identified as amorphous carbon. This observation is
FIG. 4. Right-hand axis corresponds to the tunneling current vs sampl%“rect evidence for the formation of amorphous carbon re-
voltage curve obtained in UHV with the STM tip over a dimer. The left- . . . L.
hand axis corresponds to the conductarit&]V, vs sample voltage curve gions on the diamond growth surface during epitaxial
showing a surface state0.52 V above the Fermi level. growth. We are currently studying the evolution of these

amorphous regions during the growth process using UHV

STM. Understanding the growth process at the atomic scale

height and_ ba_selin_e before and after film grpvvth, ShOWinQ/vill be the key in producing high quality diamond films for a
that the epitaxial diamond film does not contain any measur:

wide range of applications.
able graphitic carbon. In comparison, FigcBshows the g PP

p I line di dfi This work was supported in part by the National Aero-
Raman spectrum of a polycrystalline diamond film grown OMhautics and Space Administration under Award No. NAG-1-

Si. Both films were grown using the same parameters tci468, the Texas Advanced Research Program under Award

approximately the same thickness. In Fig. 3, the vertical aXiNo. 003594053, and the National Science Foundation under
is expanded to bring out the detail of the spectrum. TheAward No. DMR-9311724
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