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Surface electronic density of states of tetrahedral amorphous carbon
investigated by scanning tunneling spectroscopy and ab initio calculations
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The surface electronic density of states of tetrahedral amorphous carbon has been measured by
scanning tunneling microscopy and calculated by density functional theory. An analysis of these
results and their comparison is presented here for a series of structures with different microscopic
mass densities. The experimental structures were obtained by pulsed laser deposition with varying
conditions resulting in diamond-like carbon thin films. The calculated carbon structures were
generated by simulating a melting–cooling cycle with molecular dynamics using the density
functional energetics within the local density approximation. The experimental and calculated
densities of states show good agreement. Graphitic-like surface reconstruction is both observed at
the sp3-rich tetrahedral amorphous carbon~ta-C! sample and found in the calculated ta-C slab
structure. ©2000 American Institute of Physics.@S0003-6951~00!01719-8#
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Proposed extraordinary electronic properties1 of tetrahe-
dral amorphous carbon~ta-C! are currently of much interes
due to potential applications in field emission devices. Es
cially, the ta-C surfaces have been studied intensively, s
the field emission efficiency is defined by surface propert
and the ta-C film acts as an electron emitter. Depending u
the way ta-C is formed, it can be electrically conducting,
semiconducting. Other properties of ta-C include heat
radiation resistance, optical transparency over a wide spe
range, chemical inertness, and low or negative electron
finity.

In a recent work by Dong and Drabold,2 the calculated
structural and electronic properties of ta-C surfaces were
ported. The fraction ofsp3 atoms at the surface was show
to be near 50% and the major feature of the ta-C surfa
was chain or ring formation of the threefold-coordinat
atoms.2 Therefore, ta-C surfaces were found to be smo
and highly graphite like, that is consistent with experimen
findings. Electronic states were found to evolve from bu
like extended states inside the bands to localized surface
states in the band tail or band gap. Surfacesp2 graphitization
was found to delocalize surface states.

Arena et al.3 have studied electronic properties of th
ta-C surfaces by means of scanning tunnelling spectrosc
~STS!. The surface density of states~DOS! of a sp3-rich
sample was shown to have narrower band gap than
DOS due tosp2-rich bonding on the surface. The band g
was found to be around 2 eV. In addition, the valence b
intercept was shown to lie closer to the Fermi level at 0
than the conduction band intercept. This indicates that

a!Electronic mail: jarmo.koivusaari@nokia.com
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doped ta-C films are intrinsicallyp-type semiconductors.3

Amorphous diamond-like carbon~DLC! thin films stud-
ied in this work were produced by pulsed laser deposit
~PLD! on n-type silicon substrates.4 An XeCl excimer laser
~wavelength 308 nm, pulse length 20 ns! was used for depo-
sition and the laser intensities are in the range 108– 5
3109 W cm22. The incident laser radiation is focused on
the pyrolytic graphite target at an angle of 45°. During t
deposition, the target is rotated around its axis in order
avoid the drilling effect. The deposition is performed at roo
temperature with a vacuum chamber base pressure ar
1023 Pa.

The STS characterization of DLC thin films is made
means of scanning tunneling microscope~STM! in air. A
commercial STM/atomic force microscope~AFM! ~Digital
Instruments NanoScope® II! system is used to investigat
surface DOS. In the STS, tunneling tip is brought close
sample surface to establish tunneling current within sam
and tip. To obtain current–voltage (I –V) characteristics,
tunneling conditions for STM imaging is first achieved. A
this state, a Pt–Ir tip is frozen still by keeping the tip–sam
distance and position constant, and the tunneling curren
measured at different sample bias voltages. A typical sam
bias (Vb) and tunneling current (I t) for STS from DLC are
23 V and 1–10 nA, respectively. It was found, that high
values of theVb and I t produced more stable spectroscop
behavior, although, good STM imaging conditions are o
tained with smaller values.

I –V curves were measured by interrupting the feedb
and measuring the tunneling current as a function of sam
voltage. MakingI (V) spectroscopic measurements involv
setting theVb and running the feedback to establishI t . The
Vb is then ramped between6scan range/2 and modulated b
4 © 2000 American Institute of Physics
P license or copyright, see http://apl.aip.org/apl/copyright.jsp
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modulation voltageVmod(Vmod!Vb) and tunneling currents
are measured atVb6Vmod/2. Using these values, normalize
differential conductivity, which is proportional to surfac
electronic DOS, can be calculated. Normalized differen
conductivity is defined as (dI/dV)/(I /V), wheredI is the
average of the currents measured atVb6Vmod/2, dV is
modulation voltage,I is tunneling currentI t , and V is
sample bias voltage.

Figure 1 shows typicalI –V curves for as-deposite
DLC samples with different bulksp3 fractions, measured
using smallVb , therefore, allowing the tip to locate close
the sample surface. This, according to Arenaet al.,3 means
that theseI –V curves represent the bulk properties. At t
low sp3 fraction limit the I –V curve is symmetric around 0
eV indicating that the Fermi level is located in the middle
the band gap. At the highsp3 fraction limit, theI –V curve is
clearly asymmetric and rectifying characteristics are
served. A similar effect has been observed earlier from am
phic diamond~a-D!5 and it indicates that undoped a-D th
films with thesp3 fraction are intrinsicallyp-type semicon-
ductor materials. Therefore, the DLC on then-Si forms an
ideal p–n heterojunction, with negative bias applied on t
n-Si operating as a forward-biased cathode emitter.5

In our previous work,6 a series of bulk ta-C structure
with different microscopic mass densities were generated
running molecular dynamics for a melting–cooling cycle a
using the density functional theory~DFT! with a local den-
sity approximation~LDA !.7,8 The Harris functional formal-
ism was used to evaluate the energetics for molecular
namics. It offers a fast algorithm for evaluation of forc
from DFT.9 The initial configuration of atoms was a simp
periodic cubic lattice with diamond structure, which co
tained 64 atoms. The sample densities varied from 2.0 g/c3,
which is close to the graphite density, to the diamond d
sity, 3.54 g/cm3. The structural and electronic properties
the simulated models were calculated and it was shown
with increasing mass density, the average bond length, b
angle,sp1, sp2, andsp3 fractions, and electronic propertie
all came closer to those of diamond-like amorphous carb

In this work, bulk models with a cubic unit cell of 6
atoms generated in Ref. 6 are taken as a starting point

FIG. 1. TypicalI –V curves for as-deposited diamond-like carbon samp
with different bulksp3 fractions measured using a small sample bias volta
(Vb52100 mV) and tunneling current, (I t51 nA). Therefore, the tip is
located close to the sample surface and theseI –V curves represent the bulk
properties.~3! Low sp3 fraction, and (l) and highsp3 fraction.
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model the surface the unit cell dimension inz direction is
doubled leaving the other half empty. Thus, periodic s
models (x,y,2z) with two surfaces are generated. The d
mensionsx5y5z were 8.5 Å and 7.112 Å at the highest an
lowest density, respectively. These structures are relaxe
300 K using the same DFT-LDA method described above
is found that relaxation time of 100 fs is long enough
allow the singly bonded surface atoms to relocate and fo
chain or ring structures on the surface, but short enoug
prevent bulk atom relaxation. With a longer relaxation tim
the slab density~occupied volume! is modified due to the
total energy minimization. As a result of 100 fs relaxatio
about half of the atoms are relocated.

In Fig. 2, the calculated DOS for surface slab and b
structures with mass densities of 2.0 and 3.54 g/cm3 are
shown. The Gaussian broadening with a line width of 0.5
is used for smoothing and the Fermi level is set to at 0 e
Details of the results from bulk calculations have been d
cussed earlier in Ref. 6. In the calculated DOS for the s
structures, the number ofp* states decreases as the dens
increases, and therefore, the electronic properties of the
structures come closer to those of diamond which has np
states. At mass density of 2.0 g/cm3, both slab and bulk DOS
have a pronouncedp* state at 1 eV. Although there ar
states at the region 2–4 eV above the Fermi level in the s
DOS, which arise from amorphous structure, both DO
show the graphitic,sp2 bonded, nature of the sample. The
are more states above the Fermi level in the surface D
than in the bulk DOS at a mass density of 3.54 g/cm3. These
states arise from the surfacesp2 bonds of the slab structure
This indicates that the slab surface structure is more grap
like than the bulk structure.

Let us now investigate the case of the high-density lim

s
e

FIG. 2. The calculated electronic density of states for slab and bulk st
tures with mass densities of 2.0 and 3.54 g/cm3. The Gaussian broadenin
with a line width of 0.5 eV is used for smoothing and the Fermi level is
to 0 eV.
P license or copyright, see http://apl.aip.org/apl/copyright.jsp
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spectra in detail. In Fig. 3 normalized conductivity of th
pulsed laser deposited DLC samples with highsp3 fraction
together with calculated DOS of the slab structures at
high-density limit are shown. Thesp3 fraction of the DLC
sample has been measured by x-ray near edge absor
spectroscopy~XANES! and reported in Ref. 4. The exper
mental STS spectrum of high-density limit DLC sample
assembles well with the calculated surface DOS of a t
slab structure. In the recent work by Arenaet al.,3 states due
to localizedp bonding in surface DOS measured by ST
were reported. These states were at 1.7, 2.8, and 3.6 eV
the case of graphite, peaks fairly close to these, 1.7, 2.5,
3.5 eV, have been assigned asp* band, an extrinsic surfac
state and a bulk state, respectively.10 In the present work,
DOS features at 1.0 (C1), 1.5 (C2), 2.15 (C3), 2.7 (C4),
4.0 (C5), and 4.6 eV(C6) are observed in the calculated su
face electronic DOS of ta-C structures with high thesp3

fraction. Peaks C2, C4, and C5 visible in STS spectra from a
sp3-rich DLC sample, show the graphitization of the surfa
layer of the calculated ta-C structures andsp3-rich DLC
films. Exact peak positions for the different spectra are giv

FIG. 3. ~a! Calculated DOS of the slab ta-C structure with mass density
3.54 g/cm3. ~b! Normalized conductivity of the pulsed laser deposited DL
sample with a highsp3 fraction measured by means of STM.
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in Table I. In our earlier work,6 we assigned the C1 state to
be thep* state that reassembled well with theC 1s→p*
transition in the experimental XANES.4 Therefore, we sug-
gest that the presence of a well-defined C1 state on spectra
reported here is also a clear indication of the graphitic rec
struction of the surface.

In conclusion, calculated surface electronic DOS and
perimental surface DOS measured by STS are in good ag
ment. Features are found in the DOS ofsp3-rich DLC
samples and calculated DOS of ta-C structures that indi
graphitic surface reconstruction. In addition, ta-C structu
andsp3-rich DLC films are shown to be intrinsicallyp-type
semiconductors.
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TABLE I. Cn peak positions in Figs. 3~a! and 3~b!.

DLC, 75 sp3

fraction ~eV!
Ta-C, highsp3

fraction ~eV!

C1 1.2 1.0
C2 1.6 1.5
C3 2.35 2.15
C4 2.85 2.7
C5 3.9 4.0
C6 4.5 4.6
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