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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 sp’-rich tetrahedral amorphous carbéta-C) sample and found in the calculated ta-C slab
structure. ©2000 American Institute of PhysidsS0003-695(00)01719-§

Proposed extraordinary electronic propertiestetrahe-  doped ta-C films are intrinsicallg-type semiconductors.
dral amorphous carbofta-C) are currently of much interest Amorphous diamond-like carbaiLC) thin films stud-
due to potential applications in field emission devices. Espeied in this work were produced by pulsed laser deposition
cially, the ta-C surfaces have been studied intensively, sincéPLD) on n-type silicon substratsAn XeCl excimer laser
the field emission efficiency is defined by surface properties(wavelength 308 nm, pulse length 20 mgas used for depo-
and the ta-C film acts as an electron emitter. Depending uposition and the laser intensities are in the rangé—B
the way ta-C is formed, it can be electrically conducting, orx 10° Wcm™2. The incident laser radiation is focused onto
semiconducting. Other properties of ta-C include heat andhe pyrolytic graphite target at an angle of 45°. During the
radiation resistance, optical transparency over a wide spectréPposition, the target is rotated around its axis in order to
range, chemical inertness, and low or negative electron afVvoid the drilling effect. The deposition is performed at room
finity. temperature with a vacuum chamber base pressure around
In a recent work by Dong and Drabdidhe calculated 107 °Pa.
structural and electronic properties of ta-C surfaces were re- 1he STS characterization of DLC thin films is made by
ported. The fraction ofp® atoms at the surface was shown Méans of scanning tunneling microscof&TM) in air. A
to be near 50% and the major feature of the ta-C surfacegommercial STM/atomic force microscog&FM) (Digital
was chain or ring formation of the threefold-coordinated!Nstruments NanoScope®)Ibystem is used to investigate

atoms? Therefore, ta-C surfaces were found to be smootrsurface DOS. In the STS, tunneling tip is brought close to
and highly graphite like, that is consistent with experimentalsample surface to establish tunneling current within sample

findings. Electronic states were found to evolve from bulk—and tip. To obtain current-voltage {V) characteristics,

like extended states inside the bands to localized surface-lil%[%nnellng conditions for STM imaging is first achieved. At

states in the band tail or band gap. Surfap graphitization is state, a Pt—Ir tip is frozen still by keeping the tip—sample
was found to delocalize surface states distance and position constant, and the tunneling current is

Arena et al2 have studied electronic properties of the measured at different sample bias voltages. A typical sample

ta-C surfaces by means of scanning tunnelling spectroscoptg/IaS (Vi) and tunneling currentl() for STS from DLC are

. . =3V and 1-10 nA, respectively. It was found, that higher
3_
(STSi The surrl:ace q[enrs]lty of state@Oi) O:; asp trr]'Ch bul alues of theV,, and |, produced more stable spectroscopic
sampie was shown 10 have narrower band gap than bu ehavior, although, good STM imaging conditions are ob-
DOS due tosp?-rich bonding on the surface. The band gap ained with smaller values
was found to be around 2 eV. In addition, the valence ban '

. h e o h  level | -V curves were measured by interrupting the feedback
intercept was shown to lie closer to the Fermi level at 0 eVyq measuring the tunneling current as a function of sample

than the conduction band intercept. This indicates that UNgoltage. Makingl (V) spectroscopic measurements involves
setting theV, and running the feedback to establish The
dElectronic mail: jarmo.koivusaari@nokia.com V}, is then ramped betweehscan range/2 and modulated by
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FIG. 1. Typicall -V curves for as-deposited diamond-like carbon samples Q

with different bulks p® fractions measured using a small sample bias voltage
(Vp,=—100mV) and tunneling currentl &1 nA). Therefore, the tip is .
located close to the sample surface and thesé curves represent the bulk p =2.0g/cm” Bulk
properties(X) Low sp® fraction, and @) and highsp® fraction.

modulation voltageV o4 (Vmea< Vp) and tunneling currents
are measured af,* V,o42. Using these values, normalized
differential conductivity, which is proportional to surface Energy [eV]
electronic DOS, can be calculated. Normalized differential

P ] ; FIG. 2. The calculated electronic density of states for slab and bulk struc-
CondUCtIVIty is defined an(I/dV)/(”V)’ wheredl is the tures with mass densities of 2.0 and 3.54 gicithe Gaussian broadening

average of the Currents measured Q= Vinod2, dV ?S with a line width of 0.5 eV is used for smoothing and the Fermi level is set
modulation voltage,l is tunneling currentl;, andV is  to0eV.

sample bias voltage.

Figure 1 shows typical -V curves for as-deposited oge| the surface the unit cell dimensionzndirection is
DLC samples with different bullsp® fractions, measured goubled leaving the other half empty. Thus, periodic slab
using smallVy,, therefore, allowing the tip to locate close t0 yodels &,y,2z) with two surfaces are generated. The di-
the sample surface. This, according to Areial,® means mensionsc=y=z were 8.5 A and 7.112 A at the highest and
that thesel -V curves represent the bulk properties. At the|owest density, respectively. These structures are relaxed at
low sp® fraction limit thel -V curve is symmetric around 0 300 K using the same DFT-LDA method described above. It
eV indicating that the Fermi level is located in the middle of js found that relaxation time of 100 fs is long enough to
the band gap. At the higbp® fraction limit, thel -V curve is  ajlow the singly bonded surface atoms to relocate and form
clearly asymmetric and rectifying characteristics are obthain or ring structures on the surface, but short enough to
served. A similar effect has been observed earlier from amorrevent bulk atom relaxation. With a longer relaxation time,
phic diamond(a-D)° and it indicates that undoped a-D thin the slab densityoccupied volumgis modified due to the
films with thesp? fraction are intrinsicallyp-type semicon-  total energy minimization. As a result of 100 fs relaxation,
ductor materials. Therefore, the DLC on theSi forms an  ghout half of the atoms are relocated.
ideal p—n heterojunction, with negative bias applied on the |n Fig. 2, the calculated DOS for surface slab and bulk
n-Si operating as a forward-biased cathode emitter. structures with mass densities of 2.0 and 3.54 §/are

In our previous work, a series of bulk ta-C structures shown. The Gaussian broadening with a line width of 0.5 eV
with different microscopic mass densities were generated by used for smoothing and the Fermi level is set to at 0 eV.
running molecular dynamics for a melting—cooling cycle andDetails of the results from bulk calculations have been dis-
using the density functional theo(FT) with a local den-  cussed earlier in Ref. 6. In the calculated DOS for the slab
sity approximation(LDA).”® The Harris functional formal-  structures, the number of* states decreases as the density
ism was used to evaluate the energetics for molecular dyincreases, and therefore, the electronic properties of the slab
namics. It offers a fast algorithm for evaluation of forcesstructures come closer to those of diamond which hasrno
from DFT? The initial configuration of atoms was a simple states. At mass density of 2.0 g/&nboth slab and bulk DOS
periodic cubic lattice with diamond structure, which con-have a pronounceedr* state at 1 eV. Although there are
tained 64 atoms. The sample densities varied from 2.0%/cm states at the region 2—4 eV above the Fermi level in the slab
which is close to the graphite density, to the diamond denbOS, which arise from amorphous structure, both DOS
sity, 3.54 g/c. The structural and electronic properties of show the graphitics p? bonded, nature of the sample. There
the simulated models were calculated and it was shown thaire more states above the Fermi level in the surface DOS
with increasing mass density, the average bond length, bonithan in the bulk DOS at a mass density of 3.54 gicfthese
angle,sp', sp?, andsp? fractions, and electronic properties states arise from the surfas@? bonds of the slab structure.
all came closer to those of diamond-like amorphous carboriThis indicates that the slab surface structure is more graphite

In this work, bulk models with a cubic unit cell of 64 like than the bulk structure.

atoms generated in Ref. 6 are taken as a starting point. To Let us now investigate the case of the high-density limit
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T T T TABLE I. C, peak positions in Figs.(8 and 3b).
o a)
o DLC, 75sp® Ta-C, highsp®
s fraction (eV) fraction (eV)
7]
- C, 1.2 1.0
° C, 1.6 15
2 Cs 2.35 2.15
» (o 2.85 2.7
S Cs 3.9 4.0
o Cs 45 4.6
S in Table I. In our earlier work,we assigned the Cstate to
§ be then™* state that reassembled well with tiiels— 7*
S transition in the experimental XANESTherefore, we sug-
2 gest that the presence of a well-defineddtate on spectra
T reported here is also a clear indication of the graphitic recon-
struction of the surface.

In conclusion, calculated surface electronic DOS and ex-
perimental surface DOS measured by STS are in good agree-
Energy [eV] ment. Features are found in the DOS ®p-rich DLC
FIG. 3. () Calculated DOS of the slab ta-C struct " donsit fsamples and calculated DOS of ta-C structures that indicate
. o. (8 Calculate: [0} € slab ta-C structure with mass density o ) . e _
3.54 g/cm. (b) Normalized conductivity of the pulsed laser deposited DLC graphitic surface reconstruction. In addition, ta-C structures

3 . . . . .
sample with a higrsp? fraction measured by means of STM. andgp -rich DLC films are shown to be intrinsically-type
semiconductors.

spectra in detail. In Fig. 3 normalized conductivity of the ~ One of the authoréK.J.K.) appreciates the financial sup-
pulsed laser deposited DLC samples with higt fraction  port of the Jenny and Antti Wihuri Foundation, Taunorfo
together with calculated DOS of the slab structures at th@ing Foundation, Tekniikan Edistassatio, and Finnish
high-density limit are shown. Thep® fraction of the DLC ~ Cultural Foundation. All simulations were run in computers
sample has been measured by x-ray near edge absorptiéh the Center for Scientific Computing€SC, Espoo, Fin-
spectroscopyXANES) and reported in Ref. 4. The experi- land).
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