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Structure and electronic properties of a nongraphitic disordered carbon system
and its heat-treatment effects
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The heat-treatment effect on electronic properties is investigated in relation to structural change for pulsed-
laser-deposited amorphous carbon thin films havingsp2/sp3 ratio '9. The heat treatment at temperatures
200–400 °C increases conductivity and modifies the hopping conduction mechanism at low temperatures,
resulting in the generation of a Coulomb gap atEF . This is attributed to the heat-treatment-induced modifi-
cation of the disorder nature of the structure from atomic-scalesp2/sp3 disorder to a disordered graphitic
sp2-domain network by the migration ofsp3 defects. In the heat-treatment temperature region above 600 °C,
where the structure is featured with graphiticsp2 domains, considerably small positive thermoelectric power is
suggestive of carrier compensation by the competition of hole and electron carriers that originate from the
inhomogeneous charge distribution caused by the difference of Fermi levels among graphiticsp2 domains. In
the high-heat-treatment-temperature region 800–1100 °C, the formation of an infinite percolation path network
of the graphiticsp2 domains induces an insulator-to-metal transition, where the electron transport in the
sp2-rich metallic state is featured by weakly temperature-dependent conductivity with majority hole and
minority electron carriers.

DOI: 10.1103/PhysRevB.67.214202 PACS number~s!: 71.23.Cq, 63.50.1x, 72.15.Jf, 72.20.Jv
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I. INTRODUCTION

Diamond and graphite are representative allotropes of
bon, which are formed with tetrahedralsp3 and hexagona
sp2 bond networks, respectively. Interestingly, there is
definite difference in the electronic structures between
two allotropes; that is, diamond is an insulator with an e
ergy gap of 5.3 eV betweens and s* bands, while the
presence ofp and p* bands around the Fermi energyEF ,
which fill the s-s* gap, makes graphite semimetallic as d
scribed by the two-dimensional~2D! p-electron system.1

Graphite is the equilibrium phase of carbon in the ambi
condition.

Between the two allotropes, which are considered as
tremes, disordered carbons having arbitrarysp2/sp3 bond
concentration ratios are spread in a wide spectrum. At
same time, disordered carbon systems with the samesp2/sp3

ratio show a variety of different electronic structures owi
to the clustering features ofsp2 carbons.2 In the case with
majority sp2 carbons, the degree of clustering ofsp2 carbons
is a particularly significant factor on the electronic propert
of disordered carbon systems. By adding randomness to
graphitic structure with thesp2-site distribution being inho-
mogeneous in space, ‘‘graphitic’’ disordered carbon syste
are produced, where the microscopic structure is describe
a random assembly of nanosized graphiticsp2-carbon do-
mains~nanographites!. Many of works have been carried ou
in such graphitic disordered carbon systems from b
experimental3–5 and theoretical6,7 aspects on the correlatio
0163-1829/2003/67~21!/214202~11!/$20.00 67 2142
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between the structure and electronic properties.
On the other hand, the homogeneous distribution ofsp2

sites~alsosp3 sites! in sp2/sp3 mixture completely destroys
the graphitic structure and makes conjugatedp-electron
structure disappear, even if thesp3concentration is compara
tively small. The structural model based on the assembly
graphitic domains is no longer adequate. ‘‘Nongraphiti
disordered carbon systems thus produced correspond to
state of carbon at high temperature and/or high pressure
from ambient state, and they appear as the metastable sta
carbon in ambient condition. Many structural investigatio
have been reported on nongraphitic disordered carbons
ing various structural forms andsp2/sp3 ratios: diamondlike
carbon ~DLC!,8–12 tetrahedral carbon~ta-C!,11,13–17 glassy
carbon.18,19 However, only a few experimental works wer
reported on their electronic properties,17,20 although theoret-
ical works predicted anomalousness in their electronic f
tures, different from the graphitic disordered state. Tig
binding andab initio calculations claim uniqueness in th
electronic structure inherited to nongraphiticsp2/sp3

mixture.21,22 Namely, sp3 sites in sp2/sp3 -mixed clusters
mainly govern the generation of a large gap, which is alm
in the same range as that of diamond (;5 eV), while pairs,
even-membered rings, and chains ofsp2-carbon atoms form
p-like states with a smaller gap (;2 eV). In contrast, iso-
latedsp2 sites and odd-membered rings ofsp2-carbon atoms
give localized states in the gap. Thus, a finite density
states aroundEF is suggested for the disordered carbon s
©2003 The American Physical Society02-1
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tems in spite of the absence of graphitic structure. It is
triguing to investigate what electronic structure comes ab
in the absence of the graphiticp electrons insp2-rich disor-
dered carbon systems from the experimental view point.

In the present paper, we discuss the electronic prope
of sp2-rich, but nongraphitic, disordered carbon, in relati
to heat-treatment-induced structural change. Samples w
prepared by the heat treatment of nongraphitic carbon fi
prepared by pulsed laser deposition as starting mate
which consists of a majority ofsp2 sites and a minority bu
a significant amount ofsp3 sites. Sample structural chara
terization was carried out by x-ray diffraction~XRD!, elec-
tron energy loss spectroscopy~EELS!, scanning electron mi-
croscopy~SEM!, and Raman spectroscopy. The electro
properties were examined by means of dc electrical cond
tivity and thermoelectric power.

II. EXPERIMENT

Samples were prepared by pulsed laser deposition me
by a Q-switched Nd:YAG pulse laser~Spectron laser system
SL802G! with a highly oriented pyrolytic-graphite~HOPG!
target in a vacuum chamber. The chamber was evacu
with a turbo-molecular pump to a base pressure of typic
231025 Torr prior to deposition. With the base pressure a
chamber volume, the residual gas amount is calculated
5.331029 mol. Even if the entire amount was incorporat
into the sample, the content of hydrogen or oxygen in
sample became only about 1% with the assumption that
residual gas had the same composition as that of air.
laser wavelength, pulse width, and repetition rate were fi
at 532 nm, 4 ns, and 10 Hz, respectively. The laser po
density and diameter of the laser beam were 0.14 W/m2

and 3.2 mm at the target surface, respectively. The sam
films were deposited on quartz glass substrates placed
mm apart from the target with a mask having a size o
36 mm. The substrate temperature, the irradiation time,
the sample thickness measured by the needle probe me
were typically 23 °C, 5 min, and 1mm, respectively. The
prepared samples were exfoliated from the quartz subs
by using a razor blade and organic solvent~ethanol or ac-
etone! before structural characterization, electronic measu
ments and heat treatment.

The samples were heat treated in different ways depe
ing upon the heat-treatment temperature~HTT! range. For
heat treatment below 1100 °C, the samples were heat tre
in a Pyrex or quartz tube by an electric furnace for 30 min
vacuum under 131026 Torr, while in the range
1300–1500 °C, the samples vacuum sealed under a pre
of 131026 Torr in a quartz tube in advance were he
treated. For convenience, the samples heat treated at xx0
will be labeled ‘‘HTT xx00’’ and the non-heat-treated samp
is labeled ‘‘non-HT’’ hereafter.

SEM measurements were carried out by using a Hita
S-800 field-emission-type microscope with acceleration v
age of 20 kV under 131026 Torr.

XRD measurements were carried out using synchrot
radiation~40 kV, 50 mA, 1.0027 Å, High Energy Accelerato
Research Organization-Photon Factory! and a MacScience
21420
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Micro Powder Diffractometer with cylindrical imaging plat
detector and graphite monochromator. The wavelength of
incident light was calibrated based on the lattice constan
cerium oxide as a reference.

EELS spectra were measured by using a Gatan Imag
Spectrometer~GIF200! attached to JEOL2010F transmissio
electron microscope at an acceleration voltage of 200
under 131027 Torr in the energy loss range 0–305 eV. Th
convergence angleb of the incident beam and the energ
resolution were typically around 10 mrad and 1 eV, resp
tively.

Raman spectroscopy measurements were performed
using Jobin-Yvon T64000 spectrometer with an argon-
laser operated at 514.5 nm with an output power of 10–
mW in the backscattering geometry and a multichannel C
counter in the wave number range 800–1900 cm21.

Electrical conductivity measurements were carried out
a single film with a voltage applied parallel to the film in th
temperature range from 4.2 K to room temperature unde
Torr helium exchange gas. Because of the high resistivity
the samples, the two-contact method was adopted for
measurements of the non-HT and HTT 200, while samp
heat treated above 400 °C, which had low resistivity, w
measured by the four-contact method. The samples w
mounted on a copper pattern on a glass-epoxy resin subs
and electrically contacted with carbon paste.

Thermoelectric power measurements were performed
ing a single film along the film surface direction, where t
ordinary two-probe method was used in the temperat
range from 4.2 K to room temperature. Because of the h
resistivity, it was impossible to measure thermoelect
power for the non-HT samples. Two 0.07% AuFe-Chrom
~AuFe-Ch! thermocouples, whose absolute thermoelec
power had been calibrated in advance using pure l
~99.999%!,23 were contacted to the two ends of the sam
using carbon paste. A coiled 50-V manganium wire was at
tached to one of the contact points as a heater, and a
perature gradient of about 0.3–1 K was made between
contacts. The thermoelectric powers of circuits AuF
sample-AuFe~output voltageVAuFe) and Ch-sample-Ch~out-
put voltageVCh) were measured with two nanovoltmete
synchronized by a trigger from the electrical source of
heater. Thus, the thermoelectric power of the sampleS was
obtained as follows:

S5
VChSAuFe2VAuFeSCh

VCh2VAuFe
, ~1!

whereSAuFe andSCh are the absolute thermoelectric powe
of AuFe and Ch wires, respectively. The temperature of
sample was measured using platinum and germanium re
tance thermometers placed near the sample.

III. RESULTS

The non-HT samples appear brittle and blackish with m
tallic luster, being suggested to have a significant amoun
sp2-carbon bonds. SEM observation with a magnification
2-2
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10 0003 showed very smooth and nonporous nature of
sample surface.

Figure 1 shows theK-edge spectra for non-HT and HT
1300. The spectra shown are single-scattering distribut
extracted using the Fourier-ratio method.24 Compared with
the spectra for diamond and graphite, the peak around
eV is attributed to thep-p* transition ofsp2 carbon, while
the large broad area between 290 and 300 eV mainly o
nates from thes-s* transitions ofsp2 and sp3carbons.25

Thus, thesp2/sp3 ratio of the samples is estimated from th
ratio of the integrated intensities of the two peaks.25 The
sp2/sp3 ratios of both non-HT and HTT 1300 are calculat
as;9, suggesting that the sample are in thesp2-rich region.
Therefore, the EELS spectra for the present samples c
the fact thatsp2/sp3 ratio ;ca. 9 is not changed by the he
treatment up to 1300 °C.

The XRD profile depends on the alignment of samp
with respect to the direction of the incident x-ray beam
shown in Fig. 2. In either case with an incident x-ray be
between parallel and perpendicular to the sample film pla
the absence of any peak in the XRD pattern suggests tha
samples for HTT&400 °C do not have any regularity in the
structure even in the atomic-scale range. Thus, these sam
have the disorder nature with jumbling ofsp2/sp3 carbon
atoms in the atomic scale. The diffraction peaks assigne
graphitic structure@~002!, ~004!, and~006! for the beam di-
rection parallel to the film plane and (100)/(101) for that
perpendicular to the film direction# appear in the range
HTT.600 °C, accompanied by the increase of their pe
intensity and the decrease of their peak linewidth upon
elevation of HTT. This suggests that graphitic structure
comes important in the local structure upon the elevation
HTT. Interestingly, the temperature range, in which the str
tural change toward graphitic structure occurs, is consid
ably lowered in comparison with the typical graphitizatio
temperature (;1600 °C).1 This proves that, in the non-HT
sample, thesp2/sp3 mixed structure having atomic-sca
disorder with 10%sp3 sites is in a nonequilibrium state fa
from a thermodynamically stable state and tends to be ea
relaxed to graphitic state which is thermodynamically w

FIG. 1. K-edge spectra~single-scattering distributions! for
non-HT and HTT 1300. The base lines of the spectra are shi
vertically from each other for clarify.
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defined, consistent with previous works.18,26

XRD can add information on the orientation and shape
growing graphitic domains in the samples. In the case
sample film alignment with its plane parallel to the incide
x-ray beam@Fig. 2~a!#, a graphite (002) peak appears arou
17° in the region of HTT.600 °C. In contrast, in the film
alignment with its plane perpendicular to the incident x-r
beam@Fig. 2~b!#, the (002) peak is not noticeable, while th
peak around 28° assigned to graphite (100)/(101) emerges
in this alignment. Peak~002! is related to the graphite stack
ing structure, while peaks (100)/(101) are associated w
the in-plane structure. Judging from the observed anisotro
growth of these two kinds of XRD peaks shown in Fig.
graphite hexagonal sheets develop with the stacking di
tion perpendicular to the sample thin layer upon heat tre
ment even in the early stage of heat treatment (H
;600 °C). Such anisotropic growth of the graphite stack
structure in thin-layer disordered carbon systems was

d

FIG. 2. ~a! XRD patterns of the samples at various HTT’
where the film plane is aligned parallel to the incident x-ray bea
The indices of the Bragg reflections are shown for graphite (00
(004), and (006).~b! XRD patterns of the samples at variou
HTT’s, where the film plane is aligned perpendicular to the incid
x-ray beam. The graphite (100)/(101) Bragg reflection appears fo
HTT.600 °C. The base lines of the patterns are shifted vertic
from each other for clarify. The schematical views of the fil
samples are illustrated with the incident x-ray beam direction.
2-3
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KAZUYUKI TAKAI et al. PHYSICAL REVIEW B 67, 214202 ~2003!
reported in ion-implanted glassy carbon,18,19ta-C,17 and ther-
mally annealed ta-C,16 where the in-plane strain of the thi
layer is important for the preferable direction of the grow
of graphite stacking structure. A similar mechanism can
proposed in the case of the present non-HT samples, w
the nonequilibrium carbon deposition process generate
large strain with respect to the in-plane direction.

The in-plane size (La) and c-axis thickness (Lc) of gra-
phitic domains are obtained from the linewidths of the (10
(101) and (002) peaks, respectively. The dimension ofLa is
calculated from the following relation obtained in conside
ation of 2D lattice diffraction:27

La5
1.84l

B1/2~2Q!cosQ
, ~2!

wherel andB1/2(2Q) are the wavelength of the x-ray bea
and the full width at half maximum in radian units, respe
tively. Thec-axis thicknessLc is obtained by using the ordi
nary Scherrer formula1

Lc5
0.89l

B1/2~2Q!cosQ
. ~3!

The estimatedLa and Lc from the XRD linewidths are
shown in Fig. 3~a!. As clearly seen in Fig. 3~a!, the evolution
of the graphitic domains is anisotropic between the in-pla
andc-axis directions. In the in-plane direction, the graphi
hexagonal structure starts developing at HTT 600, at wh
the graphitic domains have a mean in-plane size of;3 nm.
Graphitization proceeds almost monotonically with the

FIG. 3. ~a! The HTT dependence of the in-plane sizeLa and the
c-axis thicknessLc of graphitic domain.La is estimated from XRD
~100!/~101! peak ~solid circles!, while Lc is estimated from the
XRD (002) peak~open circles!. The localization lengthj estimated
from the conductivity is also shown as open triangles.~b! The HTT
dependence of the interlayer distanceI c of graphitic structure for
the samples calculated from the XRD (002) peak position. Das
line denotes the value for bulk regular graphite.
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evation of HTT. In contrast, the graphitic stacking structu
starts growing fromLc;2 nm at HTT 800, which tracks the
development of the in-plane structure coherence. It beco
rapidly developing above about HTT 1100, and theLc values
reach;7 nm at HTT 1500, which is almost the same as th
of La at the same HTT. Namely, the graphitic domains in t
samples have a thin flat-faced shape below HTT 1100, w
they have an almost isotropic-block-like shape in the reg
HTT.1100 °C.

Generally speaking with chemical consideration, the c
version from thesp3carbon to thesp2 one takes place abov
;1200 °C.28 Moreover, thesp2/sp3 ratio (;9) of the
present samples estimated from the EELS does not chang
much for HTT,1300 °C. Therefore, the presence of a lar
anisotropy in the structure indicates that a sort of anisotro
local structure dominated bysp2-coordinated carbon site
exists even in the non-HT sample, which can be easily tra
formed to the planar hexagonal graphitic network struct
with plane orientation parallel to the in-plane direction of t
sample thin layer, without anysp2/sp3 conversion. This can
be understood on the basis of a homogeneous spatial d
bution ofsp3 defects in a 2D hexagonalsp2-carbon network
in the non-HT sample. A carbon atom at ansp3-defect site
on ansp2-hexagonal plane is considered to be cross-link
to an sp3carbon on the adjacent hexagonal network pla
The presence of ansp3 site on the graphitic plane depress
the conjugatep character of three neighbor rings. Therefo
it is easily understood that the conjugatedp system almost
disappears in the whole plane, whensp3 defects are homo-
geneously distributed at 10%sp3-defect concentration. In
other words, even 10%sp3 defects can contribute to th
complete destruction of the hexagonalp-conjugated net-
work, resulting in nongraphitic carbon structures. This lea
to the disappearance of the graphitic diffraction peak in
low HTT samples. Local distortion due tosp3 defects con-
siderably enhances the lattice energy in thesp2-carbon net-
work, generating the metastable feature of the non-
sample. Thesesp3 defects can migrate upon heat treatme
in thesp2-carbon network by exchanging bonds with a low
energy barrier. Therefore, even small thermal energy can
duce the relaxation to graphitic structure from the metasta
structure of the non-HT sample, the former of which is t
thermodynamically equilibrium state of carbon in an ambie
condition. In this process, the cross-link defects migrate so
to form graphitic domains for minimizing the lattice disto
tion energy. Similar structural change by the migration
minority sp2 sites was reported also in thesp3-rich disor-
dered carbon system.15 It is considered that a large conce
tration ofsp2 sites in the present sample contributes to ma
sp3 sites migrate easily resulting in the condensation ofsp2

sites. In the high-temperature range above HTT;1300 °C,
the conversion fromsp3carbon to sp2carbon starts and
graphitization proceeds similarly to other disordered carbo

Figure 3~b! shows the HTT dependence of the interlay
distanceI c of the graphitic structure for samples calculat
from the XRD (002) peak position. When the graphit
structure starts developing at HTT;600, the interlayer dis-
tance isI c50.364 nm, which is considerably larger than th

d

2-4
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STRUCTURE AND ELECTRONIC PROPERTIES OF A . . . PHYSICAL REVIEW B67, 214202 ~2003!
of bulk graphite (I c50.3354 nm). As HTT increases abov
800 °C, it monotonically decreases and reaches almost
value for bulk regular graphite above HTT 1500. The pe
has an asymmetric shape with a steep low-angle tail in H
600, 1300, and 1500, which suggests that the interlayer
tances of graphitic structure in the HTT sample are dist
uted with larger contributions from larger interlayer di
tances. In the less graphitized region (HTT;600 °C), the
contribution ofsp3 defects scattered on hexagonal graph
sheets is expected to expand the interlayer distance du
the formation of cross-links between sheets and local lat
deformations, even if thesp3-site concentration is in the
range of 10%. Larger graphitic domains tend to give sma
interlayer distances since flat hexagonal graphitic sheet
easily make a dense packing in comparison with a defec
sheets having poor flatness. Therefore, the asymmetric
fraction peak shape demonstrates that the size distributio
graphite domains is rather narrow with large domains l
contributing. It should be noted that the HTT 1500 sam
still has an appreciable contribution ofsp3 defects, taking
into account that the interlayer distance is larger than tha
bulk regular graphite.

The presence of cross-linksp3 defects also affects th
lattice dynamics of the sample, as evidenced by the Ra
spectra of the low HTT samples, which are far from those
bulk regular graphite. In graphitic disordered systems, wh
are stabilized in thesp2-rich state, well-defined graphitic do
mains are considered to be homogeneously distribute
general. In this case, the Raman feature is composed of
broad peaks around 1360 cm21 and 1590 cm21, which are
assigned to theD-band peak and the Raman-allowedE2g2

mode (G band! in the general first-order feature
respectively.1 In fact, the Raman spectra for the samples
the region HTT.400 °C exhibitG and D peaks. However,
the feature of the Raman spectra is much modified in the
HTT region (HTT&400 °C); a significant downshift of the
G peak and the obscurity of theD-peak feature. Namely, the
give a single broad asymmetric peak with a tail on the lo
wave-number side, which has been typically observed
nongraphitic sp2/sp3-mixed carbons in the
literature.12,14,17,18This indicates that the structure in that r
gion is far from a disordered graphitic lattice, consistent w
the results of XRD.

The spectra are fitted with the Breit-Fano-Wagner~BWF!
line for the G-band peak and a Lorentzian for theD-band
peak with the peak position, the linewidth, and the BW
coupling coefficient as adjustable parameters. Figure
shows the HTT dependence of the peak position, the l
width, and the integrated peak intensity ratio of theD peak to
the G peak in the Raman spectra. TheG peak is located a
1544 cm21 for the non-HT samples, and it is gradual
shifted up as HTT increases. In the region HTT.1100 °C, it
almost reaches the value of theG-peak position of ordinary
graphitic disordered carbon (;1590 cm21).1 The linewidth
of the G peak decreases monotonically from 256 cm21 for
the non-HT samples and it reaches 96 cm21 for the HTT
1500. The intensity ratio of theD peak toG peak increases
from 0.08 at non-HT as HTT increases, and it reaches 0.5
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HTT 1500. In the case of the ideal crystalline system, o
the phonon modes satisfying the crystal momentum con
vation rule can contribute to the Raman spectra. In fact,
Raman spectra for bulk regular graphite have only a sin
peak at 1585 cm21, although the phonon density of state
~PDOS! of graphite has an intense peak around 1600 cm21.
However, for the highly disordered systems~atomic scale
disorder!, in which the non-HT and low HTT samples wer
involved, all phonon modes contribute to the Raman sp
trum, because the crystal momentum is no longer conser
Therefore, the Raman spectrum almost reflects the PD
where peaks in the density of states dominate the peak
file in the spectrum. In the low HTT region, thesp3 defects
introduced into the hexagonalsp2 layer distort sixfold rings,
and such bond-angle disorder and bond bending caus
phonon modes to soften, particularly for theG band. Here,
the PDOS deviates far from that of graphite, and theD band
~breathing mode ofA1g symmetry!, which is strictly con-
nected to the presence of sixfold-‘‘ordered’’sp2 rings, disap-
pears. Upon the development of graphitic structure with h
treatment, the PDOS tends to take that of graphite. Then,
D band corresponding to the aromatic ring character gro
up, and theG peak is upshifted toward that of graphite. No
that even for the samples with higher HTT, the crystal m
mentum conservation is not enough, and the prohibited p
non modes in theG band still contribute to the spectra
Therefore, the contribution of the large density in the g
phitic PDOS around 1600 cm21 induces aG peak with a
higher position than that of graphite for HTT 1300. In HT
1500, theG peak shifts down again, because the contribut

FIG. 4. The peak position~a!, the linewidth~b!, and the inte-
grated peak intensity ratio of theD peak toG peak~c! of Raman
spectra for the samples at various HTTs. Solid circles and o
circles in ~b! denote the linewidths of theG and D peaks, respec-
tively. The solid lines are guides for the eyes.
2-5
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of the phonon modes except the mode at theG point be-
comes smaller accompanying the development of struct
regularity.

Figure 5 shows the temperature dependence of the e
trical conductivity of the samples at various HTT’s. The co
ductivity of the non-HT sample is estimated at 0.76 S m21 at
room temperature. With successive heat treatments at i
vals of;200 °C for HTT&600 °C, the conductivity at room
temperature shows a drastic increase of four orders of m
nitude. In the HTT range&600 °C, the electrical conductiv
ity exhibits obviously semiconductorlike behavior. In th
range, the conductivity is explained not by the ordinary th
mal activation process, but by the variable-range hopp
~VRH! conduction process, which is modified depending
HTT. Figure 6~a! shows the log10s vs T21/4 plots for the
non-HT and HTT 200 samples. Both samples exhibit a lin
relation in the log10s vs T21/4 plots. In contrast, in the HTT
region 400–600 °C, the conductivity obeys a linear relat
in the log10s vs T21/2 plots as shown in Fig. 6~b!. In the case
of HTT 800, the conductivity is not represented by both t
thermal activation and the hopping conduction in spite o
300% decrease in the conductivity upon a tempera
change from room temperature to 4.2 K. There is a chang
the trend of the conductivity between the low and high H
ranges, which borders around HTT 800–1100 °C. This in
cates the presence of an insulator-metal transition, aro
HTT 800–1100 °C, although the change is not disconti
ous, different from that observed in the ordinary met
insulator transition. For the samples heat treated ab
1100 °C, the conductivity shows only a weak temperat
dependence with a slight positive slope in the logs vs T plot.
In addition, a small drop in the conductivity appears at lo
temperatures below ca. 20 K, which becomes less obv
with the elevation of HTT.

Figure 7~a! shows the temperature dependence of the th
moelectric power of the samples at various HTT’s. Beca
of the high resistivity, the data for HTT 200 could be o

FIG. 5. The temperature dependence of the electrical condu
ity s of the samples at various HTTs. Pluses, crosses, solid squ
open squares, solid circles, open circles, triangles, and diam
denote non-HT, HTT 200, 400, 600, 800, 1100, 1300, and 15
respectively.
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tained only in the temperature range above 200 K. All of t
samples except HTT 200 exhibit very small thermoelec
powers in the range of 0 –1mV K21 in contrast with other
disordered carbon systems (*10 mV K21).1 The thermo-
electric power of HTT 200 is an order of magnitude larg
than that of other samples as shown in Fig. 7~a!. The samples
with HTT 400, 800, 1300, and 1500 show a similar tempe
ture dependence and absolute values, suggesting weak
dependence. In the temperature range above 100 K, the
moelectric power has a linear relation with temperatu
while in the region T,100 K, it tends to diverge as th
temperature decreases as shown in Fig. 7~b!. All of the
samples have positive thermoelectric power in the wh
temperature region except HTT 1300.

IV. DISCUSSION

Here, we discuss the electronic structure and elect
transport properties of the disordered carbon in relation
the heat-treatment-induced structural change on the bas
the experimental results obtained. From the structural c
acterization, a structural change is suggested to take p

v-
es,
ds
0,

FIG. 6. ~a! The log10s vs T21/4 plot for non-HT ~solid circles!
and HTT 200~open circles!. ~b! The log10s vs T21/2 plot for HTT
400 ~solid squares! and HTT 600~open squares!. Solid lines are the
least-squares fits with linear lines. In the high-temperature regio
deviation from the linear relation appears, because the VRH mo
becomes inappropriate.
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STRUCTURE AND ELECTRONIC PROPERTIES OF A . . . PHYSICAL REVIEW B67, 214202 ~2003!
around HTT 500 from nongraphitic disordered structure w
atomic-scale randomness to graphite-domain-based d
dered structure. This change in the structure induced by
treatment affects the electronic structure and transport p
erties.

Actually, even the non-HT sample has almost 90%
sp2-carbon atoms, as suggested by the EELS measurem
The rest minoritysp3 sites act as defects and induce stra
to thesp2 network, resulting in the deformation of graphit
structure, in which thep-electron network develops. Then
the electronic structure in the non-HT sample is expecte
be far from that of graphite. The development of the g
phitic structure through the heat-treatment-induced migra
of the sp3 defects tends to extend thep-conjugated areas a
the expense of strain energy. As a result, the developep
band comes to fill thes-s* gap, and the density of the state
around the Fermi level increases as HTT increases. In
higher HTT region (HTT*1300 °C), where the conversio
of sp3 carbon tosp2 carbon can start, the electronic structu
of the samples is expected to approach that of bulk reg
graphite, though it is modulated by remaining defects.

The electron transport process is affected by the struct
change as well. Indeed, as shown in Fig. 5, the conducti

FIG. 7. ~a! The temperature dependence of the thermoelec
power of the samples at various HTT’s. Solid circles, open circ
solid triangles, crosses, and open triangles denote HTT 200,
800, 1300, and 1500, respectively.~b! The details in the temperatur
dependence of the thermoelectric power for 400 °C%HTT
%1500 °C. The symbols are the same to those in~a!.
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increases accompanied with an insulator-metal transi
around HTT;1000 °C as HTT is elevated. The strong ra
dom potential produced by defects is considered to make
electronic states localized, resulting in the insulating feat
in the conductivity in the low HTT region. A sharp increas
of the conductivity upon heat treatment in the low HTT i
sulating region (HTT&800 °C) is attributed to the conse
quence of the structural relaxation from a nonequilibriu
state. In the insulating region, there is a crossover in
conductivity behavior around HTT 200–400 °C, below a
above which log10s obeys a linear relation withT21/4 and
T21/2, respectively. This suggests that the electron trans
process is governed by the 3D variable-range hopping p
cess at low HTT’s below the crossover point, whereas
carrier correlation plays an important role above the cro
over point. The increase in the density of states and the
hancement in the structural regularity induced by heat tre
ment elevate the carrier density and the mean free path in
conduction process, respectively, resulting in an enhancm
of the conductivity of the samples. According to theory wi
consideration of the carrier correlation,29 the conductivity of
the samples is described as

s5s0expF2S T0

T D 1/2G , ~4!

T05
6e2

pkB

1

4pe

1

j
, ~5!

wheres0 , e, andj are the conductivity atT5`, the per-
mittivity representing the screening effects on the charge
metallic islands, and the localization length of the wa
function, respectively. The carrier correlation generates a
~Coulomb gap! around the Fermi energy, which is calculate
askBe4D0j/e, whereD0 represents the electronic density
states at the Fermi energy. The contribution of the Coulo
gap to the conduction becomes effective when the ther
energy is enough smaller than the gap width. Then, the C
lomb gap is at work in the temperature region lower than
characteristic temperature represented as

Tc5
e4D0

e2
j. ~6!

Therefore, the crossover in the conductivity is explained
the following way. The characteristic temperature is prop
tional to the localization length. In the non-HT and HTT 20
samples, the ordinary 3D variable-range hopping feat
proves that the localization lengthj is considerably shrunk
which is consistent with the presence of atomic-scale dis
ders. In contrast, the conductivity satisfying the Coulom
gap variable-range hopping~CGVRH! model indicates a
steep increase inj in HTT 400 and HTT 600.

Here, from Eq.~5! with the observed conductivity, the
localization length is estimated for the samples in the in
lating state with the assumption ofe510, which is usually
adapted for disordered carbon materials,30 as shown in Fig.
3. The localization length increases as HTT is elevated
suggested above. For the HTT 800 sample,j is considerably

ic
,
0,
2-7
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KAZUYUKI TAKAI et al. PHYSICAL REVIEW B 67, 214202 ~2003!
large in comparison with that for the samples with HT
&600 °C although the estimated value ofj is unrealistically
large due to the limited applicability of the CGVRH formu
in HTT 800. It should be noted that a large difference b
tween the localization length and the in-plane lattice dom
sizeLa is present as shown in Fig. 3, where the value oj
has to be treated semiquantitatively for HTT 800. The la
localization length spans over 20 and 200 graphitic doma
at the HTT 600 and 800 samples, respectively. The HTT
sample has still a largej, although graphitic structural fea
tures are absent in the XRD profile. In general, the locali
tion length of the electron system does not always co
spond to the characteristic length of lattice regularity.
other words, the wave function can be extended in a w
range over the characteristic length if the random poten
generated by defects or lattice irregularity is small enou
For example, in the case of the electron transport of car
nanotubes with defects, the electron can be transported
tween the electrodes without any scattering in the resona
condition, although the structural regularity is broken by d
fects between the electrodes. This result of the pres
sample evidences that metallic conduction does not alw
need graphitic structure of an extendedp-electron system in
carbon material. Therefore, coherent electron transport o
the characteristic length of lattice regularity appearing in
present samples strongly indicates that the presence of
phitic structure is not requisite for metallic carbon.

In the second place, the change in the electron conduc
for 800 °C,HTT,1100 °C is discussed, where the samp
are in the vicinity of the insulator-metal transition. The e
tremely large localization length of HTT 800 and the we
temperature dependence of the conductivity are attribute
the metallic nature in the conduction in spite of the posit
slope in thes vs T plot. The insulator-metal transition a
HTT 800–1100 can be explained in terms of the followi
mechanism. Though the graphitic domain size is still with
;3 nm for the HTT 1100 samples from the XRD results, t
fusion between the graphitic domains induced by heat tr
ment starts generating an infinite percolation path networ
metallic grains in the whole system. Eventually, this resu
in the formation of electronic coherence in the macrosco
scale and gives metallic character in the samples heat tre
at high temperatures. It is suggested that the dc conduct
is sensitive to the global feature in the percolation netw
rather than the feature of the local structures, which is c
trasted to the behavior of thermoelectric power as will
discussed later.

In the region HTT*1100 °C, the samples have a metal
conduction nature, in which the electronic structure mo
based on 2D graphene can work judging from the obtai
structural information. According to the Drude model for t
2D graphenep band, the conductivity of the metallic state
represented by the following formula:

s5
ne2t

m*
5

ne2vFt

\kF
5

e2

p\I c
kFl̃ , ~7!

wheret, m* , n, vF , kF , and l̃ are the relaxation time of the
carriers, the effective mass of the carriers, the carrier den
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the Fermi velocity, the Fermi wave number, and the me
free path, respectively. Equation~7! suggests thats is sub-
jected to thekFl̃ value. In other words, we can estimate t
value ofkFl̃ from the observed conductivity. Figure 8 show
the HTT dependence of thekFl̃ values, which are obtained
from the room-temperature conductivity given in Fig. 5 f
800&HTT&1500 °C. Phenomenologically, the conditio
whether metallic conduction is achieved or not, is describ
as kFl̃ .1 ~metal! or kFl̃ ,1 ~insulator!. In all the HTT re-
gion, the samples have considerably smaller values ofkFl̃
than 1, being suggested to be far from metallic electro
states. However, in the application of the model of 2
graphene electronic structure, it is necessary to consider
the actual conductivity is explained in terms of a combin
tion of in-plane and interplane carrier transport processe
graphitic domain in the sample. A large anisotropy in t
conductivity between a well conductive inplane process a
a less conductive inter-plane process is expected to red
the conductivity to some extent, in comparison with that c
culated on the basis of the in-plane transport band mo
Thus, the actual conductivity is represented by multiplyi
Eq. ~7! by the aspect ratio factor of the samples. However
the present material, the XRD results suggest that graph
sheets strongly prefer an orientation parallel to the curr
direction, and the correction for the aspect ratio cannot g
even an order of magnitude increase in the value ofkF l̃ . As
a result, in the viewpoint of the in-plane transport contrib
tion, the samples with HTT.800–1100 °C are thought to b
in the regionkFl̃ &1, where the electronic structure of th
system is seriously affected by randomness, and both m
lic and insulating domains are distributed in space, which
evidenced by the feature of thermoelectric power as we
discuss next. The value ofkF l̃ shows a steep increase at HT
1500, which implies that the development of graphitic r
gions is accelerated throughsp2/sp3 conversion above tha
HTT.

The thermoelectric power also gives information on t
electronic structure in relation to the structural chan

FIG. 8. ThekFl̃ value obtained from the room-temperature co
ductivity shown in Fig. 5 for 800%HTT%1500 °C.
2-8
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STRUCTURE AND ELECTRONIC PROPERTIES OF A . . . PHYSICAL REVIEW B67, 214202 ~2003!
Though the measured thermoelectric power is limited wit
a narrow high-temperature region for the HTT 200 sam
having atomic-scale disorder, there is a critical difference
the absolute values between HTT 200 and HTT*400 °C.
HTT 200 exhibits a large thermoelectric power ov
10 mV K21 at room temperature, while the others have
order of magnitude smaller values, which are almost in
same range (;1 mV K21 at room temperature! irrespective
of HTT. It should be noted that the value of the thermoel
tric power,;1 mV K21, is more than one order of magn
tude smaller than that for ordinary graphitic disordered c
bon systems. Taking into account that atomic-scalesp2/sp3

disorder is converted to random network ofsp2/p electron
domains around 400 °C,HTT,600 °C, the change in the
thermoelectric power is considered to be caused by su
structural change taking place in that HTT range. Then, i
worth comparing the behavior of the thermoelectric pow
with that of the dc conductivity near the insulator-metal tra
sition. As shown in Fig. 5, the dc conductivity shows a dra
tic change associated with the development of the infin
percolation path network in the vicinity of the insulato
metal transition. On the other hand, the thermoelectric po
does not exhibit any appreciable change around H
;1100 °C. This can be explained by taking the spatial in
mogeneity of the sample into consideration. In the case
systems where both metallic and insulating domains are
domly distributed in space, the thermoelectric power is giv
by the sum of the contributions from both domains.31 such
systems, the contribution of insulating domains makes
thermoelectric power diverge at low temperatures, while
metallic domains give linear temperature-dependent ther
electric power~diffusion term! at high temperatures. Thus
the thermoelectric power is roughly described as follows

S;
Ea

eT
~at low temperature!, ~8!

S;
p2kB

2T

3eEF
~at high temperature!, ~9!

whereEa andEF are the activation energy~corresponding to
the band gap! in the insulating domain and the Fermi ener
in the metallic domains, respectively. The thermoelec
power observed is well explained by the combination of
insulating and metallic domains given in Eqs.~8! and~9! for
HTT *400. Using Eqs.~8! and ~9! with the observed ther
moelectric powers,Ea are estimated as 0.0090, 0.007
0.018, and 0.011 eV for HTT 400, 800, 1300, and 15
respectively.EF are also obtained as 0.47, 5.9, 4.9, 15, a
3.7 eV for HTT 200, 400, 800, 1300, and 1500, respectiv
Now, we focus on the behavior of the high-temperature
gion, where the metallic domains dominate the thermoe
tric power. The observed positive thermoelectric power s
gests the conduction dominated by hole carriers for
samples. However, if the thermoelectric power model
rived from the diffusion term for a single type of hole car
ers is simply adapted, the estimated values 5.9–15 eV of
Fermi energy are unrealistically large for graphitic syste
especially for 400&HTT&1500, since they are larger tha
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the in-plane transfer integral (g0; 3 eV!.32 The apparently
large values are consistently interpreted by the coexistenc
carriers having opposite charges as discussed in the fol
ing way. In the actual samples, there coexist metallic a
insulating domains with various sizes and structures, as s
gested above. Moreover, it is the natural consequence
the Fermi levels are distributed depending on domains
well as the energy gaps in the insulating domains. This le
to spatial fluctuations in the positions of the Fermi leve
even in the assumption of similar electronic structure
each domain, as schematically shown in Fig. 9. The den
of states is given by

D~E!5
8

3p

1

g0
2a2

uEu ~10!

for the case where the Fermi energy is located at the con
point between thep and p* bands. Herea is the in-plane
lattice constant of graphite, andE,0 andE.0 for the va-
lencep band and conductionp* band, respectively. In the
present disordered carbon, each metallic domain is positiv
or negatively charged up through mutual charge transfe
as to achieve consistency with the net remaining cha
which is related to the mean Fermi energy in the whole s
tem. In other words, the mutual charge transfer works
make the positions of the contact points randomly distribu
in the metallic domains. A similar charge-transfer effect a

FIG. 9. Schematic model of the distribution of the Fermi leve
in the assembly of metallic domains.D(E) is the density of states
1,2,3, . . . ,i denote domains. The vertical solid line represents
location of the Fermi level of the whole system. The Fermi level
each domain is measured with respect to the contact point of thp
and p* bands. Domains having contact points above~below! the
Fermi level of the whole system have holes~electrons!.
2-9
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KAZUYUKI TAKAI et al. PHYSICAL REVIEW B 67, 214202 ~2003!
sociated with the difference in the electron affinities betwe
tubes having different diameters in multiwall carbon nan
tubes is also reported.33 Eventually, both domains with hole
carriers and electron carriers can coexist in the present
tems, where carrier concentrations vary depending on
mains. In the whole system, the compensation of hole
electron carriers gives extremely small positive thermoe
tric power as observed in the experiments. The positive t
moelectric power observed can be understood on the bas
two possible reasons. One is the presence of defects wis
character (s trap!,34,35 the charge transfer to which generat
vacancies in thep bands, the hole carriers being slight
superior to the electron carriers. The other is the presenc
functional groups having electrically negative atoms such
oxygen, which also induce charge transfer from t
p-conjugated systems.

Then, we discuss the appropriateness of the above con
eration by the following a simple model. Here, we focus on
on the metallic domains, where the graphite linear ba
structure@Eq. ~10!# is assumed for each metallic domain. T
distribution of the Fermi levels of metallic domainsEFi

shown in Fig. 9 is assumed to obey the Gaussian distribu
P(EFi

),

P~EFi
!5

1

A2^~DEF!2&p
expF2

~EFi
2^EF&!2

2^~DEF!2&
G , ~11!

with the center fixed at the mean Fermi energy of the wh
system^EF&:

^EF&5(
i

EFi
P~EFi

!. ~12!

Thus, the total thermoelectric powerS is denoted as

S5(
i

p2kB
2

3eEFi

P~EFi
!T, ~13!

wherekB is the Boltzman constant. Using Eqs.~11!–~13!, the
deviation of the distributionA^(DEF)

2& can be estimated
from the observed thermoelectric power. In order to av
the divergence of the thermoelectric power at the degene
point (EF50) of the linear bands in the calculation, the e
ergy region with a width of;0.01 eV is excluded at the
contact point.

We employ two possible values as the mean Fermi ene
^EF&50.1 and 0.01 eV, taking into account that the Fer
energy of graphite varies mainly by changing the interla
resonance integral whose value is estimated atg1;0.39 eV
in bulk regular graphite. From the numerical calculation,
observed thermoelectric power ~for example, S
;0.8 mV K21 at 200 K for HTT 1500! gives deviations
A^(DEF)

2&50.25 and 0.8 eV in the cases of^EF&50.01 and
0.1 eV, respectively. From this analysis, it is found that
deviations are about one order of magnitude larger than
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mean value of the Fermi energy. Consequently, the wide
tribution of the Fermi levels among metallic domains
comparison with the mean Fermi energy, which is caused
strong structural randomness, brings about the electron-
carrier compensation. That results in a considerably sm
thermoelectric power. From the estimatedA^(DEF)

2&, the
deviation of the charge distribution between the metallic d
mains is calculated asA^(D f c)

2&;0.01 per C atom. The
inhomogeneous charge distribution gives an additional c
tribution (;30 cm21) to the width of the RamanG band,
since electron-hole doping gives a negative-positive shif
the G band. The observed linewidth of theG band
(;100 cm21; see Fig. 4! might involve the contribution
from the inhomogeneity in the charge distribution.

In the case of HTT 200, though the graphitic band stru
ture already becomes nonadoptable, its more defective na
than higher HTT samples makes the hole carriers domin
where defects induce the charge transfer from the band
tributing to the conduction to localized defect states, givin
large thermoelectric power as observed.

V. CONCLUSION

The heat-treated effect on the electronic properties is
vestigated for nongraphiticsp2-rich disordered carbon sys
tems with ansp2/sp3 ratio of ca. 9 in relation to the heat
treatment-induced structural change. The non-HT sampl
featured with atomic-scale disorder, whose structure is i
nonequilibrium state far from a thermodynamically stab
state. That easily becomes relaxed to disordered grap
sp2-domain network defined well thermodynamically b
heat treatment at considerably low temperatu
200–400 °C. In the high HTT region (HTT*1300 °C), the
structural ordering accompanied by the conversion
sp3carbon intosp2 carbon proceeds toward graphite.

The structural change associated with the formation
graphitic structure clearly affects the electronic and elect
transport properties. The structural relaxation in the noneq
librium region remarkably enhances the electrical conduc
ity. The change from atomic-scale disorder to thesp2-based
graphitic granular system with short-range structural or
makes a wide gap ofs bands suppressed with the generati
of p states around the Fermi level. This results in a chang
the hopping conduction mechanism at low temperatures
the insulating region because of the increasing importanc
the carrier correlation effect in the conduction process. T
localization length larger than the in-plane lattice doma
size La spanning over ten graphitic domains evidences t
metallic conduction does not always need graphitic struct
of extendedp-electron systems in carbon material.

Above the range HTT 400–600 °C, where the meta
and insulatingsp2 domains randomly varying in space coe
ist, the strong structural randomness causes the remark
large distribution of Fermi energies among metallic domai
where the deviation is over one order of magnitude up
than the mean Fermi energy. This is the consequence o
mutual charge transfer between domains driven by the sp
fluctuation of the electron affinities. The inhomogeneo
2-10



a
ss
ri

lic
tio

T
t

ll
t

rk
m
v-

for
hey
gi-
he
Re-
sin-

ao
nts

his
Aid
nd
o.

,

Ad
ik

a

l-

h
ev

a,

e

y

T

.

y,

B

,

tt.

ra-

n.

er,

g.

E.

i,

R.

nd

d

, R.

,

STRUCTURE AND ELECTRONIC PROPERTIES OF A . . . PHYSICAL REVIEW B67, 214202 ~2003!
charge fluctuations produce domains having electrons
holes. Consequently, the carrier compensation suppre
thermoelectric power, giving a small positive thermoelect
power from the remaining net hole contribution.

The growth of the percolation path network of metal
domains upon heat treatment brings metallic conduc
above the percolation threshold (HTT;1100 °C), where the
electronic structure is seriously affected by randomness.
presence of randomness results in a negative slope in
conductivity versus temperature curve even in the meta
region. In contrast, the thermoelectric power is insensitive
the development of the infinite percolation path netwo
since both metallic and insulating domains in the syste
give even contributions, different from the conductivity go
erned by metallic domains.
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