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We investigated the atomic structure, electrical, and infrared range optical properties of
diamondlike carbon (DLC) films containing alloy atoms (Cu, Ti, or Si) prepared by
pulsed laser deposition. Radial distribution function (RDF) analysis of these films
showed that they are largelysp3 bonded. Both pure DLC and DLC + Cu films form a
Schottky barrier with the measuring probe, whereas DLC + Ti films behave like a
linear resistor. Pure DLC films and those containing Cu exhibitp-type conduction, and
those containing Ti and Si haven-type conduction. Photon-induced conduction is
observed for pure DLC, and the mechanism is discussed in terms of low-density gap
states of highly tetrahedral DLC. Our results are consistent with relative absence of
gap states in pure DLC, in accordance with theoretical prediction by Draboldet al.37

Temperature dependence of conductivity of DLC + Cu shows a behaviors ~
exp(−B/T1/2), instead of theT−1/4 law (Mott–Davis law). Contributions from
band-to-band transitions, free carriers, and phonons to the emissivity spectrum are
clearly identified in pure DLC films. The amorphous state introduces a large
contribution from localized states. Incorporation of a small amount of Si in the DLC
does not change the general feature of emissivity spectrum but enhances the
contribution from the localized states. Cu and Ti both enhance the free carrier and the
localized state contributions and make the films a black body.

I. INTRODUCTION
The range of different forms of carbon, such as dia-

mond, graphite, fullerenes, nanotubes, and DLC, etc., has
made carbon one of the most interesting elements in
nature.1 The great variety of structures and the unique
properties of carbon stem from its unique chemistry, i.e.,
the capability of forming various types of hybridization
that can be used to form different bonding states.2 The
beneficial properties of DLC are due to thesp3 bonding
constituents that make DLC mechanically hard, infrared
(IR) transparent, and chemically inert.3 High-quality
DLC films can rival diamond films in terms of mechani-
cal performance such as wear resistance, very low coef-
ficient of friction, high hardness, and elastic modulus.4

Furthermore, unlike polycrystalline diamond films pre-
pared by chemical vapor deposition (CVD) and other
techniques, DLC films are usually very smooth. Owing
to their unique properties, DLC films have found appli-

cations as hard protective coatings for magnetic disk
drives, as antireflective coatings for infrared windows, as
field emission source, and so on.5–7 A number of inves-
tigations have confirmed that ultraviolet (UV) pulsed
laser ablation of a high-purity polycrystalline graphite
target is able to produce high-quality DLC films with a
Tauc gap of∼1.8–2.0 eV and ansp3/sp2 ratio of ∼80%.8–

10 The special feature of pulsed laser ablation is that it is
a nonequilibrium process and the species produced in the
laser plasma possess very high kinetic energy. For in-
stance, the average kinetic energy of atomic species pro-
duced by equilibrium processes such as electron beam
evaporation is around∼kT (k is the Boltzmann constant,
andT is the absolute temperature), whereas that produced
by pulsed laser ablation might be as high as 100–
1000kT.11 Therefore, pulsed laser deposition (PLD) is
one of the techniques to make high-quality DLC thin
films without the requirement of hydrogen incorporation
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and in some aspects is superior to filtered cathodic
vacuum arc (FCVA)12 and mass-selected ion beam
(MSIB) deposition13 techniques.

The main stumbling block for the application of DLC
films as protective coatings is the accumulation of a high
amount of compressive stress into the overconstrained
amorphous network. Recently, we tried to address this
challenging problem by incorporating small fractions of
foreign atoms in the amorphous strucutre of DLC.14,15

The adhesion and wear resistance of DLC films were
improved substantially upon doping. This was achieved
without significantly affecting the diamondlike proper-
ties of the films.

Since one of the major applications of DLC films is IR
window coatings, it is crucial to understand the IR range
optical properties of DLC films that have dopants. It
should be noted that even though a number of studies
have been reported on the IR measurements of DLC
films, the films were in most cases hydrogenated.16 The
study of electrical properties of the doped DLC films and
the effect of light on those properties will also be very
useful to correlate optical properties and to explore the
possibility of fabricating photodiodes from these films.

In the present work, several aspects of pure DLC films
and those containing various types of dopants prepared
by PLD were studied. We investigated the atomic struc-
ture of these films by means of radial distribution func-
tion (RDF) analysis, the IR range optical properties
through emissivity measurements, and temperature-
dependent conduction behavior. We used Rutherford
backscattering spectroscopy (RBS) and x-ray photoelec-
tron spectroscopy (XPS) to acquire chemical composi-
tion of the DLC films. Visible Raman spectroscopy was
used to study the bonding characteristics and the effect of
dopant incorporation. A spectral emissometer that can
collect radiance, reflectance, and transmittance simulta-
neously was used to analyze the IR range optical prop-
erties. TheI–V characteristics of the DLC films were
measured and preliminary observations of photon irra-
diation effect on conduction were performed. Conduction
mechanisms were studied via temperature-dependent re-
sistivity measurements. The results were discussed to
present a unified understanding of the phenomena.

II. EXPERIMENTAL PROCEDURES

A. Materials and pulsed laser deposition

A novel target configuration described elsewhere14

was adopted to incorporate various dopants into DLC
films during PLD. Thep-type silicon(100) wafers were
used as substrates. The doping of DLC films was accom-
plished using ingenious modification of pulsed laser
deposition. A strip of doping element is placed on the
rotating target, where the relative amounts of target and
dopant constituents are determined by the scanning ra-

dius of the laser beam, energy density, and optical re-
flectivity of the target and the dopant strip. Copper,
titanium, and silicon were chosen as dopants because Cu
is not a carbide former, whereas Ti is a strong carbide
former with metallic bonding with carbon, and Si is all
sp3 bonded, having covalent bonding and electronic
structure similar tosp3 bonded carbon and is also a car-
bide former. The Si wafers were cleaned in acetone and
methanol ultrasonic baths followed by HF dip to remove
the native oxide layer before loading into the laser depo-
sition chamber. The laser beam was pulsed excimer laser
(l 4 248 nm,ts 4 25 ns) at a repetition rate of 10 Hz,
with an energy density close to 3.0 J/cm2. All the depo-
sitions were performed at room temperature for 40 min in
a high vacuum of about 1 × 10−7 torr.

B. Film characterization

Transmission electron microscopy (TEM) studies
were conducted using TOPCON002B microscope at 200
kV with a point-to-point resolution of 1.8 Å at the first
Scherzer defocus. RDF analysis was based on digitizing
intensities of the electron diffraction patterns and calcu-
lating the reduced density functions. Both RBS and XPS
were used for estimating chemical composition of the
doped films. Visible Raman (514.7 nm) spectroscopy
and XPS were employed to study the chemical bonding
states of different films.

Room-temperature emissivity measurements were per-
formed to study the IR range optical behavior of the films
using a Benchtop spectral emissometer that can acquire
radiance, reflectance, and transmittance simultaneously.
The detailed instrumentation of IR measurements was
described by Ravindraet al.17 A method based upon
Seebeck effect was used to determine the conduction
type of the DLC alloys. TheI–V characteristics and the
influence of light on the conduction of several films were
analyzed. The low-temperature resistivity as a function
of cryogenic temperature was recorded using equipment
that is used for the characterization of superconductor
materials (for example, critical temperature measure-
ments). The setup is equippped with a cryopump that is
able to cool the sample to near liquid-He temperature.

III. RESULTS AND DISCUSSION

First, we will present the results pertaining to the
chemical composition of the films, such as RBS and
XPS. Also included in this part are the Raman spectros-
copy results on both doped and pure DLC films. Micro-
structural information obtained by TEM and RDF on
several samples will be presented in the next part. The
third part will consist of electrical measurements such as
conductivity, I–V characteristics, and results of photon
irradiation effect on conduction and resistivity as a func-
tion of temperature. The final part will be focused on the
IR range optical studies and the effect of dopants.

Q. Wei et al.: Atomic structure, electrical properties, and IR range optical properties of DLC films containing foreign atoms prepared by PLD

J. Mater. Res., Vol. 15, No. 3, Mar 2000634



A. Chemical composition and bonding of the
DLC films

Simulations of the RBS results showed that the atomic
fraction of Cu in a DLC + Cu film is 1.2 at.% and that of
Ti in a DLC + Ti film is 2.75 at.%. Compositional analy-
sis by XPS for these two samples gives 1.44 at.% Cu and
2.66 at.% Ti, respectively, consistent with the RBS re-
sults. The thickness of all the films was in the range
400–600 nm. Composition of the films can be controlled
through changing either the scanning radius of the laser
beam on the surface of the target or the size of the dopant
piece on the target. The composition results for different
depositions are given in Table I. Due to the presence of
particulates in the DLC + Si films, we did not attempt to
obtain the content of Si in these films.

Figure 1 presents the visible Raman spectra for several
samples with different dopants and for the undoped DLC
film, showing a broad hump centered in the range 1510–
1560 cm−1 and extending to 1300 cm−1. These are typical
of Raman spectra for an amorphous carbon, with little or
no long range order. Namely, there are no well-
developed graphitic nanocrystallites above about 2 nm in
size, except for the DLC + Ti film, in which the D-
component contribution is relatively large. The G-peak
position of the doped films shifts to the smaller wave
numbers. According to Praweret al.,18 the position of the
G-peak is a function ofsp2 content for pure, hydrogen-
free DLC. For very lowsp2 content, the G-peak position
does not change significantly. Since the majority of
samples in the present work contain foreign atoms, the
method developed by Praweret al.18 is not applicable.

We have shown14 in the XPS of Cu in the DLC film
that contains Cu two peaks due to Cu 2p1/2and Cu 2p3/2

with binding energies of 952.6 and 933.7 eV, respec-
tively, with no evidence of carbide formation or Cu–C
bonding. For XPS of DLC + Ti, however, apart from the
peaks corresponding to Ti 2p orbital electrons at binding
energies of 460 and 454 eV, two shoulders close to them
are also observed at 460.9 and 454.7 eV, respectively.
These shifts in the binding energies of Ti 2p3/2 (454 eV)
and Ti 2p1/2 (460 eV) toward the high-binding energy
side provide evidence of Ti and carbon bonding. The
outer shells of a Ti atom are3d24s2, and it might be
envisaged that this shell configuration could contribute to
the change of short-range electronic structure of DLC
and thus give rise to the change of Raman spectrum.

B. Microstructure and RDF analysis of the
DLC films

Figure 2 is the TEM image of DLC with 1.2 at.% Cu,
and the corresponding electron diffraction pattern shows
typical features of amorphous state.

RDF analysis enables us to get information of the first
and second coordination spheres such as the distances of
the first and second nearest neighbors and the coordina-
tion numbers, etc.19 In the case of DLC, since it pos-
sesses both fourfold and threefold coordination, the first

TABLE I. Concentration of dopants in the DLC films (at.%).

Sample no.

Dopants

Copper Titanium

Cu-O Cu-1 Cu-2 Cu-3 Ti-1 Ti-2 Ti-3

Concentration 1.2 1.4 1.5 2.5 2.7 4.0 7.7

FIG. 1. Visible Raman spectra of several DLC films.

FIG. 2. TEM micrograph and electron diffraction pattern (inset) of
DLC + 1.2 at.% Cu film.
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and second coordination spheres in the RDF should have
coordination numbers between those of graphite (3, 6)
and those of diamond (4, 12).

Figure 3 shows the RDF calculated from the electron
diffraction data of pure DLC. The first and second nearest-
neighbor distances as obtained from the RDF analysis are
1.51 and 2.52 Å, respectively. The ratio of the second
shell coordination number to the first shell coordination
number is approximately 2.75. In a comparison of these
data with those of diamond and graphite, it is clear that
the pure DLC should possess a significant percentage of
sp3-bonded carbon atoms. Figure 4 shows the RDF for
the DLC film with 1.2 at.% Cu. For this sample, the first
and second nearest-neighbor distances are 1.50 and
2.54 Å, respectively, while the ratio of the second shell
coordination number to the first shell coordination num-
ber is approximately 2.84. The structural data imply that
the presence of copper atoms does not change the short-
range environment significantly. In Table II, the results
of RDF analysis, such as first nearest-neighbor distance,
second nearest-neighbor distance, and the ratio of first- to
second-shell coordination numbers, are given. Also
given in Table II are data for diamond, graphite, and
amorphous carbon made by other techniques. By com-
parison of the first and second nearest-neighbor distances
and coordination numbers to those of diamond and
graphite, it is clear that the DLC films consist mainly of
sp3-bonded carbon.

So far, the number of diffraction studies on highly
tetrahedral carbon is quite limited.24,25 One example is
the work by Gaskellet al.,24 who used neutron diffrac-
tion on DLC films made by the filtered direct current (dc)
vacuum arc (FDVA) technique. Their DLC films had the

first nearest-neighbor distance of 1.52 Å and the ratio of
first- to second-shell coordination numbers of 2.80. Most
of the other RDF analyses have been based upon amor-
phous carbon films that are predominantly trigonally
bonded. For example, Li and Lannin21 studied the RDF
of thick amorphous carbon films prepared by radio fre-
quency (rf) sputtering in a high-vacuum environment.
The macroscopic density of the a-C films was estimated
from weighing selected samples to be only 2.0 g/cm3,
and the film thickness was about 4mm. Optical absorp-
tion and reflectance measurements yielded a Tauc gap of
0.57 eV. All these features merely imply that the a-C
films were not of high content of fourfold coordination.
They analyzed the RDF obtained by neutron diffraction
and obtained 1.46 and 2.49 Å as the first and second
nearest-neighbor distances, respectively. RDF analyses
by Boiko et al.26 were based on electron diffraction of
amorphous carbon films prepared by the method of
vacuum evaporation. The integration to compute the
RDF was carried out up to a maximum scattering vector
of 8.8 Å−1. In their calculation, they took the density of
amorphous carbon asr0 4 2.1 g/cm3 and calculated the
coordination numbers for the respective spheres to be 3.3
± 0.2 and 8.8 ± 0.2. These results suggest that the amor-
phous carbon films are predominantly composed of tri-
gonally bonded carbon.

In their theoretical studies of DLC, Wanget al.27

generated an amorphous carbon network by quenching
high-density high-temperature liquid carbon using tight-

Table II. Results of RDF analysis and comparison with other C forms.

Carbon phases r1, Å r2, Å n2/n1 Refs.

Graphite 1.42 2.45 2 20
a-C (sputtered) 1.46 2.49 2.1 21
Glassy (carbon) 1.425 2.45 2.1 20
a-C (evaporated) 1.43 2.53 2.6 23
Diamond 1.544 2.512 3 22
Pure DLC 1.51 2.52 2.75 This work
DLC + 1.2%Cu 1.50 2.54 2.8 This work

FIG. 3. Radial distribution function (RDF) of pure DLC. The dashed
line is for the calculation of coordination numbers. For comparison,
the first and second nearest-neighbor distances of diamond are 1.544
and 2.512 Å, and the ratio of the first to the second shell coordination
number is 3, while the first and second nearest-neighbor distances of
graphite are 1.42 and 2.45 Å, respectively, and the ratio of the first to
the secod shell coordination number is 2.

FIG. 4. RDF of DLC + Cu film. The DLC film contains 1.2 at.% Cu.
The shaded area is for the calculation of coordination numbers.
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binding molecular dynamics simulations. They found
that the network so created contains a large fraction of
sp3 sites (74%). The results of structural analysis are
quite close to our experimental observations. For ex-
ample, their RDF analyses of the model structure yield
the first peak at 1.52 Å. The structural analysis of the
present work is also consistent with that by Frauenheim
et al.28 and supported by electron energy loss spectros-
copy (EELS),29 as well as by nanoindentation measure-
ments15 that gave a hardness close to 50 GPa and reduced
Young’s modulus greater than 200 GPa.

C. Electrical properties of the DLC films

Four-probe measurements showed that the resistance
of the DLC films does not change linearly with dopant
concentration,30 in agreement with that in Ref. 31. Amor-
phous semiconductors usually have all states localized,
and their conduction exhibits hopping, especially variable-
range hopping mechanism. The hopping probability can
be expressed as32

wij = w0 expS−
2R

l
−

W

kTD , (1)

where wo is a constant,R is the distance the electron
crosses by tunneling in one hopping event;l is a measure
of the extent of the state (localization length),W is the
thermal activation energy, k is Boltzmann constant, and
T is absolute temperature. Equation (1) indicates that the
hopping probability and thus the conductivity of the ma-
terial will be increased with decreasedR. When the con-
centration of foreign atoms that can contribute to
localized states is increased, the distance that the electron
will cross over one tunneling event would be smaller,
leading to a reduced resistivity. When the concentration
of these atoms is increased to such a level that continuous
channels might be formed for the transport of electrons,
the films could essentially behave like metallic materials.

It is found that pure DLC films exhibitp-type conduc-
tion, which is in agreement with other investigations.33

DLC films containing copper also exhibitp-type conduc-

tion. Generally, Cu has been reported to act as an accep-
tor in most semiconductors.34 For example, it has three
acceptor levels in crystalline silicon. Therefore, it is not
surprising that DLC films containing Cu also showsp-
type conduction.

Figure 5 shows theI–V characteristics of (a) pure
DLC, (b) DLC containing 2.5 at.% Cu, and (c) DLC
containing 2.7 at.% Ti. It can be seen that all the films
except the one containing Ti form a Schottky contact
with the measuring probe. The DLC + Ti sample simply
exhibits metallic conduction as a resistor, with itsI–V
curve following Ohm’s law. This can in part be under-
stood in connection with the XPS observation that Ti–C
bonding is present in the film. As is known, Ti–C bond-
ing is essentially metallic and its presence might greatly
enhance the conduction of the film by increasing the
density of states near the Fermi level,EF. Also seen in
Fig. 5 is the effect of light on conduction (photoconduc-
tion) of the pure DLC film. Further investigations are
continuing regarding the photoconduction of DLC films
containing foreign atoms.

For other tetrahedral amorphous semiconductors such
as Si and Ge, doping is very difficult if they are not
hydrogenated due to the presence of a large population of
dangling bonds.35 However, highly tetrahedral amor-
phous carbon formed by energetic C ions is shown to
have a relatively low density of defect gap states.36,37

This allows ta-C to be doped and show photoconductiv-
ity, even without hydrogenation. Electron spin resonance
(ESR) measurements have shown that the spin density of
DLC decreases with increasingsp3 bonding. Amaratunga
et al.36 ascribed the low defect density of ta-C that con-
tains 10–40%sp2 sites to the ability ofsp2 sites to pair up
and formp bonds. The states of thesep bonds lie outside
the gap. As pointed out by Drabold,37 the defect-free gap
and highsp3 count are the most interesting features of
ta-C. Their modeling suggests a significant proclivity for
thesp2 atoms to pair up and thus be swept out of the 2-eV
gap and to sweep out other defect states with them. More
specifically, thesp2 “defects” form pairs in which one of
the two hybridized states is pushed lower in energy and

FIG. 5. Current–voltage characteristics of (a) pure DLC film, (b) DLC + 2.5 at.% Cu, and (c) DLC + 2.7 at.% Ti films. Also shown in these curves
is the light effect on conduction of the pure DLC film.
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one is pushed higher in energy. Since only the lower
energy state is occupied, the total energy is significantly
lowered. Further, there is some tendency for the
p-bonded pairs to form short chains. Therefore, single
sp2 atoms, or dangling bonds, do not occur in substantial
numbers as they do in a-Si. It also appears that defect
states associated with geometric anomalies are also
pushed out of thesp2 gap into the band edges of the
diamond orsp3 gap, that is, what would have also hy-
bridized with thesp2 states and are thus pushed out of the
gap. From Fig. 5, the pure DLC film exhibits some light-
induced conduction.

As pointed out by Sullivan and Friedmann,38 elec-
tronic transport in amorphous carbon largely bonded by
sp3 hybridization has been the subject of considerable
debate. There are generally three mechanisms of conduc-
tion in amorphous semiconductors, which may be found
in appropriate ranges of temperature:35 (i) transport is by
carriers excited beyond the mobility edges into extended
states atEc or Ev; (ii) transport is by carriers excited into
localized states at the band edges and hopping at energy
close toEA or EB (EA and EB define the localization
induced tail-end of the band edges;EA is belowEC, and
EB is aboveEV); (iii) if the density of states (DOS) atEF

is finite, then there will be a contribution from carriers
with energies nearEF which can hop between localized
states by the process analogous to impurity conduction in
heavily doped crystalline semiconductors. At tempera-
tures such that kT is less than the bandwidth, hopping
will not necesssarily be between nearest neighbors and
variable-range hopping of the form

s 4 s82 exp(−B/T 1/4) , (2)

with B a constant depending upon the DOS atEF is to be
expected, at a temperature sufficiently low forN(EF) to
be considered constant over an energy range∼kT.

Figure 6 presents the curve showing the relation be-
tween ln(lns) and ln(1000/T ) of the DLC film that con-
tains 1.2 at.% Cu. It is clear that two regimes are present
in Fig. 6. The first regime corresponds to higher tem-
perature conduction close to room temperature, and the
second, to low-temperature conduction. The data for the
latter regime are well fit by the relation

s ~ expS−
B

T1/2D , (3)

where B is a constant. This temperature dependence of
conductivity in disordered systems has also been ob-
served in other materials.39,40 This behavior can be un-
derstood on the basis of the theory developed by Efros
and Shklovskii,41 who derived the∼T −1/2 dependence by
considering the long-range Coulomb interactions be-
tween the localized states. According to their model, the
DOS should not be a constant near the Fermi level, as is

the essential assumption in the derivation of the Mott–
Davis law (T −1/4 behavior). Their more realistic model
states that the DOS at |E − EF| < D (D is the gap) de-
creases with |E − EF| and should vanish at the Fermi
level. The value ofD determines the critical temperature
TC below which the∼T −1/2 behavior should prevail.
Hamiltonet al.42 reported similar behavior in amorphous
carbon. In most cases,T C is very low and ∼T −1/2

dependence can be observed only below liquid-nitrogen
temperature. In the present work,∼T −1/2 dependence ex-
ists close to room temperature. This may be explained as
a manifestation of the Coulomb gap according to Efros
and Shklovskii.41

While several investigations reported∼1/T 1/4 behavior
of electrical conduction, the carbon films were mostly
made by near-equilibrium techniques such as electron
beam evaporation, arc evaporation, or plasma-assisted
chemical vapor deposition.43,44Such carbon films could
be expected to mainly consist of three-fold carbon. It is
therefore not certain whether they can be used to repre-
sent DLC films prepared via nonequilibrium techniques
such as pulsed laser deposition since the structures, either
atomically or electronically, are very different.

We therefore envisaged that the copper atoms in the
DLC films act as Coulomb interaction centers, which
results in the∼T −1/2 behavior.

D. IR range optical properties of the DLC films

Emissivity is defined as the ratio of the radiance of a
given object to that of a black body at the same tempera-
ture and for the same spectral and directional condi-
tions.45 It is a function of wavelength and temperature.
For normal incidence, the emissivitye of a plane parallel
specimen could be written as

e =
~1 − R!~1 − Tr!

1 − RTr
, (4)

FIG. 6. Relation between ln(lns) versus ln(1000/T) of DLC film that
contains 1.2 at.% Cu.

Q. Wei et al.: Atomic structure, electrical properties, and IR range optical properties of DLC films containing foreign atoms prepared by PLD

J. Mater. Res., Vol. 15, No. 3, Mar 2000638



whereR is the true reflectivity andTr is the true trans-
missivity. They are related to the fundamental optical
parameters such as the refractive indexn and the extinc-
tion coefficientk. For a perfect opaque body, for example
whenat (a is the absorption coefficient, andt, the thick-
ness of the specimen) is large andTr ≈ 0, we have the
Kirchhoff’s law as

e = 1 − R =
4n

~n + 1!2 + k2 . (5)

If the apparent reflectivity and transmissivity that are
actually measured experimentally are denoted by R* and
Tr*, the following relation holds:

e + R* + T*r = 1 . (6)

There are generally three contributions to the emit-
tance of a semiconductor, i.e., band-to-band transitions,
free carriers, and phonons (lattice vibrations). In the
case of a defect-free crystalline semiconductor such as
intrinsic silicon, these three contributions are distinct
from one another at low temperatures where the concen-
tration of free carriers is still low. The emissivity in-
creases abruptly when the photon energy exceeds the
band gap.

Figure 7(a) shows emittance of pure DLC measured
near room temperature. The emittance spectrum exhibits
three regimes. The first regime corresponds to large wave
numbers (higher photon energies) that shows high emit-
tance. Though DLC films prepared by 248-nm excimer
laser with high laser fluence (∼10 J/cm2) have been re-
ported to have a band gap of∼1.5 eV, Dikshitet al.31

reported a value close to 1.0 eV on DLC films prepared
under the same laser fluence as the present work. We
may therefore attribute the first regime to band-to-band
transitions. Apart from this, however, in the case of
amorphous semiconductors, there are a large number of
localized states, especially close to the band edges. We
might expect that these localized states would also con-
tribute to emittance. This is indeed what happens to DLC
where no sharp transitions are observed in the emittance
spectrum. Instead, gradual changes are present. The sec-
ond regime is from free carriers, while the third regime of
wavelength close to 10mm is due to phonon contribu-
tion. The emissivity due to free carriers is governed by
the impurity concentration of the semiconductor, the
thickness of the specimen, and also by the temperature at
which the specimen is kept. For a crystalline intrinsic
semiconductor like silicon, free carrier contribution in-
creases with temperature. When the specimen is doped,
this contribution can also be enhanced significantly.

Incorporation of small amount of Si into DLC films
does not change the general features of the emissivity and
transmittance spectra, as shown in Fig. 7(b). However, it
is found that it contributes slightly to the localized state

part starting from wave number 5500 cm−1. It also con-
tributes a little to the free carrier part. This effect is
increased with Si content. It is understood that Si has
tetrahedral bonding and the lone pair electrons may con-
tribute to the free carrier concentration. This understand-
ing is in accordance with electrical measurements, which

FIG. 7. IR range emissivity spectra of (a) pure DLC, (b) DLC + Si,
and (c) DLC + Cu (1.4 at.% Cu) films, showing the emittance (%) as
a function of wave number. Three regimes are indicated in the spec-
trum for pure DLC. In (d) is the transmittance spectrum of DLC + Ti
(2.7 at.% Ti) that shows that the film is opaque.

Q. Wei et al.: Atomic structure, electrical properties, and IR range optical properties of DLC films containing foreign atoms prepared by PLD

J. Mater. Res., Vol. 15, No. 3, Mar 2000 639



show that the presence of Si increases the electrical con-
ductivity of DLC.30 It is also consistent with the fact that
intrinsic DLC is a p-type semiconductor whereas Si-
incorporated DLC showsn-type conduction.

The emittance of DLC containing small amount of
Cu [Fig. 7(c)] shows significant increase in the whole
range of measurement, while the transmittance in the
IR range is considerably decreased so that the film is
almost opaque. Most probably the increase of the contri-
bution from free carriers has far exceeded the contribu-
tion from increased localized states, though the
contribution from the localized states could still be dis-
cerned from the emittance spectrum. This can be identi-
fied from the gradual increase of emissivity with wave
number. It was also found that the effect of doping in-
creases with increasing Cu content. This could be under-
stood in connection with the electrical conduction
behavior of DLC films containing Cu where the conduc-
tivity increases with Cu content.

Ti-incorporated DLC films behave almost as a black
body [Fig. 7(d)], where the transmittance just goes to
zero, and here Kirchhoff’s law can be applied. The emis-
sivity is almost independent of wave number. Free
carriers suppress all contributions from band-to-band
transitions, from localized states and from phonons. In
other words, the emitted radiation from other contri-
butions might have been absorbed before it reaches
the specimen surface. It is found that DLC + Ti ex-
hibits n-type conduction. The outer-shell structure of
Ti is 3d2 4s2, and the outer-shell electrons can contri-
bute to the free carrier concentration and remarkably
increase the electron concentration in the film and
make the film opaque. This is consistent withI–V char-
acteristics of these samples that shows DLC + Ti acts
essentially as a resistor, with theI–V curve following
Ohm’s law. Also the evidence for Ti–C bonding as es-
tablished by XPS gave the same binding energies as bulk
titanium carbide. Since TiC has metallic bonding, the IR
optical behavior of DLC + Ti films is consistent with
our observations.

IV. SUMMARY AND CONCLUDING REMARKS

The atomic structure, IR range optical properties, and
several aspects of the electrical properties of diamondlike
carbon films containing foreign atoms prepared by
pulsed laser deposition were studied. RDF analyses of
the electron diffraction show that the films were pre-
dominantly bonded by fourfold coordination, with the
first and second nearest distances being quite close to
those of crystalline diamond. TheI–V characteristics of
pure DLC and DLC + Cu indicate that both form a Schot-
tky barrier with the measuring probe, whereas the Ti-
doped DLC behaves just like a linear resistor. Pure DLC
exhibitsp-type conduction. Ti- and Si-doped DLC films

have n-type conduction, while Cu-doped DLC films
showp-type conduction. A light effect on conduction is
observed for pure DLC. The mechanism of light-induced
conduction is discussed in terms of the gap states of pure
DLC. Our results may be considered to verify a clean gap
of pure DLC, in accordance with the theoretical predic-
tion by Draboldet al.37 Measurements on the tempera-
ture dependence of conductivity of DLC + Cu show the
following behaviors ~ exp(−B/T1/2) instead of theT −1/4

law (Mott–Davis law). Infrared optical measurements
showed three contributions to the emissivity spectrum of
pure DLC. They include band-to-band transitions, free
carriers, and phonons (lattice vibrations). The amorphous
state introduces a large contribution due to the presence
of the localized states. Incorporation of a small amount of
Si in the DLC does not change the general feature of
emissivity spectrum but enhances the contribution from
the localized states. Ti enhances the free carrier concen-
tration as well as the localized state contributions to the
extent that the films behave as a black body.
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