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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 large$p® 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 exhghitpe conduction, and
those containing Ti and Si havetype 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 Dratcit?’
Temperature dependence of conductivity of DLC + Cu shows a behavior

exp(-B/TY?), instead of thel ~*'* 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 cations as hard protective coatings for magnetic disk
The range of different forms of carbon, such as dia-drives, as antireflective coatings for infrared windows, as
mond, graphite, fullerenes, nanotubes, and DLC, etc., hageld emission source, and so 8. A number of inves-
made carbon one of the most interesting elements itigations have confirmed that ultraviolet (UV) pulsed
nature! The great variety of structures and the uniquelaser ablation of a high-purity polycrystalline graphite
properties of carbon stem from its unique chemistry, i.e.farget is able to produce high-quality DLC films with a
the capability of forming various types of hybridization Tauc gap of11.8-2.0 eV and asp’/syF ratio of (B0% 2~
that can be used to form different bonding sta@tdhe 10 The special feature of pulsed laser ablation is that it is
beneficial properties of DLC are due to tBp® bonding  a nonequilibrium process and the species produced in the
constituents that make DLC mechanically hard, infraredaser plasma possess very high kinetic energy. For in-
(IR) transparent, and chemically inértHigh-quality  stance, the average kinetic energy of atomic species pro-
DLC films can rival diamond films in terms of mechani- duced by equilibrium processes such as electron beam
cal performance such as wear resistance, very low coe&vaporation is arountdkT (k is the Boltzmann constant,
ficient of friction, high hardness, and elastic modufus. andT is the absolute temperature), whereas that produced
Furthermore, unlike polycrystalline diamond films pre- by pulsed laser ablation might be as high as 100-
pared by chemical vapor deposition (CVD) and otherlOOKT.** Therefore, pulsed laser deposition (PLD) is
techniques, DLC films are usually very smooth. Owingone of the techniques to make high-quality DLC thin
to their unique properties, DLC films have found appli- films without the requirement of hydrogen incorporation
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and in some aspects is superior to filtered cathodidius of the laser beam, energy density, and optical re-
vacuum arc (FCVAY and mass-selected ion beam flectivity of the target and the dopant strip. Copper,
(MSIB) depositiort® techniques. titanium, and silicon were chosen as dopants because Cu
The main stumbling block for the application of DLC is not a carbide former, whereas Ti is a strong carbide
films as protective coatings is the accumulation of a highformer with metallic bonding with carbon, and Si is all
amount of compressive stress into the overconstrainesi® bonded, having covalent bonding and electronic
amorphous network. Recently, we tried to address thistructure similar tesp® bonded carbon and is also a car-
challenging problem by incorporating small fractions ofbide former. The Si wafers were cleaned in acetone and
foreign atoms in the amorphous strucutre of D¥2>  methanol ultrasonic baths followed by HF dip to remove
The adhesion and wear resistance of DLC films werdahe native oxide layer before loading into the laser depo-
improved substantially upon doping. This was achievedition chamber. The laser beam was pulsed excimer laser
without significantly affecting the diamondlike proper- (A = 248 nm,t, = 25 ns) at a repetition rate of 10 Hz,
ties of the films. with an energy density close to 3.0 J/emll the depo-
Since one of the major applications of DLC films is IR sitions were performed at room temperature for 40 min in
window coatings, it is crucial to understand the IR rangea high vacuum of abdul x 107’ torr.
optical properties of DLC films that have dopants. It . N
srr:ould Ee noted that even though a number of studieg' Film characterization
have been reported on the IR measurements of DLC Transmission electron microscopy (TEM) studies
films, the films were in most cases hydrogenaté@he  were conducted using TOPCONO002B microscope at 200
study of electrical properties of the doped DLC films andkV with a point-to-point resolution of 1.8 A at the first
the effect of light on those properties will also be very Scherzer defocus. RDF analysis was based on digitizing
useful to correlate optical properties and to explore théntensities of the electron diffraction patterns and calcu-
possibility of fabricating photodiodes from these films. lating the reduced density functions. Both RBS and XPS
In the present work, several aspects of pure DLC filmswvere used for estimating chemical composition of the
and those containing various types of dopants preparedoped films. Visible Raman (514.7 nm) spectroscopy
by PLD were studied. We investigated the atomic strucand XPS were employed to study the chemical bonding
ture of these films by means of radial distribution func-states of different films.
tion (RDF) analysis, the IR range optical properties Room-temperature emissivity measurements were per-
through emissivity measurements, and temperaturécormed to study the IR range optical behavior of the films
dependent conduction behavior. We used Rutherfordising a Benchtop spectral emissometer that can acquire
backscattering spectroscopy (RBS) and x-ray photoe|edﬂdianCe, reflectance, and transmittance simultaneously.
tron spectroscopy (XPS) to acquire chemical Composi]—he detailed instrumentation of IR measurements was
tion of the DLC films. Visible Raman spectroscopy wasdescribed by Ravindrat al*” A method based upon
used to study the bonding characteristics and the effect gieebeck effect was used to determine the conduction
dopant incorporation. A spectral emissometer that catype of the DLC alloys. Thé-V characteristics and the
collect radiance, reflectance, and transmittance simultahfluence of light on the conduction of several films were
neously was used to analyze the IR range optical propanalyzed. The low-temperature resistivity as a function
erties. Thel-V characteristics of the DLC films were Of cryogenic temperature was recorded using equipment
measured and preliminary observations of photon irrathat is used for the characterization of superconductor
diation effect on conduction were performed. Conductionmaterials (for example, critical temperature measure-
mechanisms were studied via temperature-dependent réents). The setup is equippped with a cryopump that is
sistivity measurements. The results were discussed table to cool the sample to near liquid-He temperature.

present a unified understanding of the phenomena.
Ill. RESULTS AND DISCUSSION

Il. EXPERIMENTAL PROCEDURES 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-
A novel target configuration described elsewHére copy results on both doped and pure DLC films. Micro-
was adopted to incorporate various dopants into DLGstructural information obtained by TEM and RDF on
films during PLD. Thep-type silicon(100) wafers were several samples will be presented in the next part. The
used as substrates. The doping of DLC films was accomthird part will consist of electrical measurements such as
plished using ingenious modification of pulsed laserconductivity, -V characteristics, and results of photon
deposition. A strip of doping element is placed on theirradiation effect on conduction and resistivity as a func-
rotating target, where the relative amounts of target antion of temperature. The final part will be focused on the
dopant constituents are determined by the scanning rdR range optical studies and the effect of dopants.

A. Materials and pulsed laser deposition
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A. Chemical composition and bonding of the B. Microstructure and RDF analysis of the
DLC films DLC films

Simulations of the RBS results showed that the atomic Figure 2 is the TEM image of DLC with 1.2 at.% Cu,
fraction of Cuin a DLC + Cu film is 1.2 at.% and that of and the corresponding electron diffraction pattern shows
Tiina DLC + Tifilm is 2.75 at.%. Compositional analy- typical features of amorphous state.
sis by XPS for these two samples gives 1.44 at.% Cu and RDF analysis enables us to get information of the first
2.66 at.% Ti, respectively, consistent with the RBS re-and second coordination spheres such as the distances of
sults. The thickness of all the films was in the rangethe first and second nearest neighbors and the coordina-
400-600 nm. Composition of the films can be controlledtion numbers, et¢? In the case of DLC, since it pos-
through changing either the scanning radius of the lasesesses both fourfold and threefold coordination, the first
beam on the surface of the target or the size of the dopant
piece on the target. The composition results for different

LI B A LM N AN B G Bt A BN M N BN B (LN AN BN B B BB A BN N O

depositions are given in Table I. Due to the presence of 1
DLC

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™* and extending to 1300 crh 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 Prawet al.*®the position of the
G-peak is a function o$p? content for pure, hydrogen-
free DLC. For very lowsp’ content, the G-peak position TN DN P P TP T B
does not change significantly. Since the majority of 1000 1100 1200 1300 1400 1500 1600 1700
samples in the present work contain foreign atoms, the -1
method developed by Prawet al® is not applicable. Wave Number (cm™)

We have showtf in the XPS of Cu in the DLC film FIG. 1. Visible Raman spectra of several DLC films.
that contains Cu two peaks due to Cy, 2and Cu 2p,,
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 Tiz2p(454 eV)
and Ti 2p,, (460 eV) toward the high-binding energy
side provide evidence of Ti and carbon bonding. The
outer shells of a Ti atom ar8d4?, 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.

Intensity (a.u.)

-

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

Dopants

Copper Titanium
Sampleno. Cu-O Cu-l Cu-2 Cu3 Ti-1 Ti-2 Ti-3

Concentration 1.2 1.4 15 25 27 40 7.7 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 haJiSt nearest-neighbor distance of 1.52 A and the ratio of
coordination numbers between those of graphite (3, 65|rst- to second-shell coordination numbers of 2.80. Most
and those of diamond (4, 12). of the other RDI_: analyses have been_based upon amor-
Figure 3 shows the RDF calculated from the electrorPhous carbon films that are predominantly trigonally
diffraction data of pure DLC. The first and second nearestPonded. For example, Li and Lanfiirstudied the RDF
neighbor distances as obtained from the RDF analysis a® thick amorphous carbon films prepared by radio fre-

1.51 and 2.52 A, respectively. The ratio of the secondluéncy (rf) sputtering in a high-vacuum environment.
shell coordination number to the first shell coordination I '€ macroscopic density of the a-C films was estimated

number is approximately 2.75. In a comparison of thesd'om weighing selected samples to be only 2.0 glem
data with those of diamond and graphite, it is clear tha@nd the film thickness was aboutn. Optical absorp-

the pure DLC should possess a significant percentage ¢°n and reflectance measurements yielded a Tauc gap of
sp*-bonded carbon atoms. Figure 4 shows the RDF fop.57 eV. All these_ features merely imply that _the_a-C
the DLC film with 1.2 at.% Cu. For this sample, the first films were not of high content of fourfold coord!natlo_n.
and second nearest-neighbor distances are 1.50 andey analyzed the RDF obtained by neutron diffraction
2.54 A, respectively, while the ratio of the second sheli@nd obtained 1.46 and 2.49 A as the first and second
coordination number to the first shell coordination num_neare_st—nelght;(gr distances, respectively. RDF analyses
ber is approximately 2.84. The structural data imply thaf?y Boiko et al=" were based on electron diffraction of
the presence of copper atoms does not change the shoMorphous carbon films prepared by the method of
range environment significantly. In Table I, the resultsV&CUum evaporation. The integration to compute the
of RDF analysis, such as first nearest-neighbor distancé{DF Was carried out up to a maximum scattering vector
second nearest-neighbor distance, and the ratio of first- t8f 8-8 A™%. In their calculation, they took the density of
second-shell coordination numbers, are given. Alsgmorphous carbon gg = 2.1 glent and calculated the
given in Table Il are data for diamond, graphite, angdcoordination numbers for the respective spheres to be 3.3
amorphous carbon made by other techniques. By conit 0.2 and 8.8 110.2. These resul_ts suggest that the amor-
parison of the first and second nearest-neighbor distancé$0us carbon films are predominantly composed of tri-
and coordination numbers to those of diamond and@°nally bonded carbon.

graphite, it is clear that the DLC films consist mainly of !N their theoretical studies of DLC, Wanet al?’ _
sp*-bonded carbon. generated an amorphous carbon network by quenching

So far, the number of diffraction studies on highly high-density high-temperature liquid carbon using tight-
tetrahedral carbon is quite limitéd:>> One example is

the work by Gaskelket al.?* who used neutron diffrac- 30
tion on DLC films made by the filtered direct current (dc) sk n
vacuum arc (FDVA) technique. Their DLC films had the -n-2 =2.84
. 20f ™
1
s 15 |
15F . ©
ratio=2.752 10 _
. Average density
S Diamond 5
10F ' 0 I !
O i 0 1 2 3 4 5
o
5 i i r(A)
~ H I
F i 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.
ekl 1 v
0 05 1 156 2 25 3 35 4 Table Il. Results of RDF analysis and comparison with other C forms.
]
Carbon phases ry, A r,, A n,/n Refs.
r (A) 1 2 /Ny
o . Graphite 1.42 2.45 2 20
FIG. 3. Radial distribution function (RDF) of pure DLC. The dashed 5.c (sputtered) 1.46 2.49 21 21
line is for the calculation of coordination numbers. For comparison,gjassy (carbon) 1.425 2.45 21 20
the first and second nearest-neighbor distances of diamond are 1.544c (evaporated) 1.43 253 26 23
and 2.512 A, and the ratio of the first to the second shell coordinatiorhiamond 1.544 2512 3 22
number is 3, while the first and second nearest-neighbor distances @,;e pLC 151 252 2.75 This work
graphite are 1.42 and 2.45 A, respectively, and the ratio of the first tgy) ¢ + 1.205Cu 1.50 254 28 This work

the secod shell coordination number is 2.
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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.

binding molecular dynamics simulations. They foundtion. Generally, Cu has been reported to act as an accep-
that the network so created contains a large fraction ofor in most semiconductor$.For example, it has three
sp® sites (74%). The results of structural analysis areacceptor levels in crystalline silicon. Therefore, it is not
quite close to our experimental observations. For exsurprising that DLC films containing Cu also shoys
ample, their RDF analyses of the model structure yieldype conduction.

the first peak at 1.52 A. The structural analysis of the Figure 5 shows thd-V characteristics of (a) pure
present work is also consistent with that by FrauenheinDLC, (b) DLC containing 2.5 at.% Cu, and (c) DLC

et al?® and supported by electron energy loss spectroscontaining 2.7 at.% Ti. It can be seen that all the films
copy (EELS)?° as well as by nanoindentation measure-except the one containing Ti form a Schottky contact
mentg°that gave a hardness close to 50 GPa and reducewth the measuring probe. The DLC + Ti sample simply

Young’'s modulus greater than 200 GPa. exhibits metallic conduction as a resistor, with Ks8/
curve following Ohm’s law. This can in part be under-
C. Electrical properties of the DLC films stood in connection with the XPS observation that Ti—C

E)épnding is present in the film. As is known, Ti—C bond-

: - . Ing is essentially metallic and its presence might greatly
of the DLC films does not change linearly with OIOparltenhance the conduction of the film by increasing the

concentratiori’ in agreement with that in Ref. 31. Amor- it of stat the Fermi levEL. Al .
phous semiconductors usually have all states Iocalizerﬁ?nss'y ?[hs af;es tne;ellr_ h'? ermldevt_ls. Sr? feen :jn
and their conduction exhibits hopping, especially variable- i9. 5 s the effect of light on conduction (photoconduc-

: ; ; . ion) of the pure DLC film. Further investigations are
LGgip?ggsérégar%nechamsm. The hopping probability Carﬁ:ontinuing regarding the photoconduction of DLC films

containing foreign atoms.
2R W For other tetrahedral amorphous semiconductors such
Wij = Wo exp(—T - k_T> , () as Si and Ge, doping is very difficult if they are not
hydrogenated due to the presence of a large population of
where v, is a constantR is the distance the electron dangling bonds> However, highly tetrahedral amor-
crosses by tunneling in one hopping evenis a measure phous carbon formed by energetic C ions is shown to
of the extent of the state (localization lengthy,is the  have a relatively low density of defect gap stat®3’
thermal activation energy, k is Boltzmann constant, andrhis allows ta-C to be doped and show photoconductiv-
T is absolute temperature. Equation (1) indicates that thigy, even without hydrogenation. Electron spin resonance
hopping probability and thus the conductivity of the ma-(ESR) measurements have shown that the spin density of
terial will be increased with decreasBdWhen the con- DLC decreases with increasisg® bonding. Amaratunga
centration of foreign atoms that can contribute toet al3® ascribed the low defect density of ta-C that con-
localized states is increased, the distance that the electréains 10-40%sp” sites to the ability b sites to pair up
will cross over one tunneling event would be smaller,and formm bonds. The states of thesebonds lie outside
leading to a reduced resistivity. When the concentratiorthe gap. As pointed out by Drabofdthe defect-free gap
of these atoms is increased to such a level that continuowd highsp® count are the most interesting features of
channels might be formed for the transport of electronsta-C. Their modeling suggests a significant proclivity for
the films could essentially behave like metallic materials thesp? atoms to pair up and thus be swept out of the 2-eV
It is found that pure DLC films exhibip-type conduc- gap and to sweep out other defect states with them. More
tion, which is in agreement with other investigatiofis. specifically, thesp? “defects” form pairs in which one of
DLC films containing copper also exhilpttype conduc- the two hybridized states is pushed lower in energy and

Four-probe measurements showed that the resistan
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one is pushed higher in energy. Since only the lower Temperature (Kelvin)

energy state is occupied, the total energy is significantly 7.4 1 2100 2019 1653 1353 1108 907 743

lowered. Further, there is some tendency for the o T T

m-bonded pairs to form short chains. Therefore, single 72 10" ;

sp’ atoms, or dangling bonds, do not occur in substantial

numbers as they do in a-Si. It also appears that defecf 7 107" [

states associated with geometric anomalies are alsg

pushed out of thesp? gap into the band edges of the = 68 10" W

diamond orsp® gap, that is, what would have also hy- = N

bridized with thesp’ states and are thus pushed out of the 66 10"

gap. From Fig. 5, the pure DLC film exhibits some light-

induced conduction. 64 10" Lo ) T T
As pointed out by Sullivan and Friedmadhelec- 14 1.6 1.8 2 22 24 2.8

tronic transport in amorphous carbon largely bonded by In(1000/T)

sp® hybridization has been the subject of considerabléic. 6. Relation between In(la) versus In(1000) of DLC film that
debate. There are generally three mechanisms of conduesntains 1.2 at.% Cu.

tion in amorphous semiconductors, which may be found
in appropriate ranges of temperatdrei) transport is by
carriers excited beyond the mobility edges into extende%I
states aE. or E,; (ii) transport is by carriers excited into
localized states at the band edges and hopping at ener
close toE, or Eg (E, and Eg define the localization
induced tail-end of the band edgés, is belowE, and
Eg is aboveE,)); (iii) if the density of states (DOS) &

e essential assumption in the derivation of the Mott—
avis law (T ~** behavior). Their more realistic model
states that the DOS & |- E¢| < A (A is the gap) de-
Aeases withH - Ef| and should vanish at the Fermi
level. The value ofA determines the critical temperature
T. below which theOT ~*'? behavior should prevail.
is finite, then there will be a contribution from carriers Hamiltonet al.™ reported sim_ilar behavior in amorphous
; carbon. In most cases] . is very low and 0T ~*/2

with energies neakg which can hop between Iocall;ed .dependence can be observed only below liquid-nitrogen
states by the process analogous to impurity conduction 'Pemperature In the present wofkT -2 dependence ex-

heavily doped crystalline semiconductors. At tempera- . .
tures such that K is less than the bandwidth, hopping ists close to room temperature. This may be explained as

will not necesssarily be between nearest neighbors an manifestation of the Coulomb gap according to Efros

variable-range hopping of the form nd Shklovski!*
9¢ oppng While several investigations reportetl/T ** behavior

o = o, expEB/ITYY | (2)  of electrical conduction, the carbon films were mostly

_ . _ made by near-equilibrium techniques such as electron
with B a constant depending upon the DOais tobe  peam evaporation, arc evaporation, or plasma-assisted
expected, at a temperature sufficiently low fEe) o chemical vapor depositiot:**Such carbon films could
be considered constant over an energy radge be expected to mainly consist of three-fold carbon. It is

Figure 6 presents the curve showing the relation betherefore not certain whether they can be used to repre-
tween In(Ino) and In(1000T') of the DLC film that con-  sent DLC films prepared via nonequilibrium techniques
tains 1.2 at.% Cu. Itis clear that two regimes are presenych as pulsed laser deposition since the structures, either
in Fig. 6. The first regime corresponds to higher tem-gtomically or electronically, are very different.
perature conduction close to room temperature, and the e therefore envisaged that the copper atoms in the
second, to low-temperature conduction. The data for thg)| c films act as Coulomb interaction centers, which

latter regime are well fit by the relation results in thelTT ~*’2 behavior.
B
o x exp(—_l_l/z) , (3) D. IR range optical properties of the DLC films

Emissivity is defined as the ratio of the radiance of a
where B is a constant. This temperature dependence given object to that of a black body at the same tempera-
conductivity in disordered systems has also been obture and for the same spectral and directional condi-
served in other materiafS:*° This behavior can be un- tions®® It is a function of wavelength and temperature.
derstood on the basis of the theory developed by Efrofor normal incidence, the emissivigyof a plane parallel
and Shklovskift* who derived théTr ~2dependence by specimen could be written as
considering the long-range Coulomb interactions be-
tween the localized states. According to their model, the €= 1-R@A-T) 4)
DOS should not be a constant near the Fermi level, as is 1-RT, ’
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whereR is the true reflectivity andr, is the true trans- 11
missivity. They are related to the fundamental optical
parameters such as the refractive indeand the extinc- & 1
tion coefficientk. For a perfect opaque body, for example @ ,
whenat (« is the absorption coefficient, aridthe thick- §°Y
ness of the specimen) is large amd= 0, we have the o
Kirchhoff's law as ui
an 2 10"
e=1-R=——5—— . 5
(n+ 1%+ © 010
If the apparent reflectivity and transmissivity that are 11
actually measured experimentally are denoted by R* and . 10
T.*, the following relation holds:
[ ]
e+R +TF=1 . (6) g s
There are generally three contributions to the emit- 5 4 10°

tance of a semiconductor, i.e., band-to-band transitions,
free carriers, and phonons (lattice vibrations). In the 2 10
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-

010
LI L H S S R S A S R S . E——

creases abruptly when the photon energy exceeds the o
band gap. & 6o
Figure 7(a) shows emittance of pure DLC measured £
near room temperature. The emittance spectrum exhibits & 4 1o
three regimes. The first regime corresponds to large wave “
numbers (higher photon energies) that shows high emit- 2 10
tance. Though DLC films prepared by 248-nm excimer
laser with high laser fluencé(0 J/cnf) have been re- o1 : . y ‘
ported to have a band gap 61L.5 eV, Dikshitet al3* 1 T g T T
reported a value close to 1.0 eV on DLC films prepared . (d)

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. WeS
might expect that these localized states would also con-"  , ;g
tribute to emittance. This is indeed what happens to DLC
where no sharp transitions are observed in the emittance 0 10° . . N
spectrum. Instead, gradual changes are present. The sec- 2000 4000 sooo 8000 11
. . . . . . Wavenumber (cm ')

ond regime is from free carriers, while the third regime of o _
wavelength close 0 1pmis due (o phanan contou, 5% 7, 1 de shistuly seeci o ) e 0 B L L
tlon'_The _emISSIVIty due_to free carrlers_ls governed byz function of wave number. Three reéimes ar?a indicated in the spec-
the impurity concentration of the semiconductor, theyum for pure DLC. In (d) is the transmittance spectrum of DLC + Ti
thickness of the specimen, and also by the temperature @7 at.% Ti) that shows that the film is opaque.
which the specimen is kept. For a crystalline intrinsic
semiconductor like silicon, free carrier contribution in-
creases with temperature. When the specimen is dopegart starting from wave number 5500 ¢hit also con-
this contribution can also be enhanced significantly.  tributes a little to the free carrier part. This effect is

Incorporation of small amount of Si into DLC films increased with Si content. It is understood that Si has
does not change the general features of the emissivity anidtrahedral bonding and the lone pair electrons may con-
transmittance spectra, as shown in Fig. 7(b). However, itribute to the free carrier concentration. This understand-
is found that it contributes slightly to the localized stateing is in accordance with electrical measurements, which

@

=

H 1

& ewp .
=

410" | L
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show that the presence of Si increases the electrical cofrave n-type conduction, while Cu-doped DLC films
ductivity of DLC2° It is also consistent with the fact that showp-type conduction. A light effect on conduction is
intrinsic DLC is ap-type semiconductor whereas Si- observed for pure DLC. The mechanism of light-induced
incorporated DLC showa-type conduction. conduction is discussed in terms of the gap states of pure
The emittance of DLC containing small amount of DLC. Our results may be considered to verify a clean gap
Cu [Fig. 7(c)] shows significant increase in the wholeof pure DLC, in accordance with the theoretical predic-
range of measurement, while the transmittance in théon by Draboldet al3” Measurements on the tempera-
IR range is considerably decreased so that the film isure dependence of conductivity of DLC + Cu show the
almost opaque. Most probably the increase of the contrifollowing behaviors = expB/T*?) instead of tha ~*/#
bution from free carriers has far exceeded the contribulaw (Mott—Davis law). Infrared optical measurements
tion from increased localized states, though theshowed three contributions to the emissivity spectrum of
contribution from the localized states could still be dis-pure DLC. They include band-to-band transitions, free
cerned from the emittance spectrum. This can be identiearriers, and phonons (lattice vibrations). The amorphous
fied from the gradual increase of emissivity with wave state introduces a large contribution due to the presence
number. It was also found that the effect of doping in-of the localized states. Incorporation of a small amount of
creases with increasing Cu content. This could be undeiSi in the DLC does not change the general feature of
stood in connection with the electrical conductionemissivity spectrum but enhances the contribution from
behavior of DLC films containing Cu where the conduc-the localized states. Ti enhances the free carrier concen-
tivity increases with Cu content. tration as well as the localized state contributions to the
Ti-incorporated DLC films behave almost as a blackextent that the films behave as a black body.
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. FreeaCKNOWLEDGMENTS

rrier r Il ntributions from nd-to-ban
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