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Sandwich atomic structure in tetrahedral amorphous carbon: Evidence of subplantation model
for film growth from hyperthermal species

J. P. Zhao* and Z. Y. Chen
Ion Beam Laboratory, Shanghai Institute of Metallurgy, Chinese Academy of Sciences, Shanghai 200050, People’s Republic o

and Shikoku National Industrial Research Institute, Takamatsu 761-0395, Japan
~Received 1 June 2000; revised manuscript received 8 August 2000; published 1 March 2001!

High-resolution transmission electron microscopy~HRTEM! was used to characterize the cross-sectional
and planar atomic structures and bonding states of highly tetrahedrally bonded amorphous carbon~ta-C! films,
particularly concentrating on the surface layer and interface between substrate and pure ta-C film. A ‘‘sand-
wich’’ cross-sectional structure was found to be existing in ta-C grown from hyperthermal carbon species, and
can be expressed asA/B/A layer-by-layer stacks. The interface~A! was shown to be very thick~;40 nm!, and
consisted ofsp2-bonded carbon domains and quasicontinuous two-dimensional layers. The initial pure carbon
layer on silicon substrate exhibits relatively ordered atomic configuration, which can be attributed to the
presence of graphitelike structure. The surface layer~A! was investigated in detail by using both cross-sectional
and planar HRTEM observations. Results indicated a large number of ordered structure existed in the surface,
in the manner of entangled ribbons that were identified to besp2-bonded glassy carbon. The ordered
sp2-bonded surface layer is proposed to form immediately while stopping deposition, i.e., the final stage of
film growth, due to thermal spike-induced stress relaxation on surface. The interior film~B! is predicted to
possess highersp3-bond content than that measured by electron-energy-loss spectrum. In addition, slow pos-
itron annihilation, as well as a classical-trajectory calculation concerning the projected rangeRp and range
stragglingDRp of carbon species implantation into silicon substrate, were conducted for further investigating
and interpreting the observed atomic structures in surface, interior film, and interface. The fact thatsp2-bonded
surface and interface are present in a primarilysp3-bonded film gives a direct corroboration of subplantation
model and compressive stress mechanism forsp3-bonded film growth from hyperthermal species.

DOI: 10.1103/PhysRevB.63.115318 PACS number~s!: 68.35.2p, 68.55.2a, 61.43.Dq, 68.37.Lp
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I. INTRODUCTION

It has been well established that the deposition of car
using medium-energy ion beams can produce thin films w
properties similar to those of crystalline diamond. The ma
rial has been shown to possess a high proportion ofsp3 C-C
bonds~.80%!,1 and neutron scattering results yield a me
C-C bond length of 0.153 nm and a bond angle of;110°,
consistent with a network dominated by tetrahed
bonding.2 The material is therefore now called tetrahed
amorphous carbon~ta-C! to distinguish it structurally from
other forms of carbon, in particular evaporated and sputte
a-C, which are dominant insp2 bonding. Nowadays, it is
generally accepted that the mechanism promotingsp3 bond-
ing over the normally more stable trigonal planar (sp2)
structure for amorphous carbon is related to shallow sub
face implantation3–7 of medium-energy @energies (E)
'20– 103 eV# carbon species. The impinging species usua
include pure or a mixture of ions, free radicals, and atom
cluster with enough energy and flux, and therefore are ca
as hyperthermal species in order to differentiate from ther
species with energy less than 10 eV. The best methods
ported for depositing ta-C are mass-selected ion-beam3 and
filtered arc deposition~FAD!.5,8 In both cases, the optima
properties of ta-C, includingsp3 content, compressive stres
hardness, density, and refractive indexes are strongly in
related, and almost invariably obtained within an energy
terval of incident species which is practically the same for
parameters typical of diamondlike qualities. However,
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energy window depends on the applied method and dep
tion conditions. Some of the values reported in the literat
areE520– 60 eV,5 50–240 eV,8,9 and 100–2000 eV.10 Be-
low and above these energy windows the amount
sp2-bonded carbon atoms increases, and physical prope
degrade correspondingly.

The role of hyperthermal species on the evolution of d
mondlike phases has been subject to a number of experim
tal and theoretical studies. A decade ago, Lifshitzet al. in-
troduced the subplantation~shallow subsurface implantation!
model for film growth from hyperthermal species.3,4 The
subplantation process is basically divided into three sta
with distinct time scales based on the hyperthermal spec
target interactions, i.e.,~i! a collisional stage in which the
hyperthermal species transfers its energy to the target at
(;10213sec) during penetration into subsurface;~ii ! a ther-
malization stage where exited surrounding atoms reach t
mal equilibrium with the energetic species due to collisi
cascade (;10211sec), and this process can be treated wit
the ‘‘thermal spike’’ concept;11 ~iii ! a long-term relaxation
stage (;10210– 1 sec), in which diffusion processes, chem
cal reactions, phase transformations, and stress relaxa
processes take place, and the final structure of the mater
determined. In this model, the physical quantities includ
projected range (Rp) of species, range straggling (DRp),
backscattering yield (YBS), sputtering yield~S!, and damage
(Nd) have been considered critical to the film growth. Ge
erally, smallRp and DRp ~high local concentration!, low S
and YBS, and controlled Nd are necessary for high
©2001 The American Physical Society18-1
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sp3-bonded carbon phase~diamondlike phase! formation.
The preferential displacement also has been thought
dominating mechanism for the formation of a diamondli
phase in subplantation model, especially in the energy ra
between 50–200 eV.3 However, recent experimental da
and theoretical studies indicate that displacement energy
diamondlike phase is less than 50 eV,12,13 so the preferentia
displacement effect will be somewhat less pronounced
the subplantation model of Lifshitzet al., the thermal spike
~stage II! has only a second-order effect, with the collisio
~stage I! and relaxation~stage III! stages are more effectiv
for film evolution. A little later, Robertson and McKenzi
individually proposed a modified subplantation model ba
on the thermal spike concept and densification6 or compres-
sive stress5 induced by shallow subsurface implantation, r
spectively. Robertson assumes two opposite processes
the densification due to subplantation of incoming carb
species, leading to an increasingsp3 bonding fraction as the
density increases, and the second process leads to a r
ation in density toward ansp2-bonded graphitic phase due
rearrangements occurring during a thermal spike. In McK
zie’s stress model, the high local intrinsic-stress produced
subplantation of carbon species movesa-C into the stable
domain of diamond~Berman-Simon line! in the P-T phase
diagram of carbon14 and thereby stabilizesp3 bonding, and
stress could release due to thermally activated relaxation
cesses during a thermal spike. Besides these subplant
models, a cylindrical spike model15 and several molecular
dynamics simulation studies16–18 of the growth of diamond-
like phase have been proposed. Most of them are still ba
on the impact process of hyperthermal species on the ta
in which some physical quantities, such asRp and DRp in
subplantation process, are generally considered and in
duced. Although the precise details of implantation and
laxation processes remain unclear, among the experime
and theoretical investigations, a very interesting phenome
has been noted. That is, the ta-C film is predicted to besp2

bonded near the outmost surface above the depth at w
subsurface conversion to the densersp3-bonded structure
occurs.5 McKenzie has proposed that the upper surface
ta-C film is a free surface and stress there can be relieve
the movement of surface atoms. The stress will drop from
bulk value inside the film to zero at the surface over so
characteristic length, crossing the Berman-Simon line. C
sequently, graphite will be the stable phase on the immed
surface. Gilkes, Gaskell, and Yuan19 estimated an
sp2-bonded surface layer of maximum thickness 0.9 nm,
comparing the integrated area of 1s→p* peak in their elec-
tron energy-loss spectroscopy~EELS! of ta-C samples with
different thicknesses. The estimation has been origin
based on the prediction by McKenzie. Recent investigati
by using spatially resolved EELS~Refs. 20 and 21! have
suggested a cross-sectional structure of ta-C, in which
thickness ofsp2-bonded surface layer could be influenced
ion energy. However, thesp2-bonded surface layer was pro
posed to be present during the growth ofsp3-bonded mate-
rial rather than formation in the final stage of film grow
induced by stress relaxation.

In recent years, great efforts have been spent upon
11531
a

ge

or

In

d

-
.e.,
n

lax-

-
y

o-
ion

ed
et,

o-
-
tal
on

ch

f
by
ts
e
-
te

y

ly
s

e

he

study of optical, mechanical, and electron-emission prop
ties of ta-C, correlated withsp3 content.8,22–25As yet, how-
ever, adequate investigation concerning the atomic struct
particularly the cross-sectional and surface structure, has
been reported. Although very thin,sp2-bonded surface laye
may play somewhat important role in either evaluating
structural and physical properties, or in actual applicati
e.g., application of electron emission property in vacuum m
croelectronics. Besides very few and sophisticated analy
by EELS, however, no direct and observable results on
issue have been reported. There exists an open questio
the real structure of ta-C, which needs further investigat
in order to better understand the growth process of hig
tetrahedrally bonded carbon film.

In this work, we first consider that ta-C film not onl
exists a pretty thinsp2-bonded surface layer, but also co
sists of a relatively thicksp2-bonded carbon-rich interfac
between film and substrate, which could appear in the ini
stage of subplantation before a pure ta-C growth. So, we
image the cross-section of ta-C asA/B/A ‘‘sandwich’’ struc-
ture, where twoA layers represent the surface and interfa
sp2-bonded carbon, andB is the real ta-C that consists o
essentiallysp3-bonded carbon. In the following sections, w
will present the experimental investigation by using hig
resolution transmission electron microscopy~HRTEM! in
both planar and cross-sectional configurations, as wel
slow positron annihilation~SPA! technique to investigate th
atomic structure in surface, interior film, and interface
ta-C. Based on the subplantation model, a classical-trajec
calculation focused on theRp andDRp of hyperthermal car-
bon species implantation into silicon is conducted for int
preting the observed results.

II. EXPERIMENT

The ta-C films studied here were synthesized in a F
system, which has been described in detail elsewher26

Briefly, a cathodic arc discharge on a high-purity graph
cathode was used to produce a highly ionized carbon plas
A curved magnetic-field plasma duct guides the plas
around a 90° bend in order to eliminate macroscopic a
neutral particles of graphite that are also emitted by the
The films were deposited on different substrates at ro
temperature. The base pressure of vacuum system
;1024 Pa. Deposition rate was kept at 4–5 Å/sec, which
favorable for promotingsp3 bonding.27

HRTEM observation was performed using a transmiss
electron microscope operating at 200 kV. Two kinds
samples were deposited on different substrates. The first
was grown on Si~100! wafer with carbon ion energy of;220
eV to thickness of 300 nm, in order to observe the pro
structure of ta-C from surface to interface by cross-sectio
configuration. The method that we used to prepare cro
sectional sample is a standard one that has been use
many other researchers. The preparation procedure incl
mechanical dicing, thinning by mechanical polishing, a
low-angle ion milling with effective cooling. The entail pro
cess is rapid and avoids problems with contamination
ion-bombardment-induced structural changes. The other
8-2
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SANDWICH ATOMIC STRUCTURE IN TETRAHEDRAL . . . PHYSICAL REVIEW B 63 115318
directly deposited on copper grid at the same condition
investigating the surface structure of ta-C by planar confi
ration. The slow positron annihilation measurements w
carried out using a positron variable-energy beam syst
obtained by a Na22 source. The energy of the monoenerge
positron beam was varied from 0.5 to 13 keV. Details of
experimental apparatus are described elsewhere.28 The pro-
jected rangeRp and range stragglingDRp of hyperthermal
carbon species implantation into silicon were calculated
cording to Lindhard-Scharff-Schiott~LSS! theory by using
Thomas-Fermi stopping cross section and Ziegler-Biersa
Littmark ~ZBL! formula.29 However, varied target compos
tion (Si12xCx) from pure silicon (x50) to pure carbon (x
51) was applied inRp and DRp calculations, which is
different from theTRIM ~Ref. 30! calculation by Lifshitz and
co-workers3,4 where variation of target composition was n
considered, and is closer to actual situation during subp
tation process.

III. RESULTS AND DISCUSSIONS

HRTEM was used to investigate the structure of ta-C. T
reasons for this are twofold:~i! the presence of an
sp2-bonded surface layer, proposed by McKenzie, Mull
and Pailthorpe,5 can be investigated directly;~ii ! the intrinsic
structure of ta-C in different growth regimes can be prob
giving an insight into the growth mechanism itself. HRTE
provides a two-dimensional projection of the structure a
specimen areas as small as 1 nm2 can be probed, so tha
differentiation of random structures from microcrystallin
networks is possible.

Here, we start the structural observation from the int
face between the Si substrate and film, being the same d
tion as film growth. As shown in Fig. 1~a!, the cross-
sectional image in the side of Si substrate at the interf
regime consists of clearly ordered fringes of single crys
line silicon, but mixed with some random extended fring
that embedded in silicon lattice and distributed randomly
position and size. The random fringes resulted from t
kinds of disordered structures. On the one hand, the latt
disorder of silicon could be produced by radiation-dama
effects of incident carbon species. As an implanted ion slo
down and comes to rest, it makes many violent collisio
with lattice atoms, displacing them from their lattice site
These displaced atoms can, in turn, displace others, and
net result is the production of a highly disordered reg
around the path of the ions. At sufficiently high dose, the
individual disordered regions may overlap, and an am
phous layer is formed. On the other hand, implanted ions
form individual carbon domains after resting in silicon m
trix. By extending the implantation, quasicontinuous carb
layer could also be formed with local concentration invers
proportional toDRp . As shown in Fig. 1, the destruction o
silicon lattice by impingement becomes stronger along
direction of film growth~I–V!, namely, original perfect sili-
con lattice becomes more blurred and disordered dom
enlarge and increase. Due to the restriction of picture s
we show here only part of the interface. The observed th
ness of the interface from perfect silicon lattice region~I! to
pure carbon film~V! is almost 40 nm, rather larger than th
11531
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FIG. 1. Cross-sectional HRTEM image of ta-C/Si interface.~a!
The side of Si substrate~I, perfect Si lattice; II, C-Si mixing layer!;
~b! the middle region of interface~II, C-Si mixing layer; III, low
destroyed layer due to channeling!; ~c! the side of film ~IV; the
upper surface of Si substrate, V, the initial pure carbon layer;
the initial ta-C layer!.
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calculatedRp,;1.55 nm, andRp1DRp,;3.46 nm, of 220
eV C1 implantation into pure silicon target. However, it
not surprising if we consider the channeling effect~both
axial and planar! that could induce theRp to be 10 times
larger or more,31 particularly in the present case the incide
C1 beam is almost normal to the Si substrate during dep
tion. Recent experimental investigations32,33 by using direct
ion-beam deposition of carbon negative ions have shown
implantation depth in silicon~100! substrate to be more tha
60 nm and Si-C bonding happened at the near surfac
silicon substrate. If the incident C1 enters almost parallel to
a major axis or plane, then a correlated series of collisi
may steer it gently through the lattice, thus reducing its r
of energy loss and increasing its penetration depth. W
channeling is present, the range distribution contains two
tinct components. One is the nonchanneled fraction of
incident beam, characterized by essentially the sameRp as in
an amorphous target. The other is due to the channeled
If the dechanneling effect could be negligible, a relative
sharp distribution peak could appear at the maximum p
etration rangeRmax. Then, a saddle-back depth distributio
of carbon species could be expected in impingement w
channeling. In Fig. 1, we can distinguish two regions~II and
IV ! with higher concentration of carbon species on the n
damaged pure silicon matrix and below the upper surfac
silicon. Between the two regions~III !, carbon concentration
and damage of silicon lattice are essentially lower. T
saddle-back depth distribution suggests the presence of c
neling during the deposition process.

Due to the damage of silicon lattice, the subsequent1

ions will face a nonperfect target both in chemical compo
tion and lattice order, namely, a gradual shift of phase fr
one of the substrates to one of the carbon film exists thro
the interfacial mixing layer. Because the channeling turns
to be weak,Rp and DRp will change correspondingly. The
Rp andDRp of 220-eV C1 ion implantation into target with
varying composition (Si12xCx,0<x<1) are shown in Fig. 2.
Both Rp andDRp reduce with carbon content, i.e., with th
progressing of subplantation or film growth. An interesti
phenomenon noted is thatDRp drops more rapidly thanRp,
this means the C1 ions have to stop at shallower layer wi
narrower distribution. The denser distribution of carbon s
cies is reminiscent of the subplantation models of Lifsh
and co-workers3,4 and Robertson.6 The models proposed tha
the increased local concentration or atom density of car
species in subsurface layer will promote the formation ofsp3

bonding. Therefore the initial carbon impingement on pu
silicon target would form some carbon domains with grap
telike structure in silicon lattice due to very low local co
centration or atom density. A further increase in C1 dose due
to prolonged impingement may result in a gradually
creased local concentration that forms 2D carbon layer~con-
nected graphitelike carbon domains! with some possible car
bide phases, for example, silicon carbide. As shown in F
1~c!, carbon species with higher concentration exists at
upper surface of silicon substrate~IV !. Also, it can be ex-
pected that during the early stages of subplantation, the
face is mainly composed of substrate atoms Si due to
11531
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subsurface penetration of the impinging carbon spec
However, the surface silicon could be gradually sputte
and/or diluted by ion-mixing mechanisms until a surfa
consisting of only carbon species evolves. In Fig. 1~c!, an
important feature is noted in the middle area~V!, that is, a
pure carbon layer with distinguishable ordered structures
;4 nm thickness is found existing in the zone just betwe
very random upper layer~VI ! and the C-Si mixing layer
~IV !. The fringes in this region are relatively straight an
extended to form parallel layered structures, with interla
spacing being close to 0.4 nm. Therefore, we could exp
that ordered graphitic layers may occur in this region~the
interlayer separation in graphite is 0.34 nm!, because the
layer contains only carbon materials without any observa
evidence of silicon sites. This graphitelike layer with pr
dominant sp2 bonding could be considered as the initi
layer of pure carbon film growth. After it, a pure carbon fil
with highly tetrahedral atomic configuration~region VI! will
be formed by subsequent subplantation processes. From
fect silicon lattice~I! to the carbon-rich upper surface regio
~IV ! in substrate, we can also expect that the observed i
vidual carbon domains and quasicontinuous 2D carbon
ers in the thick C-Si mixing region could be structural
arranged intosp2 configuration, bearing a resemblance to t

FIG. 2. Calculated~a! projected rangeRp , ~b! range straggling
DRp , and~c! local concentrationDRp

21 of 220-eV C1 implantation
into Si12xCx binary-target with varying composition (0<x<1) and
diamond~L!.
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initially pure carbon layer~V! due to much lower local con
centration of carbon species. Furthermore, it is well kno
that ion bombardment of a low-energy, low-mass spec
upon a heavier mass substrate will result in partial ba
scattering away from the substrate. The hyperthermal car
species impinging on Si substrate is in this classificati
Therefore, it is unlikely to attain a high, localized carb
concentration and compressive stress necessary for the
ation of a high percentage of tetrahedrally coordinated
bonds when a large fraction of the incoming species is be
backscattered. It will result in the interfacial mixing lay
and the initially grown pure carbon layer beingsp2 bonded
and having low density. As a pure carbon layer develop
however, the impinging carbon species experience increa
interaction with a growing carbon film rather than with th
silicon substrate. Backscattering of carbon species decre
in frequency, allowing a film with higher density andsp3

bonding content to grow on top of the initially pure carb
layer. Nevertheless, the possibility ofsp3-bonding formation
on certain sites in the C-Si mixing layer cannot be ruled
due to occasionally increased local carbon concentration
atom density.

Based on the above discussion, we propose that the
lution of a pure carbon film from hyperthermal carbon sp
cies impinging on Si substrate consists of two subsequ
deposition processes, i.e., the initial ‘‘heterodeposition’’ f
lowed by evolution into a pure carbon film in host matri
and the ‘‘homodeposition’’ of energetic species adding to
pure film. Target with higher carbon concentration will res
in shallower implantation (Rp) and narrower distribution
(DRp), and therefore increase the probability
sp3-bonding formation. Actually, as shown in Fig. 2~c!, the
local concentration (DRp

21) is found to increase with pro
longing the impingement due to the evolution of target co
position. Therefore, one can expect thatsp3 bonding could
become favorable tosp2 bonding by extending the depos
tion. While the initially pure carbon layer growth, the loc
concentration and atom density would reach to maximu
Rp andDRp are 1.23 nm and 0.88 nm for C1 impinging on
graphite target and 0.83 nm and 0.57 nm for C1 impinging
on diamond target, respectively. In this case, diamond co
be the most favorable phase to be formed and retaine
there were not enough diffusion or relaxation by therm
spike or substrate heating. Thermal spike effect~stage II in
the subplantation model of Lifshitzet al.4! can play a signifi-
cant role in the final structure of the evolving film, main
depending on the energy and nature of the projectile-ta
system. As for the substrate heating, it has been sugge
that the growth temperature~;0.05 eV! has a strong effec
on the processes immediately following ion implantation, d
spite being small compared to the ion energy.21 That is, the
enhanced atom mobility~diffusion! after subsurface implan
tation caused by substrate heating will preventsp3-bond for-
mation and evolution. In the present study, the substrate
almost kept at ambient temperature. Therefore, obvious
fusion process could not be expected during deposition,
a diamondlike phase will be formed on the initial pure c
bon layer, as shown in Fig. 1~c! ~region VI!. The cross-
sectional image of pure ta-C film is shown in Fig. 3. T
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image consists of a random background characteristic
amorphous thin film, and no distinct nonrandom features
this background are detected. The fringes are seld
straight, and extend over distances of no more than 1
Moreover, it can be observed that the region is uniform
contrast and arrangement, and can be differentiated from
initially pure carbon layer~region V in Fig. 1! by image
contrast and the degree of disorder. We perform an EE
analysis on this film, and results indicate the averagesp3

content to be;90%. Film density obtained by EELS an
Rutherford-backscattering spectrum~RBS! is more than 3.2
g/cm3. Electron diffraction patterns on this region exhib
broad and diffuse halos, with no evidence of microcrystall
ity, both in graphite or diamond. It means that random n
works of highly tetrahedrally bonded carbon phase~ta-C!
was formed and evolved during subplantation process a
the initially pure carbon layer growth. The compressi
stress of this film determined from the substrate curvat
was found to be 4.3 GPa, close to the typical value of;5
GPa found by McKenzie, Muller, and Pailthorpe.5 Therefore,
the effective hydrostatic pressure of this stress would dr
the film into the diamond-stable zone as defined by
Berman-Simon curve in theP-T phase diagram of carbon.14

The film thickness measured by cross-sectional observa
is around 300 nm, which is consistent with the preset de
sition rate~4–5 Å/sec! for 10 min deposition.

Further detailed investigations have been conducted
the near-surface region. The profile structure of this regio
shown in Fig. 4. A pure Ta-C layer~VI ! with the same
atomic structure as that shown in Fig. 3 exists at the reg
below the upper surface of the film. However, carbon ato
are arranged relatively ordered in the area adjacent to
film surface ~VII !, with the orientation of atoms approxi
mately paralleling the surface. The fringes in this area
relatively straight, spaced by about 0.4 nm, implying th
ordered graphitelike layers occur in the surface. The orde
surface layer extends over a distance of 1–2 nm~;5 atom
layers!, which is consistent with the penetration depth
220-eV carbon ions implantation into carbon target (Rp

FIG. 3. Cross-sectional HRTEM image of interior film of ta-C
i.e., the pure ta-C layer.
8-5
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1DRp in diamond and graphite is around 1.4 and 2.2 n
respectively!. The fact that ansp2-bonded surface is presen
in a primarily sp3-bonded film has been predicted by McK
enzie, Muller, and Pailthorpe due to the stress relaxation o
free surface.5 Graphitelike structure will be the stable pha
on the immediate surface, below it, a primarilysp3-bonded
diamondlike phase will be formed due to the increased lo
compressive stress produced by subplantation. Davis, A
ratunga and Knowles21 recently proposed that th
sp2-bonded surface layer does not form after film grow
due to stress relaxation,5 but instead is present during th
growth of thesp3-bonded material. That is, as film grow
the bottom part of an initiallysp2-bonded layer is converte
to sp3 bonding by a subsurface deposition process due
subplantation, and the top layer expands away from the s
strate to form finalsp2-bonded surface layer. However,
should be noted that one important physical quantity
cluded in subplantation model by Lifshitzet al. is the sput-
tering effect.4 The surface features of the evolving film an
the efficiency of the deposition process depend on the s
tering yield ~S! of both substrate and trapped atoms by
impinging ions. Although ion energy is not so high, the C1

fluence used in FAD process is large enough. One wea
bonded graphite-like top layer could be easily sputtered
displaced inside by knock-on collisions. Because the s
sputtering coefficient of carbon is less than 1 for all ion e
ergies, however, a fewsp2 bonds formed during the film
growth should retain in the surface region. Considering
surface stress relaxation proposed by McKenzie, Muller,
Pailthorpe,5 the sp2 bonds in the surface region should d
velop further and an orderedsp2-bonded surface layer woul
form immediately while stopping deposition, i.e., in the fin
stage of film growth.

More detailed investigation is therefore necessary
characterizing the surface carbon configuration in ta-C. I
of special significance in both fundamental and practical
pects. It could serve as a direct evidence of subplanta
model for film growth from hyperthermal species, especia
for sp3-bonded material. It is also relevant to correctly pe

FIG. 4. Cross-sectional HRTEM image of the near-surface
gion in ta-C in which region VI is the interior film and region VI
the upper surface layer.
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form analysis of structural measurements that could be
fected by the entire film, such as EELS, Raman spect
copy, x-ray diffraction, and so on. In the practical aspect
typical example is the study and application of its excelle
field-emission property,24,25 because ansp2-bonded surface
layer might play an important role in electron-emission p
cess. We will discuss this situation in detail after charact
izing the surface arrangement of carbon atoms.

For this purpose, ta-C film was directly deposited on
copper grid for HRTEM observation without any thinnin
process, for example, polishing and ion milling. A typic
image is shown in Fig. 5. Two different regions could

-

FIG. 5. ~a! Planar HRTEM image of the atomic configuration
ta-C surface;~b! the schematic illustration of the entangled ribbon
8-6
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distinguished based on the degree of order in atomic confi
rations. Besides some disordered regions where carbo
oms are arranged randomly, a large number of ordered l
structures exists in the manner of entangled ribbons tha
similar to that of glassy carbon, and some sites are foun
be highly strained. It is well known that the most order
form of synthetic graphite is called highly oriented pyrolyt
graphite, and is produced by heat and pressure treatmen
to 3500 °C.34 The d spacing of pyrolytic graphite is aroun
0.34 nm. Franklin noted that pyrolytic carbon could be cl
sified as being either graphitizing or nongraphitizing, acco
ing to whether the graphitization occurred during heating35

Nongraphitizing carbon, which is called glassy carbon la
consists of an ordered and a disordered component, and
parallel layers in ordered region develop with much mo
difficulty, only ~002! interlayer peak of graphite lattice ca
be observed by diffraction.35,36 Two ‘‘correlation lengths’’
have been defined to describe the structure of gla
carbon,37 in which La is a length over which a layer is fla
and Lc corresponds to the distance over which layers
parallel. Franklin concluded that 65% of the atoms in gla
carbon were in turbostatic graphitic domains, with the
mainder in disordered regions of unspecified character36. Al-
though Noda, Inagaki, and Yamada38 suggested that glass
carbon may contain a proportion ofsp3 sites, Mildner and
Carpenter39 concluded that no evidence for anysp3 sites
existed in glassy carbon. Based on these results, therefor
could point out that the surface layer of ta-C, as shown
Figs. 4 and 5, will take on the structural configuration o
glassy carbon after stress relaxation, which is considera
different from that of evaporateda-C, a much more disor-
dered form of carbon with dominantsp2 bonding. This par-
tially or relatively ordered surface carbon consists of strain
parallel layers stacked in a disordered manner. From Fi
we can know that the two ‘‘correlation lengths’’La andLc in
the sample are around 12 nm and 4–6 nm, respectiv
which agree well with the values of glassy carbon obtain
by Jenkins and Kawamura.40 The spacing between paralle
layers is;0.36 nm, approaching the interlayer spacing
glassy carbon (d50.37 nm)~Ref. 36! and a little larger than
that of perfect graphite (d50.34 nm). The increased inte
layer spacing might be induced by the relative disorder
schematic illustration of the entangled ribbons of glassy c
bon is shown in Fig. 5~b!. Electron diffraction from the pla-
nar TEM sample shows a relatively strong but diffuse~002!
halo, implying a layered graphitic structure, although w
disordered layer stacking. The presence of diffuse~002! re-
flections is consistent with most of the diffraction investig
tions on glassy carbon, in which only~002! interlayer peak
was observed.36,37 That is, due to compressive stress rela
ation, not only issp3 converted tosp2 bonding, but the
resultingsp2-bonded surface layer shows substantially mu
longer range order than evaporateda-C, in which the major-
ity of carbon sites havesp2 bonding. Furthermore, the pres
ence of orderedsp2-bonded structure revealed by both cros
sectional and planar observations suggests that the
experienced very high local temperature during deposit
which was induced by thermal spike during subplantation
hyperthermal carbon species.
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So far, the cross-sectional and planar atomic structure
ta-C films have been discussed in detail based on the
TEM observations. As shown in Fig. 3, a basic structu
contour could be imaged as sandwiched multilayers w
A/B/A stacks, in which two A layers stand for the
sp2-bonded thick interface and thin surface, andB layer rep-
resents the real ta-C which is essentiallysp3 bonded. Note
that in most structural analyses in literature,2,8,41,42EELS is
used to give a quantitative ratio ofsp3 to sp2 bonding in
ta-C films. However, these analyses have assumed that
films are homogeneous in structure and bonding state.
TEM observation indicates that this is not the case. Based
the above results, we could, therefore, conclude that the f
tion of sp3 sites in the interior of ta-C film must be highe
than those reported values determined by EELS calculat
The interiorsp3 content and atomic density should be ve
close to those of diamond, if the film has been synthesize
optimum C1 ion energy and flux. Therefore, ta-C could b
referred to as the amorphous form of diamond, structura
similar to a-Ge anda-Si that are positioned in the sam
group as carbon in the Periodic Table. Due to the existe
of sp2-bonded interface and surface layer, we could a
conclude that it is impossible to synthesize fully th
sp3-bonded ta-C. That is, the presence ofsp2 bonding seems
to be an intrinsic property of ta-C.

Further investigation on the structure of ta-C is carried
using SPA. SPA is one of the most powerful methods
study the structural disorder caused by ion implantati
However, the interpretation of SPA resulting from amo
phous carbon is not straightforward, due to the complexity
the systems. Until now only a few SPA studies on disorde
carbon films have been done.43–45 For ta-C, as yet, no re
ported data is available. As most of SPA studies, the sh
parameterS is used to characterize the Doppler-broaden
511-keV annihilation gamma line. TheSparameter increase
when the positrons annihilate in open volumes, name
more dense phase exhibits more lowSparameters. In presen
study, experimentalS parameter is simulated by assumin
that the annihilation of incident variable-energy positro
could take place at the surface (Ss), interior film (Si), inter-
face (Sf) and Si substrate (SSi), respectively. The fitting re-
sults of theS parameter indicateSs(0.4949) andSf(0.4779)
are relatively larger thanSi(0.4468). It could imply that the
interior film might possess much higher compactiveness t
the surface and interface regions. The results are in g
agreement with those obtained from HRTEM observati
i.e., highly tetrahedrally bonded interior film are muc
denser than graphitic surface and interface. Although SP
not able to give a direct and completely accepted argum
it is of significance as a circumstantial evidence for HRTE
results.

The above results based on HRTEM and SPA investi
tions indicate a very interesting phenomenon, that is, t
deposited by hyperthermal carbon species should hav
sandwichA/B/A stacking structure~see Fig. 6!. The exis-
tence of such a structure will be a powerful evidence
subplantation model and compressive-stress mechanism
8-7
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sp3 phase evolution suggested by Lifshitz and co-workers3,4

Robertson,6 and McKenzie, Muller, and Pailthorpe,5 respec-
tively. Such a structure also possesses potential value in
tual application of ta-C. For example, ta-C has been ex
sively investigated on electron-field-emission proper
Almost all the reported emission data have been interpre
based on the premise that ta-C is a uniform amorphous s
conductor both in structure and bonding state with high fr
tion of sp3 bonds. However, according to the present resu
it could be expected that the thinsp2-bonded surface laye
might play an important role in electron emission proce
An sp2-bonded layer can easily serve as a source to su
electron to emit, especially when a layer-by-layer depos
ta-C will be performed on field-emission measurement.
such multilayer structure, as shown in Fig. 7 schematica
graphiticsp2-bonded layerA can eject electrons to semicon
ductingsp3-bonded layerB, then thesp3 layer could easily

FIG. 6. Schematic illustration of sandwich structure withA/B/A
stacks, in which the bottomA stands for the thickersp2-bonded
interface, the topA is the thinnersp2-bonded surface, andB is the
sp3-bonded interior layer of ta-C.

FIG. 7. Schematic illustration of layer-by-layer deposited ta
multilayers withA/B/A/B/.../A/B/A stacks.
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emit electrons into vacuum due to its wide bandgap and
emission barrier.24 The electron emission property, therefor
could be easily modulated by changing the total layer nu
ber and the thickness per layer. We would note that the
tual experimental investigations on this assumption have
ready been completed,46 with the results agreeing well with
those expected.

IV. CONCLUSIONS

ta-C films have performed detailed cross-sectional a
planar HRTEM investigations for the atomic structures
surface, interior film, and interface between film and su
strate, respectively. A few significant results were obtain
and further confirmed by ion range calculation and S
analysis.

~1! The cross-sectional HRTEM images revealed tha
sandwich structure should exist in ta-C film and can be
pressed asA/B/A layer-by-layer stacks. That is, the firstA
layer is a very thin~1–2 nm! sp2-bonded surface with a
structure characteristic of glassy carbon,B represents the rea
tetrahedrally bonded carbon interior film, and the otherA is a
thick ~;40 nm! sp2-bonded interface with possible Si12xCx

inclusions.
~2! The much thicker interface than the calculatedRp

1DRp is probably induced by channeling effect of hype
thermal carbon species implantation. By comparing the p
jected range (Rp) and local concentration (DRp

21) of carbon
species implantation into Si12xCx binary target with variable
composition (0<x<1), it can be expected thatsp3-bonded
structure will be the most favorable phase to form while
pure carbon layer or phase appears.

~3! Planar view of ta-C surface structure indicated th
besides some disordered sites, a large number of ord
structure existed in the surface area of ta-C, in the manne
entangled ribbons that were identified to besp2-bonded
glassy carbon with some sites being highly strained. Elect
diffraction and interlayer spacing of 0.36 nm have suppor
the identification. The atomic arrangement in the surface a
of ta-C are substantially different from that of evaporat
a-C.

~4! SPA provides circumstantial evidence for HRTEM r
sults. The higherSparameter at the surface and the interfa
as compared to the interior film implied that the interior lay
of ta-C is more compactive than the surface and interfac

~5! The content ofsp3 sites in the interior of ta-C film
must be higher than those reported values in literatures
culated by EELS, according to the present investigatio
The orderedsp2-bonded surface layer should be formed im
mediately while stopping deposition due to the relaxation
surface stress, i.e., formation in the final stage of subpla
tion.

~6! The sandwich structure is of significance in both fu
damental and application aspects. It gives a powerful
direct corroboration of subplantation model for film grow
from hyperthermal species, suggested by Lifshitz and R
ertson, respectively, and the compressive stress mecha
8-8
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for sp3 sites evolution proposed by McKenzie. It is of cle
importance to correctly perform analysis of structural m
surements and to better understand the properties of ta-C
could be highly dependent on the existence ofsp2-bonded
interface and surface. It also possesses potential value
actual application, for example, in electron-field emiss
from ta-C.
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