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Sandwich atomic structure in tetrahedral amorphous carbon: Evidence of subplantation model
for film growth from hyperthermal species
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High-resolution transmission electron microscdpiRTEM) was used to characterize the cross-sectional
and planar atomic structures and bonding states of highly tetrahedrally bonded amorphoustaa@bdiims,
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 a$B/A layer-by-layer stacks. The interfa¢d) was shown to be very thick-40 nm), and
consisted ofp?-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 l@gwas 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 tosp&bonded glassy carbon. The ordered
sp?-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 interiofBfilim predicted to
possess highesp®-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 Rgraged range
stragglingAR,, 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 fagfthahded
surface and interface are present in a primasiy-bonded film gives a direct corroboration of subplantation
model and compressive stress mechanisnsfdrbonded film growth from hyperthermal species.
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[. INTRODUCTION energy window depends on the applied method and deposi-
tion conditions. Some of the values reported in the literature
It has been well established that the deposition of carboare E=20-60eV® 50—240 e\ and 100—2000 eV’ Be-
using medium-energy ion beams can produce thin films witHow and above these energy windows the amount of
properties similar to those of crystalline diamond. The matesp?-bonded carbon atoms increases, and physical properties
rial has been shown to possess a high proportiospdiC-C  degrade correspondingly.
bonds(>80%),! and neutron scattering results yield a mean The role of hyperthermal species on the evolution of dia-
C-C bond length of 0.153 nm and a bond angle~df10°, = mondlike phases has been subject to a number of experimen-
consistent with a network dominated by tetrahedraltal and theoretical studies. A decade ago, Lifsleital. in-
bonding? The material is therefore now called tetrahedraltroduced the subplantatigshallow subsurface implantatipn
amorphous carbofta-C) to distinguish it structurally from model for film growth from hyperthermal specié$.The
other forms of carbon, in particular evaporated and sputteredubplantation process is basically divided into three stages
a-C, which are dominant irsp? bonding. Nowadays, it is with distinct time scales based on the hyperthermal species-
generally accepted that the mechanism promasipgbond-  target interactions, i.e(j) a collisional stage in which the
ing over the normally more stable trigonal planapf) hyperthermal species transfers its energy to the target atoms
structure for amorphous carbon is related to shallow subsu(-—~10~13sec) during penetration into subsurfadé) a ther-
face implantatiof’ of medium-energy [energies E) malization stage where exited surrounding atoms reach ther-
~20-1G eV] carbon species. The impinging species usuallymal equilibrium with the energetic species due to collision
include pure or a mixture of ions, free radicals, and atomiccascade{ 10™ *sec), and this process can be treated within
cluster with enough energy and flux, and therefore are callethe “thermal spike” concept! (iii) a long-term relaxation
as hyperthermal species in order to differentiate from thermastage 10~ °—1 sec), in which diffusion processes, chemi-
species with energy less than 10 eV. The best methods real reactions, phase transformations, and stress relaxation
ported for depositing ta-C are mass-selected ion-Bemmd  processes take place, and the final structure of the material is
filtered arc depositiofFAD).>® In both cases, the optimal determined. In this model, the physical quantities including
properties of ta-C, includingp® content, compressive stress, projected range R,,) of species, range straggling\Ry),
hardness, density, and refractive indexes are strongly intebackscattering yieldYgs), sputtering yieldS), and damage
related, and almost invariably obtained within an energy in{Ng4) have been considered critical to the film growth. Gen-
terval of incident species which is practically the same for allerally, smallR, and AR, (high local concentration low S
parameters typical of diamondlike qualities. However, theand Ygg, and controlled Ny are necessary for high
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sp’-bonded carbon phasg@diamondlike phaseformation.  study of optical, mechanical, and electron-emission proper-
The preferential displacement also has been thought as tes of ta-C, correlated witsp® content?>=2°As yet, how-
dominating mechanism for the formation of a diamondlikeever, adequate investigation concerning the atomic structure,
phase in subplantation model, especially in the energy rangearticularly the cross-sectional and surface structure, has not
between 50-200 e¥.However, recent experimental data been reported. Although very thisp*-bonded surface layer
and theoretical studies indicate that displacement energy fdnay play somewhat important role in either evaluating the
diamondlike phase is less than 50 \/3so the preferential ~structural and physical properties, or in actual application,
displacement effect will be somewhat less pronounced. Ii®.9., application of electron emission property in vacuum mi-
the subplantation model of Lifshitet al, the thermal spike croelectronics. Besides very few and sophisticated analyses
(stage 1) has only a second-order effect, with the collision by EELS, however, no direct and observable results on this
(stage ) and relaxatior(stage 1) stages are more effective issue have been reported. There exists an open question on
for film evolution. A little later, Robertson and McKenzie the real structure of ta-C, which needs further investigation
individually proposed a modified subplantation model basedn order to better understand the growth process of highly
on the thermal spike concept and densificationcompres-  tetrahedrally bonded carbon film.
sive stressinduced by shallow subsurface implantation, re- In this work, we first consider that ta-C film not only
spectively. Robertson assumes two opposite processes, i.€Xists a pretty thirsp?-bonded surface layer, but also con-
the densification due to subplantation of incoming carborsists of a relatively thicksp*-bonded carbon-rich interface
species, leading to an increasisg® bonding fraction as the between film and substrate, which could appear in the initial
density increases, and the second process leads to a rels®tage of subplantation before a pure ta-C growth. So, we can
ation in density toward asp®-bonded graphitic phase due to image the cross-section of ta-C/A&B/A “sandwich” struc-
rearrangements occurring during a thermal spike. In McKenture, where twoA layers represent the surface and interface
zie's stress model, the high local intrinsic-stress produced bgp*-bonded carbon, anB is the real ta-C that consists of
subplantation of carbon species mowe£ into the stable essentiallys p>-bonded carbon. In the following sections, we
domain of diamondBerman-Simon lingin the P-T phase will present the experimental investigation by using high-
diagram of carbolf and thereby stabilize p> bonding, and  resolution transmission electron microscolfRTEM) in
stress could release due to thermally activated relaxation prdoth planar and cross-sectional configurations, as well as
cesses during a thermal spike. Besides these subplantatistow positron annihilatioiSPA) technique to investigate the
models, a cylindrical spike mod@land several molecular- atomic structure in surface, interior film, and interface of
dynamics simulation studi&s™*8of the growth of diamond- ta-C. Based on the subplantation model, a classical-trajectory
like phase have been proposed. Most of them are still baseghlculation focused on thie, andAR, of hyperthermal car-
on the impact process of hyperthermal species on the targdipn species implantation into silicon is conducted for inter-
in which some physical quantities, suchRs and AR, in  preting the observed results.
subplantation process, are generally considered and intro-
duced. Although the precise details of implantation and re-
laxation processes remain unclear, among the experimental
and theoretical investigations, a very interesting phenomenon The ta-C films studied here were synthesized in a FAD
has been noted. That is, the ta-C film is predicted tepe  system, which has been described in detail elsewffere.
bonded near the outmost surface above the depth at whidBriefly, a cathodic arc discharge on a high-purity graphite
subsurface conversion to the densg®-bonded structure cathode was used to produce a highly ionized carbon plasma.
occurs’ McKenzie has proposed that the upper surface ofA curved magnetic-field plasma duct guides the plasma
ta-C film is a free surface and stress there can be relieved yround a 90° bend in order to eliminate macroscopic and
the movement of surface atoms. The stress will drop from itheutral particles of graphite that are also emitted by the arc.
bulk value inside the film to zero at the surface over someThe films were deposited on different substrates at room
characteristic length, crossing the Berman-Simon line. Contemperature. The base pressure of vacuum system was
sequently, graphite will be the stable phase on the immediate 10”4 Pa. Deposition rate was kept at 4-5 A/sec, which is
surface. Gilkes, Gaskell, and Yudn estimated an favorable for promoting p® bonding®’
sp?-bonded surface layer of maximum thickness 0.9 nm, by HRTEM observation was performed using a transmission
comparing the integrated area o+ 7w* peak in their elec- electron microscope operating at 200 kV. Two kinds of
tron energy-loss spectroscoELS) of ta-C samples with samples were deposited on different substrates. The first one
different thicknesses. The estimation has been originallyvas grown on iL00) wafer with carbon ion energy of220
based on the prediction by McKenzie. Recent investigationgV to thickness of 300 nm, in order to observe the profile
by using spatially resolved EEL8&Refs. 20 and 21lhave structure of ta-C from surface to interface by cross-sectional
suggested a cross-sectional structure of ta-C, in which theonfiguration. The method that we used to prepare cross-
thickness ok p>-bonded surface layer could be influenced bysectional sample is a standard one that has been used by
ion energy. However, thep?-bonded surface layer was pro- many other researchers. The preparation procedure includes
posed to be present during the growthsgf’-bonded mate- mechanical dicing, thinning by mechanical polishing, and
rial rather than formation in the final stage of film growth low-angle ion milling with effective cooling. The entail pro-
induced by stress relaxation. cess is rapid and avoids problems with contamination and
In recent years, great efforts have been spent upon thien-bombardment-induced structural changes. The other was

Il. EXPERIMENT
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directly deposited on copper grid at the same condition for
investigating the surface structure of ta-C by planar configu-
ration. The slow positron annihilation measurements were
carried out using a positron variable-energy beam system,
obtained by a N& source. The energy of the monoenergetic
positron beam was varied from 0.5 to 13 keV. Details of the
experimental apparatus are described elsewfiefae pro-
jected rangeR;, and range stragglindR,, of hyperthermal
carbon species implantation into silicon were calculated ac-
cording to Lindhard-Scharff-SchiofL.SS) theory by using
Thomas-Fermi stopping cross section and Ziegler-Biersack-
Littmark (ZBL) formulaZ® However, varied target composi-
tion (Si,_,C,) from pure silicon k=0) to pure carbonx

=1) was applied inR, and AR, calculations, which is
different from theTrim (Ref. 30 calculation by Lifshitz and
co-workers$* where variation of target composition was not
considered, and is closer to actual situation during subplan-
tation process.

Ill. RESULTS AND DISCUSSIONS

HRTEM was used to investigate the structure of ta-C. The
reasons for this are twofold(i) the presence of an
sp?-bonded surface layer, proposed by McKenzie, Muller,
and Pailthorpé&,can be investigated directlyij) the intrinsic
structure of ta-C in different growth regimes can be probed,
giving an insight into the growth mechanism itself. HRTEM
provides a two-dimensional projection of the structure and
specimen areas as small as 1°ncan be probed, so that
differentiation of random structures from microcrystalline
networks is possible.

Here, we start the structural observation from the inter-
face between the Si substrate and film, being the same direc-
tion as film growth. As shown in Fig. (&), the cross-
sectional image in the side of Si substrate at the interface
regime consists of clearly ordered fringes of single crystal-
line silicon, but mixed with some random extended fringes
that embedded in silicon lattice and distributed randomly in
position and size. The random fringes resulted from two
kinds of disordered structures. On the one hand, the lattice-
disorder of silicon could be produced by radiation-damage
effects of incident carbon species. As an implanted ion slows
down and comes to rest, it makes many violent collisions
with lattice atoms, displacing them from their lattice sites.
These displaced atoms can, in turn, displace others, and the
net result is the production of a highly disordered region
around the path of the ions. At sufficiently high dose, these
individual disordered regions may overlap, and an amor-
phous layer is formed. On the other hand, implanted ions can
form individual carbon domains after resting in silicon ma-
trix. By extending the implantation, quasicontinuous carbon
layer could also be formed with local concentration inversely
proportional toAR,. As shown in Fig. 1, the destruction of
silicon lattice by impingement becomes stronger along the
direction of film growth(I-V), namely, original perfect sili- FIG. 1. Cross-sectional HRTEM image of ta-C/Si interfa@.
con lattice becomes more blurred and disordered domainbhe side of Si substrai@, perfect Si lattice; Il, C-Si mixing layey
enlarge and increase. Due to the restriction of picture sizgp) the middle region of interfacél, C-Si mixing layer; IlI, low
we show here only part of the interface. The observed thickdestroyed layer due to channelingc) the side of film(IV; the
ness of the interface from perfect silicon lattice regibnto ~ upper surface of Si substrate, V, the initial pure carbon layer; VI,
pure carbon film(V) is almost 40 nm, rather larger than the the initial ta-C layey.
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calculatedR, ~1.55nm, andR,+ AR, ~3.46 nm, of 220 1.8 — - - - - -
eV C' implantation into pure silicon target. However, it is 16

not surprising if we consider the channeling effébbth —a—a—a
axial and planarthat could induce th&k, to be 10 times 1.4 ‘.‘.\\‘\-\- 7
<

larger or more’! particularly in the present case the incident 1.2
C" beam is almost normal to the Si substrate during deposi- '
tion. Recent experimental investigatidhs® by using direct 1.0
ion-beam deposition of carbon negative ions have shown an 0.8
implantation depth in silicof100) substrate to be more than
60 nm and Si-C bonding happened at the near surface of
silicon substrate. If the incident'Centers almost parallel to

a major axis or plane, then a correlated series of collisions
may steer it gently through the lattice, thus reducing its rate
of energy loss and increasing its penetration depth. When
channeling is present, the range distribution contains two dis-
tinct components. One is the nonchanneled fraction of the
incident beam, characterized by essentially the sepas in

Range (nm)

1.6} .

1.2} .

Local Concentration Range Straggling (nm)
o
D

<
an amorphous target. The other is due to the channeled ions. . t ! + ! : —
If the dechanneling effect could be negligible, a relatively 181 o -
sharp distribution peak could appear at the maximum pen-
etration rangeR... Then, a saddle-back depth distribution 1.5} 1
of carbon species could be expected in impingement with 1 2: ]
channeling. In Fig. 1, we can distinguish two regighsand ) A
IV) with higher concentration of carbon species on the non- 09t /A/ ]
damaged pure silicon matrix and below the upper surface of _a —A
silicon. Between the two regior{$ll ), carbon concentration 06 , . e .

and damage of silicon lattice are essentially lower. This . : :
saddle-back depth distribution suggests the presence of chan- 00 02 04 06 08 10
neling during the deposition process. X

Due to the damage of silicon lattice, the subsequeht C
i(_)ns will fac_e a nonperfect target both in chgmical ComDOSi'ARp, and(c) local concentratiod R, ! of 220-eV C" implantation
tion and lattice order, namely, a gradual Sh'lft of phase fro nto Si,_,.C, binary-target with varying composition €x<1) and
one of the substrates to one of the carbon film exists throug iamond( ).
the interfacial mixing layer. Because the channeling turns out
to be weakR, and AR, will change correspondingly. The subsurface penetration of the impinging carbon species.
R, andAR, of 220-eV C" ion implantation into target with However, the surface silicon could be gradually sputtered
varying composition (Si.4C,,0=x=<1) are shown in Fig. 2. and/or diluted by ion-mixing mechanisms until a surface
Both R, and AR, reduce with carbon content, i.e., with the consisting of only carbon species evolves. In Fi¢c)lan
progressing of subplantation or film growth. An interestingimportant feature is noted in the middle ar@a), that is, a
phenomenon noted is thatR, drops more rapidly thaR,,, pure carbon layer with distinguishable ordered structures and
this means the Cions have to stop at shallower layer with ~4 nm thickness is found existing in the zone just between
narrower distribution. The denser distribution of carbon spevery random upper laye¢Vl) and the C-Si mixing layer
cies is reminiscent of the subplantation models of Lifshitz(IV). The fringes in this region are relatively straight and
and co-workers* and Robertsofi.The models proposed that extended to form parallel layered structures, with interlayer
the increased local concentration or atom density of carbospacing being close to 0.4 nm. Therefore, we could expect
species in subsurface layer will promote the formatios@f  that ordered graphitic layers may occur in this regitme
bonding. Therefore the initial carbon impingement on pureinterlayer separation in graphite is 0.34 nnbecause the
silicon target would form some carbon domains with graphi-layer contains only carbon materials without any observable
telike structure in silicon lattice due to very low local con- evidence of silicon sites. This graphitelike layer with pre-
centration or atom density. A further increase ih @se due dominantsp? bonding could be considered as the initial
to prolonged impingement may result in a gradually in-layer of pure carbon film growth. After it, a pure carbon film
creased local concentration that forms 2D carbon lagen-  with highly tetrahedral atomic configuratigregion VI) will
nected graphitelike carbon domajingith some possible car- be formed by subsequent subplantation processes. From per-
bide phases, for example, silicon carbide. As shown in Figfect silicon lattice(l) to the carbon-rich upper surface region
1(c), carbon species with higher concentration exists at th€lV) in substrate, we can also expect that the observed indi-
upper surface of silicon substratB/). Also, it can be ex- vidual carbon domains and quasicontinuous 2D carbon lay-
pected that during the early stages of subplantation, the suers in the thick C-Si mixing region could be structurally
face is mainly composed of substrate atoms Si due to tharranged ints p? configuration, bearing a resemblance to the

FIG. 2. Calculateda) projected rang®,, (b) range straggling
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initially pure carbon layefV) due to much lower local con-
centration of carbon species. Furthermore, it is well known
that ion bombardment of a low-energy, low-mass species
upon a heavier mass substrate will result in partial back-
scattering away from the substrate. The hyperthermal carbon
species impinging on Si substrate is in this classification.
Therefore, it is unlikely to attain a high, localized carbon
concentration and compressive stress necessary for the cre-
ation of a high percentage of tetrahedrally coordinated C
bonds when a large fraction of the incoming species is being
backscattered. It will result in the interfacial mixing layer
and the initially grown pure carbon layer beisg? bonded
and having low density. As a pure carbon layer developed,
however, the impinging carbon species experience increasing
interaction with a growing carbon film rather than with the
silicon substrate. Backscattering of carbon species decreases
in frequency, allowing a film with higher density arsp® ) ) S
bonding content to grow on top of the initially pure carbon FIG. 3. Cross-sectional HRTEM image of interior film of ta-C,
layer. Nevertheless, the possibility ®f*-bonding formation € the pure ta-C layer.
on certain sites in the C-Si mixing layer cannot be ruled out
due to occasionally increased local carbon concentration arighage consists of a random background characteristic of
atom density. amorphous thin film, and no distinct nonrandom features on
Based on the above discussion, we propose that the evenis background are detected. The fringes are seldom
lution of a pure carbon film from hyperthermal carbon spe-straight, and extend over distances of no more than 1 nm.
cies impinging on Si substrate consists of two subsequeniloreover, it can be observed that the region is uniform in
deposition processes, i.e., the initial “heterodeposition” fol- contrast and arrangement, and can be differentiated from the
lowed by evolution into a pure carbon film in host matrix, |n|t|a||y pure carbon |ayer(regi0n V in F|g j) by image
and the “homodeposition” of energetic species adding to thezontrast and the degree of disorder. We perform an EELS
pure film. Target with higher carbon concentration will result analysis on this film, and results indicate the average
in shallower implantation Ry) and narrower distribution content to be~90%. Film density obtained by EELS and
(ARp), and therefore increase the probability of Rutherford-backscattering spectryfRBS) is more than 3.2
sp-bonding formation. Actually, as shown in Fig(c? the  g/cn?. Electron diffraction patterns on this region exhibit
local concentration AR, 1y is found to increase with pro- broad and diffuse halos, with no evidence of microcrystallin-
longing the impingement due to the evolution of target com-ty, both in graphite or diamond. It means that random net-
position. Therefore, one can expect tisaf bonding could works of highly tetrahedrally bonded carbon phdteC)
become favorable tsp? bonding by extending the deposi- was formed and evolved during subplantation process after
tion. While the initially pure carbon layer growth, the local the initially pure carbon layer growth. The compressive
concentration and atom density would reach to maximumstress of this film determined from the substrate curvature
R, andAR, are 1.23 nm and 0.88 nm for'dmpinging on  was found to be 4.3 GPa, close to the typical value-@&f
graphite target and 0.83 nm and 0.57 nm for iBpinging ~ GPa found by McKenzie, Muller, and Pailthorp&herefore,
on diamond target, respectively. In this case, diamond coulthe effective hydrostatic pressure of this stress would drive
be the most favorable phase to be formed and retained the film into the diamond-stable zone as defined by the
there were not enough diffusion or relaxation by thermalBerman-Simon curve in thE-T phase diagram of carbdfi.
spike or substrate heating. Thermal spike effstage Il in  The film thickness measured by cross-sectional observation
the subplantation model of Lifshiet al?) can play a signifi- is around 300 nm, which is consistent with the preset depo-
cant role in the final structure of the evolving film, mainly sition rate(4—5 A/se¢ for 10 min deposition.
depending on the energy and nature of the projectile-target Further detailed investigations have been conducted on
system. As for the substrate heating, it has been suggestélte near-surface region. The profile structure of this region is
that the growth temperature-0.05 eV} has a strong effect shown in Fig. 4. A pure Ta-C layefVl) with the same
on the processes immediately following ion implantation, de-atomic structure as that shown in Fig. 3 exists at the region
spite being small compared to the ion enetyffhat is, the  below the upper surface of the film. However, carbon atoms
enhanced atom mobilitdiffusion) after subsurface implan- are arranged relatively ordered in the area adjacent to the
tation caused by substrate heating will prevept-bond for-  film surface (VIl), with the orientation of atoms approxi-
mation and evolution. In the present study, the substrate wawately paralleling the surface. The fringes in this area are
almost kept at ambient temperature. Therefore, obvious difrelatively straight, spaced by about 0.4 nm, implying that
fusion process could not be expected during deposition, andrdered graphitelike layers occur in the surface. The ordered
a diamondlike phase will be formed on the initial pure car-surface layer extends over a distance of 1-2 (amB atom
bon layer, as shown in Fig.(d (region VI). The cross- layers, which is consistent with the penetration depth of
sectional image of pure ta-C film is shown in Fig. 3. The220-eV carbon ions implantation into carbon targ&, (
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FIG. 4. Cross-sectional HRTEM image of the near-surface re-
gion in ta-C in which region VI is the interior film and region VII
the upper surface layer.

+AR, in diamond and graphite is around 1.4 and 2.2 nm,
respectively. The fact that ars p>-bonded surface is present
in a primarily sp3-bonded film has been predicted by McK-
enzie, Muller, and Pailthorpe due to the stress relaxation on a
free surface. Graphitelike structure will be the stable phase
on the immediate surface, below it, a primariip*-bonded
diamondlike phase will be formed due to the increased local
compressive stress produced by subplantation. Davis, Ama-
ratunga and Knowlé8 recently proposed that the
sp?-bonded surface layer does not form after film growth
due to stress relaxatiohbut instead is present during the
growth of thesp®-bonded material. That is, as film grows,
the bottom part of an initialls p?-bonded layer is converted
to sp® bonding by a subsurface deposition process due to
subplantation, and the top layer expands away from the sub-
strate to form finalsp?-bonded surface layer. However, it
should be noted that one important physical quantity in-
cluded in subplantation model by Lifshigt al. is the sput-
tering effect! The surface features of the evolving film and
the efficiency of the deposition process depend on the sput-
tering yield (S of both substrate and trapped atoms by the
impinging ions. Although ion energy is not so high, thé C
fluence used in FAD process is large enough. One weakly ®
bonded graphite-like top layer could be easily sputtered or ) ) ] o
displaced inside by knock-on collisions. Because the self- FIG. 5. (@ Planar HRTEM image of the atomic configuration in
sputtering coefficient of carbon is less than 1 for all ion enta-C surface(b) the schematic illustration of the entangled ribbons.
ergies, however, a fewp? bonds formed during the film
growth should retain in the surface region. Considering thdorm analysis of structural measurements that could be af-
surface stress relaxation proposed by McKenzie, Muller, anfected by the entire film, such as EELS, Raman spectros-
Pailthorpe® the sp? bonds in the surface region should de- copy, x-ray diffraction, and so on. In the practical aspect, a
velop further and an orderexp?-bonded surface layer would typical example is the study and application of its excellent
form immediately while stopping deposition, i.e., in the final field-emission property"?® because amsp?-bonded surface
stage of film growth. layer might play an important role in electron-emission pro-
More detailed investigation is therefore necessary forcess. We will discuss this situation in detail after character-
characterizing the surface carbon configuration in ta-C. It igzing the surface arrangement of carbon atoms.
of special significance in both fundamental and practical as- For this purpose, ta-C film was directly deposited onto
pects. It could serve as a direct evidence of subplantationopper grid for HRTEM observation without any thinning
model for film growth from hyperthermal species, especiallyprocess, for example, polishing and ion milling. A typical
for sp>-bonded material. It is also relevant to correctly per-image is shown in Fig. 5. Two different regions could be

115318-6



SANDWICH ATOMIC STRUCTURE IN TETRAHEDRA. . .. PHYSICAL REVIEW B 63 115318

distinguished based on the degree of order in atomic configu- So far, the cross-sectional and planar atomic structures of
rations. Besides some disordered regions where carbon ag&-C films have been discussed in detail based on the HR-
oms are arranged randomly, a large number of ordered laydrfEM observations. As shown in Fig. 3, a basic structural
structures exists in the manner of entangled ribbons that isontour could be imaged as sandwiched multilayers with
similar to that of glassy carbon, and some sites are found t8/B/A stacks, in which twoA layers stand for the

be highly strained. It is well known that the most orderedsp?-bonded thick interface and thin surface, @hthyer rep-
form of synthetic graphite is called highly oriented pyrolytic resents the real ta-C which is essentialy’ bonded. Note
graphite, and is produced by heat and pressure treatments gyt in most structural analyses in literatGfe*>*?EELS is

to 3500 °C** The d spacing of pyrolytic graphite is around |;sed to give a quantitative ratio sfp® to sp? bonding in
0.34 nm. Franklin noted that pyrolytic carbon could be clas+4_¢ fiims. However, these analyses have assumed that ta-C
sified as being either graphitizing or nongraphitizing, accordT”mS are homogeneous in structure and bonding state. HR-

ing to whether the graphitization occurred during heaffhg. gy, observation indicates that this is not the case. Based on

Nongraphitizing carbon, which .is called glassy carbon Iaterthe above results, we could, therefore, conclude that the frac-
consists of an ordered and a disordered component, and thtat ’ ' §

parallel layers in ordered region develop with much more,['r:)n Otthp sites |tn;he llnterlgrtof ta Cdﬂlk;n g;itsbe Ih'glh?.r
difficulty, only (002 interlayer peak of graphite lattice can an those reported values determined by calcutation.

be observed by diffractiof?3 Two “correlation lengths” The interiorsp® co_ntent anq atomic density should be.very
have been defined to describe the structure of glass9|°§e to thosg of diamond, if the film has been synthesized at
carbon®” in which L, is a length over which a layer is flat, OPUmMum C' ion energy and flux. Therefore, ta-C could be
and L, corresponds to the distance over which layers ardeferred to as the amorphous form of diamond, structurally
parallel. Franklin concluded that 65% of the atoms in glassysimilar to a-Ge anda-Si that are positioned in the same
carbon were in turbostatic graphitic domains, with the re-group as carbon in the Periodic Table. Due to the existence
mainder in disordered regions of unspecified chardttat-  of sp’-bonded interface and surface layer, we could also
though Noda, Inagaki, and Yamafauggested that glassy conclude that it is impossible to synthesize fully the
carbon may contain a proportion ef® sites, Mildner and  sp*-bonded ta-C. That is, the presencespf bonding seems
Carpentet® concluded that no evidence for amp® sites  to be an intrinsic property of ta-C.

existed in glassy carbon. Based on these results, therefore we Further investigation on the structure of ta-C is carried out
could point out that the surface layer of ta-C, as shown irusing SPA. SPA is one of the most powerful methods to
Figs. 4 and 5, will take on the structural configuration of astudy the structural disorder caused by ion implantation.
glassy carbon after stress relaxation, which is considerabljowever, the interpretation of SPA resulting from amor-
different from that of evaporated-C, a much more disor- phous carbon is not straightforward, due to the complexity of
dered form of carbon with dominastp® bonding. This par-  the systems. Until now only a few SPA studies on disordered
tially or relatively ordered surface carbon consists of straine¢arpon films have been dof¥4° For ta-C, as yet, no re-
parallel layers stacked in a disordered manner. From Fig. gorted data is available. As most of SPA studies, the shape
we can know that the two “correlation lengtht’; andLcin - harameterS is used to characterize the Doppler-broadened

the. sample are argund 12 nm and 4-6 nm, respectlyel 11-keV annihilation gamma line. Tt&parameter increases
which agree well with the values of glassy carbon obtaine hen the positrons annihilate in open volumes, namely,

lk;};élresn:grfoa;g rfniwggqpii)aagﬁiigsrtﬁglri]r?tet;g;v;egpgzirr?ge:)fmore dense phase exhibits more I8ywarameters. In present
N . study, experimenta parameter is simulated by assuming
glassy carbond=0.37 nm)(Ref. 3§ and a little larger than - S . .
that of perfect graphited=0.34 nm). The increased inter- that the annihilation of incident \./arla}ble—.energy positrons
acould take place at the surfacg], interior film (S), inter-

layer spacing might be induced by the relative disorder. ) . -
schematic illustration of the entangled ribbons of glassy cariac® () and Si substrateSs)), respectively. The fitting re-

bon is shown in Fig. &). Electron diffraction from the pla- Sults of theS parameter indicat&(0.4949) ands;(0.4779)

nar TEM sample shows a relatively strong but diffie82) are relatively larger thaf;(0.4468). It could imply that the
halo, implying a layered graphitic structure, although withinterior film might possess much higher compactiveness than
disordered layer stacking. The presence of diff(@@2) re- the surface and interface regions. The results are in good
flections is consistent with most of the diffraction investiga-agreement with those obtained from HRTEM observation,
tions on glassy carbon, in which on{02) interlayer peak i.e., highly tetrahedrally bonded interior film are much
was observed®®’ That is, due to compressive stress relax-denser than graphitic surface and interface. Although SPA is
ation, not only issp® converted tosp? bonding, but the not able to give a direct and completely accepted argument,
resultings p>-bonded surface layer shows substantially muchit is of significance as a circumstantial evidence for HRTEM
longer range order than evaporaged, in which the major-  results.

ity of carbon sites havep? bonding. Furthermore, the pres-  The above results based on HRTEM and SPA investiga-
ence of ordered p?-bonded structure revealed by both cross-tions indicate a very interesting phenomenon, that is, ta-C
sectional and planar observations suggests that the fildeposited by hyperthermal carbon species should have a
experienced very high local temperature during depositionsandwichA/B/A stacking structurdsee Fig. 6. The exis-
which was induced by thermal spike during subplantation otence of such a structure will be a powerful evidence for
hyperthermal carbon species. subplantation model and compressive-stress mechanism for
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emit electrons into vacuum due to its wide bandgap and low
emission barrief? The electron emission property, therefore,
could be easily modulated by changing the total layer num-
ber and the thickness per layer. We would note that the ac-
tual experimental investigations on this assumption have al-
ready been completé with the results agreeing well with
those expected.

IV. CONCLUSIONS
\x SI ta-C films have performed detailed cross-sectional and
W planar HRTEM investigations for the atomic structures at

FIG. 6. Schematic illustration of sandwich structure witB/A surface, interior film, and interface between film and sub-

stacks, in which the bottorA stands for the thickesp*bonded ~ Strate, respectively. A few significant results were obtained
interface, the topA is the thinnersp>-bonded surface, anlis the ~ and further confirmed by ion range calculation and SPA
sp®-bonded interior layer of ta-C. analysis.

(1) The cross-sectional HRTEM images revealed that a

sp® phase evolution suggested by Lifshitz and co-worRérs, sandwich structure should exist in ta-C film a_md can_be ex-
Robertsorf, and McKenzie, Muller, and Pailthordeaespec-  Pressed a&/B/A layer-by-layer stacks. That is, the firt
tively. Such a structure also possesses potential value in atdyer is a very thin(1-2 nm sp’-bonded surface with a
tual application of ta-C. For example, ta-C has been extenstructure characteristic of glassy carbBrrepresents the real
sively investigated on electron-field-emission property_tetrahEdra”y bonded carbon interior film, and the othés a
Almost all the reported emission data have been interpretethick (~40 nm sp?-bonded interface with possible;Si,C,
based on the premise that ta-C is a uniform amorphous semiclusions.

conductor both in structure and bonding state with high frac- (2) The much thicker interface than the calculated
tion of sp> bonds. However, according to the present results;+ AR, is probably induced by channeling effect of hyper-
it could be expected that the thap?-bonded surface layer thermal carbon species implantation. By comparing the pro-
might play an important role in electron emission processjected range R,) and local concentratiom(R;l) of carbon

An sp’-bonded layer can easily serve as a source to suppl¥pecies implantation into Si,C, binary target with variable
electron to emit, especially when a layer-by-layer depos'te%omposition (B=x=<1), it can be expected thap-bonded

ta-C will be performed on field-emission measurement. INgq,cture will be the most favorable phase to form while a
such multilayer structure, as shown in Fig. 7 schematlcallypure carbon layer or phase appears

grap_hiticsgz "bonded laye# can eject eglectrons to semicon- (3) Planar view of ta-C surface structure indicated that
ductingsp-bonded layeiB, then thesp® layer could easily  ogjges some disordered sites, a large number of ordered

structure existed in the surface area of ta-C, in the manner of
entangled ribbons that were identified to bg’-bonded
glassy carbon with some sites being highly strained. Electron
diffraction and interlayer spacing of 0.36 nm have supported
the identification. The atomic arrangement in the surface area
of ta-C are substantially different from that of evaporated
a-C.

(4) SPA provides circumstantial evidence for HRTEM re-
sults. The highet parameter at the surface and the interface
as compared to the interior film implied that the interior layer
of ta-C is more compactive than the surface and interface.

(5) The content ofsp® sites in the interior of ta-C film
must be higher than those reported values in literatures cal-
culated by EELS, according to the present investigations.
The ordereds p?-bonded surface layer should be formed im-
mediately while stopping deposition due to the relaxation of
surface stress, i.e., formation in the final stage of subplanta-
R tion.

(6) The sandwich structure is of significance in both fun-
annnnnne A B weess S damental and application aspects. It gives a powerful and
direct corroboration of subplantation model for film growth

FIG. 7. Schematic illustration of layer-by-layer deposited ta-Cfrom hyperthermal species, suggested by Lifshitz and Rob-
multilayers withA/B/A/B/.../AIB/A stacks. ertson, respectively, and the compressive stress mechanism
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