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A model describing film growth from hyperthermal ( —1-10 eV) species impinging on substrates

is presented. The model involves a shallow subsurface implantation process called "subplantation, "
energy loss, preferential displacement of atoms with low displacement energy Ed, leaving the high-

Ed atoms intact, sputtering of substrate material, and inclusion of a new phase due to incorporation
of a high density of interstitials in a host matrix. Epitaxial or preferred orientation may result from

the angular dependence of the Ed and the boundary conditions imposed by the host matrix, i.e., the
"mold" effect. The discussion focuses on deposition of carbon diamondlike films, but examples of
other systems, such as Si, Ge, and Ag, are provided as well. The model is supported by classical-

ion-trajectory calculations and experimental data. The calculations probe the role of ion range, lo-

cal concentration, backscattering coe5cient, sputtering yield, and ion-induced damage in film evolu-

tion. The experimental data emphasize in situ surface-analysis studies of film evolution. The physi-

cal parameters of the deposition process that are treated are as follows: (i) nature of bombarding

species (C+ versus C, C versus C2, C„H +, Ar+, and H+), (ii) ion energy, (iii) type of substrate,

and (iv) substrate temperature during deposition.

I. INTRODUCTION

Hyperthermal species (with energy —1-1000 eV) are
used extensively in film-deposition technology in the form
of plasma and ion-beam techniques for fabrication of a
variety of films including metals, semiconductors, and in-
sulators. ' Among the advantages of using such species
are the following: (i) epitaxial growth of crystalline films
at low substrate temperatures, (ii) production of metasta-
ble phases, (iii) increased density and hardness, and (iv}
excellent adhesion. Carbon-containing hyperthermal
species are also widely used, ' ' ' since the work of
Aisenberg and Chabot, ' for production of films with in-
teresting properties that vary between those of the two
most common carbon allotropes: graphite, the stable
phase, and diamond, the metastable phase. '

Although extensive experimental data concerning
deposition of films from low-energy species exists, ' ' the
field is characterized by insufficient fundamental under-
standing and little rigorous, controlled, parametric data.
This is largely due to the complex chemical-physical na-
ture of the practical deposition systems employed where
the primary deposition parameters have a wide distribu-
tion of values and are difficult to define and control. The
impinging species usually include a mixture of ions, free
radicals, and atoms with a large spread in energy distri-
butions and angles of incidence. Some of the processes
(e.g., ion-assisted deposition) involve a complex mixture
of both hyperthermal and thermal species for deposition.
The pressure in most of these systems is also rather high() 10 Torr). It has been recognized that parametric
studies using a controlled, mass-selected ion-beam facility
preferably under UHV conditions, combined with in situ
diagnostics, is essential for the further development of the

field. ' Currently used concepts such as "preferential
sputtering" ' and "thermal spikes" ' are controver-
sial, do not provide satisfactory explanations for the ex-

isting data, nor do they assist in guiding future research.

Attempts have been made to establish more rigorous
models by adapting commonly used notations from the
field of ion implantation.

'

The present work details a subplantation (shallow im-

plantation) model for film deposition from hyperthermal
species. The main focus is on the mechanisms of
diamond-sp film growth from carbon-containing species,
but the model has a general nature and is applicable to
other materials as well. Results of parametric investiga-
tions of carbon deposition conducted in our laboratory
are analyzed and interpreted within the context of the
model, as well as carbon and other materials deposition
data from other laboratories. The analyses are supported
by classical-trajectory simulations using TRIM (Refs. 30
and 31}, the Biersack-Ziegler Monte Carlo program.
Since the focus of this paper is on the model, the experi-
rnental procedure is not presented here but can be ob-
tained elsewhere.

This paper is organized as follows: Section II presents
the supplantation model for film growth. Section III
discusses the role of the deposition parameters in film

growth. Section IV discusses examples of deposition of
various materials from hypertherrnal species. The con-
clusions are given in Sec. V.

II. SUBPLANTATION MODEL FOR FILM GROWTH
FROM HYPKRTHKRMAL SPECIES

It is suggested that film growth from hyperthermal
species is a shallow implantation ("subplantation") pro-

41 10 468 1990 The American Physical Society



41 SUBPLANTATION MODEL FOR FILM GRO%'TH FROhf. . . 10 469

cess that advances as follows.
(a) Penetration. Penetration of the impinging species

into subsurface layers of the target. The penetration

depth and distribution of the hyperthermal species in the
target depend on the subplantation scheme, i.e., type and

energy (E) of impinging species and nature of the target
material (mass, density, chemical composition, phase, and

crystallinity}. Some of the impinging species may be
backscattered and will not contribute to net film growth.

(b) S«@ping. Stopping of the energetic species in the
substrate via three energy-loss mechanisms: atomic dis-
placements, phonon excitations, and electron excitations.
The trajectory and energy-loss processes of each projec-
tile atom are independent of other projectiles at low
fluxes. In some cases, however, e.g., high fluxes or im-
pingement of molecules, the energy-loss processes of two
or more species that simultaneously enter the same re-
gion are interdependent.

(c) Site occupation The. possible initial sites the imp-
inging atoms occupy after being stopped are determined
by the host matrix that serves as a "mold" for the struc-
ture to be formed. Hyperthermal species trapped in a site
may occupy another site during further impingement of
energetic species, either due to collisions or due to re-
crystallization induced by compositional changes during
the deposition process. For each penetration event of an
energetic species, it is the instantaneously evolving ma-
trix that determines the site occupancy.

(d) Phase formation. The increase in concentration of
the penetrating species in the host matrix results in the
formation of an inclusion of a new phase, accompanied
by outward expansion of the substrate layer (internal sub-
surface growth).

(e} Surface composition During .the early stages of film
growth, the surface is mainly composed of substrate
atoms due to the subsurface penetration of the impinging
particles. These substrate surface atoms are gradually
sputtered and/or diluted by ion-mixing mechanisms until
a surface consisting of only projectile species evolves.

(f) Film structure Several e. ffects determine the phase
and structure of the film: (i) The "mold" effect of the
host matrix that determines the possible site occupancies
of the penetrating species and places constraints on initial
evolution of the new phase (i.e., the structure of an in-
clusion embedded in a surrounding matrix is highly
influenced by the boundary conditions imposed by that
matrix). (ii) Preferential displacement of atoms with low
displacement energies (low-Ed) leaving atoms with high
displacement energies (high-Ed ) in their more stable posi-
tions. (iii) Diffusion rates of vacancies and interstitials
created in the deposition process. When the temperature
is sufficiently low, the interstitials are immobile and their
concentration increases with fluence until an athermal
spontaneous transformation to a new phase occurs.

(g) Crystalline orientation Epitaxial . growth and/or
preferred orientation of films on crystalline materials is
expected to result from the following: (i) the "mold"
effect discussed in (c) and (f), (ii) the angular dependence
of the displacement probability due to different Ed's
needed for recoil along different crystal directions (e.g. ,
the C—C bond strength in the basal plane of graphite is

7.4 eV and is only 0.86 eV for interplanar C—C bonds },
and (iii) the sharply defined incident angle of the imping-
ing species that may result in channeling along specific
crystalline directions.

(h) Sputtering T. he surface features of the evolving film

and the efficiency of the deposition process depend on the
sputtering yield (S) of both substrate and trapped atoms
by the impinging ions. Low 5 is essential for efficient
deposition and is necessarily less than unity for net film

growth to occur at all.
(i}Film euolurion Ev.olution of a pure film from hyper-

thermal species impinging on a substrate consisting of
atoms different from that of the bombarding species is
feasible only when collisional ion mixing and diffusion
processes are small enough, so as to allow evolution of a
pure layer. In this case the "deposition" process has two
stages: (i) initial "heterodeposition" followed by evolu-
tion into a pure layer as described in (a)—(e) and (ii)
"homodeposition" of energetic species adding to the pure
film.

Some of the steps presented above are preliminary, and
further rigorous theoretical treatment is needed. Atomis-
tic calculations of phase evolution of a subplanted materi-
al in a host matrix are needed for further development of
the "mold" effect. A simulation program that treats
crystalline materials, rather than amorphous structures
as used herein, is necessary for further development of
the details of epitaxial growth.

III. ROLE OF PARAMETERS IN FILM GROWTH:
CARBON SUBPLANTATION

A. Introduction and basic assumptions

Calculations of ion penetration into different substrates
are needed for evaluation of the physical phenomena in-
volved. TRIM (Refs. 30 and 31} calculations were per-
formed assuming (a) an amorphous material, (b) a binary
collision approximation, and (c) independent uncorrelat-
ed trajectories. Chemical reactions and diffusion are
neglected. Comparison between TRIM calculations and
more sophisticated programs that consider many-body
interactions and bonding effects shows differences only at
very low energies, e.g., E(10 eV for H; hence the
present calculations should be valid for the energy range
investigated (typically 100—1000 eV). The calculated
physical quantities include (i) range of species (R~), (ii)
distribution profile [proportional to range straggling
(hR ) ], (iii) backscattering yield (Yas), (iv) sputtering
yield (S), (v) damage [number of displacements per imp-
inging ion (Nd )], and (vi) relative importance of energy-
loss channels (displacements, phonon excitation, and elec-
tron excitation).

The calculations were performed for different projec-
tiles (CH, H, and Ar) impinging on different noncarbon
substrates (Li, Si, Ni, and Au) or a specific carbon allo-
trope (graphite or diamond). Experimental values of
physical parameters were used whenever available. Most
calculations were performed under the assumption of a
low fluence, i.e., the dynamic evolution of the composi-
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tion of the target due to incorporation of species during
bombardment is neglected. The actual programs that
were used are TRIM (Ref. 30) versions two (for R, YBs,
and Nd ) and four (for S) that use the universal [Ziegler-
Biersack-Littmark (ZBL)] potential and assume that the
electronic energy loss is nonlocal, i.e., independent of the
specific atomic collisions (Lindhard-Scharff approxima-
tion). Some dynamic calculations were performed using
the TRIDYN Version-32 program of Moiler et a/. with
the Kr-C interaction potential. The inelastic electronic
energy-loss function is an equipartition between the non-
local Lindhardt-Scharff and the local Oen-Robinson mod-
el. The purpose of these more time-consuming calcula-
tions was to evaluate the evolution of the subplanted lay-
ers and to study the change of some physical quantities
(S and YBs) associated with the subplantation process.

Hyperthermal species-target interactions leading to
film evolution can be characterized by three distinct time
scales:

(i) A collisional stage in which the hyperthermal
species transfers its energy to the target atoms ( —10
sec).

(ii) A thermalization stage in which the energetic
atoms participating in the collision cascade lose their ex-
cess energy to reach thermal equilibrium with the sur-
rounding atoms ( —10 " sec).

(iii) A long-term relaxation stage ( —10 ' -1 sec) in
which the final structure of the material is determined.

The first stage is characterized by processes such as
displacements, sputtering, and incorporation of intersti-
tials; it is treated by TRIM (Refs. 30 and 31) calculations.
The second stage is less understood and is often described
in "thermal spike"' notations. The third stage is
governed by processes such as diffusion of vacancies and
interstitials, phase transformations, and chemical reac-
tions. It is assumed, as a first approximation, that the
thermalization stage has a second-order effect on film
evolution and that the excess energy of atoms excited in
the first stage is distributed within the target, leaving the
atoms in positions determined in stage (i).

B. Fluence dependence of Alm evolution:
Subsurface nature of process

Auger-electron spectroscopy (AES) of films deposited
from C ions show' ' ' (i) an almost constant substrate
AES intensity initially with an associated almost linear
increase of the C AES intensity, followed by a sharp de-
crease of the substrate intensity at a high C+ fiuence (Fig.
1) and (ii) an initial substrate —C-compound phase (AES
line shapes typical for carbides) that in some cases
evolves to a graphitic stage and then to a diamondlike
stage (Fig. 2). Typical surface-deposition processes
[three-dimensional (3D) island (Volmer-Weber growth),
2D layer-by-layer (Frank —de Marwe growth), or a com-
bination of both (Stranski-Krastanov growth)] are
characterized by ao initial rapid decrease of the substrate
AES intensity (dashed curve in Fig. 1). The initial
constant substrate AES intensity during C -ion impinge-
ment and the C KLL AES intensity increase are charac-
teristic of a subsurface process. This is consistent with
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FIG. 1. Substrate AES peak intensities (solid lines) as a func-
tion of 150-eV C+ ion fluence at normal incidence. Ni (61 eV),
Si (92 eV), and Au (69 eV) AES transitions are used. The peak
intensities are normalized to that of the clean surface. The
dashed line corresponds to Si AES intensity as a function of
thermally evaporated Ge dose (Ref. 35). The dashed-dotted line
corresponds to the carbon KLL AES peak intensity specifically
for the Si host. TRIM results include R~, projected range (10'

0

atoms/cm ); bR~, range straggling (A); and Yzs, backscattering
yield.

the subplantation model, where the C+ ions penetrate
into subsurface layers (the calculated R —10 A) and pro-
longed carbon impingement is needed for removal of the
substrate surface atoms by sputtering and/or dilution by
ion mixing. Figure 2 correlates the evolution of the car-
bon phases and AES line shapes with the local concentra-
tion of carbon atoms. The evolution of the initial carbide
phase is due to penetration of carbon into the substrate
matrix (M), forcing the formation of C—M bonds (a car-
bide) even in cases where stable carbides are not known,
e.g., Au. A further increase in the C+ fluence may result
in an increased local carbon concentration that forms a
2D carbon layer (graphiticlike). Higher C concentrations
form a 3D bulk-carbon phase —graphite or sp diamond-
like, depending on the deposition scheme. Dynamic
TRIM calculations of C+ impingement on Au, for exam-
ple, demonstrate (Fig. 3) the stages of subplantation
growth: (i) Penetration of C into subsurface layers, (ii) in-
crease of the local C concentration of subsurface layers,
leaving a "skin" of gold surface atoms, (iii) sputtering and
dilution of the gold surface atoms until a pure C layer is
formed, and (iv) growth of a pure C matrix. An interest-
ing effect of the substrate on the evolution of the sub-
planted film is shown in Fig. 4. The initial YBs of C
from the heavy Au atoms is high and the resulting
sputtering yield S of the C atoms (after a significant
amount of C was deposited) is also high. Evolution of the
C layer and decrease in the near surface concentration of
Au atoms is associated with a decrease in Yas and S of
the carbon.

C. C+ energy dependence
of 61m evolution preferential displacement

TRIM calculations were performed for C+ impinging
on different materials in the range 10 eV to 10 keV (Fig.
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5). The relevant physical quantities include (i) R~, (ii)

b,R, (iii) Yas, (iv) S, and (v) damage (Xd). Rp deter-

mines the amount of substrate atoms that must be re-
moved before a pure C layer is formed. AR determines
the minimum fluence needed for formation of a C in-
clusion (the maximum local concentration is proportional
to b,R~ '). Yas and S determine the efficiency of the
deposition process. Nd determines the phase and struc-
ture of the evolving film. Successful pure C film deposi-
tions involve small R, low b,R~ (high local concentra-
tion), low S and Yas, and controlled Nd, dictating an op-
timal energy region for deposition.

Of special interest to the mechanism of film growth are
S and Sd. Preferential S of amorphous carbon and
graphite constituents, leaving the diamond constituent
undisturbed, has been suggested ' as a mechanism for
diamond growth from hyperthermal species. Reported
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FIG. 3. Dynamic TRIM (TRIDYN Version-32) (Ref. 34) calcu-
lations of evolution of C concentration with fluence from 150-
eV C ion impingement on Au. The fluences are given in
X 10"C+/cm . Note the subsurface entrapment of the C+ and
the high fluence needed to remove the Au surface layer.
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experimental results indicate di.fferences in the surface
binding energy (SHE) of C atoms in different allotropes.
TRIM calculations can be fitted to these results (Fig. 6) if
we assume a SBE of 3.5 eV for graphite and a SBE of 2.0
eV for an evaporated C film, rather than a SBE of 7.4 eV
(heat of sublimation of graphite and diamond). This may
be due to weaker C atom-surface bonding for specific
films. Nevertheless, both the calculated and experimen-
tal S of graphite and amorphous carbon by C+ and
Ar+ (Fig. 6) are extremely low at a normal angle of in-
cidence so that preferential sputtering can only play a
minor role in enrichment of the sp component. Qn the
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FIG. 2. Stages of subplantation growth. Left column: C
KLL AES line shapes for different C+ fluences for 150-eV C
ions on Ni(111). Right column: subsurface entrapment of ener-
getic carbon and buildup of carbon deposits. The top scale indi-
cates the relative contribution to the AES intensity (%) derived
from a layer of depth x (lower scale).

FICx. 4. Dynamic TRIM (TRIDYN Version-32) (Ref. 34) calcu-
lations of C sputtering yield (5) and backscattering coef5cient
from 150-eV C+ ion bombardment of Au. Note initial increase
of S due to C incorporation to reach a maximum value
enhanced by backscattering from the Au atoms. The initially
high backscattering (due to Au) decreases as the Au atoms are
sputtered and diluted and a pure carbon layer evolves (Fig. 3).
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lated data.
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mond) atoms in their more stable positions. TRIM calcu-
lations indicate (Fig. 7) that in the energy region of
100-200 eV, for example, Nd =0.75 —1.7 for graphite
and only 0.03—0.3 for diamond. At higher energy the
Nd's for diamond are still —

—,
' those of graphite, but 10th

are high (N„& 1 ), resulting in significant damage in both
cases. Experimental results ' of C deposition from
hyperthermal species indicate optimal deposition of films

FIG. 5. TRIM calculations of C bombardment of Li, Si, Ni
and Au. (a) Range (R~), (b) local concentration (1/hR~: bR~,
straggling), (c) backscattering Y~z, (d) sputtering yield (S) of
target atoms, and (e) damage (Nd, number of displacements per
impinging ion). Note significant mass effects on R~ and YBs.

FIG. 7. TRIM calculations of Nd and R~ for C+ ions with
E= 10 eV to 10 keV impinging on graphite (Ed =25 eV, density
=2.26 g/cm') and diamond, (Ed =80 eV, d =3.5 g/cm'). Note
preferential displacement of graphite compared to diamond,
especially for E = 100—200 eV, where N„(diamond) « 1.
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with the sp short-range order in the energy range of
-60—200 eV and maximum density in the energy range
of 100—200 eV. ' At higher energy (-500—1000 eV),
deposition of amorphous carbon was reported ' ' due
to the large amount of damage (Nd =4.2 —8.4 for graph-
ite and Nd=1. 2 —2.6 for diamond) induced. Higher
fluences are needed to form pure C layers at such high
energy due to the relatively high R and AR . At lower
energy ( &60 eV) the damage for all constituents is low
and little displacement occurs. At very low energy ( & 10
eV) the penetration depth of the C+ becomes negligible
and the subplantation aspects no longer exist; graphitic
films similar to those deposited from thermal species are
formed.

Figure 8 summarizes the effects of energy on carbon
film deposition. At low energy (but high enough to trap
carbon in subsurface layers), no displacement occurs and
C is trapped as interstitials. A high concentration of in-
terstitials is formed when the C+ fluence increases. An
athermal, spontaneous precipitation of a new phase is
expected. The formation of a diamond (sp ) constituent
may be favored by the "mold effect" and by the highly
excited environment due to electronic and phonon excita-
tions (sometimes referred to' as "thermal spikes").
High concentrations of interstitials can also induce
stress equivalent to static pressures of —10-100 kbar,
favoring the formation of metastable phases.

At medium energy the preferential displacement mech-
anism is effective, favoring the formation of diamond-sp
inclusions and reducing the amount of graphitic constitu-
ents. At still higher energy the damage is high for all
constituents resulting in an amorphous material of sp"
(n =1—3) hybridizations.

ION SOURCE

D. Angle of incidence (a)

K. Role of substrate material

The formation of a pure film necessitates a shallow im-
plantation range, low S and Yzs, and low intermixing be-
tween projectile and target atoms. Si, Ni, and Au have
similar ranges for C deposition at 100—200 eV (Figs. 1

and 5). The difference is the high (-40%) Yes of C+
from Au due to its large mass, compared to -1—3%
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different C phases (Fig. 9); this S is low at normal a. The
trajectories of the penetrating species are dependent on
the target crystallographic orientation and a, thereby
determining the C distribution in specific sites. The Nd
and relevance of the preferential displacement mecha-
nism are also sensitive to a due to different Ed's needed
for recoiling of atoms along different crystallographic
directions. Impingement at grazing a is also associated
with a large velocity component parallel to the surface
that enhances surface mobility and may contribute to
surface rather than subsurface deposition.
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FIG. 8. Schematic illustration of dense matrix formation for
three energy ranges: (i) T &Ed(L), only "mold effect"; (ii)
Ed(L) & T & Ed(H), preferential displacement; (iii) T & Ed(H),
radiation damage and amorphization. Ed, displacement energy;
H and L, high- and low-Ed components; T, energy transferred
in collision by primary ion; Xd, number of displacements per in-
cident primary particle p; q, probabilities of high- and low-Ed
atomic-site occupancies.

FIG. 9. TRIM calculations of angular dependence of S for (a)
100-eV C+ ions and (b) Ar+ ions on diamond, graphite, and
amorphous carbon. Note that there is no case where S—1 for
both graphite and a-C and S« 1 for diamond (conditions need-
ed for efficient sp' enrichment from "preferential sputtering").
Choice of the SBE for graphite (3.5 eV) and amorphous carbon
(2 eV) was made by comparison to experimental results of Ar
bombardment (Ref. 38). For diamond the heat of sublimation
(7.4 eV) was used.
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from Si and —15% from Ni. The decrease of the metal
AES intensities shows (Fig. 1) that the C+ fiuences need-
ed for pure carbon layer formation (i.e., disappearance of
the metal AES lines) is -60% higher for Au than for Ni
and Si, in agreement with the trapping efficiencies
(1—Yas). Another difference is the higher S of Au and
Ni [-30%,compared to —10% for Si (Fig. 5)] due to the
lower heat of sublimation of the metals and the higher
efficiency for C backscatter from Au and Ni, resulting in
recoiled Au and Ni atoms from backscattered C atoms.
The higher Y~s from Au compared to Ni is compensated
by the much lower energy transferred (T) to the high-
mass Au atoms in each collision so that S of Ni by C+ is
slightly higher than that of Au. The low T for Au also
results in lower damage (Fig. 5) to the Au compared to Si
and Ni [Nd(Au, 150 eV)-0.4, Nd(Si, 150 eV)-1.7,
Nd (Ni, 150 eV)-1.7].

Li is different from the previous substrates because R,
AR, and Nd are significantly higher than on Ni, Si, and
Au. The behavior of Li in a C+-bombarded target was
investigated using a Cuo 8Lio 2 alloy whose surface com-
position could be changed to Cuo, Lio 9 by annealing and
to Cup sLio 4 by Ar sputtering of the annealed sample (as
determined from AES). Impingement of 150-eV C+ ions
on a -90% Li surface results [Fig. 10(a)] in the forma-
tion of lithium carbide (revealed by a chemical shift of
the Li XVV AES line from a metallic to ionic posi-
tion ) with no evolution of a pure carbon layer, even at
fluences of 10' C+/cm, i.e, ten times greater than that
needed for Ni, Si, or Au. One reason for this is the
broader distribution profile, which suggests that the
fluence needed is three times larger than that in Ni or Si.
Bombardment of Li with 30-eV C+ ions [Fig. 10(b)],
however, produces similar results, i.e., no evolution of a
pure C phase even at a fiuence of 10' C+/cm . At this
energy the C+ range in Li is similar to that of 150-eV C+
ions in Ni, Si, and Au and the straggling is -40% lower.
C-Li intermixing due to collisional effects and Li diffusion
are most likely the reason for the lack of film evolution,
as is also indicated by surface analysis that shows both
surface Li and C with ionic Li AES line shapes and a C
AES line shape of lithium carbide. The shift from ele-
mental to ionic Li is complete for 30-eV C+ ions and only
partial for 150-eV C+ ions, possibly due to the deeper
penetration of the 150-eV C+ ions leaving a Li layer on
the surface. Measurements on the Cuo6Lio4 surface,
where R and AR are only slightly higher than the other
substrates, produced similar results.

Synergistic effects of specific C-substrate combinations
must be considered. Y~s and S from C+ impinging at
normal incidence on graphite and diamond are extremely
small ( YBs &10 and S &0. 10 for E &1 keV). C+ can
backscatter efficiently from high-mass substrates, result-
ing in enhancement of S and reduction of the initial net
deposition efficiency. For example, Table I gives the cal-
culated enhancement factor of S in a 50% AuC alloy
compared to a pure C target bombarded with C+ ions.
The specific crystalline environment of the target deter-
mines the possible final sites of the penetrating species
and also affects the phase and structure of the evolving
inclusion by imposing constraints on its evolution (a
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FIG. 10. Stages of film evolution on Li (surface-enriched
CuLi alloy) following (a) 150-eV C and (b) 30-eV C+ ion bom-
bardment. Evolution of the C KLL (right) AES line shapes indi-
cates Li-C formation and no graphite or diamond formation for
the fluences studied. Evolution of the Li(KVV) (left) line shapes
indicates full transformation from metallic to ionic Li (Refs. 46
and 47) for 30-eV C+ ion bombardment and partial transforma-
tion from metallic to ionic Li for 150-eV C+ ion bombardment.
Note that 150-eV C+ ions penetrate deep into the Li and some
surface Li remains metallic.

"mold" effect}. In the initial stage of deposition prior to
the formation of a new phase, this may lead to a correla-
tion between the interface layer and substrate. Upon fur-
ther deposition, the evolving film may be oriented' ' or
grow epitaxially. The most favorable matrix for epitaxial
growth of a diamond film is that of diamond, i.e.,
homoepitaxial growth.

F. The role of substrate temperature

Two different issues are associated with substrate tem-
perature effects on C film deposition: (i) The thermal sta-
bility of the final film including the film-substrate inter-
face and (ii) the evolution of the C phase on a substrate
held at a specific temperature.
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TABLE I. TRIm calculations of the enhancement factor (EF) of the sputtering yield due to a Au sub-
strate. The EF is the ratio of the sputtering yield of Ar+~AuC (50%..50%) to Ar+~C for the
different carbon allotropes, diamond, graphite, and amorphous C. The EF is calculated for different en-
ergies and different angles of incidence. The EF is large for small C sputtering yields (S(0.1) and
small for large C sputtering yields (S &0.1). An EF of & 1 reflects the lower concentration (50%) of
carbon in the Au-C alloy compared to a pure carbon layer. SBEdenotes surface binding energy.

E (eV)

0'
45'
60'

Diamond
(SBE, 7.4 eV)

& 38.0
12.8
2.5

Enhancement factor (EF)
graphite

(SBE, 35 eV)

12.9
1.9
1.1

a-C
(SBE, 2 eV)

3.6
1.0
0.70

0'
45'
60'

31.3
2.9
1.3

7.9
1.25
0.71

2.5
0.72
0.56

Carbon films with different sp -to-sp ratios tend to
graphitize when annealed to temperatures higher than
400'C. ' ' This tendency is accelerated when some
interdiffusion between the C layer and substrate exists.
Carbon films on Ni are unstable upon annealing due to C
diffusion into the bulk, while a small decrease of the C
concentration is observed on Si and no C diffusion into
the substrate was detected on Au, even at 900'C (Fig.
11).

The carbon phase is sensitive to the temperature of the
substrate upon which the C+ species impinge. ' While
a film with sp short-range order evolved at 70'C and
below on Ni, sp films evolved at 100'C and up. Graphit-
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FIG. 11. Temperature stability of -75-A-thick carbon films
deposited on Au, Si(100), and Ni(100) revealed by the C(KLL)
AES intensity of the films. The substrate was maintained at the
temperature indicated in the figure for 2 h prior to the measure-
ment.

ization occurred even in the regions of 100-400'C where
the sp diamondlike films were stable under post-
deposition annealing. This phenomenon is surprising
since the energy associated with the different tempera-
tures is negligible ( (0.1 eV) compared to the energy of
the C+ ( —100 eV). The result may be due to the temper-
ature dependence of the mobility of vacancies and C in-
terstitials. " " While the vacancies are mobile only at
high temperatures (400'C and up), the interstitials be-
come immobile only at room temperature and below. It
is thus suggested that at temperatures lower than 70'C,
impingement of low-energy C+ creates immobile carbon
interstitials. Their concentration increases with fluence,
creating stress in the matrix. At a certain stage spon-
taneous athermal transformation to a dense sp phase
occurs. A similar effect of spontaneous athermal trans-
formation initiated by helium interstitials has been ob-
served. ' At temperatures exceeding 100'C, the C in-
terstitials are mobile and migrate to the surface on which
they can form sp layers.

A different temperature effect exists during C+ im-

pingement on a diamond surface. Successful diamond
deposition has been observed at a diamond target temper-
ature of 700'C, where the vacancy mobility is high
enough to account for the annealing of the damage creat-
ed by the 900-eV C+ ions. Internal diamond growth
occurs, similar to that reported for high-energy ( —50-
keV) C+ ion impingement. The obvious driving force
for the rnetastable diamond formation is the "mold"
effect of the diamond host matrix that favors the in-
clusion of diamond to that of graphite.

According to the "therma1-spike" mode1, ' the
dense phase evolves during the short period ( —10 " sec)
of local excitation resulting from projectile energy 1oss.
Since the energy associated with substrate annealing from
room temperature to —100'C is negligible (-0.01 eV)
compared to that associated with the "thermal spike"
( —10—100 eV), it is expected from "thermal-spike" con-
siderations that the evolution of a dense sp C phase will
be temperature independent as long as the films are stable
upon post-deposition annealing, i.e., at least T &400'C.
This is in contradiction with the experimental results.
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G. Role of the type of the carbon-containing species

Different C-containing hyperthermal species have been
used for C deposition including C, C, C2, and

C H + ' ' ' ' ' ' ' ' ' Other hyperthermaln m

species (i.e., Ar+ and Hz+) ' ' ' have also been used

simultaneously with C-containing species in order to
modify film properties. An impinging hypertherrnal mol-
ecule is neutralized upon approaching a surface. If its
energy is sufficient ( —a few tens of eV), it dissociates
upon penetration into its atomic constituents, each of
which possesses an energy (rn /M)E, where rn is the mass
of a constituent atom and M the mass of the molecule.
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I. Role of C„species (n & l)

The simplest case is the comparison between C and

C2 impingement. Bombardment by 200-eV C2 ion

may be regarded as equivalent to 100-eV C ion impinge-
ment with the fluence increased by a factor of 2. The
maximum density of diamondlike films has been achieved
with 100—200-eV C ions and 100-eV C2 ions. '
This discrepancy may be due to the differences in the sub-

plantation process between C2 and C . At practical
current densities ( & 10 mAicm ), each single trajectory is
independent of previous and following trajectories due to

the short ( —10 " sec) relaxation periods of the excited
atoms along the trajectory. This is not the case for the
penetration of correlated fragments of a molecule. It is,
however, logical to assume that each fragment moves in a
matrix excited by the other fragments resulting in a virtu-
al matrix with reduced displacement and binding ener-
gies. The maximum density for films deposited from C2
is therefore achieved at a lower energy of each C atom
than for C . ' This argument can be extended to in-
clude cluster deposition (C„+), provided that the energy
of each fragment is sufficient to penetrate into subsurface
layers.

2. Role of charge

The optimal energy for deposition of a dense carbon
matrix was found to be identical for both C and C+
ions. ' ' ' ' Ions approaching a surface are neutral-
ized' by excitation processes in the surfaces that de-
pend on the ion-surface system. The magnitude of the
difFerences between the effects of C+ and C bombard-
ment of surfaces can be evaluated from the energy
difference between these two electronic configurations
that is of the order of 10 eV. This is small compared to
the ion energy of 100 eV and is even less than the energy
spread of the C beam. ' No significant charge effect
on deposition is thus expected for bombardment with
—50—1000-eV ions. This does not refer to the practical
problem associated with deposition from charged species
such as charging of insulating targets.

3. Role ofAr species

Ar is often used simultaneously with thermal or
hyperthermal C species for C deposition. ' ' %hile Ar
induces collisional effects (Fig. 12) similar to those of

FIG. 12. TRIM calculations for H+, Ar+, and C+ subplanta-
tion onto graphite (density 2.26 g/cm', Ed =25 eV). Note sirni-

lar R~ and Nd for Ar+ and C+ ions, and high R~ and low Nz for
H+ ions.

hyperthermal C species with slightly higher Xd and S, it
contributes no C atoms to the evolving film and it is en-
trapped in the evolving matrix-inducing stress and darn-
age. In order to investigate the role of Ar in C deposi-
tion, graphitic films were bombarded with low-energy
Ar+ ions; no evolution of the graphitic film to a
diamond-sp stage was detected, as occurred for similar
bombardment of the same film with C+ ions. Ar+ bom-
bardment, however, resulted in significant Ar entrapment
as detected by AES. It has been suggested that Ar+
bombardment preferentially sputters amorphous carbon
and graphitic constituents with little effect on the dia-
mond constituent. ' Since the S of carbon by Ar+ ions
at normal incidence angles is extremely small in the re-
gion of -100 eV, Ar+ beams at least ten times more in-
tense than the C+ beams are needed to elciently sputter
the amorphous carbon and graphitic constituents. Ar en-
trapment is, however, expected under these conditions,
damaging the evolving film. Moreover, Ar+ bombard-
ment of a diamondlike film at an energy of -3 keV and
incident angle of 60' resulted in graphitization. In many
cases Ar+ bombardment of carbon films is performed at
glancing angles, but the necessary S for efficient preferen-
tial sputtering of carbon films to form diamond is not ob-
tainable (Fig. 9).

4. Role of hydrogen

Hydrogen plays an essential role in chemical-vapor
deposition (CVD) diamond film deposition by preferen-
tially etching graphitic and amorphous carbon constitu-
ents. " High hydrogen concentrations (e.g., &99%
H2, & 1% CH4), high substrate temperatures, and an ex-
citation source for dissociation of the H2 molecule to pro-
vide atomic-hydrogen spieces are required. The role of
hydrogen in the stabilization of the diamond surfaces by
terminating "dangling bonds" is also important. ' "'
These concepts are often adopted for carbon deposition
from hyperthermal species. TRIM calculations of hydro-
gen penetration into carbon show (Fig. 12) high R~, low

Xd, and low S ( & 10 ), with the main energy-loss mech-
anism being electronic excitation. Hyperthermal hydro-
gen bombardment is expected to be associated with large
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hydrogen concentrations in the carbon layer. Bombard-
ment of graphitic films that were previously exposed to
Ar+ ions with 30-eV D~+ ions showed two interesting
phenomena: (a) arnorphization (revealed by a change in
the C KLL AES line shape) and (b) removal of the Ar (re-
vealed by the disappearance of the Ar AES signal). The
amorphization may be associated with ionization process-
es in the graphitic film and C-H formation. The removal
of the Ar may be due to chemical sputtering of C by low-

energy hydrogen, thus enhancing the collisional
sputtering (which is very small).

gen concentration may however be dependent on the
abundance of H+ and H2+ species in the system that
have a higher range than the C+ species with the same
energy.

These phenomena explain the energy dependence of
film deposition from hyperthermal hydrocarbons, name-
ly (i) hydrocarbon film formation at low energy; (ii) a-C:H
films at higher energy; (iii) dense carbon formation (with
small hydrogen concentrations) at still higher energy.

IV. HYPERTHERMAL SPECIES DEPOSITION
OF OTHER MATERIALS

5. Role of hydrocarbon species

Impingement of hydrocarbon species is a complex
phenomenon even with controlled and well-defined mass,
energy, and o.. The following points can be drawn from
TRIM calculations and the subplantation model.

(a) Impingement of low-energy hydrocarbons, where
the energy is insufficient to dissociate the molecule, re-
sults in deposition of a hydrocarbon film.

(b) Higher-energy impingement of C H„molecules re-

sults in complete dissociation to the C and H constitu-
ents. The C energy is 12E/12m +n -E/m, while the H
energy is 12 times lower, i.e., E/12m +n (neglecting the
partition of the internal energy of the molecule).

(c) The trajectories of all of these species are inter-
dependent, causing lower effective Ed in the target ma-
terial as described previously for C„.

(d) The low-energy hydrogen can be trapped (forming
hydrogenated-amorphous carbon a-C:H), reflected, or
can chemically etch the evolving carbon layer.

(e) The R~ of the penetrating C atoms is higher than

those of the H atoms due to the high energy of the C
atoms (see Table II). At low CH4+ energy, for example,
the difference between the profiles is minor. The
difference is significant for higher energy (e.g. , )200 eV),
resulting in a dense carbon layer (with low hydrogen con-
centration) at the deepest R, while the outermost surface
layers have a high concentration of hydrogen. Some of
this hydrogen is released when the loca1 hydrogen con-
centration exceeds saturation values of —50%. More-
over, these hydrogen rich layers are also physically sput-
tered by the hyperthermal fragments and chemically
sputtered by the low-energy hydrogen atoms, resulting in
the formation of dense carbon films with little hydrogen.
Other phenomena that assist in the formation of a dense
carbon film with low hydrogen concentration at CH4+
E )200 eV are the preferential displacement of H atoms,
leaving the C atoms at their positions, and preferential
C—H bond breaking and hydrogen release. The hydro-

Subplantation is a general model that is applicable to
other materials besides carbon. Some examples will be
presented in this section in order to demonstrate the gen-
erality of the approach. Direct ion-beam deposition will
be considered first followed by the more complicated sys-
tem of ion assisted deposition.

A. Mass-selected ion-beam deposition (MSIBD)

Deposition from mass-selected low-energy ion beams
of Si, Ge, and Ag onto Si has been studied by several
groups. '~' ' In these cases, the mass of the im-

pinging ion is heavier than that of C, resulting in high S
and Nd. The results can be summarized as follows: (i)

epitaxial growth was obtained at lower substrate temper-
atures ( -400 K for Ge and Si and rooin temperature for
Ag) than those needed for surface-deposition techniques
such as CVD and MBE, (ii) defects were found particu-
larly at low temperatures, e.g., room temperature, where
amorphous Ge and Si films were reported, and (iii) limit-
ed use of trajectory calculations was reported.

TRIM calculations provide information on the evolution
of the subplanted layers (Figs. 13 and 14). The subsur-
face nature of the process is evident from the range of the
ions, even at E —40 eV (Rz =5—9 A). Subplantation into
Si is associated, for all these cases, with low S (S ~0.08
for E & 200 eV and S ~ 0.25 for E ~ 500 eV) so that net
deposition occurs. When a new layer is formed, the ener-

gy transfer T to the Ge, Ag, or Au target atoms becomes
much more efficient than for Ge, Ag, and Au energy
transfer to Si target atoms, resulting in much higher S
(0.26 for 200-eV Ge+ ~Ge ions, 0.88 for 200-eV
Ag+ ~Ag ions, and 0.53 for Au+ ~Au ions), thus lower-

ing the energy regions for efficient deposition to E & 100
eV. The radiation damage is significantly higher in these
systems than for C+~graphite and diamond. The
Xd )0.6 and ) 1.7 for E =50 and 100 eV, respectively.
BS of the impinging ions for all of these cases is very low,
so that the deposition efficiency is mainly determined by
S.

TABLE II. TRIM Calculations of the distribution of H and C in carbon following bombardment with
0

CH4 ions. E„energy (eV) of species i (i =CH4, C, H); R;, range (A) of species i; ER„range straggling
(A) of species i.

ECH4

100
200
500

1000

75
150
375
750

Rc

6
10
18
30

ARc

2
4
7

11

E

6.25
12.5
31.3
62.5

RH

3
5
9

13

ERH

&1
1

3
4
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FIG. 13. TRIM calculations of hyperthermal ion bombardment of Si with Si, Ge, Ag, and Au 10-eV to 1-keV ions and of elemental

targets with the same ions (Si~Si, Ge~Ge, Ag~Ag, and Au~Au). (a),(d) R~; (b), (e) 1/hR~; (c),(f) Nq. For bombardment of Si
with different ions, increasing ion mass reduces the energy transferred to the Si atoms resulting in increasing R~ and decreasing local
concentration. For bombardment of elemental targets with the same ions, the energy transferred in collision is the same for all cases
resulting in a reversed mass effect (compared to bombardment on Si), i.e., higher R~ with increasing mass.
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heavy ion bombardment on Si (smaller for higher mass) due to
low-energy transfer and low Yzs. Upon actual bombardment of
M on Si, the initial low value of S increases significantly as the
pure M layer is evolving and eventually exceeds the values for
Si+ on Si.

Epitaxial growth of Si, Ge, and Ag from ion beams is
different from that of diamond (the stable phase epitaxy is
involved) and is more similar to that of graphite. The
low-temperature epitaxy phenomena reported for these
cases is generally explained in terms of "thermal spikes. "
We suggest that this epitaxy may be due to the subsurface
nature of the process. When the temperature is low
enough so that no significant diffusion of interstitials ex-
ists, amorphous films evolve due to the significant radia-
tion damage, but a dense matrix is still formed. At
elevated temperatures, interstitial migration to the sur-
face occurs and some of the damage is annealed, resulting
in a combination of surface layer-by-layer growth and
subsurface bulk inclusion. Since it is diffusion from the
bulk to the surface that occurs, surface processes that
contribute to island formation and disordered film

growth are suppressed and epitaxial growth is facilitated.
In the equivalent system of C+ ~C at elevated tempera-
tures, epitaxial growth of graphite, the stab'e carbon allo-
trope, occurs due to the migration of C interstitials to the
surface. The "thermal-spike" model is not in accord with
this temperature dependence of the epitaxial growth.

Further evidence for the subsurface nature of the pro-
cesses involved is provided by reflection high-energy elec-
tron diffraction (RHEED) analysis of epitaxially grown
Ag on Si that show transition from Ag-I (low-coverage
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Ag) to Ag-II (high-coverage Ag) at much higher fluences
than needed for a surface-monolayer transition. Simi-
larly, the reported low-temperature Si-Ge "alloying" is
consistent with subplantation and not low-temperature
surface deposition. The defects observed in films deposit-
ed from low-energy ion beams are associated with two
different phenoinena: (i) radiation damage due to the
impinging ions and (ii) dislocation loops associated with
the spontaneous athermal process of formation of an in-
clusion of a new phase in an interstitial-rich region. A
similar dislocation loop formation has been reported for
high-dose He implantation in solids.

B. Ion-assisted deposition

In ion-assisted deposition, the main source for deposi-
tion is thermal species. from an evaporation source or-1—10-eV species sputtered from a target material.
More energetic particles ( —100—1000 eV) from another
source simultaneously impinge on the evolving film.
Beneficial modifications of the properties of various film
have been reported, ' ' ' ' ' including densification, for-
mation of metastable phases, epitaxial or oriented growth
at low temperatures, and stress rehef. The following are
several physical processes suggested to explain the data:
(i) "thermal-spike" processes, (ii) forward sputtering of
atoms in a porous film, and (iii) collisional process-

23 —2s Recent works ~ emphasize the role of dis-
placements as the dominant effect for densification rather
than "thermal spikes. " The subplantation notations can
be applied to ion-assisted deposition, but a separate
analysis of the surface-deposition component as well as
consideration of the synergistic effects of the two process-
es occurring simultaneously is needed. Nevertheless,
preferential displacement of low-Ed atoms, leaving high-
Ed atoms in their positions appears to be an important
mechanism for densification and oriented growth of an
initially porous, disordered media typical for thermally
evaporated films.

V. CONCLUSIONS

(1) The subplantation model is capable of interpreting a
large collection of data from carbon deposition from
hyperthermal species as well as deposition of other ma-
terials.

(2) Two previous models for carbon deposition, "pref-
erential sputtering" and "thermal spikes, " do not provide
explanations for the phenomena described in this paper.

(3) Additional experimental and theoretical work is
needed. Future experimental work includes studies of
both source and target parameters and establishment of
relations between these parameters and film properties.
Future theoretical work includes (i) improved trajectory
calculations (both static and dynamic) that are capable of
treating a crystalline rather than an amorphous material
and different Ed's for the components of the evolving
film, (ii) molecular-dynamic simulations treating many-
body interactions and bonding, and (iii) atomistic calcula-
tions of the phase evolution of a subplanted material with
a high concentration of interstitials.

(4) Of the various techniques that use hyperthermal
species for deposition, MSIBD is unique in its ability to
control the relevant deposition parameters within nar-
row, we11-defined limits. This opens possibilities for both
fundamental studies and deposition of films for practical
purposes.

(S) Subplantation is a process that bridges the gap be-
tween ion implantation and surface deposition. Even at
the present stage of understanding it offers promising
possibilities (for fundamental science and technology) for
carbon-film deposition as well as for other materials.
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