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Snbplantation Model for Film Growth From Hyperthermal Species: Application to Diamond
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A model for film growth from hyperthermal (= 1 —10 eV) species impinging on substrates is pro-
posed. The process includes subsurface implantation, energy loss, preferential displacement of atoms
with low displacement energies (Ed) leaving high Ed atoms undisplaced, and sputtering of substrate ma-
terial. Epitaxial growth and preferred orientation result from the angular dependence of the Ed and the
host mold eA'ect. The model, supported by ion-trajectory calculations and experimental data, is applied
to diamond film formation from C+ ions.

PACS numbers: 68.55.Bd

Hyperthermal species [energies (E) =1-103 eVl are
used extensively in film deposition technology in the form
of plasma and ion-beam techniques for fabrication of
films, including semiconductors, metals, and ceramics. '

The unique advantages of using such species are (i) epit-
axial growth of crystalline films at low substrate temper-
atures and (ii) production of hard, dense, and some-
times metastable materials. ' It has been stated' that
"this collection of structural effects does not yet provide
a basis for fundamental understanding and control of
film structures. . . ." The use of thermal-evaporation
surface-deposition mechanisms ' or other surface nota-
tions in the context of hyperthermal particle deposition is
inappropriate and leads to confusion. The currently used
mechanisms such as preferential sputtering and thermal
spikes do not provide satisfactory explanations for the
data. This Letter describes a general model for film for-
mation by hyperthermal species, with diamond film
deposition serving as an example.

Carbon containing energetic species are used for the
production of films with properties that vary between
those of the two most common carbon allotropes, namely
graphite and diamond. ' ' Aisenberg and Chabot
showed that hard, transparent, insulating carbon films
could be produced from a mixture of C+ and Ar+ ions
in the energy range 50 (E & 100 eV. Subsequently, ion
and plasma deposition methods have been applied in at-
tempts to deposit pure diamond films. ' ' ' Of special
interest are works ' ' which uniquely use mass-selected
low-energy C+ ion beams for deposition of pure dia-
mond films at room temperature under UHV conditions.
Very recent x-ray-diffraction results' provide evidence
for the epitaxial growth of a diamond (111) film on a
Si(111)substrate.

The proposed model bridges the gap between surface
deposition and bulk implantation. It is supported by
classical trajectory simulations using the Monte Carlo
program TRIM' and by experimental surface analysis
data. It is proposed that film growth from hyperthermal
particles incident on a substrate progresses along the fol-
lowing steps.

(a) Penetration of the energetic species into subsur-
face layers to a depth that depends on the E and mass of
the species and the nature of the target species.

(b) Stopping of the energetic species in the substrate
by means of three energy-loss mechanisms: atomic dis-
placements, phonon excitations, and electron excitations
(the latter two phenomena are sometimes collectively re-
ferred to as "thermal spikes" ). These mechanisms can
play a significant role in the final structure of the evolv-

ing film, depending on the energy and nature of the
projectile-target system.

(c) Occupation of a site in the host matrix that serves
as a "mold" for the structure of the growing film.

(d) Increase in the concentration of the penetrating
species in the host matrix resulting in formation of an in-
clusion of a new phase and outward expansion of the
substrate layer (internal subsurface growth).

(e) During early stages of film growth, the surface is
composed of mainly substrate atoms. These substrate
surface atoms are gradually sputtered and diluted by
ion-mixing mechanisms until a surface consisting of only
projectile species evolves.

(f) The structure of the evolving film is determined by
two major eA'ects: (1) the mold effect of the host ma-
trix, i.e., the influence of a host crystalline environment
on the crystallization of a collection of injected atoms,
and (2) preferential displacement of atoms with low-

displacement energies compared to those with high-
displacement energies, resulting in formation of a rigid
matrix.

(g) Epitaxial growth and/or preferred orientation of
films on crystalline material is expected to result from
the mold effect and the angular dependence of the dis-
placement probability due to (1) the sharply defined in-
cident angle of the impinging species and (2) the
different Ed's for recoil along different crystal direc-
tions. ' For example, the anisotropy of graphite results
in high E4 in the basal plane (AHc c =7.43 eV) similar
to diamond and low Ed perpendicular to the basal plane
(AHc c=0.86 ev). This leads to experimental average
values of 25 and 80 eV, for Ed of graphite and dia-
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mond, respectively.
(h) The surface features of the film and the efficiency

of the deposition process depend on self-sputtering by the
impinging ions. Low-sputtering yields are essential for
efIicient deposition and must be less than unity for net
film growth to occur.

The growth of films from low-energy C+ ions provides
an excellent example of the steps in the proposed model.
The first point to be considered is that hyperthermal par-
ticle deposition is a subsurface phenomenon. In situ sur-
face analysis of low-energy C+ "deposition" in Fig. 1, as
well as computer simulations of C+ penetration in Fig.
2, prove that this is a shallow implantation process. Fig-
ure 1 shows the relative intensities of the substrate
Auger-electron spectroscopy (AES) signals versus C+
dose on three substrates. Since the escape depth of these
low-E (61-92 eV) AES electrons is =4 A.,

' mainly
"surface" substrate atoms from the first two monolayers
are detected. For "true surface" deposition conditions,
the intensities of these substrate AES lines would de-
crease exponentially' with carbon dose. These substrate
AES intensities for C+ deposition remain constant even
at a dose of =10' atoms/cm (—5 monolayers), i.e.,
more than twice the escape depth of the substrate AES
electrons. On the other hand, the escape depth of the
carbon KLL AES electrons at 269 eV is = 8 A and the
C AES intensity increases consistently during deposition.
This can be explained only by penetration of C+ ions
into subsurface layers. The higher C+ dose required for
disappearance of the gold AES signal compared to the
Ni and Si signals is due to the higher (40%) backscatter-
ing (BS) yield from the high-Z gold substrate relative to +

O
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I

only 15% and 3% BS form Ni and Si, respectively. The
substrate layer above the developing film is gradually re-
moved by a combination of sputtering and ion mixing,
the contributions from each being determined by the
substrate mass and binding energies. For example, in
the range 100 &E & 200 eV the C+ sputtering yield of
Au is 0.2-0.35 but the E transferred (T) is very low,
while the sputtering yields of Si and Ni are only
0.02-0.20 but the T's are higher.

The second point is the relative significance of
different E loss mechanisms for low-E particles in sub-
surface layers. Experimental data ' show that the
sputtering yields of graphite and other carbon forms by
ions such as C+ and Ar+ are extremely low in this E
range (&0.1 experimentally measured' for Ar+ and
&0.2 calculated self-sputtering yield17 for C+ in the

range 10-300 eV). Therefore, "preferential sputtering"
of graphitic and amorphous-carbon components, leaving
the diamond constituent undisturbed, cannot explain the
results of diamond film growth from low-energy C+
beams. The marked diA'erence between the displacement
energies (Ed) of diamond (80 eV) and graphite (25 eV)
suggests preferential displacement of low Ed (graphiti-c)
atoms compared to high-Ed (diamond) atoms. Three
diA'erent regimes are expected based on the E of the im-
pinging ions as in Fig. 3. TRIM calculations (Fig. 2)
confirm this hypothesis. For 25-eV C+, the average
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FIG. 1. Substrate AES peak intensities (solid lines) as func-
tions of 150-eV C+ 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. 16). The dashed-dotted
line corresponds to the carbon KLL AES peak intensity
specifically for the Si host. TRIM results include the following:
R~, projected range (10' atoms/cm ); AR~, range straggling;
and BS, backscattering yield.
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FIG. 2. TRIM calculation results: nd, number of graphite
(diamond) atoms displaced per incident C ion; R~, projected
ranges of C+ in C and Ni (atoms/cm ); Sc+, calculated car-
bon self-sputtering yield (Ref. 17); SA„+, measured sputtering
yield (Ref. 18) of graphite by Ar+. I, II, and III correspond to
the E ranges of Fig. 3. Note the preferential displacement of
low-Ed atoms in the 100-200-eV range where sputtering is
negligible.

1291



VOLUME 62, NUMBER 1 1 PHYSICAL REVIEW LETTERS 13 MARCH 1989

SURFACE

~HIGH E4 LOW E4 ~

|r p It q q

ION SOURCE

)(T(E

i(
SURFACE

HIGH E4 LOW E4 ~
)t I

T)E4(L)

SURFACE

HIGH E4 LOW E4

, 20 50 70 80
I I I I

20 50 70 80 90
I I I I

I

I

I

I

I
LLI

90

Ni
I.O

—0.5
LLJ

0.0
l.O

RADIATION DAMAGE

0.8T
4 2E4

PREFERENTIAL MOLD EFFECT +
DISPLACEMENT ~ MOLD THERMAL SPIKE
EFFECT+ THERMAL
SPIKE

FIG. 3. Schematic illustration of dense matrix formation for
three E ranges: (I) T & Ed(L), only "mold etfect"; (II) Ed(L)
& T & Ed (H), preferential displacement; and (III)
T )Ed(0), radiation damage and amorphization. Ed, dis-

placement energy; H and L, high- and low-Ed atom com-
ponents; T, energy transferred in collision by primary ion; nd,

number of displacements per incident primary particle; and p
and q, probabilities of high- and low-Ed atomic site occupan-
cies.
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number of displacements per C+ ion, nd, for both graph-
ite and diamond equals zero. For 100-200-eV C+,
nd=0. 75-1.7 for graphite and nd =0.03-0.3 for dia-
mond. Consequently, most of the high-Ed atoms remain
in their positions while the probability for each incoming
ion to displace at least one to two low-Ed atoms ap-
proaches unity. At higher E, the nd for graphitic atoms
remains about 3 times larger than the nd for diamond
atoms, but both are significantly displaced, possibly re-
sulting in graphitization or amorphization. This model
assumes that the individual ion collisions and trajectories
are uncorrelated, i.e., excitations induced by previous
trajectories are rapidly quenched. This is a good as-
sumption for the low-ion Auences used in these experi-
ments. It may not be appropriate for molecular or clus-
ter ions, e.g. , C„+, where the E loss processes are corre-
lated.

TRIM calculations show that = 75%-90% of the E is
dissipated as phonon and electron excitations. This
creates highly excited atoms localized at the collision
sites which can assist in stabilization of metastable
phases by providing the energy necessary for metastable
site occupancy of single atoms. This is in contrast to the
controversial concept of recrystallization of a small
domain by the "thermal spike, " due to localized melting
and fast cooling (—10 " sec). The thermal spike nota-
tion is often used as a synonym for a transient, highly ex-
cited region; however, it is difficult to treat quantitative-
ly.

Two tests for the proposed mechanism are the depen-
dence of film evolution on C+ dose and E. In situ sur-
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FIG. 4. Stages of subplantation growth. Left column, C
KLL AES line shapes for different C+ fluences for 150-eV C+
Ni(111). Right column, subsurface entrapment of energetic
carbon and buildup of carbon deposits. The top scale indicates
the relative contribution to the AES intensity (%) derived from
a layer of depth x (lower scale). These functions are to be
compared to the Ni (AES) data of Fig. l.

face analysis of carbon films deposited under UHV con-
ditions shows'" that the films evolve from a carbidic,
through a graphitic, to a diamond phase. This behavior
corresponds to the stages of subsurface deposition at
difIerent C+ doses as shown in Fig. 4. Our own data'"
along with that of others ' show that (i) diamond, or
diamondlike phases, are formed by C+ ions in the range
= 50 (E & 200 eV and (ii) the maximum film density
and band gap are achieved ' for = 100 & E & 200 eV,
providing a striking fit to the calculations of Fig. 2. The
C+ distribution in the diA'erent carbon phases as well as
in Ni, Si, and Au "substrates" were calculated. For an
increase in E from 100 to 1000 eV, the C+ range in car-
bon increases from 5+ I to 23+ 9 A, resulting in a
deeper, broader implant distribution; similar qualitative
results are obtained for the other substrates. This ex-
plains the previous experimental observation"' that
higher C+ doses are required to access the film growth
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at higher E.
These examples illustrate the ability of this simple

model to quantitatively interpret many hyperthermal ion
deposition experiments. Subplantation, the suggested
name for this process, is diAerent from, but contains
some features of both surface deposition and bulk im-
plantation. Its uniqueness compared to the former is
better film adhesion and the possibility of forming desir-
able structures at low temperature, e.g. , dense, metasta-
ble, epitaxial phases. ' ' The advantages over the
latter are shallow, narrow distribution profiles, sharp in-
terfaces, minimal radiation damage, and crystalline
films. Subplantation is a general phenomenon to which
the proposed model can be applied for the formation of
hard, crystalline films of diAerent materials. ' A
r,wore detailed treatment will be published elsewhere.

The following conclusions are drawn. (a) "Deposi-
tion" of hyperthermal species is a shallow subsurface im-
plantation process (suggested name, subplantation) fol-
lowed by internal growth and substrate surface sputter-
ing and dilution. (b) Evolution of rigid, dense phases
occurs by a preferential displacement mechanism when
the ion E is sufhcient for displacement of low-Ed atoms
and insufficient for displacement of high-Ed atoms. (c)
Epitaxial or oriented film growth ' ' ' may be facilitat-
ed by the angular dependence of the Ed and the mold
effect. (d) The subplantation model is capable of ex-
plaining many details of film growth by energetic parti-
cles from diff'erent laboratories that have previously been
presented as qualitative observations without interpreta-
tions. The general nature of the model allows applica-
tion to development of unique materials by proper choice
of substrate, impinging species, and kinetic energy.

This material is based on work supported by the Na-
tional Science Foundation under Grant No. DMR-
8610597.
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