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ABSTRACT

Ion-assist applications of broad-beam ion sources are reviewed for ion energies up to about 1 keV. These applications are
organized by ion energy and cover a wide range of thin-film technologies. Optimum ion-assist doses are described when
available. Except for applications that benefit from specific ion energies, the majority of ion-assist applications are
probably done best in the low-energy range that extends from about 25 eV to 100 eV.
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1. INTRODUCTION

Ion-assist applications in thin films are closely tied to the use of industrial ion sources. Almost all of the fundamental
studies of ion-assist processes and most of the subsequent applications have used these sources. Industrial applications of
broad-beam ion sources became significant starting about 1970." The early ion sources were almost all gridded (utilizing
electrostatic acceleration) and the applications involved mostly etching and deposition.” By 1982 many ion-beam assisted
processes had been investigated including, for example, forming oxides and nitrides with oxygen and nitrogen ions,
passivating polycrystalline silicon with hydrogen ions, increasing thin-film hardness and adhesion, incorporating inert
working gas during deposition, and controlling thin-film stress.' With the increasing study of ion-assist applications, the
benefits of low ion energies (approximately <100 eV) became apparent.

A variety of options were used to increase the current capability of gridded ion sources at low ion energies, including
decreased grid spacing, increased numbers of apertures in each grid, three-grid ion optics, and one-grid optics.” While one-
grid optics did not have the durability to be used in other than very specialized production applications, they have been
quite useful in research studies that helped quantify the importance of low ion energies.”® Another response to the need for
higher ion currents at low ion energies was the development of gridless ion sources suitable for production environments.”*
The continued and expanding interest in ion assisted applications has been reflected in the expanding scope of reviews of
these applications.”'

1.1 Ion-assist parameters

In addition to the element or compound that is deposited and the gas used to generate ions, the minimum information
required to reproduce an ion-assist application is typically: the deposition rate (in A/s), the ion energy (in eV), and the ion
current density (in mA/ecm® or uA/cm?). To facilitate comparison between different materials and processes, the ion
current density is replaced herein with ion/atom ratio and the energy dose in eV/atom, where the atoms are the atoms that
are deposited (including, for example, oxygen atoms when an oxide is being deposited). Some processes require additional
parameters to characterize, but these additional parameters should supplement, not replace, the basic parameters of
deposition rate, ion energy, ion/atom ratio, and ion energy per atom. From a rigorous information viewpoint, any two of
ion energy, ion/atom ratio, and ion energy per atom will convey the same information. But the most convenient pair of
these three depends on the application, and all three are often included for the reader's convenience. The ion-assist process
papers reviewed herein were mostly limited to those that included these basic parameters, or at least sufficient information
for their determination. Unless otherwise specified, the assist ions are Ar" and the films are vapor deposited. Unless the
angle of incidence for the ions on the substrate is given, it is typically 20-30 degrees from normal. For compounds, the
deposition rate given is always for the compound, even if that rate had to be calculated from the deposition rate of one
element and the properties of that element and the resulting compound.
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1.2 Organization by ion energy

To more accurately present and understand the applications reviewed herein, they have been organized by ion-assist
energy. The upper limit of very-low-energy applications (~0-25 eV) corresponds roughly to the energy to displace atoms
in the bulk lattice,'" as well as the approximate sputtering threshold for a variety of materials."* Surface atoms, which are
less tightly bound, can still be moved, and the movement of these surface atoms is the usual objective of an ion-assisted
process in this energy regime. lons in the very-low-energy range are usually supplied by plasma discharges of some
kind,'>'° although end-Hall ion sources can operate at mean energies in this range with an upper limit for the distribution as
low as 30 eV for Ar” ions and 20 eV for Xe" ions."

Low-energy applications (~25-100 eV) include the fabrication of most high-density, low-implantation films. Studies have
shown that near-bulk densities can be obtained with little gas implantation at ion energies less than about 100 eV and
greater than about 25 eV.*"*2° Metal films, where grain boundaries are easily moved, tend to show large crystallite sizes in
the low-energy regime.'® The multiple-particle interactions of the molecular-dynamics approach most accurately represent
the ion-assist processes in this regime,"” as opposed to the collision-cascade approach that is essentially a sequence of two-
body collisions and is more applicable at energies greater than 1 keV. Consistent with the multiple-particle and lattice-
vibration interactions of the molecular-dynamics approach, eV/atom appears to be the best measure of an ion-assist process
in this regime.**' Many commercial ion-assisted films are fabricated in this energy range, where the end-Hall ion source”®
is preferred because of the higher ion flux at low ion energy.

High-energy applications (~100-1000 eV) typically generate small crystallites and many lattice defects.'™'*'® High
densities can be obtained, approaching those of the low-energy regime, but are obtained at the cost of many more defects.
The desired properties in this regime can be high microhardness, high resistivity, or high gas incorporation, all of which
increase continuously with ion energy. This is a transition region for processes, extending from the multiple-particle
interactions of the molecular-dynamics approach at the lower limit to the two-body collision-cascade approach at the upper
limit. Consistent with being a transition region, there is no single parametric approach (such as energy dose in eV/ion) that
effectively correlates experimental results from different applications. This lack of correlation is shown clearly in the
effect of ion assist on film stress (compare Sections 4.2.1 and 4.2.2). The lower limit of this energy range is somewhat
arbitrary, with a gradual transition from the low-energy regime. The upper limit for ion energy (1000 eV) is more
arbitrary. As a practical matter, however, many industrial broad-beam ion sources can generate energies of 1000 eV, but
very few can generate energies >2000 eV. For those interested, there are reviews that include processes at higher ion
energies.'”* Early applications were often carried out at high energy because low-energy sources were not readily
available. As low-energy ion sources became more available, fewer commercial ion-assisted films have been fabricated in
the high-energy range. High-energy applications are distinguished from the energy-specific applications that follow by
generally increasing in rate and/or intensity as ion energy increases from about 100 eV to about 1000 eV. At the low end
of the energy range up to about 200 eV, the end-Hall ion source™® is preferred for generating ions. At higher energies,
gridded ion sources are preferred.

The last category is energy-specific applications. These applications typically involve a selection, such as the selection of
a particular molecular bond, or the selection of a particular molecular alignment. For effective selection to take place, the
ion-assist energy must be near an optimum value, large enough to break some molecular bonds, or large enough to realign
some crystallites, but small enough to avoid randomization of the structure. The optimum ion energy varies with the
particular application, but, for the applications described, extends from less than 50 eV to over 1000 eV. Very-low-energy
applications are not included because one of the objectives for those applications is avoiding lattice damage.

1.3 Gridded and gridless ion sources

The ion-beam current capabilities of typical gridded and gridless ion sources are indicated in Fig. 1(a), while the ion-beam
power capabilities are indicated in Fig. 1(b). The working gas is Ar and the ions produced are mostly all Ar’, but the
characteristics shown would not be greatly different for O, or N, where the ions would be mostly O," and N,". The ion
energies are mean values, although the difference between mean and maximum values is probably not significant except
for ion energies below about 50 eV. Particular medium-sized gridded and gridless ion sources were used for these ion-



beam characteristics,”* but the same qualitative results could have been shown using the characteristics of other specific
gridded and gridless ion sources. The upper limit for gridless ion energy is about 200 eV or less, and depends on the
background pressure. Below this upper limit, the ion current of the gridless ion source is limited by discharge power,
except at the lowest ion energies where it is limited by the ionization process. Note the rapid variation of ion-beam current,
and even more rapid variation of ion-beam power, with ion energy for a gridded ion source. This rapid variation is due to
the space-charge limit (Child's law®’) on electrostatic acceleration. For reasonable process rates with a gridded ion source,
the compromise is often between inadequate current and power at low ion energies and excessive damage at high energies,
with the optimum ion energy the lowest one at which the process rate is acceptable. Because the early ion sources were
mostly gridded, many early ion assisted applications were carried out at high ion energies, when they could have been
performed better at low ion energies. The ready availability of gridless ion sources has drastically altered the choices,
permitting both high current and power at low ion energies, where there is little damage.
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Fig. 1. Ton-beam characteristics for gridded” and gridless** ion sources.

2. VERY-LOW-ENERGY APPLICATIONS (~0-25 eV)

2.1 Cleaning semiconductors

The objectives in cleaning are to reduce contamination in, and improve adhesion to, subsequently deposited films.
Semiconductors are particularly sensitive to damage and are therefore assumed to be in the very-low-energy category. The
only example here is the cleaning of gallium arsenide, where the ion energy used was slightly higher than the upper limit
for the very-low-energy category and surface damage was observed. Surfaces of GaAs were cleaned with Ar’ ions.?
These surfaces were evaluated by forming diodes on them. Small adverse changes in diode properties were observed when
diodes were formed on surfaces after cleaning with 50 eV Ar' ions, compared to the properties of diodes formed on
uncleaned surfaces. After cleaning, the original semiconductor properties were restored with a chemical etch of 17 A,
indicating damage to that depth. The small change in diode properties and the shallow depth of the damage both indicate
that a short anneal might be effective in removing most of the damage. Also note that the objective here was to retain the
original semiconductor properties. If the objective had been to make an ohmic contact with the semiconductor, cleaning
with more energetic ions could have had beneficial side effects - see Section 5.4.

2.2 Very thin layers, sharp interfaces

Very thin deposited layers, such as used in giant magnetoresistive (GMR) materials or x-ray optics present special ion-
assist problems. The general area of interest for ion energy is <20 eV.>’ Interface roughness and mixing can constitute a
larger fraction of the total thickness of a thin layer, and thus have greater adverse effects than in thicker layers. The most
thorough studies of the ion-assist control of roughness and mixing include comparisons with experiments, but are primarily
theoretical - i.e., molecular dynamics simulations.””*’ This use of theoretical calculations is in contrast to most of the work
cited in other sections herein, which is almost all experimental. The assumed final configuration had two 60 A layers of Ni



separated by a 20 A layer of Cu. The most critical fabrication steps would be the transitions from one material to the other,
where the initial deposition of the new material would tend to form clumps or Islands before a continuous film would form.
The effect of ion bombardment on the flattening of these islands and the mixing of island material with the underlying
material was studied. Ion incidence was normal to the mean surface. The flattening and mixing thresholds are all below
the "sputti:r threshold," the energy at which the sputter yield becomes very small, typically 20-30 eV for common
elements.'

2.2.1 Cu on Ni. The cohesive energy of Cu is lower than Ni, which resulted in the flattening threshold for Cu islands on
Ni (2 eV Ar” and 1 eV for Xe") being lower than the mixing threshold (15 eV Ar" and 10 eV Xe"). Thus a range of 2-15
eV for Ar" and 1-10 eV for Xe' is available for flattening of initial Cu islands without significant mixing with the
supporting surface of Ni. The flattening threshold for Ni on Ni (which simulated the flattening of the Ni layer before
starting the Cu deposition) was 8 eV Ar" and 6 eV Xe'. Saturation flattening was in all cases obtained at an ion/atom ratio
of about 5.

2.2.2 Nion Cu. The reverse situation occurred for Ni on Cu. The flattening threshold for Ni islands on Cu (14 eV Ar” and
12 eV for Xe") was higher than the mixing threshold (9 eV Ar” and 5 eV Xe"). Thus no range existed where substantial
flattening of Ni islands could be obtained without also having substantial and undesirable mixing with the supporting
surface of Cu. The flattening threshold for Cu on Cu (which simulated the flattening of the Cu layer before starting the Ni
deposition) was 4 eV Ar’ and 3 eV Xe". Saturation flattening was again obtained at an ion/atom ratio of about 5. A
"modulated" ion assist of Ni on Cu was proposed for obtaining flattening with reduced mixing. The first few monolayers
of Ni should be deposited without ion assist. Then the ion assist should be started and continued for the rest of that layer.
Another approach suggested to reduce mixing was to deposit a buffer layer on the Cu before depositing the Ni. For Cu, Co
was suggested because it is "thermodynamically immiscible" with Cu.

2.2.3 Other materials and processes. From the above theoretical studies of Cu and Ni,””* a transition from a material
with a greater cohesive energy to one with a lesser cohesive energy should be relatively easy. Conversely, care should be
used whenever there is a transition from a material with a lesser cohesive energy to one with a greater cohesive energy.
Some cohesive energies given in eV were, in order of increasing energy: Ag, 2.85; Cu, 3.54; Au, 3.93; and Ni, 4.45. A
relative order of cohesive energies (AH?) for additional materials, with slightly different numerical values , is available
from another source.*® Although the work described in this section’” is directly applicable to the very-low-energy
regime, it also has important implications for low-energy processes where better interface definition is needed. As
examples, one layer can be well flattened before starting the next layer, surface temperature can be minimized to produce a
large number of small islands (rather than fewer large islands) at the start of the next layer, and modulated ion assist can be
used, waiting until the equivalent of several monolayers of the next layer is deposited before restarting ion assist.

2.3 Control of microstructure

2.3.1 a-phase tantalum - sputter deposited Ta. Films of Ta were deposited to a thickness of 300 nm, using a dual rf
excitation diode.”” Films of Ta can be deposited in an a(bcc) phase or a P(tetragonal) phase, with respective bulk
resistivities at 300 K of 13.4 and 160 uQ-cm. The o is desirable because of its lower resistivity. Using Ar' ions, an
operating regime for depositing a-phase Ta was found at ion energies <20 eV and ion/atom ratios >13 for Si/SiO,
substrates. The energy doses were typically several hundred eV/atom. A resistivity of 14.8 pQ-cm was obtained at 5 eV
and an ion/atom ratio of 23.

Using p-type (100) Si substrates, the minimum ion/atom ratio at 10 eV dropped from 13 to 10.5. Comparing Ar" and Xe"
bombardment of Ta on a Si substrate at an ion/atom ratio of 25, a resistivity of about 25 pQ-cm could be obtained at about
20 eV with Ar" ions and at about 40 eV with Xe" ions. From process comparisons with Ar" and Xe" ions, it was concluded
that the formation of the a-Ta films was governed by ion momentum rather than energy.

2.3.2 11l1-textured titanium nitride - sputter deposited Ti. Sputtered Ti was deposited on a highly oriented 25-nm-thick
0002 Ti underlayer on a Si(001) substrate at a temperature of 450°C, with N," ion bombardment to deposit dense TiN
layers with a complete 111 texture.'® To obtain this texture, an ion/atom (N, " ions and the total of Ti and N atoms) ratio of



7 was used at a N, ion energy of about 20 eV, which corresponds to an energy dose of 140 eV/atom. The increased
effectiveness of the 111 textured TiN as a barrier layer was demonstrated by depositing an overlayer of aluminum, and
then determining the temperature at a constant ramp rate of 3°C/s at which interfacial AL;Ti is observed. With the 111
texturing, the temperature reached 610°C before observing Al;Ti, compared to 450°C with a conventional underdense
layer of TiN with mixed 111/002 orientation.

3. LOW-ENERGY APPLICATIONS (~25-100 eV)

3.1 Cleaning - removal of physisorbed contamination

Film adhesion, purity, or some other property can benefit from removal of physisorbed contamination such as water,
hydrocarbons, N, and O,. The low binding energy of this contamination to the surface, typically up to several tenths of an
eV, can result in efficient removal of contamination. For example, vapor deposition of Nb on surfaces at <100°C resulted
in contamination by oxygen from the 10® Torr O, background pressure.”’ Bombardment by 100 eV Ar ions removed the
oxygen with the very high sputter yield of 40-50 O atoms/ion. For most cleaning applications, physisorbed contamination
can be removed with ions having energies <100 eV. One should be aware, however, that special applications can require
lower energies, with the extreme example of semiconductor cleaning given in Section 2.1 for GaAs. Because of the low
binding energy of physisorbed contamination, the dose recommendations are based on covering the atomic deposition sites
available, without regard to energy.

3.1.1 Initial cleaning. Using an approximate atomic dimension of 3 A, there would be about 10" atomic sites per cm” and
an ion dose of 1.6x10™ C/cm” would provide one (singly-charged) ion per atomic site.' This dose is recommended as the
starting point for initial cleaning. It could be applied with various combinations of current densities and times, for example
as 0.16 mA/cm® for 1 s, or 1.6 pA/cm?® for 100 s. This dose level is low enough that there should be little difficulty in
reaching or exceeding it.

3.1.2 Continuous cleaning. 1If the contamination is continuously deposited from the vacuum-chamber background, then
cleaning should remove this contamination as rapidly as it is deposited. For a background contamination of 10°® Torr
(1.3x10™ Pa), a monolayer of contamination would be deposited in about one second. To remove this contamination as
rapidly as it is deposited, an ion current of 0.16 mA/cm® would be required. If the background contamination of interest

were only 10° Torr (1.3x107 Pa), the required ion current would be 0.16 pA/cm>?!

3.2 Metal and semiconductor films

Most metals and semiconductors can be deposited in dense, durable films with ion assist from ions in the low-energy
range. While the effects of substrate temperature can be of theoretical interest, most practical interest is probably in films
deposited at or near room temperature (approximately <100°C). This temperature limitation results from both the effects
of relative thermal expansion and the possibility of high-temperature damage to either the substrate or to other components
attached to the substrate.

Ion assist of metal films with low-energy ions (<100 eV) is generally associated with large crystallite size. A sufficiently
high film temperature will also increase crystallite size.'®*> Microhardness generally increases as crystallite size
decreases.”>  Because crystallite size does not vary rapidly in the low-energy range, the effects of ion assist on
microhardness are moderate. Gas incorporation due to ion bombardment is low in the low-energy range.** Argon
appears to be deposited preferentially at grain boundaries, so that the low incorporation is probably a result of the large
crystallite size in this energy range. Increasing the substrate temperature decreases the argon incorporation, due to both
increasing crystallite size and increasing diffusion of argon.'®*’

Vapor deposited metal films usually show tensile stress when deposited on substrates at or near room temperature because
of low adatom energy, with higher magnitudes of this stress typically shown by refractory metals.** This tensile stress is
usually reduced by bombardment with ions having energies of <100 eV. A large enough ion-assist dose may, or may not,
result in a compressive stress, but, for most single-component materials, any compressive stress would be small compared
to the initial tensile stress for <100 eV ion assist. This effect of ion assist is in addition to any mismatch in thermal



expansion for films deposited at temperatures substantially different from room temperature. A reduced stress is one
criterion for ion-assist effectiveness for a metal or semiconductor film. Another criterion is film density. The film density
may be measured directly, or it may be measured through resistivity, with a near-bulk resistivity indicating a dense metal
film. Because of the different properties of different materials, there is no single criterion for evaluating ion-assist
effectiveness.

3.2.1 Copper. Films of Cu were vapor deposited with thicknesses of 5-6 um at rates of 6-20 A/s on Si and Si/SiO,
substrates at 107°C, with ion assist provided by 62 eV Ar" ions.”> Energy doses up to 18 eV/atom on Si substrates with
various crystal orientations showed little effect on crystallite size (about 1000 A). This lack of effect of ion dose is in
contrast to the substantial observed effect at higher ion energies (see Section 4.2.1). For Si/SiO, substrates, the
microhardness dropped from 130 to 110 kg/mm? as the ion-assist dose increased from about 0 to 24 eV/atom. For Si(100)
and Si(111) substrates, the microhardness increased from about 100 to 210 kg/mm? as the dose increased from near 0 to 25
eV/atom, showing in this case an effect of the substrate crystal structure on the microstructure of the film. The fraction of
argon incorporated in these films was only a few tenths of a percent at 125 eV. From previous work, the incorporation at
62 eV was estimated at more than an order of magnitude lower at 62 eV.** The resistivity increased from about 2.0 to 2.5
uQ-cm, generally increasing as the dose increased from near 0 to 24 eV/atom. The value of resistivity, together with the
lack of any decrease as the dose increased, indicated a near-bulk density.

In a separate publication giving stresses, films of Cu were vapor deposited to thicknesses of 5 um at rates of 5-20 A/s on
substrates at 107°C with assist provided by 62 eV Ar"."® An initial tensile stress of more than 0.4 GPa, was reduced to zero
stress at an ion/atom ratio of 0.03 and an energy dose of 2 eV/atom. A compressive stress of nearly 0.1 GPa was obtained
with an increased ion/atom ratio of 0.08 and an energy dose of 5 eV/atom. Further increases of ion-assist doses up to 25
eV/atom reduced the compressive stress and, at the higher doses, gave a small tensile stress. From this study, an energy
dose of about 3 eV/atom would be recommended to give near minimum stress at an Ar' ion energy of 62 eV.

Optical characteristics were not found for Cu films in the low-energy regime, but can be inferred from high-energy studies
ranging from 200-1000 eV (see Section 4.2.1).%% A study of vapor deposited Cu films on Cu substrates with Ar" ion
assist at an energy dose of 1.5 eV/atom showed that, over a range of 200 to 1000 eV, the roughness increased with energy,
indicating that the optimum ion energy would be less than 200 eV.

3.2.2 Germanium. Films of Ge were vapor deposited with 100-350 ¢V Ar" ion assist at ion/atom ratios from 0 to 1.>” The
100 eV data are pertinent here. In general, the optimum dose was an ion/atom ratio of 0.005-0.007 with 100 eV ions, or
0.5-0.7 eV/atom. The optical bandgap was a minimum of 0.74 eV with an ion/atom ratio of 0.007 of 100 eV ions, which
compares to a bandgap of 0.67 eV for crystalline Ge. The minimum resistivity corresponded to the minimum in the optical
bandgap. Hall measurements showed a maximum electron mobility of 700 cm?/V-s at an ion/atom ratio of 0.005 with 100
eV ions, or a dose of 0.5 eV/atom. The polarity of the measurements corresponded to n-type semiconductors. The grain
sizes remained at several hundred A, regardless of ion-assist dose. The small ion-assist dose (0.5-0.7 eV) together with the
lack of structural changes (constant grain size) indicate that the process is more in the nature of cleaning (removing
contamination) than it is in changing the properties of the deposited material. For comparison, see Section 3.2.4 - Nb. No
conclusion is reached from this study regarding an optimum ion-assist dose for Ge.

In another study, films of Ge 2 pum thick were deposited at a rate of 2.2 A/s on unheated glass substrates, with ion assist
provided by Ar" ions at energies of 65-3000 eV.** The ion/atom ratio to assure adherence of the film to the substrate was
determined over the energy range. Although the stress was not directly measured, a barrier layer of Ge 100 nm thick was
deposited without ion assist to prevent an improved interfacial bond with the glass from affecting the adherence. At 65 and
100 eV, the ion/atom ratios for good adherence were about 0.09 and 0.035, while the energy doses were about 6 and 3.5
eV/atom. The incorporation of Ar was not detectable at or below 100 eV.

A thorough study of Ge density has been made in the low-energy regime.’ Films of Ge were vapor deposited to
thicknesses of 200-300 nm at rates of 3-8 A/s, with ion assist provided by Ar ions at 15-110 eV. The ion/atom ratios of 15
eV ions were not sufficient to reach minimum void fraction. Ions of 30, 50, 70, 90, and 110 eV all reached minimum void



fraction at energy doses of 4.5-5.5 eV/atom. The significance of this study is in the degree of correlation demonstrated
when the results with different energies are compared on an eV/atom basis.

3.2.3 Gold - O;" ions. Optical films of Au were vapor deposited at a rate of 5 A/s on unheated alumina substrates with ion
assist by 100 eV O," ions.* Using an ion/atom ratio of 0.42-0.63 and a dose of 42-63 eV/atom, films had good adhesion
and nominal reflection. To obtain good adhesion for gold on oxide substrates without ion assist, it is common to use a
transitional or "glue" layer between the substrate and the gold.* The transitional layer can be a couple of hundred
angstroms of Cr vapor deposited in a low-107 Pa background of O,. The use of ion assist with O," ions avoids the need for
this transitional layer.

3.2.4 Niobium. An Ar" ion energy of 100 eV and substrate temperatures from 100-400°C showed a consistent pattern of
crystallite size increasing with ion-assist dose and substrate temperature. The complete range in crystallite size was about
90-250 A."® Only relative dose levels were given.

In another study, films of Nb were vapor deposited on Si substrates to a thickness of about 200 nm at a rate of 4 A/s, with
jon assist provided by Ar" ions at 100 eV.» With substrate temperatures <100°C, the films were found to have
compressive stress, which was due to contamination from a 10°® Torr background of O,. An ion-assist dose of 9.4 eV/atom
was sufficient to remove most of this contamination at a substrate temperature of 100°C, which also resulted in a change
from compressive to a tensile stress of 0.7-0.8 GPa. Higher substrate temperatures resulted in lower oxygen
contamination, a shift toward tensile stress, and a reduction in the ion-assist dose required to reach a tensile stress of 0.7-
0.8 GPa. At 400°C, the O, contamination was reduced sufficiently so that no ion assist was required to reach a tensile
stress of 0.7-0.8 GPa. The calculated sputter yields of 40-50 for O atoms/ion indicate that the oxygen was physisorbed
rather than chemisorbed. This discussion is included to show the effect contamination can have on film stress. Resistivity
was reduced to near the bulk value during the removal of contamination, indicating a near-bulk density was reached before
the ion assist started to reduce the customary tensile stress.

After the removal of oxygen contamination, as described above, additional ion assist at 100 eV reduced the tensile stress.
An ion/atom ratio of 0.05 and an energy dose of 5 eV/atom was sufficient to remove most of this tensile stress from a film
deposited at 400°C. The range of the data was not large enough to show the dose required to remove most of the stress in a
film deposited at 150°C, but extrapolation of the trend indicated a dose of about 25 eV/atom. In the absence of
contamination, 25 eV/atom would be the recommended ion-assist energy dose.

3.2.5 Silver - O," ions. Films of Ag were vapor deposited at a rate of 5 A/s on unheated substrates and were ion assisted
with an O, ion beam.* Using 120 eV 0," ions, an ion/atom ratio of 0.85, and a dose of 102 eV/atom, the films
incorporated 8 percent oxygen and had poor reflectivity (the desired property). Dropping the O," ion energy to 100 eV and
using an ion atom ratio of 0.43 for a dose of 43 eV/atom, the film adhered well on unheated glass substrates and was highly
reflecting. This use of O," ion assist may improve adhesion for Ag films on oxide substrates, similar to the use of O," ion
assist on Au (see Section 3.2.3).

3.2.6 Tungsten. The incorporation of Ar, Kr, Ne, and Xe in tungsten was investigated.” The incorporation of all of these
gases increased rapidly with ion energy. With the exception of Ne, which was incorporated at several percent, all of these
gases had about 1 percent or lower incorporation at an ion energy of 100 eV.

In another study, films of W, 200 nm thick, were sputter deposited in a dual ion beam system using Ar' ion sputtering
energies of 400, 600, and 1200 eV and ion/atom ratios of 0-0.038 with an Ar" ion-assist energy of 100 eV.*' The stress
remained compressive at all times. The variation in stress for different sputtering ion energies (higher compressive stress
for higher energy) was roughly as large as the effect of ion assist. It was concluded that reflected argon from the target had
a significant effect. With the atomic mass of W more than four times that of Ar, energetic Ar atoms (from beam ions)
could be reflected with minimal energy loss. The 100-eV ion assist had an "annealing" effect, in that the magnitude of the
compressive stress was reduced, but an ion-assist dose cannot be recommended because the ion-assist effect could not be



separated from the effect of energetic neutrals. These results are included herein to show the effect reflected energetic
neutrals can have on film stress.

3.2.7 Tungsten silicide. WSi, was vapor deposited from separate W and Si e-gun evaporators on Si substrates at room
temperature, with Ar" ion assist at 100 eV and eV/atom ratios of 0-6.4.*> The stress without ion assist was tensile, 0.5-0.6
GPa, dropped to zero at a dose of about 5 eV/atom, and became compressive, 0.1 GPa, at the maximum dose of 6.4
eV/atom. If the WSi, was to be used in the as-deposited state, with room-temperature deposition, an ion/atom ratio of 0.05
and an energy dose of 5 eV/atom would be recommended. However, the resistivity of the WSi, films dropped by about a
factor of ten when subjected to a post-deposition anneal at 1000°C, and the stress after anneal was not significantly affected
by the ion assist during deposition.

3.3 Okxide, nitride, and fluoride films

Many compounds can be deposited in dense, durable films without ion assist, if the substrate temperature is high enough.*
In many cases, the difference in thermal-expansion coefficients between the film and substrate make high substrate
temperatures impractical. When multiple layers of different film materials are involved, it becomes more unlikely that
high substrate temperatures can be used. What ion-assisted deposition offers is a film quality similar to that obtained with
high substrate temperature, but with a moderate substrate temperature.

Oxide, nitride, and fluoride films are compounds of solid and gaseous elements. There are several options for their
deposition. The compound can be deposited directly, or deposited as the solid element (e.g. Al or Si) and reacted with the
gaseous element (e.g., N, or O,) as it is deposited. The deposition reaction can, in turn, be direct with ions of the gaseous
element or indirect with inert-gas ions activating the reaction with adsorbed gas from the background. The most common
options are to vapor deposit either the solid element or the compound, with ion assist using ions of the gaseous element.

Maintaining stoichiometry is a basic requirement in compound deposition. lon bombardment of the compound sputters
away both the solid and gaseous elements, but removes the gaseous element more rapidly. Considering only the sputtering
process, this would leave the surface of a compound with an over-stoichiometric fraction of the solid element. The reduced
sticking coefficient or reacting coefficient of excess energetic gaseous molecules can be used to offset the preferential
sputtering. See, for example, Section 3.4.1 - AIN. The practical solution usually involves an excess of the gaseous
molecules, either as ions or background gas, to assure stoichiometry.

Obtaining a dense dielectric structure without excess damage from energetic ions is another basic requirement. In the
absence of ion bombardment, many compounds are deposited on low-temperature substrates in a shadowed columnar
form, corresponding to Zone 1 of the Thornton zonal model.'®* This structure is porous and is susceptible to degradation
and shifts in film properties when exposed to moisture. Sufficient ion assist will compact this structure into a dense
polycrystalline or amorphous structure that is much more resistant to the effects of moisture. However, if the ion assist
involves excessively energetic ions, the film properties can be degraded by damage sites and implanted ions. The practical
solution usually involves using low ion energies where implantation and defects are unlikely. If the ion energies are <100
eV, moderate excesses in doses usually have few adverse effects. Several of the following examples use an ion energy of
120 eV. Despite energies slightly over the nominal limit of 100 eV, these examples are believed to belong more to the
low-energy regime than the high-energy regime.

3.3.1 Aluminum nitride - sputter deposited Al. A dual ion beam system was used to deposit AIN, with the Al sputter
deposited by a 1500 eV Ar' ion beam from one ion source and reactive ion assist provided by a 100-500 eV N," ion beam
from the other ion source.***® The results with 100 eV Ar" ions are pertinent here. Ion bombardment by N," ions up to
arrival ratios needed to form AIN were almost fully incorporated into the Al films. Excess N," ions above the value needed
to form AIN were rejected, resulting in AIN films when that excess was provided. When insufficient N," ions were
provided, AIN grains were formed in an Al matrix. When the ion-assist ion source was turned off, but N, was present in
the background, no AIN grains were formed, even though 9 percent N was present in solution in the Al. There may have
been reflected neutrals from the 1500 eV bombardment of the Al target (see Section 3.2.6 - W), but the absence of AIN
grains without ion assist showed that these energetic neutrals did not have a significant effect on the formation of AIN as



described above. This example is included to show the variation in incorporation of the nitrogen ions to maintain
stoichiometry. Without stress, adhesion, or density measurements, no ion-assist dose can be recommended.

3.3.2 Aluminum nitride - vapor deposited Al. Vapor deposited Al was used to grow AIN films of 150-200 nm thick on
Si(111) and silicate glass substrates.”” For a film deposited at 2.5 A/s, with N," ion assist at 60 eV, Stoichiometry was
obtained at N/Al arrival rates of 1.5 or more. This implies a sticking coefficient at the 1.5 arrival rate of about 0.7,
compared with near unity for sputter deposited Al in the preceding section.

3.3.3 Aluminum oxide. Vapor deposited Al was used to grow ALOs films 2.1 pum thick at a rate of 13 A/s on unheated
substrates, with ion assist provided by O," ions at 120 eV.* The refractive index was homogeneous at 1.65, with no
observed absorption. An SEM micrograph showed morphology that corresponded to between Zone II and Zone III of the
Thornton zonal model,'®* which would be expected to provide resistance to the effects of moisture. The ion/atom (O,
ions and total deposited atoms) ratio was 0.17 with a dose of 20 eV/atom.

3.3.4 Cerium oxide. Vapor deposited Ce was used to grow CeO, films with ion assist provided by O," ions at 120 eV.*
To increase film density, the deposition rate had to be less than about 1.2 A/s on unheated substrates. The refractive index
was 2.35 on unheated substrates (2.4 on 300°C substrates). The ion/atom ratio was 3.62 with a dose of 430 eV/atom at the
1.2 A/s deposition rate.

3.3.5 Hafnium oxide. Vapor deposited Hf at 3 A/s was used to grow HfO, films at a rate of about 5 A/s on unheated
substrates with ion assist provided by 120-eV O," ions in an O, background at 102 Pa.* The films were optically
homogeneous and showed no vacuum-to-air spectral shift. The ion/atom ratio was 0.62 with a dose of 74 eV/atom.

3.3.6 ITO. Indium tin oxide was vapor deposited on polycarbonate substrates from In and ITO bulk (90% In,Os, 10%
Sn0,, both by weight) to a thickness of 85-95 nm at a rate of 0.3 A/s, with ion assist from O," ions at 60 eV. Oxygen
background pressure was maintained at 0.011 Pa.** Low resistivity (4.1x10* p-cm) and high transmittance (~80%) in the
visible range were obtained with an ion/atom ratio of about 0.4, an energy dose of less than 3 eV/atom, and a substrate
temperature of 50°C. (An ion/atom ratio of 1.0 is given in the paper, but other numbers therein indicate that this ratio is
based on metal atoms.) Adhesion was improved by an Ar" ion dose of 1x10'® jons/cm’ on the polycarbonate substrate
before deposition, with the total Ar and O, background pressure <0.027 Pa.

In another study, indium tin oxide was vapor deposited with low-energy ion assist at both 100 and 300°C substrate
temperatures.”® At 300°C, a ratio of 80% In and 20% Sn by weight was vaporized at a rate of 10 A/s and deposited with
0, assist to give a sheet resistance of 20 /sq, a refractive index of 2.0 (550nm), and a transmittance of 85% (550 nm) for
a thickness of 350 nm. To achieve the same resistance and transmittance at 100°C, the ratio of In and Sn had to be
reversed and the evaporation rate reduced by a factor of two. Information included was insufficient to calculate ion/atom
ratios and energy doses.

3.3.7 Magnesium fluoride. Vapor deposited MgF, was used to grow MgF, films on unheated substrates with ion assist by
Ar" ions at 120 eV and O," ions at 100 eV.* Ton/atom ratios and doses were not available, but assisted deposition with Ar"
ions resulted in a refractive index of 1.39 and less than 0.005 absorption. The use of O," ions resulted in a refractive index
of 1.39 and less than 0.001 absorption. The films adhered well, but were less durable in a rub test than films deposited
without ion assist on substrates heated to 350°C. The high absorption compared to that of other ion-assisted optical films
described herein is probably the result of the preferential loss of F during ion bombardment. The improvement with O,"
over Ar" bombardment may be due to the oxidation of excess Mg to MgO.

3.3.8 Silicon dioxide. Vapor deposited Si and SiO were used to grow SiO, films on unheated substrates with ion assist
provided by 90 eV O," ions.* Starting with Si, SiO, films were deposited at 10 A/s with an ion/atom ratio of 0.13 and a
dose of 11 eV/atom. The refractive index was 1.48 at 550 nm. Adhesion and abrasion resistance were excellent. There
was less inhomogeneity and adsorption when the deposition rate was reduced to 3 A/s. Starting with SiO, SiO, films were
deposited at 10 A/s with an ion/atom ratio of 0.09 and a dose of 8 eV/atom. There was also an O, background of 0.02 Pa.



The refractive index was 1.468 at 550 nm. The adsorption was below the threshold for the simple measurement technique
used. The films showed good homogeneity and passed adhesion and abrasion resistance tests. The SiO, film stress was
compressive, 0.2 GPa (a good match in multilayer filters for ion-assisted TiO, with a tensile stress of 0.2 GPa). It was
necessary to use end-Hall ion-source characteristics’ and the geometry of the vacuum chamber® to estimate the ion/atom
ratios and the ion energies.

3.3.9 Tantalum oxide. Vapor deposited Ta,Os was used to grow Ta,Os films at 5 A/s with ion assist provided by either
100 or 1000 eV O, ions and an O, background of 0.005 Pa>® The ion assist with 100 eV O, ions is pertinent here.
Without ion assist, the refractive index at 633 nm was 1.93, but increased to 2.14 with an ion/atom ratio of 0.19 and an
energy dose of 19 eV/atom. The extinction coefficient ranged from 3-4x10™. (It was more than a factor of ten higher for
ion assist at 1000 eV.) Based on the optical qualities, 19 eV/atom is the recommended ion-assist dose. Without ion assist,
the film stress was tensile, about 0.1 GPa, but changed to neutral with an ion/atom ratio of about 0.04, and was a maximum
compressive stress of 0.4 GPa for an ion/atom ratio of 0.3. The microhardness increased from about 7 GPa with no ion
assist to about 10 GPa for ion atom ratios of 0.08 or higher.

3.3.10 Titanium dioxide. Vapor deposited TiO, was used to grow TiO, films at 4 A/s with ion assist provided by 90 eV
0," ions on unheated glass substrates.* The ion/atom ratio was 0.26 and the dose was 23 eV/atom. The refractive index
was 2.43+0.02 and the extinction coefficient was at least in the low 10 range, both at 550 nm. The stress is tensile at 0.2
GPa and the films have excellent adhesion and good abrasion resistance. It was necessary to use end-Hall ion-source
characteristics’ and the geometry of the vacuum chamber*’ to estimate the ion/atom ratios and the ion energies.

3.3.11 Yttrium oxide. Vapor deposited Y was used to grow Y,0; films at 3.4 A/s with ion assist provided by 120 eV O,"
jons on unheated substrates. Excellent antireflective coatings were deposited on temperature sensitive substrates. The
ion/atom ratio was 1.08 and the dose was 130 eV/atom. The range of refractive index was 1.8-1.85, which was
substantially reduced from deposition without ion assist. No oxygen background was required for stoichiometry.

3.3.12 Zirconium dioxide. Vapor deposited Zr was used to grow ZrO, films at 4.5 A/s on unheated substrates with ion
assist provided by 120 eV O," ions with an O, background pressure of 107 Pa.*” Compared to ion assist at higher energies,
excellent films were obtained with a high refractive index and low absorption. The ion/atom ratio was 0.65 and the dose
was 78 eV/atom.

3.4 Summary of low-energy films

The Thornton zonal model® gives film microstructure from sputter deposition as a function of substrate-to-melting
temperature ratio, 7,/T,,, and Ar pressure. At low values of 7,/T,,, the film has poor mechanical integrity. It is also porous
so that moisture can propagate through the film with resulting adverse effects. The effect of Ar pressure can be interpreted
as being due to trapping of Ar.'” We prefer the interpretation that the Ar pressure affects the energy of the sputtered
particles,” so the Ar variation can be replaced with a corresponding variation in ion-assist energy.”> We propose further
that, for the low-energy regime where ion-assist processes appear to be dominated by lattice vibrations, that the required
ion-assist energy dose (eV/atom) might be a function of the temperature ratio, 7,/7,,. Because the substrates are all at low
temperature (approximately <100°C), there is no need to plot against temperature ratio. In Fig. 2, most of the
recommended energy doses herein are plotted against 7,,. Included are recommended doses for films of Cu, Ge, Nb, (all
assisted with Ar") and AL, O3, CeO,, HfO,, SiO,, Ta,0s, TiO,, Y,0;, and ZrO, (all assisted with O,"). The films that were
omitted were WSi, (the appropriate melting temperature is not clear when it undergoes a crystallization at an anneal
temperature of 1000°C), Ag and Au deposited with O," ions (the appropriate melting temperature is not clear when the
process involves both a metal film and the interaction of O," ions with an oxide substrate), and ITO (because In,Os
volatizes before it melts). The plot shows a clear trend from under 10 eV/atom for materials with low melting temperatures
to 100 eV/atom or more for materials with higher melting temperatures. Figure 2 is suggested for estimating energy doses
for new applications in the low-energy regime.



3

107

® Metals & semiconductors
4 Oxides A
S
O 2
E 10
>
(o)
o
o 10F
o
a)
o 15 20 25 30 X 10

Melting temp, K
Fig. 2. Ion-assist energy dose for low-energy applications at low substrate temperatures (approximately <100 eV).

3.5 Metastable states

Copper was vapor deposited with ion assist by O, ions with an energy of 100 eV.** The O/Cu arrival ratio, with the O
from O,", was varied from 0.1 to 3.1. The O, background pressure was varied from about 0.007-0.09 Pa. For O/Cu ratios
from about 0.2 to 0.5, Cu,O was deposited. From >0.5 to about 0.8, CusO4 was deposited. From about 1.0 and greater,
CuO was deposited. The CusO, deposit was determined to be a metastable polycrystalline compound. In the absence of an
ion beam, less than 2 percent oxygen was incorporated in the film. (This investigation was actually carried out by C.R.
Guarnieri, but has only been reported elsewhere.™)

4. HIGH-ENERGY APPLICATIONS (100-1000 eV)

4.1 Cleaning - removal of chemisorbed contamination

Film adhesion, purity, or some other property can benefit from removal of chemisorbed contamination such as oxides,
nitrides, or some other compounds. The binding energy of chemisorbed contamination to the surface is typically several
eV and its removal is a sputtering process. Because of the energies involved, there is usually no sharp distinction between
removing a chemisorbed contamination on the surface and removal of some of the material beneath the surface.

The removal of chemisorbed contamination is a high-energy process in that it generally increases with increasing energy
over the range 100 to 1000 eV covered in this section. Ion energies of several hundred eV can be used with tables of
sputter yields™ to calculate the cleaning dose required. For many cleaning applications, however, chemisorbed
contamination can also be removed with ions having energies ~100 eV to minimize damage to the material beneath the
surface. Some low-energy sputter yields are available.

4.1.1 Copper oxide. The atomic sputter yield of oxygen from a saturated oxidized surface of copper rises from a threshold
at about 30 eV to reach unity below 100 eV. The sputter yield would be expected to drop as the coverage of oxygen
decreases. As a limiting case, the sputter threshold for Cu is about 25 eV and the yield is about 0.4 at 100 eV."" Oxygen is
preferentially sputtered to a higher degree from oxides with a low bond energy (e.g. Cu-O) relative to those with a high
bond energy (e.g. Si-O).

4.1.2 Silicon. The sputter yield of Si to bombardment by Ar" ions increases linearly from near zero at about 40 eV to 0.2
at 100 eV.”

4.1.3 Silicon dioxide. The sputter yield of SiO, to bombardment by Ar" ions increases linearly from near zero at about 50
eV to 0.5 at 300 eV. The sputter yield at 100 eV is about 0.1.>



4.2 Metal and semiconductor films

Most metals and semiconductors can be deposited in dense films with ion assist from ions in the high-energy range. As the
energy is increased within this range, however, there is an increasing price in increased defect density and increased
incorporation of the working gas.”> Some of the adverse effects of high ion energy can be offset by depositing on a heated
substrate, or by a post-deposition anneal. There can be an upper limit on assist ion energy, where the assist ions remove
atoms by sputtering as rapidly as they are deposited.'' As in the low-energy regime, reduced stress and increased film
density are criteria for evaluating the effectiveness of ion assist for a metal or semiconductor film. Again, because of the
different properties of different materials, there is no single criterion for evaluating ion assist. The effects of ion-assist on
stress, in particular, vary with the material.

4.2.1 Copper. Films of Cu were deposited with thicknesses of 5-6 um with ion assist by Ar" ions.'® An ion energy of 125
eV at 82°C did not show much difference in crystallite size from that found at 100 eV and 107°C. An ion energy of 600
eV and temperatures of 103° or less resulted in approximately half the crystallite size compared to 62 eV and 125 eV. At
600 eV, the crystallite size dropped from about 600 A at about 1 eV/atom to 250-300 A for the range of 10-39 eV/atom.
Increasing the substrate temperature to 230°C at 600 eV increased the crystallite size by about 100 A over the ion-assist
dose range investigated. The asymptotic microhardness (250-300 Kg/mm?®) was over twice the untreated value at an Ar ion
energy of 600 eV, and required a dose of about 30 eV/atom to reach. The asymptotic value was lower at 125 eV, 250-300
Kg/mm’, but only required doses of the order of 3 eV/atom to reach. The resistivity at 125 eV and 80°C increased from
about 2.0 to 2.7 nQ-cm as the dose increased from near 0 to 45 eV/atom, with most of the increase between 0 and 10 eV.
The resistivity at 600 eV and 62-103°C increased from about 5 to 12 pQ-cm as the dose increased from near 0 to 35
eV/atom. With 600 eV and 230°C, the resistivity ranged from about 2 to 8 pQ-cm with doses from near 0 to over 100
eV/atom.

An initial tensile stress of more than 0.4 GPa was reduced to a zero tensile stress by an ion-assist dose of 15-20 eV/atom
using 600 eV ions, and to a compressive stress of nearly 0.1 GPa by an ion-assist dose of 30-35 eV/atom. On the basis of
stress an ion/atom ratio of 0.025-0.033 and an energy dose of 15-20 eV/atom would be recommended. There was excellent
agreement for ion assist at 62 and 600 eV, when stresses were plotted against ion/atom ratio. This means that it took
almost ten times the energy dose in eV/atom to produce the same effect at 600 eV as it did at 62 eV.

In a separate study, the optical-scatter characteristics of vapor deposited Cu films grown at a rate of 3 A/s with Ar' ion
assist at 300 eV were investigated.”>® Starting with a polished Cu surface of 33.5 A rms roughness, the roughness was
reduced to 26.9 A by a 200 nm Cu film without ion assist, or alternatively reduced to 15.75 A by a 200 nm Cu film with
ion assist at an ion atom ratio of 0.0074 and an energy dose of 2.2 eV/atom. Sputter deposited Cu films showed a
roughness intermediate of vapor deposited Cu films with and without Ar’ ion assist. Other tests investigated other
parameters and similar improvements were found with other substrates; the roughness decreased with increasing thickness
of the Cu film up to the maximum investigated of 1000 nm; and the roughness further decreased with an increase in ion
assist to 0.025 ion/atom and 7.4 eV/atom. Reflectivity also increased with ion assist, 5-10 percent over the visible
spectrum when compared to a vapor deposited Cu without ion assist. A series of samples was also made with the ion/atom
ratio varied to maintain the energy dose at 1.5 eV/atom while varying the ion energy from 200 to 1000 eV. This series
showed that the roughness increased with increasing ion energy. As a general conclusion of this investigation, the
deposition of vapor deposited Cu films resulted in a reduction of optical scatter, but this reduction was not reflected in
mechanical (Talystep) measurements of surface roughness.

4.2.2 Germanium. Films of vapor deposited Ge were deposited on unheated glass substrates and ion assisted at Ar’
energies of 65-3000 eV.*® Ton assist doses to assure adhesion were evaluated over the ion energy range. Stress was not
measured directly, but reduced stress is assumed to be the cause of the better adhesion. The required ion/atom ratio was
found to vary as eV~>2. At 100 eV, the ion atom ratio was 0.035 and the energy dose was 3.5 eV/atom. Interpolating the
results for 1000 eV, the ion/atom ratio would be roughly 0.001 and the energy dose about 1 eV/atom. Comparison of this
variation in ion-assist dose with energy with that of Cu in the preceding section will show the difficulty of including both
stress variations with energy in one theoretical description.



4.2.3 Tungsten silicide. WSi, was deposited from separate W and Si e-gun evaporators on Si substrates, with ion assist at
400 eV and ion/atom ratios of 0-0.06.** The resistivity with room temperature deposition varied over the range from 550
to 620 pQ-cm for this ion/atom range. This variation did not differ greatly from that with 100 eV ions. Because WSi, is
not a simple element, other factors are likely to be involved. As an example, still using 400 eV ions, but increasing the
substrate temperature to either 350 or 500°C resulted in roughly doubling the resistivity over the same ion-assist dose
range. The stress without ion assist was tensile, 0.5-0.6 GPa, dropped to zero at a dose of about 12 eV/atom, and became
compressive, nearly 0.2 GPa, at the maximum dose of 25 eV/atom. On the basis of stress, an ion/atom ratio of 0.03 and an
energy dose of 12 eV/atom are recommended at an ion energy of 400 eV. Comparing these results and the low-energy
ones of Ge in Section 3.2.2 to the preceding results for Cu and Ge, Ge shows an ion energy effect intermediate of Cu and
Ge. As mentioned in Section 3.2.7, a post-deposition anneal at 1000°C results in a major change in WSi, properties.

4.2.4 Other metals. As part of the investigation of the optical-scatter characteristics described in Section 4.2.1 for vapor
deposited Cu films, the optical-scatter characteristics of sputtered Ag, Al, and Mo films were also investigated.”® The
improvements were similar to those described for Cu, but the ion-assist doses were not given.

4.2.5 Gas incorporation. Gas incorporation due to ion bombardment rises rapidly in the high-energy range,” and has been
found to increase linearly with ion flux.”® Amorphous metal films can contain large fractions of inert gas atoms under ion-
assisted growth conditions, since they can have a wide range of interstitial volumes. Incorporated atomic fractions
exceeding 0.4 have been observed for amorphous metal alloys of Gd, Co, and Mo, using 500 eV Ar" ions.*

4.3 Oxide films

Historically, many ion-assisted deposition applications for oxide films were developed with gridded ion sources, with
which it is difficult to obtain high processing rates without also using high ion energies. The publications typically
describe results with a range of ion energies, often being limited in ion/atom ratios and energy doses at the lower ion
energies. The end result was often the use of a compromise energy that was high enough to permit reasonable production
rates without, at the same time, causing excessive damage. Many of these early compromise solutions satisfy their
requirements quite well. On the other hand, for low film damage at low substrate temperature in a new application, the
investigation should probably focus on the low-energy regime.

4.3.1 Aluminum oxide. Vapor deposited Al,O; was used to grow 250 nm films of Al,O; films at about 3 A/s on high-
index flint glass at about 100°C, with ion assist provided by O, ions at 150, 300, and 600 eV The experimental results
are shown in Fig 3(a) against ion/atom ratio (O, ions and total deposited atoms). The maximum ion/atom ratio was
sufficient to reach a maximum refractive index (1.70-1.72, 350 nm) at 300 and 600 eV, but not at 150 eV. The extinction
coefficient of AL,Os is typically low, about 3x10™, without ion assist, and is further reduced by 0," ion assist in the high-
energy range. This coefficient does not increase at high ion/atom ratios as described in Section 4.3.4 for Ta,Os. Tested as
an ALO3/SiO, antireflective coating, 300 eV ion assist greatly reduced moisture absorption and increased abrasion
resistance (more abrasion resistance than Ta,0s/SiO, and TiO,/SiO, antireflective coatings tested at the same time).

4.3.2 Cerium oxide. Vapor deposited CeO, was used to grow CeO, films of a thickness of 250-350 nm at a rate of 2.5-3 A
on fused silica substrates, with ion assist provided by 0," ions or mixtures of O," and Ar” ions at 300-700 eV.*’ (From a
description in another publication,” these substrates were unheated.) Without ion assist, the vapor deposited CeO, had a
refractive index of 1.99-1.86, as the O, background pressure increased from 1-10x10° Pa. With O," ion assist, the best
properties were found at 600 eV with a an ion/atom ratio of 0.61-0.73 and a dose of 370-440 eV/atom (the ranges are for
the uncertainty of deposition rate). The refractive index was a maximum (2.3) with this ion assist and the extinction
coefficient was <10, The films deposited at 700 eV showed an extinction coefficient of about 0.01. From the variation in
refractive index with ion/atom ratio, the films at all ion assist energies <600 eV would have benefitted from higher
ion/atom ratios than were investigated. For example, the 300 eV data had the same ion/atom ratio, so the dose was only
180-220 eV/atom. In other words, if higher ion/atom ratios had been investigated, lower ion energies might have been
preferable.



In another publication, vapor deposited CeO, was used to grow CeO, films of a thickness of 225 nm at a rate of about 3 A
on fused silica substrates at temperatures from ambient (about 30°C) to 300°C, with ion assist provided by Ar" ions at 300-
700 eV.%° With Ar" ion assist, the maximum refractive index of 2.32 (550 nm) was found at 600 eV with an ion/atom ratio
of 0.98 (the highest tested) and a dose of 590 eV/atom. The extinction coefficient was a minimum of about 0.02 at this
condition and increased for lower ion/atom ratios or higher ion energies. The packing density was a maximum of about 0.9
at this condition and decreased for lower ion/atom ratios or either higher or lower ion energies. Comparison with O, ion
assist above shows that the use of Ar' ion assist results in a higher extinction coefficient.

4.3.3 Silicon dioxide. Vapor deposited SiO, was used to grow SiO; films at 3 A/s on high-index flint glass at about 100°C,
with ion assist provided by O, ions at 300 eV.®® With ion/atom ratios from 0 to 0.53, the refractive index increased
slightly from 1.42 to 1.44 (350 nm), and the extinction coefficient remained about 2x10™ regardless of dose. However,
moisture absorption was greatly reduced by ion assist.
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Fig. 3. Variation of refractive index with ion/atom ratio and ion energy in the high-energy regime.”

4.3.4 Tantalum oxide. Vapor deposited Ta,Os was used to grow Ta,Os films at 5 A/s with ion assist provided by either
100 or 1000 eV O, ions and an O, background of 0.005 Pa.>® The ion assist with 1000 eV O, ions is pertinent here.
Without ion assist, the refractive index at 633 nm was 1.93, but increased to 2.14 (the same as at 100 e¢V) with an ion/atom
ratio of 0.05 and an energy dose of 50 eV/atom. The extinction coefficient ranged from 0.003 to 0.02, more than a factor
of ten higher than for ion assist at 100 eV. Based on the optical qualities, the recommendation would be to use ion assist at
100 eV. Without ion assist, the film stress was tensile, about 0.1 GPa, but changed to neutral with an ion/atom ratio of
about 0.04, about the same ratio as for 100 eV.

In another study, vapor deposited Ta,Os was used to grow Ta,Os films, 350 nm thick, at about 2 A/s on fused-silica
substrates at about 100°C using O," assist ions at 150, 300, and 600 eV.”*® The experimental results are shown in Fig.
3(b). The ion/atom ratio was sufficient to reach a maximum refractive index (2.29, 400 nm) at 300 and 600 eV, but not at
150 eV. The maximum value reached at 300 and 600 eV is approximately the bulk value of refractive index, and is
followed by a decrease at higher ion/atom ratios. The decrease at higher ion/atom ratios is believed to be due to excessive
damage and gas implantation. The extinction coefficient at low substrate temperature is about 15x10™* without ion assist,
and drops to <2x10™ for low levels of ion/atom ratio. Further increases in ion/atom ratio near the maximum refractive
index result in a subsequent increase in extinction coefficient. A comparison of ion assist at different substrate
temperatures shows that the ion/atom ratio to reach maximum refractive index at 300°C is only about 30 percent of what is
required at 100°C. Tested as an Ta,0s/SiO, antireflective coating, enough 300 eV ion assist to give near maximum
refractive index resulted in substantially reduced moisture absorption and increased abrasion resistance.

4.3.5 Titanium dioxide. Vapor deposited TiO, was used to grow TiO, films, 250 nm thick, deposited at about 3 A/s on
fused-silica substrates at about 100°C, with ion assist provided by 0," ions at 300 eV.”*® The extinction coefficient of



TiO, is typically about 4x10™, regardless of O" ion assist dose. This coefficient does not increase at high ion/atom ratios as
described for Ta,Os, up to the maximum ion/atom ratio tested of 0.69 at 300 eV.”7 Tested as an AL,O5/SiO, antireflective
coating, 300 eV ion assist resulted in some reduced moisture absorption and increased abrasion resistance (but less
abrasion resistance than Al,O;/SiO, and Ta,0s/Si0, antireflective coatings tested at the same time).

5. ENERGY-SPECIFIC APPLICATIONS (~50-1000 eV)

5.1 Self-limiting oxide layers

The oxidation of reactive metals such as Nb is used to form thin insulating layers for superconducting tunnel junctions* and
other surface-modification applications. Since the tunneling current decreases exponentially with increasing oxide
thickness, it is desirable to provide a self-limiting oxide growth process, which is achieved using ion bombardment during
oxidation. A simple model for oxide thickness uses an exponentially decreasing growth rate with increasing thickness plus
a constant sputter removal rate imposed by the ion bombardment.* The rate of change of thickness with time is given by

dx/dt = Kexp(-x/x,) - S, ()

where x is the oxide thickness, S is the sputter removal rate, K is the initial oxidation rate, and X, is a characteristic
diffusion distance that depends on the oxide growth mechanism and temperature. Note that the ion beam may be entirely
0," or a mixture of O," and Ar’, for example, to vary the balance between growth and removal. Under the conditions
reported,” it was found that varying the O," ion energy from 45 to 180 eV gave self-limiting oxide layers that varied in
junction resistance from about 10 to 10° Q. It was found that an ion energy of 180 eV gave no significant oxide growth,
i.e., an upper limit to the ion energy for self-limiting oxide growth. To obtain the self-limiting oxide thicknesses, we would
need specific values of x, and K, which are not available. However, using parameters derived from other Nb oxidation
studies, these values indicate self-limiting oxide thicknesses in the tens of A range. Similar behavior has been reported in
the nitridation of Si using 500 eV N, ions which gave a self-limiting thickness of 19 A.*!

5.2 Film microstructure orientation

An ion energy sufficient to select a preferred microstructure orientation is sufficient to cause some lattice damage. At the
same time, an energy that is too great will not be selective enough. There appears to be an intermediate energy that is
optimum for selecting microstructure orientation. Several mechanisms that generate in-plane orientation in body-centered-
cubic metal thin films have been described.” It is also clear from examples with metal oxides that in-plane alignment can
start in the early coalescence stage (e.g., MgO®) or may require extended competition of grain orientations to become well
developed (e.g., yttria-stabilized ZrO,*).

5.2.1 Aluminum - neon ions. This is a theoretical study that is included to help understand the grain alignment
mechanisms.” The Al atoms were deposited with an energy of about 1 V. The Ne' ions had an energy of about 450 eV
and an ion/atom arrival rate of 0.5. The two mechanisms compared were (1) preferential sputtering of differently oriented
grains and (2) preferential damage of differently oriented grains followed by grain-boundary migration. Both mechanisms
were found capable of producing alignment. But the second mechanism resulted in much more rapid alignment and is
believed to be the dominant mechanism, except where grain boundaries have very low mobility, as in many ceramics.

5.2.2 Cobalt-platinum. Vapor deposited Co and Pt were used to grow CoPt; films nominally 600 A thick at rates of 0.05-
0.5 A/s, with ion assist provided by 50 or 100 eV Ar" ions with ion/atom ratios between 0 and 4.° Without ion assist,
CoPt; films are known to exhibit room-temperature perpendicular magnetic anisotropy when deposited at 200-400°C.
With ion assist and a 100°C substrate temperature, there was a small room-temperature enhancement at 100 eV, but a
substantial one at 50 ¢V with an ion/atom ratio of 0.8. Other tests at ion energies greater than 100 eV indicate that 50 eV is
the optimum of the energies investigated. At 250 and 400°C, there is reduced anisotropy at all ion energies investigated.

5.2.3 Copper. Films of Cu, 5-6 um thick, were vapor deposited at rates of 6-20 A/sec, using 62, 125, and 600 eV Ar" ion
assist over a range of ion/atom ratios.*> Alignment, shown by the (111)/(200) peak-intensity ratio, was superior at 125 ev,
and reached near-saturation values at doses of only 2-3 eV/atom. With a SiO, substrate, the ratio exceeded 10% and with a



Si(100) substrate it exceeded 10°, with both substrates at 82°C. It was possible to reach an alignment ratio of 10* at 62 eV
with a Si(100) substrate, but a dose of about 25 eV/ion was required. It was also possible to reach alignment ratios >10 for
600 eV, but the peak alignment was obtained at doses of several eV/atom and dropped considerably at higher doses.

5.2.4 Niobium. Films of Nb were sputter deposited to thicknesses of several hundred pum at a rate of 1.25 A/sec on fused
silica substrates using ion assist by 200 eV Ar" ions that were directed 20 degrees from a glancing angle with the
deposition surface.”® The alignment corresponded to a channeling direction for incident ions between (110) planes. The
degree of alignment increased slowly up to an ion/atom ratio of 0.5, and more rapidly thereafter. At an ion/atom arrival
rate of 1.3, about half of the film grains were aligned within 5 degrees of the ion-beam direction. The sputter yield of the
Nb during this deposition was about 0.6 atoms per incident ion. Major features of the alignment process were qualitatively
predicted by theoretical calculation based on the dependence of sputter yield on grain orientation.”

5.2.5 Magnesium oxide. Films of MgO were vapor deposited on amorphous Si;N, substrates with ion assist by 700 eV
Ar' ions.®® The angle between the ion beam and the substrate was 45 degrees, which is a channel direction for (100) MgO.
In-plane textured films have been obtained at room temperature to 300°C. For room temperature, the best alignment was
obtained with a 1.5 A/s evaporation rate. Based on this rate, the ion/atom ratio was 0.43-0.47 and the energy dose was
300-330 eV/atom. The in-plane alignment had an angular width as small as 7 degrees in films as thin as 100 A. It
appeared that the deposition started with aligned crystallites, as opposed to a non-aligned film. These thin, aligned films
have potential as structural templates in manufacturing processes.

In another study, films of MgO were vapor deposited at a rate of 1.7 A/s on 30 nm thick Si;N, substrates at room
temperature, with ion assist by 750 eV Ar" ions.”® The angle between the ion beam and the substrate was again 45 degrees.
With an ion/atom ratio of 0.22 and an energy dose of 160 eV/atom, the formation of aligned crystallites, as indicated by
RHEED images, began at a film thickness of 37 A and was completed at a thickness of 48 A. In other experiments,”
alignment was observed for ion energies from 500-1100 eV and ion-atom ratios of 0.11-0.29.

5.2.6 Titanium nitride - vapor deposited Ti. Films of Ti were vapor deposited at 3.3 A/sec on Si(111) substrates to grow
TiN, 700 nm thick, using ion assist by 2 keV N* and N," ions at 50 pA/cm® with and without UV light (wavelength
between 235 and 450 nm) at an intensity of 360 mW/cm? in an N, background pressure of 0.015 Pa.”" Calculating a TiN
deposition rate of 3.7 A/s from the Ti deposition rate, at normal incidence the ion/atom ratio was 0.084 with an energy dose
of 167 eV/atom, and the UV energy dose was 600 eV/atom. Using ion assist only at normal incidence, a {111} orientation
of the crystallites was obtained. An ion incidence 55 degrees from normal reduced the ion/atom ratio to 0.048 and the ion
energy dose to about 100 eV/atom and produced both a {111} orientation relative to the surface and a {100} orientation
relative to the ion beam, which totally fixed the crystallite orientation. The simultaneous use of UV radiation in the 55
degree configuration promoted a uniformly oriented growth. This work included an ion energy greater than the 1 keV limit
for the rest of this paper, but is an interesting addition to the other crystallite alignment work presented.

5.3 Selection of preferred crystal structure

Growth of cubic boron nitride (c-BN) in thin films by the vapor deposition of B and the bombardment by 300, 500, and
800 eV N," (and some N") ions requires the simultaneous meeting of conditions.”>” There is the obvious requirement that
a stoichiometric number of N,” and N ions arrive to combine with the B. There is a minimum temperature of 200-300°C
for the formation of c-BN films. There is also an optimum temperature range of 400-500°C. Epitaxial growth did not
occur. Instead, transitional films of amorphous and hexagonal BN were required before c-BN would grow. Growth was
demonstrated on Ni, Si, and diamond substrates. The growth of c-BN also involved the development of substantial
compressive stress, possibly due to Ar interstitials. Films of c-BN could not be grown on Cu(100) substrates, even though
the lattice mismatch with c-BN was small, probably due to its high ductility.

The growth of c-BN also required a threshold momentum per deposited boron atom of 200, measured in units of
(eVxamu)"?. As an example, for a typical ion energy of 500 eV, this required an N, to boron atom arrival rate of 1.7.
This would be 850 eV per boron atom or, the way energy dose is calculated in the rest of this paper, 425 eV/atom. There is



also a sputtering threshold, typically only 50 percent higher than the threshold for deposition of c-BN, where the sputtering
by the ion beam prevents any deposition.

A persuasive demonstration that momentum was involved, rather than energy, was made by using mixtures of nitrogen
ions and Ar’, Kr', and Xe" ions. The combined momentum per boron atom was obtained by summing the product
(eVxamu)"*(ion/atom) for all the ions. While the argument for the importance of momentum in the production of c-BN
was persuasive, there is no basis for assuming a similar importance of a momentum parameter in substantially different
processes. For example, the crystal structures of metal films could be sharply different under 50 and 300 eV Ar' ion
bombardment, even if the momentums of the two doses were adjusted to be the same.

5.4 Ohmic contacts on semiconductors

Cleaning Gallium arsenide with 50, 300, and 500 eV Ar" ions was followed by forming diodes on the cleaned surface.*®
The diodes on the surfaces cleaned at 50 and 300 eV showed minor and substantial degradation of diode performance. The
diodes on the surfaces cleaned at 500 eV showed ohmic contacts with no diode characteristics. The transition to ohmic
contact for GaAs thus occurred between 300 and 500 eV, indicating that the polycrystalline surface produced by energetic
ion bombardment can provide ohmic contact to a semiconductor. Higher energies should be undesirable in that
unnecessary damage would be done to the semiconductor.

6. CONVERSION RELATIONSHIPS

The ion/atom ratio has been used throughout this paper. This parameter is preferred over the ratio of the experimental
parameters of ion current density and deposition rate for the comparison of different ion-assist processes. The practical
utilization of the processes described in this paper, however, requires conversion between the parameters used in this paper
and the experimental parameters. For the reader's convenience, the ion-arrival rate in ions/cm’-s is

R; = i/1.602x107"°, )

where ; is the ion current density in A/cm?” and 1.602x10™ is the electronic charge in C. Equation (2) assumes singly
charged ions, which is true for most ion sources and most working gases (N," and O," for N, and O,). The atom arrival
rate in atoms/cm’-s is

R, = 10 R xpNI(1.66x107xw), 3)

where R, is the film growth rate in A/s, p is the density in g/cm’, N is the number of atoms in the molecule being deposited
(1 for an element), w is the atomic weight of the molecule being deposited, and 1.66x107* is the mass in g of one amu.
The ion/atom ratio is R/R,. The energy dose in eV/atom is the ion/atom ratio times the ion energy in eV. If the thickness
of an atomic layer in A is needed, it is,

t, = 10°[pN/(1.66x10%xw)] . “)

As an example, SiO, has a density, p, of 2.26 g/cm3, a molecular weight, w, of 60.08, and the number of atoms per
molecule N is 3. For a SiO, deposition rate R; of 3 A/s, R, = 2.04x10" atoms/cm’-s and z, = 2.45 A. For an ion current
density i; of 30 uA/cmz, R; = 1.88x10" atom/cm>-s. The ion/atom ratio is R/R, = 0.092. For a 100 eV ion energy, the
energy dose would be 9.2 eV/atom. The ion current distribution and energy should be available from the manufacturer of
the ion source, or it can be measured with probes. Experimental values of density, p, will vary from the theoretical value,
but the error will probably be less than other errors in the calculations.

7. CONCLUDING REMARKS

The organization of ion-assist applications by energy is useful. The very-low-energy regime (~0-25 eV) is where bulk
lattice atoms are not disturbed and the process is confined primarily to the surface. The low-energy regime (~25-100 eV)



is where bulk lattice atoms are affected by large-amplitude lattice vibrations (described by the molecular-dynamics
theoretical approach), but lattice damage and gas implantation from ion assist is small. The high-energy regime (~100-
1000 eV) involves much more damage and gas implantation and is a transitional regime extending from the lower limit
where large-amplitude lattice vibrations are the dominant assist mechanism to the upper limit where the two-body
collision-cascade approach is a more dominant assist mechanism. The bulk of ion-assist applications, not including those
that require either very low energies or specific energies, are best done in the low-energy regime. Many applications that
are carried out at present in the high-energy regime are using high ion energies for historical ion-source availability
reasons, not because the processes are performed better at high energy than at <100 eV.
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