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A structure zone diagram including plasma based degsition and ion

etching
André Anders’
Lawrence Berkeley National Laboratory, University of CalifoyriaCyclotron Road,
Berkeley, California 94720

Abstract

An extended structure zone diagram is proposed that includes eneatgptsition,
characterized by a large flux of ions typical for depositiorfilbgred cathodic arcs and
high power impulse magnetron sputtering. The axes are commisadgeneralized
homologous temperature, the normalized kinetic energy flux, and thinméhitkness,
which can be negative due to ion etching. It is stressedttibabumber of primary
physical parameters affecting growth by far exceedstingoer of available axes in such
a diagram and therefore it can only provide an approximate amdifs@ohillustration of

the growth condition—structure relationships.
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stress; morphology; homologous temperature; potential and kinetic energy

PACS: 81.15.Aa, 81.15Cd, 81.15Jj, 52.77Dq, 68.55.-a, 68.55.A-, 68.55J-

" Electronic mail: aanders@Ibl.gov



1. Introduction

A structure zone diagram (SZD) is a convenient way of illuaggatommon
features of relatively thick (> 100 nm) polycrystalline fintby reducing the many
deposition parameters to as few as possible and illustrating éffeat on the film
structure. They are often ambitiously called structure zone Isydtleugh they are not
really models but overly simplistic representations of expddtadnicrostructure trends
versus deposition parameters. As will be stressed throughoutdhisbution, the
proposed new representation does not change this rather critieslsmsat but it
addresses the need for an extended and improved SZD while ctatiyg its
fundamental limitations.

The concept of a SZD evolved over the years as deposition technologyleapa
from evaporation to sputtering and ion beam assisted deposition. i yeees, plasma-
based deposition technologies are increasingly applied, such as high populse
magnetron sputtering (HIPIMS), and therefore once again the needreghge modify
existing SZDs by including plasma-related deposition parametershis contribution,
existing SZDs are briefly surveyed before an extended S4idojgosed. It covers the
use of high energy ions as they are obtained, for example, bydotasi substrate to high

negative potential, and consequently ion etching is considered, too.

2. A brief (and necessarily incomplete) review of structure zone ajrams
The idea for a SZD was introduced by Movchan and Demchishin [968 for
very thick films made by evaporation. In this case, the onlycextiparameter was the

homologous temperaturd, , defined as the film growth temperature normalized by the

melting temperature of the deposited film material (both in Kelvin),

T, :T/Tm ' 1)
The film temperature is usually not known and one often uses the substrate ti@rapara
point that warrants closer examination and that will lead to & meneral temperature
concept developed in the next section. Based on the analysis osarapies Movchan
and Demchishin concluded that three zones can be distinguished. In zoie 4088,
the adatom mobility is low leading to continued nucleation ofngraiThis results in a

fine-grained structure of textured and fibrous grains, pointing indifextion of the



arriving vapor flux and ending with domed tops [2]. There is a high tyeofiattice
imperfections and pores at grain boundaries. At the higher temmsraiti zone 2,

0.3<T, < 0.5, surface diffusion sets in, leading to uniform columnar grainse grain
size increases witff, and may extend all the way throughout the film thickness. The

surface ends of the grains lead to a faceted surface. At lagher temperature,

T, > 0.5, bulk diffusion and recrystallization leads to dense films with large grains.

Barna and Adamik [3] set the boundaries slightly differently ancbduced a

transition zoneT between zones 1 and 2. In this transition zone,0f@< T, < 0.4,

surface diffusion is “remarkable” but grain boundary diffusiortnsrgly limited leading
to competitive grain growth and resulting in V-shaped grains wiftagn structure that is
not homogenous through the film thickness. They stressed that areadistic SZD
should include process-induced segregation of co-deposited impusitiesdditive
species. This qualification is an example that the simplhsgicesentation of a SZD does
not include all parameters, and that a SZD may not be dirgulicable to a material a
researcher is interested in. It is also emphasized that &#&Ddesigned to illustrate the
microstructure of relatively thick films, i.e., those tha¢ grown much beyond their
nucleation phase.

With the advent of the broad use of magnetron sputtering, the S&feado
accommodate a new parameter: the process pressure. Thornton ljghgquula SZD
showing the film structure being governed by two important passighe homologous
temperature and the pressure. This SZD has become a ctassscraproduced in many
text books on physical vapor deposition [2, 5-7].

It is understood that the sputtering pressure is a convenient protef&metic
effects of particle impingement on film growth [8]. At low pra®s sputtered particles
are likely to experience no collisions before arriving at thetsatles and their energy

distribution is approximately described by a Thompson distribufioii(], which has a
maximum at Eg, /2 and a tail ~E?, with Eg being the surface binding energy.

Sputtered atoms have typically several eV of kinetic enerbichais very significant for
the promotion of adatom rearrangement on the surface. At highupretise sputtered
atoms suffer collisions with the process gas before arrivintgeagrowth surface, and



their distribution function is shifted to much lower energies [10h light of this,
Thornton has already introduced a parameter for kinetic effecténoigriowth, and one
may read the “classic” SZD having one axis describingniheeffects and the other
kinetic effects.

As ion beam assistance was added to some deposition processsir Nl |
proposed a modified SZD, with zones 1, T, 2, and 3, where the presssiie replaced
by an ion energy axis, and “T” refers to a transition zone ithatnique when ion
assistance is present. However, the use of the ion energy ddakenotto account that
very different ion-to-atom arrival ratios may be involved, then@ss may not match the
mass of film atoms, and that the ions may have a broad or tinieyaenergy
distribution function, as typical for pulsed bias situations.

To address the concern of various ion-to-atom ratios, an intuitiveestiggy was

to use the average energy per deposited atom as defined by
(E)=EJ;/3y. )

where E is the average energy of ions, afidJ,, is the ratio of the energetic ion flux
to the flux of condensing atoms; the latter are assumed to artiveh@rmal energies.
Although both E; and J,/J,, can be correlated with film microstructure, the product
<Ed> was showmot to be a universal parameter [12]. Films grown at low ion energy
and high flux have a different structure and different propertiesfiln@ deposited with
high ion energy but low ion flux. Therefor@id> is not a suitable parameter for a SZD.

Limiting the considerations to the special case of anodic arc dieposi copper,
where the growing film is subject to a significant flux of lemergy ions, Mausbach [13]
proposed using the energy flux, as defined by equ. (2), as a chat&cparameter that
determines how much the system is formed away from equilibaintintherefore subject
to change. He stated that fof <0.3, a metastable film structure exists if the mean
kinetic ion energy exceeded about 1 eV. Consequently, his versio84i @onsists of
two main zones, a zone “M” fof, < 0.3, describing metastable films, and a continuous

zone “K” at higher temperature that includes the Thornton zones 2 batlwith a very

gradual transition.



Focusing on film growth conditions dominated by very large ion fluxéso
known as ‘energetic deposition’ or ‘energetic condensation’ from thena phase [7,
14-16], such as filtered cathodic arc deposition [7, 17, 18], HIPIMS [1%22])stained
self-sputtering [23-26], and other forms of ionized physical vapor dligpo [27, 28],
researchers have called for a more comprehensive SZD thadesdhe effects of ions
on film growth. In response, an extended SZD is presented here tleblges the
illustration by Thornton; it is also made clear that anyhspiesentation can only serve
for rough orientation and that each combination of substrate, filmrialatand
deposition conditions represent a unique system that is not adequamipetbdy a
SZD.

3. An extended structure zone diagram that explicitly includs plasma and ion
effects on film growth

HIPIMS is a deposition technology that currently enjoys mucheastewith first
industrial applications emerging. Associated with its developra@ietnpts are made to
include the new deposition parameters such as peak current maptatse duty cycle.
For example, Alami and coworkers [29] found a good correlation betweddlfiMMS
target current and the tantalum film microstructure and thggesied that this might be
used in a future SZD. However, the (peak) target current depente epecifics of the
magnetron (geometry, magnetic field), target material amthee conditions (which in
turn affect the secondary electron yield), and pulse duration. [3QJne has to
acknowledge that the target current is a proxy for the flokgsirticles and energy to the
substrate but does not describe the processes on the growing film itself.

In order to develop a SZD that is as universal as feasildeotutld have axes that
are directly related to the film growth processes, as opposedhtarpmparameters. One
should accept that the many primary parameters such asdargeit, voltage, pressure,
substrate distance from target, pulse length (if pulsed), ettaffeict growth processes
but are impractical to display in a multi-dimensional SZD. Tioeee a SZD is only a
gualitative illustration of the physical reality of film prapes resulting from growth
processes. The best one can hope to achieve is getting an appeogimentation on

some typical features that are often observed. It is proposeddnd and modify the



Thornton SZD by maintaining the number of process axes but gemegyalheir
meaning.
The changes proposed are as follows:

(I) Replace the lineaf, axis with a generalized temperatufié, which includes

the homologous temperature plus a temperature shift caused pgtéheal energy of
particles arriving on the surface.

(I Replace the linear pressure axis with a logarithmis d#or a normalized
energy, E', describing displacement and heating effects caused dyrigtee energy of
bombarding particles.

(Il) Replace the until now unlabeled z-axis with a net filickness,t™, which
will allow us to maintain the familiar qualitative illustrati of film structure while
indicating thickness reduction by densification and sputterindgotallows us to include
“negative thickness”, i.e. ion etching.

A possible presentation of such extended SZD is shown in Fig. 1, wiraeecs
the illustrating features of the Thornton diagram are included amaemghasis is put on
the effects of potential and kinetic energy of particles arriving on thecsurfa

The potential energy includes the heat of sublimation, or cohesive en&gyas
well as the ionization energ¥, , reduced by the work function of the electron needed for
neutralization; hencé& , = E +(E —¢). Of course, the ionization term does not apply

to atoms but is very significant for multiply charged iorfs. and E are between 1 and

9 eV/atom, and 4 and 10 eV/ion, respectively, for the case okatany metal films and
singly charged ionsyp is about 4 eV for many materials. A generalized homologous
temperature may be defined as

T =T, + T 3)
whereT, is given by (1), and,, = E, /(K N, ) is the characteristic temperature of a

heated region affecting the rearrangemenhgf,, atoms K is the Boltzmann constant).

lons arriving at the substrate but not remaining with the growing dan contribute
potential energy, too. Upon neutralization on the surface they lehiradlbe ionization
energy reduced by the electron work function.



The kinetic energy of arriving positive ions is comprised of an initial compbne

from the plasmaF,, plus a change due to acceleration in the shégths E, + QeVy
where Q is the ion charge state numberis the elementary charge, aMd,_,, is the

voltage drop between plasma and substrate surface. Althougmostly think of
positive ions, the general discussion also applies to energeticleg¢8ih and negative
ions [32], observed in sputtering.

Interestingly, by choosing a logarithmic scale, the kineticggnatso represents

the momentum through the relatidxmg(rrwz/z)oc 2Iog(mv). Momentum is associated

with atomic displacement cascades if the kinetic energyeelscthe bulk displacement
energy, which is in the 12-40 eV range [33].

Non-penetrating ions (or atoms) may have enough energy to proonféees
diffusion of atoms. There is an interesting energy window wttexeparticle’s kinetic
energy is between the surface displacement energy and bulk disetdacenergy:
epitaxial growth is promoted because no defects are created in the filn38Llk [

For penetrating particles one can distinguish a very short (~fs)OBallistic
phase, when displacement cascades occur, which is followechbynaat spike phase (~
1 ps) during which the mobility of atoms in the spike volume is vegl.hiThe thermal
spike can be considered as a transient liquid. As soon as atom®inageheir place,
i.e. the liquid “freezes”, large amplitude thermal vibration daltilitate diffusion,
especially the migration of interstitials inside grains andads on the surface. The
driving force is the gradient of the chemical potential [328dding to minimization of the
volume free energy and surface free energy density, respegctiveh contributions of
interface and elastic strain energies [15], and often resuttiadilm where grains have a
preferred orientation.

Energetic particle bombardment promotes competing processes oft defec
generation and annihilation. While kinetic energy causes displateamel defects
followed by re-nucleation [2], the release of potential energy thed post-ballistic
thermal spike cause atomic scale heating and annihilation of slefBlcérefore, the ratio
of potential energy to kinetic energy per incident particle dsasehe absolute value of

the kinetic energy will shift the balance and affect the falmadf preferred orientation



and intrinsic stress [36]. A maximum of intrinsic stresssisxfor kinetic energies of
about 100 eV, the actual value depends on the material and attegsfaThe existence
of such maximum can be explained by insertion of atoms under theesydastill very
little annealing [36].

At higher temperature, either via higher homologous temperature theaesult
of a temperature increase due to the process itself, the grairenlarged because the
increase of adatom mobility dominates over the increased ion-bomératrdmduced
defects and re-nucleation rates [2].

As the kinetic ion energy is increased, e.g. by biasing, theesipgttyield is
increased and the net deposition rate is reduced. Film grovwdbscasa the average yield
approaches unity, which is for most elements between 400 eV andel4Qdhd the
surface is etched as the energy is increased even furthertal Ma etching is
technologically used, for example, in the pre-deposition stepibard sputtering with
unfiltered arcs [37], filtered arcs [38], and more recently with HIPIMS [39].

Returning to the presentation of Fig. 1, and keeping the previous d@ctussi
mind, the meaning of the generalized temperallrand kinetic energye can be a bit
more precisely defined by considering the energy flux assakcigith arriving particles.
Unfortunately, time is not available as an explicit paramatel therefore we resort to
averaging — one of the fundamental limitations of the SZD prdsmantal he energy flux
should be weighted by the fraction of the speciesarriving and normalized by a

characteristic energy of the materi&d,, such as the cohesive energy (one may consider

selecting other energies related to bond strength but they genscally with the

cohesive energy and therefore the selection is not critical). Fuhe, in order to make
E" a measure for displacements, the mass ratio of arriving iorstams on the surface,

m/m,, should be taken into account because momentum transfer in displadisigreol

scales with that ratio. This leads to the following expression:

_Z Sin “J /ZJ 4)



As the film grows in an “energetic deposition” process, the etergarticles have the

same mass as the film atoms, hemge=m, and (4) simplifies somewhat. In analogy,

Equ. (3) can be generalized to
T =T,+= Z Erotc /ZJ (5)
moved a
Expressions (4) and (5) do not take into account time variations asrtheypical for
pulsed processes. In those cases, like with HIPIMS, one wouldhakmtameters and
average over the pulse duration.

It is clear that all energy forms brought by particleth® surface will ultimately
contribute to broad, non-local heating of the film and thereby shifivtdrking point of
process conditions to higher homologous temperature. In other wordsyptissible to
do a film growth process at very low~ when E  is high, hence a “not accessible

region” exists in the SZD. Another “non-accessible region”texisr very low E’

because ions from the plasma cannot be arbitrarily slow when approaching tbe. surfa

4. Some final remarks

Many aspects of this discussion remain to be considered, such diffélences
between pure elemental films and compound films, phase separatiomar@ostructured
films, the existence of amorphous films at low temperature, éibe aim of this
contribution was to extend the concept of a SZD to energetic depositere the flux of
ions is large. Many refinements and other presentation®aceigable. In any case, the
representation of the film microstructure evolution by a SZD is @abtm be qualitative,
due to the necessary simplifications of the actual procedseen with the suggested
generalizations, which admittedly are less directly rel&bethe simple parameters like
temperature and pressure, which could be read off instruments duringtidapaise
extended SZD remains just a vehicle toward grasping the margrediff processes
occurring in actual film growth.

The motivation why to present yet another SZD at all is wad-f First, the
simplicity of the approach to a big-picture process-microstractuder, which can be
overwhelmingly complex, can help to grasp the overarching tendeanetsprovide

general ideas for process modifications. Second, the proposedi@xtstiesses the

10



generalization of energy axes and objects to the use of prptemya-related deposition

parameters, which necessarily would make the SZD less general.
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Figure Caption

Fig. 1 (Color online) Structure zone diagram applicable to enerdefosition; the
generalized temperaturE is given by equation (4), the normalized energy flux
E’ by equation (5), andl represents the net thickness. The boundaries between
zones are gradual and for illustration only. The numbers on theaage®r
orientation only — the actual values depend on the material and athey
conditions and therefore the reader should avoid reading specificsvalue
predictions.
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