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Thin films of platinum deposited by physical vapor deposition (PVD) processes such as evaporation and
sputtering are used in many academic and industrial settings, for example to provide metallization when
tolerance to corrosive thermal cycling is desired, or in electrocatalysis research. In this review, various practical
considerations for platinum (Pt) metallization on both Si and SiO2 are placed in context with a comprehensive
data review of diffusion measurements. The relevance of diffusion phenomena to the development of microstructure
during deposition as well as the effect of microstructure on the properties of deposited films are discussed with
respect to the Pt–Si system. Since Pt and Si readily form silicides, diffusion barriers are essential components of Pt
metallization on Si, and various failure modes for diffusion barriers between Pt and Si are clarified with images
obtained by electron microscopy. Adhesion layers for Pt films deposited on SiO2 are also considered.
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Introduction
Platinum (Pt) is a chemically noble transition metal (TM) with

exceptional properties including the highest catalytic activity

for oxygen reduction of any of the pure metals [1], a relatively

high melting point of 1769 °C [2], and a yield strength that is

low enough to be compatible with traditional wire wedge bond-

ing [3]. Consequently, Pt is attractive in thin film technology

for applications such as electrocatalytic electrodes in fuel cells

[4] and high temperature, corrosion-resistant interconnects in

electronic devices [3, 5, 6].

An important application space for Pt metallization

involves physical vapor deposition (PVD) onto silicon or sili-

cate substrates using evaporation and sputtering techniques

in which diffusion phenomena strongly influence the acquired

microstructure. In turn, a film’s microstructure determines how

diffusion pathways impact its reaction kinetics and phase

stability. Many excellent texts describe the scientific,

technological, and historical aspects of evaporation and sput-

tering [7, 8, 9]. Here, data for various diffusion phenomena

in the Pt–Si system are aggregated and placed into the context

of PVD thin film growth. The discussion pertains to materials

stacks such as those outlined in Fig. 1, where a Pt layer forms

an electrode. The link between data for bulk, surface, and

short-circuit diffusion energetics and microstructure formation

during deposition is established following the structure zone

models. In addition, the distinction between interdiffusive reac-

tion kinetics and Pt impurity diffusion in Si is made, and prac-

tical concerns regarding oxidation, adhesion layers, and

diffusion barriers are considered.

In a metal–semiconductor contact stack fabricated on Si

[Fig. 1(a)], the electronic character of the interface is deter-

mined by the combined influence of the Schottky barrier and

the doping level of the Si [10]. The interfacial transport char-

acter is classified as either ohmic or rectifying based on its
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current–voltage response. Silicides are often formed immedi-

ately adjacent to a Si-semiconducting substrate because they

form planar, thermodynamically stable interfaces [11]. The

Schottky barriers of silicides have been extensively researched

and are tabulated, such as, in Ref. [12].

Pt readily reacts with Si, and a requirement of thermal

stability and longevity of performance dictates that a barrier

layer be inserted between the silicide and any Pt electrode

layer that is deposited on top of the silicide. In fact, sufficient

activation energy is available during room temperature film

deposition and sample storage such that when Pt is deposited

directly on clean, bare Si, platinum silicide forms at the inter-

face [13]. The entire film will react upon annealing at temper-

atures as low as 200 °C [14]. By contrast, on a silicate surface

[Fig. 1(b)], a method of promoting adhesion, such as inserting

a refractory metal layer between the Pt film and the silicate sub-

strate, must be employed. Because the heat of formation for

alloying at the interface between a Pt film and a SiO2 substrate

is positive, in the range of 20–30 kcal/g/atom [15], the Pt film

will dewet the bare silicate substrate.

Diffusion phenomena in the Pt–Si system
Bulk lattice diffusion in Pt and Si

As a function of thermal activation at temperature T, atomic

diffusion is empirically characterized by an Arrhenius equation

for the diffusivity,

D = D0e
−Q/RT , (1)

where the pre-exponential factor D0 is typically given in units

of cm2/s, R = 1.9872036(11) cal/K/mol [16], and the activation

energy

Q = Q0 + pV∗ (2)

is defined with respect to the activation volume V* and the acti-

vation energy Q0 obtained at atmospheric pressure, where p is

taken to be zero. Broad empirical correlations regarding diffu-

sion phenomena within families of materials relative to the

melting point Tm have been noted over the past century, for

example for bulk self-diffusion [17] and with respect to short-

circuit diffusion [18]. Correlations for diffusion across diverse

classes of bulk materials were reviewed by Brown and Ashby

[19]. For a given crystal structure and bond type, the pre-

exponential factor D0 is nearly constant (independent of T)

because it depends only on an atomic vibration frequency ν,

the lattice parameter a, and the entropy of diffusion ΔS,

D0 = wa2neDS/R, (3)

where w is a geometric constant [20]. Excluding alloys of

atomic species with dissimilar masses, the factors w, a, ν, and

ΔS are all about equal for a given class of material. To first

order, both the melting point diffusivity DTm and the argument

to the exponential factor in Eq. (1) can be expressed in terms of

constants A and B, which are independent of T, such that

DTm = A (4)

and

Q
RT0

m
= B. (5)

For modest pressures, i.e., under 10% of the bulk modulus,

the activation volume is given by

V∗ = Q0

T0
m

dTm

dp

( )0

B. (6)

In these expressions, the superscript (0) designates evalua-

tion at atmospheric pressure.

The melting point activation energies grouped according to

classes of crystalline solids are compared in Ref. [19]. As shown

in Fig. 2, face-centered cubic (f.c.c.) Pt has an intermediate

diffusivity relative to Tm, but the diffusivity of Si, with the

diamond cubic structure, is low.

Self-diffusion through the lattice in metals is vacancy

controlled, and for metals with the compact f.c.c. structure,

the activation energy is roughly proportional to the melting

point. In particular, the approximate relation

Qself = 34Tm, (7)

in which Tm is given in K and Qself has units of cal/mol, has

been cited or applied extensively [18, 21, 22, 23, 24].

Platinum obeys this trend fairly well as shown in Fig. 3,

which includes diffusion data tabulated in Ref. [23].

However, the best correlation obtained for such a data set varies

with the data selected and the materials included. Brown and

Ashby obtain a slightly higher proportionality of Q = 36.6Tm
by analyzing data for nine elements, all of which have f.c.c.

phases at their melting points. However, in the case of Pt,

the single diffusion measurement cited by Brown and Ashby

was obtained by quantifying the decrease in surface activity

Figure 1: Materials stacks for Pt metallization (a) for electrical contact to a Si
substrate and (b) on SiO2 with an adhesion layer.
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with annealing [25]. Alternative data acquired with sectioning

techniques are likely more accurate [26]. Both proportionalities

slightly overestimate the activation energy for Pt (Table 1), thus

underestimating the amount of the diffusion in the Pt lattice.

Flynn advocates taking Q = 32Tm to better approximate the

low-temperature diffusivity [27], which is in line with the sci-

entific utility of the relation, i.e., estimating the diffusivity

under conditions where data are unavailable, and is also consis-

tent with the original formulation [17, 28]. The data set

obtained from Ref. [23] that is plotted in Fig. 3 expands to

17 elemental metals by including elements that have non-f.c.c.

structures at Tm (δ-Pu, β-La, γ-Ce, α-Th, and h.c.p. Re) and

substituting the transition temperature in place of the melting

temperature.

The relevance of the melting temperature arises inasmuch

as it is a measure of the strength of atomic binding. For exam-

ple, Q is also proportional to the latent heat of melting Lm by Q

= 16.5Lm [28, 34, 35]. However, when a material is brought to

its melting point, more degrees of freedom exist for diffusion

than can be described by a single activation energy. In contrast

to f.c.c. metals, diffusion in body-centered cubic (b.c.c.) metals

is more complex. β-Ti, β-Zr, and β-Hf have abnormally high

diffusivity that is attributed to a soft phonon mode, whereas

the refractory metals in groups 5 and 6 of the periodic table fol-

low [Eq. (7)] and the alkaline metals possess intermediate dif-

fusivity [36].

Far below the melting point, this single activation energy

for f.c.c. metals [Eq. (7)] is predominantly attributed to mono-

vacancy diffusion, but in f.c.c. and h.c.p. metals, there is a high

mobility of nondissociating divacancies which contribute to the

high-temperature diffusivity by between 25 and 50% at the

melting temperature. The augmentation at high temperatures

far exceeds the effect of any possible temperature dependency

Figure 2: Normalized activation energies for classes of crystalline solids, reproduced with permission from Ref. [19].

Figure 3: Activation energy versus melting point for self-diffusion through the
lattice for 17 closest-packed metals using data from Ref. [23]. Three relations
that have been proposed to summarize the trend are also plotted.

TABLE 1: Compilation of self-diffusion parameters for Pt.

D0 (cm
2/s) Q (eV) T (K) Ref.

0.33 2.96 1598–1873 [29]
0.22 2.89 1523–1998 [25]
0.14 2.87 Quenching measurement [30]
0.33 2.94 — [31]
0.57 2.86 1233–1433 [32]
0.05 ± 0.02 2.67 ± 0.05 850–1265 [33]
0.5 3.01 — [18]
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of diffusion energies and entropies [36]. Thus, two terms of the

form in Eq. (1) contribute to the true self-diffusivity, leading to

a small curvature in observed Arrhenius plots of log D versus

1/T. Platinum, with Tm = 1769 ° C, is categorized as having a

predominantly “straight” Arrhenius plot [37]. Monovacancy

diffusion constants for Pt of D0 = 0.06 cm2/s and Q = 2.69 eV

(30.4Tm cal/mol ) have been determined by combining data

acquired by sectioning samples after in-diffusion of radioactive

tracers, both mechanically at high temperature [29] and by ion-

beam sputtering at lower temperature [33]. The ion-beam sput-

tering technique for sectioning samples diffused at low temper-

ature demonstrates improved accuracy [26] and yields a lower

measured activation energy relative to prior measurements of

surface activity during annealing [25, 32]. The activation

energy for divacancy diffusion is ∼1 eV greater than the mono-

vacancy activation energy, with an exponential prefactor that is

also 1–2 orders of magnitude larger [30, 33]. Table 1 lists the

diffusion constants for the total bulk diffusivity of Pt [25, 29,

32, 33] as well as estimates of the monovacancy contribution

[30, 31] and the estimate provided from Eq. (7) and

Gjostein’s diffusivity spectrum [18].

In Si, with Tm = 1414 ° C, self-diffusion is considerably

lower than in metals. As a covalent network solid, Si has a rel-

atively smaller concentration of point defects in thermal equi-

librium [31]. A cross-over of the dominant mechanism of

self-diffusion, from a low-temperature vacancy mechanism to

a high-temperature self-interstitialcy mechanism, occurs in

the range of 1200–1330 K [38]. In addition, enhancement of

the self-diffusion entropy occurs at high temperatures from a

spreading out of the Si self-interstitial over several atomic vol-

umes, which contrasts with close-packed metals where the

vacancy is localized and unrelaxed. Self-diffusion in Si in the

temperature range of 855–1388 °C can be characterized by a

single Arrhenius relationship with D0 = 530+250
−170 cm

2/s and

Q = 4.75(4) eV, an activation energy of about 65Tm cal/mol

[39]. Based on the analysis of Zn diffusion into Si, the vacancy

activation energy for self-diffusion was determined as 4.14 eV

yielding an interstitial activation for self-diffusion of 4.95 eV

[40] and equality between contributions from vacancy and

interstitialcy mechanisms at 890 °C [39]. The self-diffusivity

of Si demonstrates that even if a single activation energy pro-

vides a good fit to data, it does not necessarily mean there is

a single dominant diffusion mechanism [41].

Like Au and Zn, Pt is a hybrid impurity element in Si

because it dissolves on both substitutional Pts and interstitial

Pti sites [40, 42]. It interacts with both vacancies V and self-

interstitials I, and primarily resides as Pts and diffuses as Pti
according to the combined dissociative [43] [Eq. (8)] and kick-

out [44] [Eq. (9)] mechanisms:

Pti + VO Pts (8)

Pti O I+ Pts. (9)

These reactions occur in concert with Eq. (10), the recom-

bination of self-interstitials and vacancies to undisturbed lattice

sites 0,

I+ VO 0. (10)

Consequently, the diffusion of Pt in Si is sensitive to the

initial concentration of vacancies in the wafer [45]. For Pt dif-

fusion in float zone wafers with higher initial vacancy concen-

trations, the dissociative mechanism dominates below 850 °C

and the kick-out mechanism dominates above 900 °C [46].

By contrast, the kick-out mechanism is prevalent even at

730 °C in Czochralski-grown wafers with a relatively small initial

vacancy concentration [45]. Experiments conducted at 950–

1200 °C yielded diffusion constants of D0 = 2.13+23.1
−1.95 cm2/s

and Q = 1.79(28) eV [47] for the impurity diffusion of Pt in Si.

More recently, diffusion constants of D0 = 83.3 cm2/s and Q

= 1.23 eV were obtained over a lower temperature range of

730–950 °C [48]. Among the hybrid impurity elements, Pt has

the highest diffusivity [47]. Historically, investigations of Pt diffu-

sion in Si [49] were instrumental in providing the first estimates

of equilibrium interstitial concentrations in Si [42], in combina-

tion with similar experiments involving Au [50, 51]. On account

of their low concentrations, defects in Si have precluded direct

detection, for example by the technique of Simmons and

Balluffi, who measured the equilibrium vacancy concentrations

of f.c.c. metals near their melting points by quantifying the dis-

crepancy between macroscopic volume expansion and the lattice

parameter measured by X-ray diffraction [52].

The temperature ranges discussed in the context of thermal

diffusion of Pt impurities into Si far exceed the scale at which

compound formation occurs between Pt thin films and a Si

substrate. Due to the existence of short-circuit diffusion path-

ways, silicide reactions can be driven to completion at temper-

atures as low as 200 °C. A layer of PtSi could therefore be used

as a source for Pt impurity diffusion into a Si substrate. With

respect to thin films, bulk diffusion provides a useful scientific

reference point for comparison to short-circuit diffusion, the

importance of which is amplified by the microstructural traits

of films formed by PVD.

Microstructure of thin films fabricated by PVD

Both diffusion and melting depend strongly on the binding

energy of atoms in the solid. For example, a solid with its elec-

trons bound exclusively in a network of covalent bonds (e.g.,

Si) permits less diffusion than a metal, which contains delocal-

ized conduction electrons. Furthermore, cohesive energies of

elemental crystalline solids correlate with melting tempera-

tures [53], and the activation energy for diffusion in a matrix
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also depends in general on cohesion [54]. Because condensa-

tion from the vapor involves the four basic processes of shad-

owing, surface diffusion, bulk diffusion, and desorption, the

structure development of thin film microstructures during

deposition also correlates with the melting point. Although

shadowing arises from geometric constraints relating to the

roughness of the growing film and the line-of-sight impinge-

ment of arriving atoms [55], the characteristic diffusion and

sublimation activation energies scale directly with melting

point of the condensate [7]. For f.c.c. metals, the critical

nucleus size during the primary nucleation phase of PVD

is ∼ 1 Å [56].

Therefore, clusters form with a more or less random orien-

tation, and the subsequent crystal growth phenomena involving

island formation and coalescence are strongly influenced by the

energetic accessibility of diffusion phenomena, particularly

regarding the mobility of grain boundaries. If grain boundaries

are immobile during thickening, the grain structure formed

during the initial nucleation, growth, and coalescence processes

is retained during the subsequent film growth, which occurs

epitaxially on the existing grains. By contrast, when grain

boundaries are mobile, the grain structure evolves during the

coalescence process, continues to adjust during thickening,

and often results in a more equiaxed structure [57].

Several compiled temperature structure zone models have

been produced from experimental characterization of evapo-

rated and sputtered films [58, 59, 60, 61, 62, 63]. In these mod-

els, systematic categorization of the film structure is specified as

a function of various deposition parameters, most importantly

the homologous temperature of the substrate during deposi-

tion, Ts/Tm, with temperature expressed in K. The scope of pos-

sible microstructures is conventionally partitioned into four

zones: Zone I (Ts/Tm < 0.1), followed by Zone T (0.1 < Ts/Tm

< 0.3) and Zone II (Ts/Tm > 0.3), as well as the globular Zone

III structure at even higher temperatures. In a supposedly

monophase film, Zone III arises from renucleation caused by

contamination from unintentional grain refiner impurities

[64]. In fact, equiaxed grains within larger columnar structures

can arise in any of the temperature regimes, depending on the

presence of such a surface covering layer that sparks renuclea-

tion [65]. A modern view extending the concept of the struc-

ture zone model to include plasma and ion effects on film

growth is presented in Ref. [63].

Although the cross-over temperatures between zones are

not strictly defined, the models share the grain structure char-

acteristics outlined in Fig. 4(a). Low substrate temperatures

freeze out surface diffusion, yielding a Zone I microstructure

that is dominated by atomic shadowing and which has a fine,

columnar structure composed of smaller equiaxed or amor-

phous grains and extensive porosity [66]. At temperatures

where surface diffusion becomes significant, the Zone T struc-

ture with V-shaped grains forms through competitive grain

growth, e.g., between the {100} and {111} facets of f.c.c. metals

[65]. At low temperature, stresses create thermodynamic driv-

ing forces for diffusion that are alleviated by recovery [67].

With rising temperature, stresses are relaxed. Thus, in Zone

II, strained grains recrystallize into new strain-free grains.

Moreover, the increased activation of bulk diffusion yields

columnar grains with flat surfaces that are homogeneous in

the growth direction. Restructuring and grain boundary migra-

tion occur during both the coalescence and the thickening pro-

cess. The orientation selection is driven by the minimization of

interface and surface energy and a decrease in the total grain

boundary area [68].

For Al surfaces, simulations suggest that the migration

energy for an adatom on a (111) surface is half an order of

magnitude smaller than on a (100) surface, 0.054–0.074 eV

compared with 0.40–0.46 eV [71]. A regime at low temperature

(100 K) exists where {100} crystallites will quickly nucleate and

grow vertically due to their relatively unfavorable adatom

migration, with the consequence that they geometrically over-

shadow neighboring nuclei with (111) surface normal relative

to the substrate. Since Al has a melting point of 933 K, this

(100) texture occurs in Zone I. When the temperature is

increased to 300 K, the much larger lateral growth rate of the

{111} grains sweeps out a significantly larger footprint so that

Figure 4: (a) Representative features of compiled temperature structure zone models, reproduced with permission from Ref. [65]. (b) Schematic representation of
the combined effects of substrate temperature and pressure of Ar process gas on the microstructure of magnetron-sputtered metal films. Reproduced with per-
mission from Ref. [69]. (c) Idealized stress versus normalized momentum curve for sputtered films, where positive stress σ+ is tensile and negative stress σ− is
compressive. Reproduced with permission from Ref. [70].
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they eventually cover the entire surface of the film [72]. The

temperature range spanning the cross-over between dominance

of (100) or (111) orientations defines Zone T, with “competi-

tive” texture. Moreover, for f.c.c. metals, the (111) surface has

the lowest surface energy, followed by the (100) and then

(110) surfaces [73]. Because the total activation energy for self-

diffusion includes the sum of both formation and migration

energies, the tighter atomic binding within the (111) surface

compensates for its lower adatom migration energy. For Al,

the total activation energy for self-diffusion on the two surfaces

is of comparable magnitude (∼1 eV) and is actually somewhat

lower on the (100) surface [74]. Thus, when the temperature is

sufficiently high during the coalescence of the film, surface dif-

fusion is activated on all competing crystallites and the

exchange of material between the {100} to the {111} grains

occurs. Due to the energetic favorability of lowering the surface

energy, there is preferential growth on the close-packed {111}

grains with the most tightly bound atoms [75]. The formation

of (111) texture is characteristic of f.c.c. metals deposited on

amorphous substrates and is generally attributed to such min-

imization of surface and interface energies [56]. Zone II depo-

sition would be expected to acquire predominantly (111)

texture.

The sputtering process gas pressure has been incorporated

into structure zone models as an additional variable [Fig. 4(b)],

for example over an Ar pressure range of 1–30 mTorr [69]. At

low temperatures, higher pressures of inert gas promote open

grain boundary structures and inhibit the transition from

Zone I to Zone T, but at sufficiently high temperatures the

inert gas pressure has minimal effect [59]. An open grain

boundary microstructure (Zone I) induced by high process

gas pressures can be negated by substrate bias, which leads to

recoil damage from bombardment of the substrate by energetic

ions and a back-sputtered redistribution of coating material

[76]. Even in the absence of substrate bias, atomic peening pro-

cesses from neutralized process gas atoms that reflect from the

target add compressive stresses to films deposited at low work-

ing pressures [77]. By contrast, oblique substrate orientations

relative to the coating flux promote tensile stresses [67]. The

stress reversal from compressive to tensile occurs as a function

of several operational parameters, including the atomic mass

ratio of target and gas atoms, the cathode shape and orientation

relative to the substrate, the distance of the substrate relative to

the target, and the plasma power density. The influence of

sputtering gas pressure on the microstructure can be under-

stood from the mean free path of arriving atoms, which falls

with increasing pressure. A heightened frequency of collisions

augments the weight of oblique impingement in the velocity

distribution of atoms arriving at the substrate, so that the

microstructure trends toward Zone I. The influence of the

velocity distribution of impinging coating atoms has been

established through controlled variation of geometric shadow-

ing in the deposition geometry [77].

An idealized stress–momentum curve [Fig. 4(c)] can be con-

structed from a “normalized” momentum P∗
n = g

�����������
2EMt/Mg

√
,

where γ is the ratio of the fluxes of energetic process gas parti-

cles to sputtered atoms striking the substrate, E is the energy of

a sputtered target atom, Mt is its atomic mass, and Mg is the

mass of the sputtering gas atoms [70]. The porous, open micro-

structure characteristic of the low temperature extreme of Zone

I, where adatom migration is negligible, is unable to support

tensile stresses [78], but this microstructure is also obtained

at high pressures, when the sputtering target is much lighter

than the process gas, or from oblique deposition [70]. As P∗
n

increases, the peening-induced densification of the film leads

to Zone T microstructure and a maximum of tensile stress.

When the film becomes fully densified at moderately high

momentum, the stress converts from tensile to compressive.

Significant changes in the optical reflectance and electrical con-

ductance properties of films accompany the transformation

from porous to densified structures [79]. Zone I films possess

high resistivity and low reflectance, while the smooth surface

of Zone T and its more connected microstructure lead to

high reflectance and low resistivity similar to bulk values.

Due to the large mass of Pt (Z = 78), the compressive-to-tensile

stress conversion occurs at relatively high pressures when Ar is

used as the process gas for sputter deposition [80].

Variation in the operational parameters of the sputter dep-

osition system, with its complex plasma environment, affects

the stress in the deposited film. Sputtered film stresses can be

2–3 times higher than those obtained in evaporated metal

films and can even exceed the yield stresses of the correspond-

ing bulk materials [7]. Such high stresses have the potential to

significantly affect the durability of a materials stack because if

high enough intrinsic stress develops, the film will spontane-

ously detach from the substrate [81]. However, the sputter dep-

osition environment is not the only source of stress evolution.

There also exists stress generation and relaxation mechanisms

arising in common with other PVD techniques due to the

shared Volmer–Weber mode of film growth. During the

sequence of nucleation, island formation, impingement, and

coalescence, stresses vary as a function of film thickness [82].

In situ stress measurements during evaporative film growth

have demonstrated a generic stress evolution process during

film thickening. For high-mobility Volmer–Weber growth

(e.g., Ts > 300 K for nonrefractory metals), the stress changes

from compressive to tensile and then back to compressive

[83]. Before coalescence, separated islands are typically in com-

pression due to the capillarity force of island surfaces. When

they grow to impinge upon each other, neighboring islands

“zip” together, forming grain boundaries and developing ten-

sile stress because the edges of the islands are pulled together
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by surface energy minimization [84]. However, the tensile

stresses induced by grain boundary formation become constant

after the film is continuous, while the capillary-induced growth

stresses continue to evolve due to the ever-present free surface

and film–substrate interface. When the tensile stress in the film

relaxes a second reversal to compressive stress occurs. For f.c.c.

metals with low melting points, high adatom mobilities aid the

tensile stress relaxation process. The strain that results after

coalescence influences the texture of subsequent film growth

through competition between strain energy minimization and

surface energy minimization [85]. Deposition at relatively low

substrate temperatures and at high rates promotes strain energy

minimization, while surface energy minimization develops

when films are deposited at higher temperatures and lower

rates. In evaporated films of f.c.c. metals, high rates and low

temperatures produce strong (100) strain minimizing texture,

while the (111) texture that minimizes surface area is obtained

otherwise [86]. This competition between strain energy mini-

mization and surface energy minimization provides another

perspective on the transition from Zone I to Zone T. A thick

Pt film deposited at room temperature (Ts/Tm≈ 0.15, Zone

T) on a planar, amorphous substrate might develop strong

(111) texture during the course of thickening, but intrinsic

stresses likely remain at the interface due to the zipping process

associated with film coalescence.

The diffusivity spectrum

The reaction kinetics and phase stability of thin films depend

strongly on microstructure because lattice self-diffusion within

crystalline grains is outstripped by short-circuiting diffusion

pathways in extended defects such as grain boundaries, sur-

faces, and dislocations [87].

Seminal measurements of the diffusion of Cu through Au,

in multilayers intended for use as X-ray mirrors, quantified the

influence of grain boundary diffusion [88, 89]. Motivated by

the principle of constructive interference of reflected radiation,

mirrors were fabricated from vacuum-evaporated layers of Au

and Cu, with a period of about 10 nm, under the hypothesis

that a composition of isomorphous metals would prevent the

multilayer stack from cohering into islands [90]. Although these

were the first mirrors to successfully reflect X-rays [91], they inter-

diffused within a few days, and suffered a substantial reduction in

reflectivity. Despite the limited performance of the films as X-ray

mirrors, their rapid interdiffusion enabled a sensitive measurement

of the room temperature diffusion constant of Au through Cu as

5 × 10−20 cm2/s [89], which is 16 orders of magnitude faster than

predicted from extrapolating the results of high-temperature mea-

surements of bulk solid-state diffusion [90].

Diffusive transport in thin films can occur in the lattice,

along dissociated dislocations, and in grain boundaries. By

comparing the relative magnitude of these fluxes (flow rates

per unit area), a simplified model of grain structure can be

used to estimate their relative influence [22]. Suppose a thin

film is composed of grains with a square plan view cross-

section of side length s, and that grain boundaries and disloca-

tions run perpendicular to the substrate through the thickness

of the film. Such columnar grain structure and orientation of

dislocations is common in vapor-deposited thin films [92]. A

diagram of the dominant diffusional fluxes can be calculated

as a function of grain size, dislocation density ρd, and the

homologous temperature Th = T/Tm. The lines determined

from pairwise equality of the fluxes J in grain boundaries Jb,

dissociated dislocations Jd, and through the lattice Jl,

Jb
Jl
= 2wb

s
Db

Dl
(11)

Jd
Jl
= rdAd

Dd

Dl
, (12)

delineate microstructural regimes that determine the influ-

ence of diffusional fluxes in a film.

Assuming nominal grain boundary widths wb of 5 Å, dis-

location areas Ad of 0.25 Å2, and a homologous temperature

of 0.3, the resulting diagram in Fig. 5(a) outlines the dominant

diffusion regimes. Temperature dependence arises in the diffu-

sivities Db, Dd, and Dl along the grain boundaries, dislocations,

and lattice, respectively. These diffusivities can be estimated

from the empirical diffusion spectrum for f.c.c. metals [18]

that is plotted in Fig. 5(b) using a reduced reciprocal tempera-

ture scale Tm/T with diffusivities D defined according to Eq.

(1). The diffusion constants for these Arrhenius relationships

describe aggregated data for f.c.c. metals and are included in

Table 2. They are useful for estimating self-diffusion as an

approximate rule of thumb, i.e., without accounting for the

specific structural characteristics that define individual surface

facets, dislocation cores, and grain boundary misorientations.

Dislocations are the most frequently encountered defects in

evaporated films and commonly occur with a density of

1010–1011 lines/cm2. Furthermore, grain sizes can be as small

as 10 Å2, the critical nucleus during film growth [92]. Thus,

short-circuit diffusion is clearly dominant in thin films at

homologous temperatures less than 0.3, which is approximately

100 °C for both Au and Cu, and 350 °C for Pt. Thus, Fig. 5(a)

suggests that rapid diffusion along grain boundaries occurred

in the X-ray mirror of DuMond and Youtz, which likely had

a microstructure with grains of less than 10 nm scale.

The marked curvature in surface diffusion at high temper-

atures arises due to the activation of degrees of freedom char-

acteristic of two-dimensional gas behavior, which overwhelms

the common diffusivity of about 2 × 10−5 cm2/s to which the
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grain boundary, dislocation pipe, and liquid self-diffusivities

converge at the melting point [18]. The plotted surface diffusiv-

ity curve includes four Arrhenius terms that approximate the

total mass transfer diffusivity, including a principal term

describing localized adatoms that dominates across a broad

low-temperature range, as well as additional terms for nonlo-

calized adatoms, dimers, and trimers that contribute near the

melting point [93]. The data for the grain boundary and dislo-

cation diffusivities are not sufficiently accurate or extensive

enough to rule out the possibility of curvature, but nonetheless

demonstrate that rapid diffusion occurs both within the first

few atomic layers of a surface and within grain boundary

slabs and dislocation pipes that are roughly two interatomic

distances across [20]. Even though these defects have lower

dimensionality than the bulk material, they assume out-sized

influence in sputtered polycrystalline films, not only due to

the attendant thin film aspect ratio, but because the spatial

scale of the microstructure produced by sputter deposition is

inversely proportional to the melting point of the material.

The low bulk diffusivity of a material with high melting

point is counteracted by a corresponding fine-grained network

of boundaries in which short-circuit diffusion can occur.

A wide variety of grain boundary and dislocation structures

exists. The data for undissociated lattice dislocations described

in Fig. 5(b) pertain to discrete edge dislocations in small-angle

tilt boundaries, as opposed to those dislocations that are signif-

icantly dissociated into partial dislocations and stacking fault

ribbons, which have a tighter, more constrained structure and

a diffusivity that is correspondingly lower by several orders of

magnitude [94]. General large-angle grain boundaries have

less regular and rigid structures and yield high diffusivities,

while small-angle grain boundaries are vicinal to the single

crystal; as the misorientation angle drops toward zero, the dif-

fusivity of the boundary approaches that of the bulk lattice [20].

In the absence of special processing conditions, polycrystalline

materials typically acquire general grain boundaries that are

well-approximated by the average normalized values.

Grain boundary diffusion occurs across a spectrum of

kinetic conditions that can be categorized into A, B, and C

types [95]. These kinetic conditions describe different situa-

tions that arise depending on the geometrical arrangement of

the grain boundaries, the relative magnitudes of diffusion

rates in the boundaries and the lattice, and the effective diffu-

sion distance that is possible within the available time [96].

Type A kinetics describes an extreme at high homologous tem-

perature in which lattice diffusivity is significant and atoms can

diffuse through the lattice and visit multiple grain boundaries,

i.e., Dlt > s
2. Type C kinetics involves the opposite extreme at

low temperatures or short diffusion times in which there is

only significant diffusion within the grain boundary cores

and no passage through the lattice. In this case, the lattice dif-

fusion distance is smaller than an interatomic distance λ, so

that Dlt < λ
2, but the grain boundary diffusion distance is

greater than an interatomic distance, Dbt > λ
2. The intermediate

and more general case, Type B, includes limited penetration of

diffusing atoms into the lattice of adjacent grains, so λ2 <Dlt <

s2. The lattice transport is isolated and does not cross different

segments of the grain boundary network. During grain growth

or recrystallization, as might occur in a Zone II deposition, the

grain boundaries acquire a velocity. A general description includ-

ing five regimes of diffusional transport through the combined

grain boundary and lattice mechanisms under the influence of

moving grain boundaries is constructed in Ref. [96] using simple

inequalities and ordinary differential equations.

Figure 5: (a) Diagram illustrating the
microstructural conditions for domi-
nant diffusional flux in f.c.c. metals
at a homologous temperature Th =
(T/Tm) = 0.3, following the approach
in Ref. [22]. The grain size s is plotted
versus the dislocation density ρd. (b)
The diffusivity spectrum for f.c.c.
metals [18].

Table 2: Approximate diffusion parameters for f.c.c. metals from Ref. [18].

Diffusion type D0 (cm
2/s) Q (cal/mol)

Liquid 2.3 × 10−3 9Tm
Surface (Low temperature) 1.4 × 10−2 13Tm
Grain boundaries and undissassociated dislocations 0.3 17.8Tm
Dissassociated dislocations 2.1 25Tm
Lattice 0.5 34Tm
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The empirical trend from the diffusivity spectrum (Table 2)

provides an essential estimation for self-diffusion in Pt grain

boundaries because direct measurements are not available.

However, Ti diffusion through Pt grains has been quantified

from Type B kinetics for the case of thick Pt overlayers on Ti

adhesion layers, yielding diffusion constants D0 = 2.2 × 10−6

cm2/s and Q = 1.22(16) eV [97]. When the Pt overlayer film

thickness falls below 20 nm, the activation energy for Ti diffu-

sion in the Pt grains also falls, for example, to 0.21 eV when the

Pt layer is 3.5 nm in thickness.

Ti is a common adhesion layer for Pt metallization and is

also used as a diffusion barrier [98]. Since the melting points

of Ti and Pt are 1667 and 1769 °C, the homologous tempera-

tures of both Pt and Ti are similar. For example, at 500 °C,

the homologous temperature of each metal is approximately

0.4 so grain boundary diffusion is expected to be the dominant

mode of material transport in the stack.

Pt surface diffusion

Self-diffusion on Pt surfaces has been measured using the mul-

tiple scratch method [99], field-electron emission microscopy

[100], fluctuation step microscopy [101], and by the decay of

Fourier step profiles synthesized using ion beams [102]. The

resulting Arrhenius parameters are presented in Table 3 along-

side the correlation from compiled data for f.c.c. metals. The

activation energy Q in Table 3 describes the total energy for

self-diffusion, which includes terms for both the formation

and migration of adatoms.

In addition, the migration energies for adatoms and clus-

ters on single-crystal surfaces have been independently estab-

lished by cryogenic experiments. Field ion microscopy (FIM)

measurements have quantified migration energetics for Pt self-

diffusion according to the Einstein relation

〈Dx2〉 = 2Dt (13)

by following the displacement of both individual adatoms [103,

104, 105] and clusters with 2–7 Pt atoms [105, 106] on various

surface facets. FIM experiments also indicate that the f.c.c. sur-

face hollow is the preferred adatom-binding site on the (111)

surface [107] and that for temperatures at which adatom diffu-

sion is activated, the f.c.c.-binding site is exclusively populated

[108]. The diffusion of adatoms occurs on the (111) surface

through uncorrelated jumps over the minimum energy barrier

between nearest-neighbor-binding sites. The characteristic

temperature for migration rises with cluster size, from 103 K

for single adatoms to 390 K for the heptamer. The significant

mobility of adatoms on the (111) surface, even at temperatures

below 100 K, hampered early FIM measurements. Accurate

data could only be obtained in microscopes in which the cryo-

genic liquid nitrogen coolant was replaced with neon or

helium. Scanning tunneling microscopy (STM) experiments

have also independently obtained the same adatom migration

energy as FIM (0.26 eV) by measuring the saturation island

density at different temperatures and deriving the correspond-

ing adatom migration energy from kinetic Monte Carlo (KMC)

simulation [109]. On the (001), (011), (113), and (133) sur-

faces, adatom diffusion occurs along specific crystallographic

surface directions. Adatoms on the (001) surface are found to

diffuse with a low migration barrier of 0.47 eV at 175 K. The

(001) adatom migration occurs through an exchange mecha-

nism with substrate atoms that constrains motion to the

[100] and [010] axes [110]. In fact, the Pt(001) surface was

the first clean metallic surface on which reconstruction was

observed [111]; energy is gained from distorting the (1 × 1) sur-

face during diffusion since it is not the lowest-energy configu-

ration. The metastable Pt(100)-(1 × 1) surface reconstructs at

400 K into a quasi-h.c.p. (111) structure. At 1100 K, the hexag-

onal surface lattice develops a rotation with respect to the

underlying f.c.c. structure by about 0.7°, forming the Pt

(001)-hex-R0.7° structure [112]. Although the rotation angle

varies with temperature [113], the rotated structure remains

upon cooling to liquid nitrogen temperatures and is thought

to be the thermodynamically stable form of the surface [114].

Adatom diffusion on the intermediate reconstructed

(001)-hex structure has been measured through the combined

STM–KMC technique described above, in the temperature

range of 318–497 K, and is found to be highly anisotropic

along channels induced by the reconstruction with a rate-

limiting migration barrier of 0.43 eV [115]. The clean (100),

(111), and (110) faces of Pt all undergo reconstruction to

both ordered and disordered states at elevated temperatures

[116]. The (110) surface reconstructs into a (1 × 2) structure

[117], on which one-dimensional diffusion occurs in the miss-

ing row troughs. Adatoms hopping in the troughs can jump to

both nearest-neighbor and next nearest-neighbor sites [118].

Although Bassett and Webber measured one-dimensional dif-

fusion on channeled (113) and (133) surfaces, they found

that diffusion on the unreconstructed (110) surface was

two-dimensional, with a lower migration energy perpendicular

to the surface channel [103]. The collected diffusion parame-

ters for migration of adatoms and clusters are included in

Table 4.

Table 3: Compiled Pt surface self-diffusion parameters.

Orientation D0 (cm
2/s) Q (eV) T (°C) Reference

Uncontrolled 4 × 10−3 1.12+ 0.10 890–1310 [99]
Uncontrolled — 1.28 ± 0.13 550–850 [100]
(111) surface 5( × 2±1) × 10−4 1.2+ 0.1 1190–1247 [101]
(111) surface 4 × 10−3 1.47 437–1247 [102]
f.c.c. estimate 1.4 × 10−2 1.15 <1530 [18]
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Microstructure in Pt films

Sputtered Pt films typify the structure zone model and the

trends regarding stress and process gas pressure described by

Thornton and Hoffman [67, 69, 80]. When low sputtering

pressures are used, films possess resistivity and density close

to the bulk values of Pt, 10.6 μΩ-cm and 21.5 g/cm3. Over a

range of increasing Ar process gas pressure from 10 to

150 mTorr, planar direct current (DC) diode sputtering yields

films of decreasing density and increasing resistivity, with den-

sity falling by 40% and resistivity climbing by a full order of

magnitude [120]. These diode sputter depositions were per-

formed without substrate heating, although the measured tem-

perature of the substrate rose to the range of 160–260 °C as the

power increased from 100 to 250 W. High-pressure deposition

of Pt using planar DC magnetron sputtering causes an even

steeper drop in density than the diode-sputtered films, as deter-

mined from deposition pressures over the range of 10–

200 mTorr [121]. The lower density of the magnetron-sput-

tered films relative to the diode-sputtered films can be attrib-

uted to the difference in accelerating voltage used in the two

investigations. Whereas the diode-sputtered films were depos-

ited at voltages ranging from 1.5 to 4.0 kV, the magnetron-s-

puttered films were deposited at 356–460 V, leading to a

smaller peening effect from ions and energetic neutrals [121].

However, substrate temperature was not reported for the mag-

netron study, so relatively lower surface diffusion may have also

contributed to porosity. In both cases, strong (111) texturing

was observed at low pressures, although at high pressures the

diode-sputtered films lost preferential texture and converged

toward the texture of a powder specimen [120]. In the

magnetron-sputtered films, crystallite size peaked at

50 mTorr for all X-ray reflections [121].

Samples deposited at powers of 100, 300, and 500 W and at

pressures of 3.8, 15, and 60 mTorr were used to investigate the

combined variation of sputtering power and Ar pressure [122].

Films deposited at the low pressure of 3.8 mTorr possessed

smooth surfaces, densely packed grains, and a state of compres-

sion but those deposited at the higher pressures of 15 and

60 mTorr developed tensile stress, conic grain structures, void-

ing, and a rough surface morphology. Despite the potential var-

iance caused by different deposition systems and geometries,

this reversal in film stress from compressive to tensile coincides

with the observation of Hoffman and Thornton, who found a

reversal pressure of 15 mTorr for sputtered Pt [80]. For films

deposited at 3.8 mTorr at both 100 and 500 W, the predomi-

nant Pt texture obtained was (111), although polycrystalline

Al2O3 substrates promoted misorientation relative to the sur-

face normal [122]. The smaller atomic peening at 100 W

yielded a lower compressive stress of 88 MPa compared with

315 and 352 MPa at 300 and 500 W, respectively.

Further investigation of the correlation between micro-

structure and residual strain relaxation was conducted on

20 nm Pt films on SiO2 for samples deposited by ion-beam

sputtering at 5 keV and 3.8 mTorr and magnetron sputtering

at 50 W and 2.3 mTorr [123]. Both types of films demonstrated

(111) texturing and compressive stresses, although the

magnetron-sputtered films showed both stronger texturing

and more relaxation of residual strain upon post-deposition

annealing. Similar reversible thermoelastic expansion coeffi-

cients were acquired by films deposited using the two sputter-

ing techniques for an average value of 1.33(02) × 10−5 K−1 that

is 70% of the theoretical value for coarse-grained or single-

crystal samples of Pt on SiO2. With the exception of the

diode-sputtered films [120], substrate temperatures were not

Table 4: Compilation of diffusion parameters for migration on Pt surfaces.

Surface Species D0 (cm
2/s) Q (eV) Ref.

(111) Adatom — 0.25 ± 0.02 [104]
(111) Adatom 9.6 × 10−4 0.26+ 0.01 [109]
(111) Adatom 2.0( × 1.4±1) × 10−3 0.260+ 0.003 [105]
(111) Dimer 1.9( × 4.5±1) × 10−4 0.37+ 0.02 [105]
(111) Pt3 1.1( × 2.1±1) × 10−3 0.52+ 0.01 [106]
(111) Pt4 6.6( × 6.1±1) × 10−5 0.57+ 0.04 [106]
(111) Pt5 1.8( × 2.3±1) × 10−2 0.78+ 0.02 [106]
(111) Pt6 4.9( × 5.1±1) × 10−3 0.89+ 0.04 [106]
(111) Pt7 5.1( × 3.8±1) × 10−1 1.17+ 0.04 [106]
(001)‖,⊥ Adatom 10−3 0.47 [110]
(001)−hex‖ Adatom — 0.43 ± 0.01 [115]
(113)‖ Adatom ∼10−6 0.69+ 0.2 [103]
(113)‖ Adatom 1.9 × 10−4 0.60+ 0.03 [119]
(011)‖ Adatom 8 × 10−3 0.84+ 0.1 [103]
(011)⊥ Adatom 10−3 0.78+ 0.1 [103]
(110)− (1 × 2)⊥ Adatom (short hop) ν = 1010.7±0.2 s −1 0.81 ± 0.01 [118]
(110)− (1 × 2)⊥ Adatom ν = 1010.9±0.8 s −1 0.89 ± 0.06 [118]
(133)‖ Adatom 4 × 10−4 0.84+ 0.1 [103]

REVIEW

© The Author(s), 2021, published on behalf of Materials Research Society by Cambridge University Press 2021

Jo
ur

na
lo

fM
at

er
ia

ls
Re

se
ar

ch
w

w
w

.m
rs

.o
rg

/jm
r

Vo
lu

m
e 

36
Is

su
e 

1
Ja

nu
ar

y 
20

21

220

http://www.mrs.org/jmr
http://www.cambridge.org/JMR


reported for the aforementioned microstructure and texture

studies regarding sputtering pressure.

Knowledge of microstructural trends relative to process

variables like the sputtering pressure is useful for tailoring

films to specific electrode applications. The tortuous current

path caused by porosity is undesirable for integrated circuit

(IC) metallizations where dense films with low resistivity are

needed. By contrast, novel fuel cell electrodes with enhanced

catalytic activity can be fabricated by sputtering Pt at a high

process gas pressure to intentionally create electrodes with a

large surface area caused by the porous structure [124, 125,

126]. Tuning the crystallographic texture of the film using pro-

cess parameters can also be accomplished. For example, Pt elec-

trodes with (100) texture are desired for growing ferroelectric

materials on top of the Pt electrode such that the tetragonal

axis of the ferroelectric is oriented normal to the substrate

[127]. To this end, the Zone T competitive texture regime for

sputtered Pt was identified at a relatively high sputtering pres-

sure of 75 mTorr and low power ranging from 10 to 60 W, with

the substrate temperature held fixed at 100 °C [128], where

T/Tm = 0.18. Competition between (111) and (100) texture

and an increasing fraction of diffracted (100) intensity with

increasing film thickness was found through X-ray diffraction

(XRD) analysis.

The tradeoff between strain energy minimization and sur-

face energy minimization [129] can be combined with the

extensive measurements of surface diffusivity of Pt (Tables 3

and 4) to help explain why (111) texture is so strongly preferred

in Pt depositions. The Pt adatom formation energy (from kink

sites) for the (111) surface can be estimated as 1.21 eV by sub-

tracting the adatom migration energy of 0.26 eV from the total

activation energy for surface diffusion of 1.47 eV [102].

Because the surface energy per atom represents the excess in

potential energy over a bulk-like atom, the difference in adatom

formation energies between the (100) and (111) surfaces scales

with the difference between their respective surface energies

(Fig. 6). For Pt, the (111) surface energy is 0.37 eV lower

than the (100) surface [73]. If the (100) adatom formation

energy is taken to be 0.37 eV lower than the formation energy

on the (111) surface, a formation energy of 0.84 eV is obtained

on (100) Pt. With a measured adatom surface diffusivity of

0.47 eV [110], the total surface diffusivity on the (100) surface

would then be 1.31 eV. Thus, the competition between (111)

and (100) Pt grains will be even more biased toward (111)

than described for Al deposition, in which the Zone T was dis-

tinctly “competitive” at 100 K, or T/Tm = 0.11. By contrast, the

(100) texture in Pt is not typically obtained at room tempera-

ture, where T/Tm = 0.15 [123]. This preference for (111) textur-

ing in Pt, even in the lower end of Zone T, could be explained

by the estimated surface diffusivity that is 0.16 eV lower on the

(100) surface relative to (111).

Pt–Si thin film compound formation

Compound formation occurs in thin films at a temperature

scale of one-third to one-half that of the lowest eutectic in

the binary phase diagram [90, 130]. Because of the extensive

short-circuit diffusion pathways in thin films, reaction precedes

the onset of bulk diffusion, which generally occurs at about

one-half to two-thirds Tm, i.e., the Tammann temperature

[131, 132]. For the Pt–Si system, the liquidus minimum occurs

around 23 at.% Si at 830 °C [133], which implies that com-

pound formation will begin in the temperature range of 100–

300 °C. Contrary to bulk multiphase diffusion-controlled

layer growth, in which all equilibrium phases can be expected

[134], for reacting thin film diffusion couples, some of the

equilibrium phases are absent and those that form occur by

sequential phase growth following the stoichiometric availabil-

ity of reactants [135]. An interplay of diffusion-limited and

interface-reaction limited kinetics determines which phases

form and how they grow or shrink in the presence of neighbor-

ing phases [136]. Typically, parabolic metal diffusion-limited

growth applies to silicide formation for near noble metals

like Pt. By contrast, Si is the dominant diffusing species for

refractory metal silicides, which have kinetics mediated by

the interfacial reactions at the phase boundaries [11]. For

clean films annealed in a nonoxidizing ambient, the first

phase formed between a Pt film and the Si substrate is Pt2Si,

and the subsequent formation of the most Si-rich phase PtSi

occurs only after all the Pt metal is consumed by the Pt2Si

[137, 138]. The disilicide forms through metal diffusion,

while its subsequent conversion to PtSi occurs by a combina-

tion of Si grain boundary and vacancy diffusion mechanisms

[139]. An alternative metal-rich Pt3Si phase only forms

under stoichiometric constraints when the source of Si is lim-

ited, for example, on an inert substrate [140].

Figure 6: Difference between calculated (100) and (111) surface energies ver-
sus melting point for available f.c.c. TMs reported in Ref. [73].
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An effective heat of formation (EHF) model can be used to

predict compound phase formation for many metal–silicon

and metal–metal thin film systems [141, 142, 143, 144, 145,

146, 147, 148]. The EHF model extends prior analyses of

phase diagrams [149, 150, 151, 152] and complements the phe-

nomenological competitive kinetic growth model [136], which

is based on inferred interfacial reaction barriers [147]. The

advantage of the EHF model is that it enables direct use of ther-

modynamic data to predict both first phase compound forma-

tion and the subsequent growth of additional phases. In

general, the energetic favorability of a process is characterized

by the change in the Gibbs free energy:

DG = DH − TDS, (14)

where ΔH is the change in enthalpy during the reaction at tem-

perature T and ΔS is the corresponding change in entropy.

However, during solid-state formation of ordered compounds

at typical thin film reaction temperatures, the change in

entropy ΔS is only ± 1 J/deg/mol−at. [144, 153]. Thus, TΔS is

small compared with ΔH, and the heat of formation by itself

provides a good measure of the driving force for reaction

when activation or nucleation barriers do not exist [147].

The EHF ΔH’ is defined by scaling ΔH by the number of

atoms per “molecule” in the compound and correcting for

the approximate availability of atoms at the reaction interface:

DH′ = DH
kJ
mol

( )

× fractional atomic concentration of limiting atoms
number of limiting species atoms in compound

= DH
kJ

mol-at.

( )
× X1

X2

,

(15)
where X1 is the effective concentration of the limiting element

at the growth interface and X2 is the concentration of the lim-

iting element in the compound. ΔH’ is linear in X1 and peaks

when X1 = X2.

Since the activation energy for solid-state diffusion is pro-

portional to the melting point, the lowest-temperature eutectic

gives the concentration at which the most intermixing occurs at

the interphase boundary. Therefore, the first compound

formed at the interface of the thin film diffusion couple will

be the phase with the most negative EHF ΔH’ at the concentra-

tion of the lowest-temperature eutectic of the binary system.

The sequence of subsequent phase formation follows the

most negative EHF at concentrations increasingly rich in the

unreacted element until all the material in the film is con-

sumed. Normalizing by the number of atoms in the compound

in (15) is necessary because the heat of formation will increase

with the total number of bonds per formula unit of the com-

pound, as well as with the binding energies of the bonds.

In silicides, noncongruently melting phases do not nucleate

easily and are skipped [141, 149, 154]. However, noncongruent

silicide phases can still form if all the possible phases are non-

congruent, as in the Zr–Si system [142]. In addition, if the sto-

ichiometry is fixed at the ratio of a noncongruent phase, the

noncongruent phase will form as the terminal compound.

Thus, for the PtSi system (Table 5), the phases that form

when Pt films react with a Si substrate are principally Pt2Si

and PtSi, since these are the only congruent compounds in

the phase diagram. The congruent phase with the most nega-

tive heat of formation per atom (PtSi) forms second, not first

because Pt2Si lies between the lowest eutectic concentration

of Pt0.770Si0.230 and PtSi in Si concentration. When considering

the results of EHF analyses, Pretorius advocates assuming that

thermodynamic quantities have errors in the range of 5–10%.

For the Pt–Si diagram, the most obvious point of conflict in

the data [133, 147] appears to be the identity of the noncongru-

ent phase between Pt3Si and Pt2Si, which is shown as either

Pt7Si3 or Pt12Si5, but the relevance of this phase is moot for

the EHF analysis since noncongruent phases are skipped in sil-

icide thin film diffusion couples. The EHF model helps explain

the inconclusive phase formation sequence observed in binary

systems containing multiple liquidus minima, where more than

one phase is viable, as in the Ti–Si and Ti–Pt systems. Altered

formation sequences are also found in the presence of impuri-

ties, which shift the effective concentration at the interphase

boundary as seen in the Ni–Si system [145, 146].

Kinetics of Pt–Si reactions in thin films

Thin film reaction kinetics for many metal silicides, including

for both the Pt2Si and PtSi reactions, are compiled in Ref. [14],

where fits to the Arrhenius parameters are tabulated along with

the temperature ranges probed in the experiments. For Pt2Si,

the formation energies Q range from 1.05 to 1.6 eV, and prefac-

tors D0 range from 0.0015 to 21. 5 cm2/s, while those for PtSi

span 1.45–1.8 eV and 0.044–140 cm2/s. Crider and Poate per-

formed a controlled variation of impurities introduced during

deposition and showed that oxygen impurities lead to signifi-

cant slowing of the reaction kinetics for the Pt2Si and PtSi

Table 5: EHF analysis of Pt–Si system from Ref. [147].

Phase Congruency Composition
ΔH (kJ/
mol)

ΔH (kJ/
mol/at.)

Limiting
element

ΔH’ (kJ/
mol/at.)

Pt3Si NC Pt0.750Si0.250 −147.6 −36.9 Si −33.95
Pt7Si3 NC Pt0.700Si0.300 −438 −43.8 Si −33.58
Pt2Si C Pt0.667Si0.333 −143.1 −47.7 Si −32.91
Pt6Si5 NC Pt0.545Si0.455 −617.1 −56.1 Si −28.39
PtSi C Pt0.500Si0.500 −112 −56.0 Si −25.76

Since the liquidus minimum has composition Pt0.770Si0.230, the ΔH′

value is determined by multiplying ΔH in kJ/mol times 0.23 and divid-
ing by the number of Si atoms in the compound’s formula.
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reactions [155, 156]. Their annealing experiments were under-

taken at 10−10 Torr using resistive heating at 275 °C, and they

controlled for various combinations of Si substrate preparation

processes including chemical cleaning, sputter cleaning, and

annealing. When the partial pressure of O2 during evaporation

is 10−7 Torr, the Pt2Si reaction halts prematurely during

annealing, leading to simultaneous existence of Pt2Si, PtSi,

and Pt metal in the stack before the PtSi reaction goes to com-

pletion. Impurity contamination acts to lower the prefactor D0

in Eq. (1) moreso than raising the activation energy, corre-

sponding to a lateral shift of the Arrhenius plot instead of a

decrease in the steepness of the slope [156]. The exceptionally

clean conditions of Crider and Poate demonstrate fast growth

even though the activation energies they measured, 1.3(2) eV

for Pt2Si and 1.5(2) eV for PtSi fall in the middle of the spread.

The prefactors D0 reported in Ref. [156] are 0.08 cm2/s for

Pt2Si and 10.1 cm2/s for PtSi. X-ray reflectivity analysis of ultra-

thin Pt films demonstrates that, even without a dedicated

annealing process, thermal cycling during sample processing

can lead to the formation of a few nm of silicide at the Si–Pt

interface [13].

When the annealing ambient contains O2, oxygen diffuses

into the Pt film from the surface through its grain boundaries

and a layer of SiO2 forms at the phase front of the growing dis-

ilicide phase [157, 158, 159]. The ensuing reaction to form PtSi

will terminate at the oxide, which serves as an electrically insu-

lating diffusion barrier. The surface layer remains Pt-rich

(Fig. 7). If a fully reacted film is exposed to oxidizing ambient,

a thin surface oxide forms but the bulk of the PtSi does not oxi-

dize [Fig. 7(a)]. Thus, the oxide that forms deeper in the film

when the reaction proceeds in oxidizing ambient [Fig. 7(b)]

develops during the initial reaction between the Pt metal coat-

ing and the Si substrate, not from a subsequent reduction of

PtSi [90]. This reaction-terminating silica layer has been exten-

sively exploited as an etch-stop for aqua regia in lithographic

manufacturing processes. If the silica is stripped (e.g., with

HF), the PtSi will dissolve in aqua regia even faster than Pt

[160]. At 315 °C, the dose of oxygen required to terminate

the formation of the initial silicide phase Pt2Si is 2–4 ×

1015 atoms/cm2, which corresponds to a oxide thickness of

5–9 Å [161, 162]. Alternatively, if 3 nm of SiO2 is thermally

grown on the Si substrate before Pt deposition, it will prevent

silicidation when the sample is annealed for 1 h at 400 °C

[163]. Furthermore, if Pt is deposited onto Si and then left

out in the laboratory at room temperature for a long time

(50 days), enough oxygen will diffuse into the film to terminate

the silicide reaction below the surface [162]. The diffusivity for

room temperature grain boundary diffusion of oxygen into Pt

is approximately 10−19 cm2/s [162], which is 37 orders of mag-

nitude higher than for the diffusion of oxygen through bulk Pt

at 300 K [164]. The activation energy for oxygen grain boun-

dary diffusion through a Pt film is estimated to be smaller

than the activation energy for Pt2Si formation by 0.5–1 eV

[162]. At 300 K, O2 adsorbs on the Pt(111) surface and disso-

ciates with a sticking probability of 0.05 [165].

Morphological degradation

Silicides are used in Si ICs because they have low resistivity,

make low-resistance contacts to elemental metals, and are

expected to maintain a planar and stable silicide/silicon inter-

face structure to high temperatures [11]. However, excessive

heat treatment leads to morphological degradation (i.e.,

agglomeration), which has been empirically characterized in

silicides by abrupt changes in stress and resistance, yielding

an activation energy for PtSi degradation of 3.2 eV [166].

The onset temperature for morphological instability in the

PtSi/Si interface is approximately 600 °C [167]. Intentional

heat treatments at higher temperatures like 900 °C are used

for driving Pt impurities into the Si lattice, in applications

where the deep impurity levels of Pt are used to control carrier

lifetime such as fast recovery silicon power devices, thyristors,

and high-voltage transistors [168, 169]. However, when the intro-

duction of electron traps is undesirable, the in-diffusion of Pt

from a PtSi contact layer, for example at temperatures greater

than 700 °C, leads to poisoning of the underlying Si [170].

Morphological degradation resulting from the heat treat-

ment of an ohmic contact stack at 599 °C for 8 h in

Ar-H2(2.8%) is shown in Fig. 8. The as-deposited structure of

the stack resembles Fig. 1(a), with 45 nm of PtSi ohmic layer,

50 nm of amorphous Ta–Si–N diffusion barrier, and a

300 nm Pt electrode overlayer. Degradation in the PtSi layer

is shown in Fig. 8(a), while a large agglomeration in the Pt elec-

trode is displayed in Fig. 8(b). The large agglomeration in the

Figure 7: The effect of annealing ambient on PtSi formation for Pt coatings deposited on Si substrates. Reproduced with permission from Ref. [90]. (a) The silicide
reaction proceeds to completion in an inert ambient, and only a thin covering of SiO2 forms in response to an ensuing oxidizing anneal. (b) An oxide layer forms
when the ambient contains oxygen during the reaction of the elemental coating. The oxide terminates the growth of the metal silicide, leaving the surface layer
Pt-rich.
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Pt electrode is essentially single-crystal, as confirmed by

selected area diffraction [171]. In addition to the morphological

degradation, the PtSi provides a source of Pt that will poison

the underlying Si, even if the diffusion barrier holds.

An overview of kinetics for diffusion phenomena applica-

ble to Pt thin films on Si, which summarizes the discussion

to this point, is compiled in Table 6.

Additional layers employed in Pt
metallization stacks
Silicide ohmic contacts

A metallization intended for ohmic contact to a silicon sub-

strate will typically include an interfacial layer of metal silicide,

as shown in Fig. 1(a). TM silicide/semiconductor junctions are

preferred over metal/semiconductor junctions because TM sil-

icides form planar interfaces of extreme hardness and have

high thermal and chemical stability [11, 12]. TM silicides can

be stable up to 800 °C depending on their degradation

temperature [166]. The ohmic nature of the contact is estab-

lished through high doping of the substrate which leads to a

reduction of width of the depletion layer and unrestricted

tunneling transport across the interface through field emission

[10, 172]. Excellent reviews detailing the physics of

metal–semiconductor contacts are available [10, 11, 173], and

the Schottky barriers of many TM silicides on n-Si are tabu-

lated in Ref. [12]. PtSi has been used adjacent to a Ti diffusion

barrier for ohmic contacts since the 1960s, where it was part of

the p-Si/PtSi/Ti/Pt/Au stack used in beam-lead technology

[98]. The silica etch stop created during annealing of a Pt

deposit on a Si substrate in oxygen [Fig. 7(b)] facilitates a self-

aligned silicide (SALICIDE) manufacturing process using PtSi

[160, 174]. The Schottky barrier of the p-Si/PtSi contact has

a height of 230 meV [175], whereas the n-Si/PtSi contact has

a barrier of 840 meV [10]. For an ohmic contact stack struc-

tured on a Si substrate with a Pt electrode overlayer, any TM

silicide can be used as long as it retains its morphological

and thermodynamic stability within the needed specifications

of durability, has a suitably low Schottky barrier to yield an

ohmic current–voltage response given the doping of the sub-

strate, and is compatible with the constraints of the manufac-

turing process.

Diffusion barriers

Realization of thin film devices usually involves depositing lay-

ers of materials on a substrate to create a multilayer stack with

thickness increments ranging from nm to μm scales. Whether

these stacks blanket an optical element such as an X-ray mirror

or are patterned as part of a lithographic process for construct-

ing electronic devices, the reaction kinetics of the materials

involved are an essential consideration for device manufacture

and operation. Protective layers called diffusion barriers are

often crucial elements in the stack [90]. These barrier layers

are tasked with ensuring structural and functional integrity

by staving off unwanted reactions and promoting adhesion

[24]. However, a variety of phenomena including interdiffu-

sion, oxidation, and morphological degradation follow

Arrhenius-type thermal activation, and in a thin film materials

stack, the inherently steep concentration gradients, strong

chemical driving forces, and complexity introduced by the

Figure 8: Cross-sectional TEM images of
an Si/PtSi/Ta–Si–N/Pt ohmic contact
stack annealed at 599 °C for 8 h in
Ar-H2 ambient. Reproduced with permis-
sion from Ref. [171]. (a) Degradation in
the PtSi layer at the interface with the
Si substrate. (b) Agglomeration in the Pt
electrode.

Table 6: The energy spectrum of diffusion processes in the Pt–Si system.

Diffusion process D0 (cm
2/s) Q (eV) Reference

Pt adatom migration 2.0( × 1.4±1) × 10−3 0.260+ 0.003 [105]
Pt surface diffusion 4 × 10−3 1.47 [102]
Pt interstitial in Si 83.3 1.23 [48]
Pt2Si formation 0.08 1.3 ± 0.2 [156]
PtSi formation 10.1 1.5 ± 0.2 [156]
Ti in Pt defects 2.2 × 10−6 1.2 ± 0.16 [97]
Pt grain boundaries 0.3 1.58 [18]
Pt dislocations 2.1 2.21 [18]
Pt lattice 0.05 ± 0.02 2.67 ± 0.05 [33]
PtSi degradation — 3.2 [166]
Si lattice 530+250

−170 4.75 ± 0.04 [39]
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coexistence of the materials components with the surrounding

environment pose fundamental challenges [22]. The success of

the barrier layer is a critical factor for determining the allow-

able conditions for a manufacturing process or application

environment where a thin film materials stack is employed.

If electrical contact in the form of a thin metal film of plat-

inum is to be fabricated on a silicon substrate, the need for ade-

quate thermal stability and longevity of performance dictates

that a barrier layer must be inserted between the electrode

and substrate layers to prevent interdiffusion. Since it lies in

the conduction pathway for signals transmitted between the

electrode and device layers, the barrier must have low resistivity

and the interphase boundaries with the adjacent material must

have low specific contact resistances. Stability is satisfactory if

the barrier maintains electrical contact while separating the

Pt and the Si under the external conditions that the stack is

required to endure. Thermal cycling processes and exposure

to a corroding atmosphere present key challenges for diffusion

barrier engineering.

The concept of a “diffusion barrier” self-evidently implies

both that the material transport rates across the layer and the

divergence of barrier material out into its surroundings will

be negligible. Stability at the interphase boundaries adjacent

to the barrier layer is desired, but merely slowing the interdif-

fusion kinetics can be effective depending on the time and

energy scales. True thermodynamic stability is not a necessity

so long as the durability of the stack meets its specifications.

In thin films, microstructure plays a critical role in determining

the kinetics of reactions. However, PVD films typically assume

a polycrystalline microstructure with high densities of short-

circuit diffusion pathways, such as those along grain boundar-

ies and disclocations. At temperatures above 200 °C, Pt films

are highly reactive with Si substrates, and both Si and Pt are dif-

fusing species during the reaction [176]. Adhesion of the stack

at interphase boundaries is essential, but intrinsic surface

energy, electrostatic bonding, and interdiffusive alloying

phenomena occur over a broad range of physical and chemical

energy scales from 0.1 to 10 eV, and none act in isolation to

determine the overall durability of the film [81]. The combined

metallurgical problem is compounded if the annealing ambient

provides a reservoir of corrosive chemical species that can dif-

fuse into the stack through grain boundaries in the surface

layer.

These challenges are illustrated in Fig. 9, which shows two

cross-sectional transmission electron micrographs of diffusion

barrier failure. Each of these images was created by cross-

sectioning samples ex situ following annealing at the cross-over

failure temperature for the diffusion barrier in the stack. The

as-deposited structure resembles Fig. 1(a), but is particularized

to a p-Si substrate, with a 50 nm Ti diffusion barrier sand-

wiched between 50 nm PtSi and a 300 nm Pt electrode over-

layer. The complete set of isothermal annealing experiments

of 8-h duration showed that the as-deposited layer structure

persisted up to 500 °C, converting to a fully reacted structure

by 550 °C [171].

Annealing the stack in the Ar-H2(2.8%) reducing ambient

at 524 °C yielded a bumpy surface morphology with μm-scale

eruptive reaction centers. These localized barrier failures result

from pinhole material transport channels through the reacting

barrier layer that separates the Pt and Si layers. Figure 9(a)

shows a cross-sectional view of one of these silicide blooms

acquired with scanning transmission electron microscopy

(STEM). As identified using a combination of energy-

dispersive X-ray spectroscopy and XRD, the region with darker

contrast inside the bloom is composed of PtSi, while an

unreacted layer of Pt with lighter contrast remains on the sur-

face and in the surrounding film, which largely retains its

as-deposited structure. Because 524 °C exceeds the Tammann

temperature (0.5 Tm) for PtSi of 478 °C, bulk diffusive trans-

port within the PtSi phase is significant in the growing

phase. The reaction proceeds so quickly and inhomogeneously

that the supply of Si is terminated due to the localized

Figure 9: Cross-sectional images of Ti dif-
fusion barrier failure after 8-h annealing
experiments of an Si/PtSi/Ti/Pt stack.
Reproduced with permission from
Ref. [171]. (a) STEM image of localized
barrier failure during a 524 °C anneal in
Ar-H2 ambient. (b) Bright-field TEM
image of subsurface corrosion reaction,
530 °C in open air.
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delamination surrounding the bloom. The shape of the bloom

reflects the consequence of both Pt and Si being diffusing spe-

cies in the reaction; Pt moves down into the Si substrate and Si

moves up into the Pt electrode. An overall volume contraction

of about 15% occurs during the reaction [177], which works in

concert with surface energy minimization to promote the inho-

mogeneous PtSi growth.

The microstructure acquired by the same stack upon

annealing at a similar temperature of 530 °C, but in an open

air oxidizing ambient, is strikingly different [Fig. 9(b)].

Curiously, the crystalline phase content of these two samples,

as revealed by XRD, is nearly identical. However, annealing

in open air yields a thin patina of unreacted Pt metal on the

surface with crystallites that are an order of magnitude smaller

than the silicide blooms formed in Ar-H2. Beneath the

unreacted patina, a layer of insulating oxide forms because oxy-

gen diffuses through the grain boundaries in the Pt electrode

and reacts with Ti and Si in the stack, while the silicide layer

adjacent to the substrate becomes enlarged. Even though the

Pt metal does not oxidize, its surface is not quiescent for oxy-

gen, which adsorbs, dissociates, and diffuses through the Pt

grain boundaries with ease.

The temperature scale at which the Ti diffusion barrier

fails, as emphasized in the samples presented in Fig. 9, is in

good agreement with the concepts of the Tammann tempera-

ture and the EHF model [141, 144]. In general, first-phase for-

mation in thin film reactions between adjacent layers of TMs

and silicon is dictated by the lowest-temperature eutectic com-

position in the appropriate bulk equilibrium phase diagrams

[149, 151]. Due to their enhanced diffusivity, these composi-

tions facilitate reactive interdiffusion at interfaces most effec-

tively. Although no ternary phase diagram for the Pt–Ti–Si

system exists, the binary phase diagrams of the Ti–Si and Ti–

Pt systems contain a combination of four lowest-temperature

eutectic compositions with melting points in the range of

1310–1330 °C [133]. Thus, the scale at which the Ti barrier

begins to react with its surrounding layers is consistent with

0.5Tm, as defined by these eutectic compositions 520–530 °C.

A similar stack employing an amorphous Ta–Si–N barrier

that was annealed in the reducing ambient of Ar-H2 at 599 °C

for 8 h is shown in Fig 8(b). The Ta–Si–N barrier prevents

interdiffusion up to 700 °C and fails when the Ta–Si–N crystal-

lizes, which creates short-circuit interdiffusion pathways

between the Pt and Si that lead to the complete loss of the Pt

metal phase [171]. However, below the Ta–Si–N barrier failure

temperature, additional metallurgical effects associated with

morphological degradation in the PtSi and Pt layers become

limiting factors for the durability of the stack. Thus, the Ta–

Si–N barrier is successful, but only for application in a non-

oxidizing ambient; Ta–Si–N reacts with oxygen and forms

Ta–Si–O at a rapid pace [178] that may preclude its application

in many oxidizing annealing conditions. For engineering a sta-

ble materials stack, it is essential to specify the desired external

conditions completely, i.e., both the constitution of the ambient

gas during thermal cycling and the temperature to which the

stack is to be exposed.

Classes of diffusion barriers in the context of Cu metalliza-

tion were reviewed by Wang in Ref. [179]. Because single ele-

ment, TM barriers are deposited with polycrystalline

microstructure, they tend to have limited effectiveness.

Among the TMs, refractory metals possess higher melting tem-

peratures, lower diffusivities, and higher silicidation tempera-

tures and are therefore superior to near noble metal diffusion

barriers. Although the higher melting point of the refractory

elements leads to microstructures with prevalent short-

circuiting diffusion pathways, their high reactivity and ten-

dency to oxidize readily may lead to augmentation in perfor-

mance due to grain boundary clogging. TM alloy barriers,

usually between one near noble and one refractory metal, dem-

onstrate increased barrier effectiveness relative to single-

element polycrystalline TMs because they can be deposited in

amorphous states that are free from grain boundaries.

Crystallization typically occurs above 500 °C, leading to grain

boundary diffusion and barrier failure. TM-silicon barriers

can show improvement relative to single-element TM barriers

by 100–200 °C, with the best performance arising from amor-

phous refractory-silicon systems, as opposed to polycrystalline

silicides with near noble metals. Refractory nitrides, borides,

and conductive oxides are generally of lower reactivity but

will also fail due to grain boundary diffusion when deposited

in a polycrystalline form. The most effective barrier layers are

amorphous ternary barriers that possess high crystallization

temperatures. The Ta–Si–N barrier, first described in Refs.

[180, 181], has been described superlatively among this latter

category by several authors for Cu metallization applications

[24, 179]. The Ta–Si–N barrier has also been applied to Al

metallization [180] and was investigated for Pt metallizations

subjected to high-temperature O2 annealing ambients

encounted during the manufacturing processes for fabricating

capacitor cells [182, 183, 184]. An alternative class of ternary

amorphous barriers based on alloys with the conductive TM

oxide RuO2 co-sputtered with refractory-type metals such as

Ta and Ti have demonstrated excellent ohmic contact perfor-

mance when subjected to durability testing in oxidizing ambi-

ent [185, 186].

Adhesion layers for Pt on SiO2

Adhesion between adjacent layers in a materials stack is crucial

for thin film technology. Residual stresses induced by crystallo-

graphic flaws acquired during deposition and thermal stresses

associated with post-deposition thermal cycling can each
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exceed the yield strength of a film [67]. These stresses are capa-

ble of fracturing even relatively strong coating-to-substrate

bonds. General discussions of adhesion concern a wide techni-

cal scope [7, 81, 187], including how van der Waals interactions

(∼ 0.1 eV) and chemical bonding (up to 10 eV) between

adsorbing atoms and the substrate combine with atomistic dif-

fusion processes that occur during the film’s growth [188], the

thermodynamics and kinetics of film agglomeration [189],

residual and thermal stresses acquired during deposition and

thermal cycling [67], electrostatic interactions arising due to

the exchange of charge across the interface [81, 190], corrosion

chemistry [191, 192], and fracture mechanics [193, 194, 195,

196]. There is a gulf between this formidable combination of

subjects and practical techniques like scotch tape and scratch

testing that are used to directly assess whether a film can with-

stand the conditions defined by its intended application [7].

For Pt films deposited on bare Si substrates, good adhesion

is established by reactive interdiffusion. However, Pt films

deposited on SiO2 dewet the substrate [197, 198]. In part

because Pt does not oxidize readily, it is an attractive metalliza-

tion choice for high-temperature-oxidizing environments, but

its nobility complicates the fabrication of durable films on

unreactive substrates because Pt does not alloy at the interface

with the substrate. Advanced techniques exist to improve film

adhesion such as ion-beam mixing [199]. It is also possible

to promote adhesion of a Pt film directly on the SiO2 substrate

by sputtering the Pt in an Ar–O2 mixture [200]. However, for

Pt on SiO2, useful adhesion is commonly achieved by inserting

an intermediate glue layer between the Pt and SiO2. Refractory

metals with large heats of oxide formation are inserted to pro-

mote interfacial alloying [7]. The glue layer must provide good

adhesion at the interfaces with both the SiO2 substrate and the

Pt film overlayer, with the hope that an ideal balance obtains in

which the interfacial bonding is improved but not to the limit

of undesirable interdiffusion or reaction.

The tendency for various metal films to alloy with an SiO2

substrate was addressed in Ref. [15]. The family of reactions

SiO2 + Mx = MySi+Mx−yO2 (16)

of SiO2 with metals M were considered. Samples composed of

M films on SiO2 substrates were annealed at 800 °C for 2–4 h in

a vacuum with pressure less than 5 × 10−6 Torr. ForM =Hf, Zr,

Ti, Nb, and V, the metal reacted with the substrate, forming a

metal silicide layer adjacent to the SiO2 with a metal oxide-

covering layer. By contrast, Cr, Mn, Fe, Co, Ni, Cu, Pd, and

Pt did not react, and all of this latter group except for Cr

agglomerated into islands on the substrate. These trends were

correlated with the standard heats of formation for reaction.

A similar analysis was performed on Al2O3 substrates [201].

The group of reacting metals and Cr are all suitable candidates

for adhesion layers in a Pt metallization stack, but this list is not

exhaustive, since, for example, Ta is another refractory metal

that is used as an adhesion layers for Pt metallization [202,

203, 204, 205].

Summary
Diffusion phenomena in the Pt–Si system have been summa-

rized in the context of PVD metallization stacks deposited on

Si and SiO2 substrates with Pt electrode overlayers. The pri-

mary results of the literature review are displayed in Table 6.

The typical (111) texture acquired by Pt films minimizes the

surface energy and is strongly preferred at substrate deposition

temperatures in Zone T and above because the migration

energy on the (111) facet is lowest, while the bound atoms in

the (111) surface are held most tightly. The microstructure

and the texture of a growing film are principally influenced

by the homologous temperature of the substrate, the process

gas pressure, the atomic masses of the process gas and target

material, and the geometry of the deposition system. The

EHF model can be used heuristically to suggest the reaction

temperature and products of an interphase boundary.

Because they have a high crystallization temperature and do

not include short-circuit diffusion pathways, amorphous ter-

nary nitride and oxide diffusion barriers are most effective,

but oxidation and corrosion resistance present formidable chal-

lenges for all metallization schemes. For engineering stable

materials stacks, it is essential to define the external conditions,

including the temperature and the chemical makeup of the

ambient gas, to which the stack will be subjected.
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