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This paper explores the effect of Ti’s segregation and corresponding effect on the intrinsic thin film

growth stress and microstructural evolution in a series of W1-x(Ti)x alloys where x is varied from 0

to 20 at. %. We report that the addition of the Ti solute reduces the compressive W growth stress,

with further reductions achieved through in-situ annealing during growth. Upon examination of the

microstructure, Ti did not appear to have a dramatic effect in altering the film’s grain size and

distribution, but it did increase the fraction of low angle grain boundaries. We confirmed that the

A15 to bcc W phase transformation, which occurs in the early stages of W growth, diminished with

increasing Ti content. This has been explained with respect to Ti’s preference for gettering residual

oxygen, a known stabilizer for the A15 phase. Collectively, this work demonstrates the impact of

solute segregation in the control of residual stresses, specific grain boundary formations, and phase

transformation control in growing thin films. Published by AIP Publishing.
[http://dx.doi.org/10.1063/1.4991880]

INTRODUCTION

For most metallic thin film growth, a Volmer–Weber

growth morphology is observed during deposition. Under

such growth, large residual stresses can develop1–3 which

can lead to thin film failures such as buckling, delamination,4

and cracking.5 Consequently, there has been intense effort to

understand and control thin film stress evolution. In particu-

lar to the Volmer–Weber behavior, a compressive-to-tensile-

to-compressive stress evolution for high adatom mobility

species and a compressive-to-tensile evolution for low ada-

tom mobility species is noted to occur as the thin film thick-

ens.2,6 To explain this evolving stress, several models have

been proposed.1,7–11 While a general agreement exists for

the mechanisms generating the initial compressive and ten-

sile stresses,12 the secondary post-coalescence compressive

stress, seen in high adatom mobility species, remains an area

of active discussion. One of the proposed mechanisms for

the formation of this secondary post-coalescence compres-

sive stress involves the insertion of excess adatoms into grain

boundaries during growth. The driving force for this inser-

tion is created by differences in chemical potentials between

the surface and grain boundaries.10,13 Utilizing this mecha-

nism, Chason et al.1 have developed a kinetic based model,

where the tensile stress generating mechanism of grain

boundary formation and the compressive stress generation

mechanism of excess adatom insertion into grain boundaries

is described. Thus, by changing the grain boundaries them-

selves (structurally, chemically, and/or the number density

of boundaries in the film), the stress state is altered implying

that grain boundaries themselves act as a potential micro-

structural pathway forward to influence the residual stress.

Arguably, the major means of controlling grain bound-

aries have come from regulating the growth conditions.14

This can be achieved through changes in deposition pressure

(where the mean free path length (number of collisions of

the species) from the target to the substrate varies the arrival

energy), the deposition rate of species onto the substrate,

substrate bias, and in-situ heating of the substrate.15–17 More

recently, attempts in the use of alloying have been shown to

promote another means of stress regulation via grain control

and phase formation.18 In the work by Fu and Thompson,19

the extent of preferential species type segregation into the

grain boundaries was shown to control the stress. More

recently Zhou et al.20 reported how Cr solutes can regulate

the Fe grain size which correlated directly with the stress

evolution. Interestingly, in this latter work, a change in the

fraction of special character grain boundaries was also noted

to influence the stress. Kaub et al.21 have also shown that

small amounts of solute can dramatically alter the compres-

sive stresses by achieving a thermodynamically equilibrium

of segregation into the grain boundaries for a series of Cu-Ni

thin films.

In this work, we expand upon these earlier alloy studies

into the W-Ti system. The W-Ti system presents an interest-

ing case study because the phase diagram predicts a region

of W solid solubility up to �12 at. % Ti at room tempera-

ture.22 Above this solubility limit, the two species phase

separate with no competing intermetallic compounds. In

addition, the W-Ti alloys have been noted to yield nanocrys-

talline stable grain sizes when subjected to thermal anneal-

ing.23 Shaginyan et al.24 grew a W-30Ti (at. %) film as a

control for studying micro-hardness changes with nitrogen

doping in W-Ti-N. This film exhibited preferential surface

segregation of Ti, as compared to the film-substrate inter-

face, which changed the size and widths of the crystallites

within the film microstructure.

Of the refractory species, W films have been extensively

studied because of their attributes to the integrated circuit

industry. Their high melting temperature, high electrical
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conductivity, high mechanical strength, good metal barrier

performance, and fine patternability25 have found them to be

ideal in the construction of these devices. They have even

found uses in spin transfer torque architectures.26 As dis-

cussed above, changes in the deposition parameters have

been used to control the stress state of elemental W films.

These studies include sputtering-gas pressure,27,28 substrate

bias,29 and temperature.30 Both compressive and tensile stress

states were observed, dependent upon process conditions, and

found to correlate with the resulting W film’s microstructure.

At low sputtering gas-pressures, the W films exhibited large

compressive stresses and grew as dense columnar grains.

Films at higher pressures displayed tensile growth stresses

and a columnar structure with voids along the grain bound-

aries. With further increases in the gas pressure, the films

even exhibited dendritic-like growth morphologies as well as

an amorphous structure.27,28 Sun et al.30 found that increasing

the W deposition rate resulted in larger compressive stresses

with a correlated reduction in the W grain size. When the

substrate temperature was increased, they reported that the

compressive stress state of the W film relaxed.30 Through

the proposed use of solute alloying of W, we aim to continue

to broaden upon previous W film studies.

EXPERIMENTAL

A series of W (control), W-5 at. % Ti (W5Ti), and

W-20 at. % Ti (W20Ti) films were deposited in an AJA

ATC-1500 stainless-steel chamber though co-sputtering

>99.95% pure elemental targets. The respective alloy com-

positions were chosen based on the predicted solubility

limit from the W-Ti phase diagram, so that a sample below

and above the solubility limit could be investigated. Each

film was deposited to a thickness of 300 nm onto a Si [001]

wafer with a 100 nm thermally grown SiO2 surface layer.

The base pressure prior to deposition was <1.33� 10�5 Pa,

whereupon ultrahigh purity Ar was flowed at 10 standard

cubic centimeters per minute to 0.266 Pa as the working

gas. The deposition rates ranged from 0.075 nm/s to

0.114 nm/s dependent on the alloy composition, with the W

deposition rate held constant. The growth rates were deter-

mined by dividing the final film thickness by the growth

time with the thickness verified by small angle x-ray reflec-

tivity using an X’Pert Philips x-ray diffractometer (XRD)

operated with a Cu Ka source at 45 kV and 40 mA. The sub-

strate temperatures were calibrated using a non-contact

K-Space Bandit
VR

unit that measures the Si band edge of the

substrate upon heating.

The stress evolution during deposition was measured in
situ using a K-Space Associates multibeam optical sensor

system (MOS)
VR

. The MOS measures the change in wafer

curvature using a reflected laser beam passing through an

echelon to form an array of spots collected on a charge cou-

pled device camera.31 The reflected laser spots’ relative dis-

placement is used to calculate the average stress using the

Stoney equation

r ¼ � 1

12

Es

1� Vs

cos að Þt2
s

Ltf

1

R1

� 1

R0

� �
; (1)

where Es

1�Vs
is the biaxial modulus of the substrate, ts and tf

are the thicknesses of the substrate (250 lm) and thin film

respectively, a is the angle of incidence of the laser beam

(2�), L is the substrate detector optic length (88 cm), and R0

and R1 are the radii of curvature of the substrate before and

during film deposition.32

Phase determination was carried out using a combina-

tion of XRD on a Bruker D8 Discover with a Co Ka source

and electron diffraction using an FEI TECNAI G2 Supertwin

(Scanning) Transmission Electron Microscope [(S)TEM].

Grain sizes and morphology were determined by TEM

micrographs and using the automated crystal orientation

mapping (ACOM) platform by NanoMegas ASTAR based

on precession electron diffraction.33 These scans contained a

1 lm2 region using a 3 nm step size. The Orientation Imaging

Microscopy (OIM)—version 8—software was then used to

compile and reconstruct the data for grain size/distribution

and grain boundary type identification. Atom probe tomogra-

phy (APT) was performed in a Cameca LEAP 5000 XS at

50 K at a laser energy setting of 200 pJ with a pulse rate of

333 kHz. The thin film samples were prepared into the

required needle like geometry for APT field evaporation using

a dual beam Focus Ion Beam (FIB) described in Ref. 34.

RESULTS

The in-situ growth stress measurements are displayed in

Fig. 1, which shows the stress thickness plots. The numbers

labeled next to each curve correspond to the steady-state

stress values for each alloy. A linear slope, which occurred

after �50 nm of growth for all the films, indicates that the

incremental stress does not change with thickness and is in a

steady-state. The elemental (non-alloyed) W film exhibited

the largest compressive steady-state stress with this stress

being reduced with increasing Ti content, Fig. 1(a). When

viewing the initial growth regime of the elemental W film, a

modulation in the stress response is observed up to thick-

nesses less than �50 nm. This modulation of stress is a result

of a structural phase change the film is undergoing with

growth and will be further discussed in detail below.

Figure 1(b) illustrates the effect of substrate heating on

the stress state for the elemental W film. At a substrate tem-

perature of 200 �C, the steady-state compressive stress was

observed to decrease by �1 GPa from the room temperature

deposition condition. Interestingly, a further increase in sub-

strate temperature from 200 �C to 300 �C resulted in a rather

limited reduction in the steady-state stress of the film, i.e.,

�2.062 GPa vs. �1.982 GPa, respectively. These results are

now compared to the substrate heating for the W5Ti and

W20Ti alloys, Figs. 1(c) and 1(d) respectively. As with the

elemental film, both alloy films revealed a reduction of stress

with heating. However, when compared to their respective

room temperature deposition stress state, the magnitude of

this stress relaxation difference at 200 �C was smaller for

both alloys, approximately 0.5 GPa for W5Ti and 0.3 GPa

for W20Ti, than that of the elemental W deposition’s reduc-

tion for an equivalent temperature change. Upon increasing

the substrate temperature to 300 �C, a further and more pro-

nounced compressive stress relaxation occurred for both
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alloys that was �0.4 GPa lower than the prior 200 �C steady-

state stress. This change in the steady-state stress was much

larger than the change observed for elemental W (�0.08 GPa

reduction) between 200 �C and 300 �C.

As noted above, during the initial growth of elemental

W, the stress thickness product exhibited a double tensile

maxima, with the first maxima indicated by the dashed arrow

and the second maxima indicated by the solid arrows in

Fig. 2. This first stress maxima is associated with the initial

film coalescence or (first concave maxima35) which was rela-

tively equivalent in its stress maxima and thickness values

for all films and temperatures studied. The second maxima

was observed to vary with the film composition and deposi-

tion temperature. Interestingly, this second maxima was not

observed in the W20Ti films, which is clearly seen upon

enlarging the stress thickness plot for the early stages of film

growth in Fig. 2(c). For the elemental W film, this double

tensile maxima was most pronounced when the substrate

was heated, Fig. 2(a), with its position shifted in thickness

with temperature. When looking at the secondary tensile

maxima for the W5Ti film, Fig. 2(b), two notable differences

from the elemental W are observed. The first is a shift in

the location of the tensile maxima to a much thinner film

thickness of �8 nm for all substrate deposition temperatures

FIG. 1. Growth stress evolution and

steady-state stress values of W-Ti films

(a) W, W5Ti, and W20Ti deposited at

room temperature (RT), (b) W-RT, W-

200 �C, and W-300 �C, (c) W5Ti-RT,

W5Ti-200 �C, and W5Ti-300 �C, and

(d) W20Ti-RT, W20Ti-200 �C, and

W20Ti-300 �C.

FIG. 2. Intrinsic stress evolution of the early stages of film growth for (a) W-RT, W-200 �C, and W-300 �C, (b) W5Ti-RT, W5Ti-200 �C, and W5Ti-300 �C,

and (c) W-20Ti, W-20Ti 200 �C, and W-2-Ti-300 �C.
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[compared to either �50 nm (room temperature), �17 nm

(200 �C), and �30 nm (300 �C) for W]. And the second,

upon increasing the deposition temperature, the relative

height of the secondary maxima peak decreased.

While the phase diagram predicts a bcc W to be the

only phase formed, it has been widely observed that the

A15 (also referred to as b) W forms under a variety of depo-

sition conditions36–38 and grows with a tensile stress state.29

The metastable b phase has been reported to depend on film

thickness, oxygen partial pressure,36 substrate bias, temper-

ature, and deposition power.29,39 A critical thickness of

around 50 nm is often reported as the upper bound for b-W

stability. For films below this critical thickness, the trans-

formation to a-W can still occur at room temperature but

requires tens to hundreds of hours to transform, which can

be accelerated by external annealing. To confirm the phase

change, XRD was performed at a film thickness of 20 nm

for room temperature W and W5Ti film. This thickness and

these compositions were chosen to determine if the stress

response at these film thicknesses was indeed linked to the

presence of b-W.

The top two XRD scans shown in Fig. 3 are for these

two 20 nm thick films. It is clear that the W film diffracted

the b-W phase whereas the W5Ti film, which is now at a

thickness beyond its second stress maxima [Fig. 2(b)], does

not. This phase confirmation also supports the prior reports

of b-W exhibiting a tensile behavior as it grows.29 It indi-

cates that the slope of the stress response can then be used as

an indicator to estimate the thickness regime of the b-W sta-

bility. The XRD scans for all other films grown to a thick-

ness of 300 nm are shown on the bottom of Fig. 3. As can be

observed, all of these films revealed unambiguous diffraction

of the a-W phase with a strong {110} bcc texture peak. The

XRD results also did not reveal any hcp a-Ti indicating that

the films were in a solid solution with Ti and/or any phase

separation was not sufficient to yield a secondary phase for

diffraction identification. The lack of Ti clustering into the

a-Ti phase may be associated with its decoration of the nano-

scale grain boundaries where it has been associated with

nanocrystalline grain stabilization.23

Table I is a tabulation of the shift in the diffraction peak

for the d110 lattice spacing as well as the corresponding

a-lattice parameter taken from Fig. 3. We can note that as the

W film is annealed, the lattice parameter relaxes towards its

bulk equilibrium value of 3.165 Å.40 Similar trends can be

seen in the alloy films, though they are not able to achieve

the same elemental lattice parameter relaxation. This differ-

ence is attributed to the bcc W lattice having some solubility

for Ti, which would be consistent with the thermodynamic

equilibrium phase diagram of W-Ti as well as Vegrard’s law

predictions41 that the lattice parameter shifts with composi-

tion. Through annealing, it is evident that the super satura-

tion of Ti in the as-deposited W-Ti film is reduced by the

shift of the lattice parameter created by the available thermal

energy to facilitate segregation of Ti to the boundaries.

Grain size determination, acquired by ACOM, showed

that all of the films have an average grain size around 60 nm

with the individual grain sizes tabulated in Table II. The

large standard deviations in the grain size were associated

with a large range of grain sizes in the deposited films, as

shown in the representative grain size histograms for the

room temperature deposited films, Fig. 4. Interestingly, the

increase in deposition temperature did not appear to help nar-

row the distribution of the grain sizes during growth evident

by the continued large standard deviations observed and tab-

ulated in Table II. The representative bright field images,

Fig. 5(a), and the grain boundary mapping images, Fig. 5(b),

revealed similar grain sizes and varied size distributions.

The majority of grain boundaries in all the films were

high angle grain boundaries (HAGBs); however, the fraction

FIG. 3. X-ray diffraction of W and W5Ti deposited at room temperature

grown to a thickness of 20 nm above and of W, W5Ti, and W20Ti deposited

at room temperature, 200 �C and 300 �C to a thickness of 300 nm below.

TABLE I. Diffraction angle and lattice parameter a calculated from the d110

spacing for the films at 300 nm thickness.

Composition 2 theta (�) a (Å)

W 46.83 3.185

W 200C 46.92 3.179

W 300C 46.96 3.176

95W5Ti RT 46.80 3.186

95W5Ti 200C 46.84 3.183

95W5Ti 300C 46.87 3.182

80W20Ti RT 46.63 3.198

80W20Ti 200C 46.82 3.185

80W20Ti 300C 46.90 3.181

TABLE II. Grain size measured from automated crystal orientation mapping

at a film thickness of 300 nm.

Composition Average grain size (nm)

W 60.2 6 44.9

W 200C 57.4 6 44.9

W 300C 68.7 6 46.0

95W5Ti RT 65.5 6 62.4

95W5Ti 200C 59.6 6 54.7

95W5Ti 300C 68.3 6 49.0

80W20Ti RT 52.4 6 49.0

80W20Ti 200C 56.5 6 55.6

80W20Ti 300C 57.0 6 44.9
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of low angle grain boundaries (LAGBs) as well as R3 and

R11 special character grain boundaries did reveal trends in

either composition or deposition temperature, Fig. 6. These

three grain boundary types—LAGBs, R3, and R11—com-

prise the next highest fraction of boundary types in the films.

As the Ti content increased, the fraction of LAGBs increased

from 0.070 (W) to 0.117 (W5Ti) to 0.212 (W20Ti), with the

values given averaged over all three temperatures for each

composition. Interestingly, as the Ti content increased the

relative fraction of R3 boundaries remained similar between

each film at each specific composition but upon annealing, in

all three films, the R3 fraction decreased. Finally, the R11

appeared to be more prevalent with either lower Ti contents

and/or annealing. For the W20Ti film, the presence of R11

was a relatively low fraction of boundary type for all deposi-

tion temperatures, whereas such behavior is not observed for

the other two films.

DISCUSSION

The reduction in the magnitude of the compressive

growth stress upon adding Ti demonstrates that alloying can

have a significant effect on intrinsic growth stress and micro-

structure development, even with the average grain sizes

(with large standard deviations) being relatively similar

between compositions. There have been numerous studies on

how grain size can influence the resultant stress state of a

film.11,42,43 Here, the differences between W and its alloyed

films’ average grain sizes are relatively minor (D �8 nm).

Furthermore, the W5Ti film’s average grain size at room

temperature is actually larger than that of W whereas the

W20Ti film’s average grain size at room temperature is less

than elemental W. Yet, each alloy film has a lower steady-

state compressive stress and the trend of reduction follows

with increasing Ti content. The wide distribution of grain

sizes retained for all the films further complicates the ability

to link a specific grain size as the primary factor influencing

the stress differences between each film.

Regardless of the complications of grain size to stress, a

clear trend in Ti content with compressive stress reduction

was observed. Prior work has shown that the deposition rate

can also influence W’s compressive stress state.30 One could

potentially suggest that the modest increase in deposition

FIG. 4. Histogram of grain size distributions of W, W5Ti, and W20Ti

deposited at room temperature. The histogram reveals a wide range of

observed grain sizes across all film compositions.

FIG. 5. (a) Bright field TEM micro-

graphs of W, W5Ti, and W20Ti depos-

ited at room temperature to a film

thickness of 300 nm and (b) grain

boundary maps illustrating HAGBs

(blue) and LAGBs (green) for room

temperature W, W5Ti, and W20Ti.

FIG. 6. Fraction of low angle grain boundaries and the special grain bound-

ary types of Sigma’s 3, 5, 7, 9, and 11.
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rate created by the solute addition could be a contributing

factor. However, in the prior deposition rate study, the com-

pressive stress increased with rate, which is the opposite

trend observed here.

As discussed in the Introduction, the compressive stress

has been suggested to originate from the migration of excess

adatoms into the grain boundaries created by a chemical

potential driving force between the surface and grain bound-

aries during growth.10 Though this model was constructed for

single species films, it was expanded by Fu and Thompson19

to include a chemical potential driving force from intrinsic

segregation enthalpies. This would suggest that the grain

boundary environment is a key to determining the stress state.

Prior work on the nanocrystalline stability in the W-Ti system

by Chookajorn and Schuh23 has shown that Ti will decorate

the grain boundaries because of its �50 kJ/mol enthalpy

of segregation with W. Also, as noted in the introduction,

Shaginyan et al.24 noted preferential Ti partitioning in W-Ti

films. Thus, having a solute that preferentially locates in and

around the grain boundary region would contribute to control

of the grain boundary chemical potential.

To determine if the predicted segregation occurs (even

at room temperature deposition) in our sputter deposited

films, atom probe tomography was performed. Figure 7

shows an atom map from a representative W(Ti) alloy at a

grain boundary triple point. An isoconcentration surface of

Ti enrichment is revealed along the grain boundaries within

this film confirming that Ti solute segregation to the grain

boundaries does occur. With further increases in Ti content,

this boundary enrichment further increases. From the XRD

as well as TEM diffraction data, the clustering of the Ti and

subsequent precipitation of a secondary a-Ti phase did not

occur at the composition and annealing conditions studied.

This segregation suggests a possible mechanism result-

ing in the observed reduction of compressive stress with

increasing Ti content. The presence of Ti in the grain bound-

ary provides a thermodynamic barrier for the further inser-

tion of excess W adatoms into the grain boundaries. Thus, as

the amount of Ti in the film increases, a corresponding

increase in Ti segregation to the grain boundaries occurs.

The overall fraction of excess W atoms inside the grain

boundary will reduce resulting in a reduction in the compres-

sive force created by W adatoms, particularly when one rec-

ognizes that Ti is a smaller atom than W.44

Besides the overall steady-state compressive stress

behavior with Ti, the initial growth stresses where the b-to-a
W transition occurred also tracked with Ti content. As the Ti

content increased, the critical thickness for b-Ti stability was

reduced and eventually was not observed for the highest sol-

ute content alloy. Figure 8 shows the TEM micrographs for a

20 nm elemental W and W20Ti films grown at room temper-

ature. Recall that at 20 nm, W was indexed by XRD as b-W

FIG. 7. Representative atom probe

reconstruction from a W15Ti film

deposited at room temperature. (a)

Atom map of Ti, (b) atom map of W,

(c) atom map of W-Ti, (d) isoconcen-

tration surface of Ti showing enrich-

ment along the grain boundaries, and

(e) proximity histogram quantifying Ti

enrichment along the boundary region.

FIG. 8. TEM of (a) 20 nm W-RT bright field showing fine b-W grains and large a-W grains, (b) corresponding diffraction of 20 nm W-RT showing b-W and a

small fraction of a-W, (c) 20 nm W20Ti-RT bright field image revealing larger a-W grains, and (d) corresponding diffraction revealing only bcc a-W

reflections.
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and W5Ti was a-W, Fig. 3. In the W film micrograph, Fig.

8(a), a dominate b-W phase with grain sizes of 8.8 6 1.4 nm

was observed. This very fine microstructure (small grain

size) exhibited by b-W would explain the tensile stress

behavior observed when this phase is present.29 However,

upon closer inspection of Fig. 8(a), a few larger “bright

grains” can also be seen. A careful measurement of the

selected area diffraction pattern, Fig. 8(b), revealed a ring

consistent with the a-W phase, which coincides through dark

field imaging (not shown) of these bright grains as nucleated

a-W. Their relatively low volume fraction inhibited them

from sufficient diffraction intensity in the prior XRD scan.

The addition of Ti appears to thermodynamically favor the

formation of a-W over b-W. This was ascertained by noting

the stress response of the secondary tensile peak; this peak

decreased in relative height and thickness between the ele-

mental and alloy films, seen in Fig. 2. This a-W stabilization

was further confirmed by the TEM micrographs in Fig. 8,

which showed a complete transition to a-W, and no second-

ary tensile peak, Fig. 2(c), observed in the W20Ti film.

The grain size at 20 nm for the W20Ti film (38.57

6 27.76 nm) does reveal a smaller average size than those

reported for the 300 nm thick film (52.4 6 49.0 nm), Table II.

Furthermore, the collective grain sizes for 20 nm W (8.8

6 1.4 nm) are smaller than the 20 nm W20Ti film, Fig. 8(c).

This difference in grain sizes between these two films is

explained though the phases they form and the structure zone

model of thin film growth.45 It is clear that if b-W forms, it

does so as fine grains, which ultimately transform to larger a-

W, as one can infer from Fig. 8(a) where larger a-W grains

are observed in the presence of b-W. However, these initial

a-W in-plane grain sizes, Fig. 8(c), are still smaller than their

final average grain size measured at 300 nm thickness

(68.7 6 46.0 nm), Table II and Fig. 5. The cross-sectional

microstructure for the films, with a representative image

shown in Fig. 9 for W5Ti, revealed the films all grow in the

zone T region of the Thornton structure zone model. In this

region, a competitive grain growth process develops in the ini-

tial stages, evident by the v-shaped grains. Eventually a pre-

ferred orientation or grain is adopted whereupon that grain

dominates and grows creating the final, larger grain size than

those that nucleated during the early stages of deposition.46

The nonlinear slope from the stress measurements, Fig. 1, dur-

ing the early film growth also supports the notion of the zone

T behavior because the changing slope is related to evolving

grain sizes.47 Most interesting, by adding Ti to the W film,

and bypassing or at least restricting the thickness stability

range of b-W initial growth, the type of grain boundaries that

formed in the coalescence stages of growth changed. Since

W20Ti bypassed completely the b-to-a W transition, a clear

increase in LAGBs was created. This 20 nm W20Ti film, Fig.

8(c), exhibited a LAGB fraction of 0.224, which is approxi-

mately the same fraction exhibited at the 300 nm. Thus as the

film thickened, this grain boundary type does not appear to

change with film thickness.

Though these are interesting observations, they do not

explain how Ti reduces the stability of the b-W phase. Upon

adding Ti, the phase stability can be altered by changes in

the free energies associated with solid solution mixing

between a and b W. In addition, the strain may influence this

phase stability, albeit the effect is minimal because of the

relatively small changes in lattice parameters tabulated in

Table I. Interestingly, b-W stability has been linked to oxy-

gen content.39 Though each film was grown in vacuum,

some amount of deleterious background oxygen will still be

present. The time of flight mass spectrum from the prior

atom probe experiments revealed an oxygen content that var-

ied between �0.5 to �0.9 at. % in these films. It is well

known that Ti has a much stronger affinity for oxygen than

W.48 Thus, it is reasonable to assume that as the Ti content

increased, the excess Ti was able to getter this residual oxy-

gen from W, which would mitigate its ability to stabilize the

b-W phase. This gettering difference was observed in the

atom probe mass spectrum, where the detected complex ions

with oxygen were in a larger fraction for the titanium based

complexes than the tungsten based complexes, i.e., �0.63%

TiO2 verses 0.01% WO2 for the room temperature W5Ti

film. For the elemental W films, there is a slight shift in the

secondary tensile stress condition with deposition tempera-

ture. These shifts are less prevalent for the alloy films. This

difference in behavior is contributed to Ti’s ability to getter

oxygen. Recall that oxygen is a known stabilizer for b-W,

and at elevated temperature, minor outgassing within the

vacuum chamber can occur, which would explain the appar-

ent shift behavior in the elemental W films where oxygen’s

influence would be more pronounced. Thus, not only has Ti

influenced the steady-state stress but also influenced the

phase stability behavior of the W alloy films.

Finally, the heating of the substrate during deposition

resulted in the reduction of the compressive stress for all of

the films, which is consistent with prior work of elevated

temperature deposited elemental W films.30 In the study by

Sun et al.30 the reduction of the compressive stress was

linked to larger grain sizes. From Table II, we can see that

the average grain size did increase for the W film, which

FIG. 9. Bright field image of the W5Ti cross section (300 nm thick film)

showing zone T growth with some v-shaped grain morphologies traced in

the image below by the white lines.

085301-7 T. Kaub and G. B. Thompson J. Appl. Phys. 122, 085301 (2017)



may have contributed to the compressive reduction, though

the large standard deviation in grain sizes convolutes this

link. Interestingly, the average grain size of the W20Ti film

showed the least variation in grain size with annealing and is

likely to contribute to the aforementioned nanocrystalline

stability behavior. As mentioned above, the heating of the

film did result in changes in the bcc phase lattice parameter,

Table I, with this behavior contributed to the thermally

assisted further migration of Ti to the grain boundaries to

achieve equilibrium solubility within the W grains. This

migration would then change the unit cell strain of W-Ti and

also assist in the reduction of the compressive stress state of

the film.

CONCLUSION

In this paper, we have explored the effect of Ti additions

on the intrinsic growth stress and microstructural evolution

in the W-Ti system. Increasing Ti content in the films

resulted in a reduction in the magnitude of the observed

compressive stress. This reduction occurred without signifi-

cant changes to the average grain size, with the grain sizes

exhibiting a large size distribution independent of composi-

tion or the deposition substrate temperature studied. The

stress reduction is attributed to Ti segregation at the grain

boundaries, which was confirmed by APT. This segregation

of Ti would provide a thermodynamic barrier for the inser-

tion of excess W adatoms to the grain boundaries as well as

a notable atomic volume size difference between the types of

adatoms in the grain boundaries themselves. Upon heating

the films at each composition, a reduction in the compressive

stress was observed. This change was attributed to further Ti

enrichment of the grain boundaries as well as a lattice relaxa-

tion towards equilibrium.

The addition of Ti was noted to modify the stability of

the metastable formation of A15 or b-W that can form in the

early stages of growth. With increasing Ti content, the thick-

ness stability regime of b-W decreased and eventually, at the

highest Ti content, did not form. This has been attributed to

Ti’s preference to getter oxygen from W, where oxygen is

known to help stabilize b-W. The removal of initially nucle-

ating b-W resulted in both larger initial grain sizes upon

growth and an order of magnitude increase in the fraction of

LAGBs.

Collectively, this work has demonstrated that Ti solutes

can have a dramatic effect on the stress and microstructure

of W-based thin films. Not only can Ti be used to tune the

stress evolution of the sputter deposited films, but it can also

control the phase stability and grain boundary character

types within these films. This indicates that composition can

be an equally important variable in the process control and

tailoring of residual thin film stress and thin film structure.
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