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a b s t r a c t 

Nanoparticle-reinforced thin films synthesis is often limited by precipitation thermodynamics and kinet- 

ics to certain material combinations and nanoparticle size distributions. We demonstrate a new method 

that allows direct co-deposition of mono-sized nanoparticles with various matrix materials, independent 

particle size and composition control, yielding flexible material selection, and nanoparticle density spatial 

variations laterally and depth-wise. Tungsten nanoparticles were co-deposited into magnetron-sputtered 

copper, giving a uniform distribution of nanoparticles in transmission electron microscopy. To demon- 

strate the application potential, W nanoparticles stabilized nanograined Cu at 500 °C; pure Cu reference 

showed significant grain growth. This method opens new possibilities in tailored nanocomposite fabrica- 

tion. 

© 2020 Acta Materialia Inc. Published by Elsevier Ltd. 

This is an open access article under the CC BY-NC-ND license. 

( http://creativecommons.org/licenses/by-nc-nd/4.0/ ) 
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The properties of a material can be improved by altering the

tructure at the nanoscale in many different ways. For example, the

icrostructure can be modified either during or after fabrication

y means of grain refinement or the incorporation of nanotwins,

hich will generally increase the strength of the material [ 1 , 2 ]. A

anoscale architecture can be introduced into the sample structure

o modify the density, surface area, and mechanical behavior of a

aterial [ 3–5 ]. One or more additional phases can also be formed

n the structure, often with the goal of increasing the strength or

hermal stability of the material [ 6 , 7 ]. 

Nanoparticles are commonly incorporated into bulk materials

s an alternate phase. When nanoparticles are freestanding, their

anoscale dimensions, surfaces, and coatings can be tuned to pro-

uce vivid colors, strong sensing capabilities, magnetic effects, and

ther attractive material properties [ 8–15 ]. Their nanoscale fea-

ures cause them to exhibit physical and chemical properties which

re very different from their bulk counterparts, spurring much re-

earch into their fabrication and utilization. When nanoparticles

re incorporated into a matrix, they can enhance the strength,

hermal stability, and optical properties of the composite material;

hus, a variety of methods have been developed for incorporating

anoparticles into a matrix material [ 16–19 ] One common method

s supersaturation of a material with another element and subse-
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uent heat treatments to promote the formation of precipitates, of-

en used in nickel superalloys and age-hardened aluminum alloys.

uch an approach requires that the materials have significant mis-

ibility at reasonably low temperatures and that the precipitates

orm with the desired shapes and size distributions. 

To avoid the requirement of miscibility, the materials can also

e deposited in a non-equilibrium state (e.g. by physical vapor

eposition or ion implantation) prior to annealing [ 20–23 ]. How-

ver, precipitate shapes and spatial distributions are not easily con-

rolled by annealing [ 24 ]. Other methods consist of incorporat-

ng existing nanoparticles or agglomerated metal ions into a ma-

rix, using methods such as sol-gel suspension, CVD, etc [ 25–33 ].

owever, such methods are limited in nanoparticle/matrix mate-

ial selection, due to diffusion caused by the elevated temperatures

f deposition, chemical reactivity considerations, and the limited

vailability of deposition routes for certain materials [ 12 , 25 , 32 , 34 ].

n addition, it is often difficult to control the nanoparticle sizes in-

ependently of other deposition parameters and avoid agglomera-

ion of the nanoparticles. 

In the present study, a novel method for incorporating nanopar-

icles in a controlled manner into an arbitrary matrix material is

emonstrated. Here, the Cu matrix was deposited by magnetron

puttering, while W nanoparticles were synthesized using termi-

ated gas condensation and subsequently ejected onto the sub-

trate during the concurrent Cu deposition. Terminated gas con-

ensation has previously been used to produce single element (and

ccasionally two element) metal and semiconductor nanoparticles
rticle under the CC BY-NC-ND license. 
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Fig. 1. Co-deposition schematic. The nanoparticle source and sputtering source de- 

posit simultaneously onto the substrate, allowing for tailored film architectures. 
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by DC or radio frequency plasma sputtering followed by extraction

of grown clusters through a differential pumping chamber; source

parameter optimization has recently been extensively studied [ 35–

39 ]. The W nanoparticles here were uniformly distributed into the

Cu matrix and the sample demonstrated significantly improved re-

sistance to grain growth compared to a pure Cu film deposited

under identical conditions. With this deposition method, the ma-

trix and nanoparticle material selection is free from many of the

phase diagram and thermodynamic considerations that can domi-

nate for precipitation-formed particles. In addition, the size of the

nanoparticles can be controlled by mass selection using a setup

akin to a mass spectrometer, which is critical for optical applica-

tions [ 9 , 11 , 17 , 27 , 40 ]. Thus, this study demonstrates a new level of

control that is now available for the fabrication of nanocomposites

and control of their properties. 

The samples were deposited using a custom QPREP 500 PVD

chamber from Mantis Deposition Ltd, allowing co-deposition of

nanoparticles during physical vapor deposition; a schematic of the

deposition chamber is shown in Fig. 1 . Two types of films were

deposited: pure Cu reference films and a second with incorporated

W nanoparticles. Sample films were deposited onto carbon film

Transmission Electron Microscopy (TEM) grids and Si (100) wafers.

Copper was magnetron sputtered from a 76 mm high purity target

using a HiPIMS power source (HiPSTER 1, Ionautics AB); tuning the

pulse properties allows for unique grain-size control and obtaining

a non-porous copper layer. The developed process parameter set

keeps twin formation to a minimum. In addition, the highly ener-

gized sputtered copper adatoms have a higher mobility upon land-

ing onto the substrate and enhance the embedding of the tungsten

particles into the matrix. The average driving current was set to

25 mA and the plasma power to 20 W. The pulse length was 40

μs, with a 300 Hz repetition rate. This reached a peak current of

2 A and a pulse charge of 140 μC. An 8 standard cubic centimeter

per minute (sccm) argon flow was regulated to produce a 1.7e-3

mbar process pressure using a throttle valve. 

W nanoparticles were produced by a 51 mm magnetron head

driven by a DC power source. The nanoparticles are formed in

an aggregation zone and then a pressure difference extracts the

nanoparticles through the exit aperture [ 41 ]. To successfully incor-

porate the tungsten nanoparticles into the matrix, the pressure set-

points of various regions of the vacuum system were optimized.

These included the nanoparticle aggregation zone, the substrate

zone, the magnetron sputtering of the matrix material, and the tra-

jectory of the particles starting from the aggregator exit aperture.

The aperture width was matched so that the pressure difference

at the exit of the aggregation zone enabled both the extraction of

the particles towards the substrate and maintained the terminated

gas condensation mechanism, resulting in the desired particle di-

ameters. The current was set to 250 mA, resulting in an average

plasma power of 75 W. The magnetron was inserted 80 mm deep
nto the nanoparticle aggregation zone and maintained at 20 °C
y external cooling. An argon flow of 65 sccm builds 2e-1 mbar

ressure within the aggregation zone. The exiting argon flow cre-

tes 1e-3 mbar pressure at the aperture, and a residual 5e-4 mbar

ressure within the main chamber. This background pressure due

o the nanoparticle source operation is compensated by regulat-

ng the main chamber pressure with a throttle valve and does not

ignificantly influence the magnetron sputtering of the matrix ma-

erial. 

During deposition, the extracted nanoparticle beam was also

riven through a quadrupole mass spectrometer (NanoGen 50,

antis Deposition Ltd.) to measure the mass distribution of the

anoparticle beam, which is then converted to a nanoparticle di-

meter distribution. The mass spectrometer also provides the op-

ion of nanoparticles size-filtering, which is a limitation for many

ther techniques, wherein the nanoparticle size is generally cou-

led with another parameter such as volume fraction [ 31 ]. Some

ossible film architectures which can be fabricated with such a

ystem are diagrammatized in Fig. 1 and illustrated in the supple-

entary material Figure S1. 

The nanocomposite films deposited onto carbon film grids were

leaned in an oxygen plasma cleaner (PlasmaPrep2, GaLa instru-

ente) and subsequently annealed in vacuum (starting vacuum:

 2.5e-5 mbar), first to 300 °C for 3 h and then to 500 °C for

 h, using a Carbolite STF 16/450 tube furnace. The films deposited

nto carbon film grids were directly imaged in plan-view by TEM

JEM220 0fs, JEOL) at 20 0 kV; additionally, TEM cross-sections of an

s-deposited Cu film with W nanoparticles on a Si substrate and

n annealed Cu film with W nanoparticles on a carbon film TEM

rid were prepared using a Tescan-Vela focused ion beam micro-

cope and subsequently imaged by TEM. The cross-sectional TEM

ample of the annealed film was taken from the carbon film TEM

rid sample rather than the film on the Si substrate, because sili-

ides formed upon annealing of Cu on Si. Chemical analysis was

erformed by STEM-EDX (Titan Themis, FEI) at 300 kV using a Su-

erEDX detector system. 

Bright-field scanning TEM (BF-STEM) and Dark-field STEM (DF-

TEM) images of the as-deposited samples with and without W

anoparticles are shown in Fig. 2 . Fig. 2 a–c show the sample with

 nanoparticles, with the nanoparticles generally appearing darker

han the Cu in BF-STEM images and brighter in DF-STEM images

hrough atomic contrast. Further EDX-based chemical analysis is

eported in the supplementary material Figure S2. The nanoparticle

ensity by volume, n , was determined by counting more than 600

anoparticles in DF-STEM images; particle spacing measurement

ssumed an ideal gas law distribution, where the center-to-center

pacing is approximated by 0 . 893 ( 3 
4 πn ) 

1 / 3 . The average nanoparti-

le spacing was determined to be 9.5 nm and the nanoparticles

ere measured to have an average diameter of 4.0 nm, with a

tandard deviation of 0.7 nm. This particle size matches that mea-

ured by the mass spectrometer during deposition, where a 4.0 nm

verage diameter was measured, with a standard deviation of

.3 nm. 

The samples did not show agglomeration of nanoparticles. In

ddition, in Fig. 2 c, the nanoparticles are scattered throughout the

u grains, not just at grain boundaries. Therefore, the nanoparti-

les do not cause renucleation events; rather, the Cu grains appear

o be simply growing around the W nanoparticles. This is in con-

rast to the renucleation due to nanoparticles that is sometimes

bserved for other deposition methods, such as Pt and Au nanopar-

icles in CVD ZnO [ 42 ]. 

A plan view of as-deposited pure Cu is shown in Fig. 2 d. The

rain shapes are qualitatively similar for the samples with and

ithout W nanoparticles, and the average Cu grain diameters are

8 ± 11 nm for the sample with W nanoparticles and 25 ± 11 nm

or the sample without W nanoparticles. Grain sizes were deter-
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Fig. 2. TEM images of as-deposited Cu films with and without W nanoparticles (np). a) BF-STEM plan-view image showing the grain structure of the Cu and the distribution 

of W nanoparticles (dark dots). b) DF-STEM image of the same area as a); here W nanoparticles appear as bright dots. c) Cross-sectional BF-STEM image of a Cu film with W 

nanoparticles. d) BF-STEM plan-view image of a pure Cu film. For both compositions, the average Cu grain size is similar at 28 and 25 nm, with and without W, respectively. 

All scale bars are 50 nm. 
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ined from TEM images and are “column diameter” values, since

he Cu grains are columnar rather than spherical. Overall, the two

amples start with similar microstructures and grain sizes. 

TEM images of the films after annealing to 500 °C in vacuum

or 2 h are shown in Fig. 3 . The grain structure of the annealed

ample with W nanoparticles remains similar to that before an-

ealing. The Cu grain diameter increased slightly from 28 nm to

6 ± 13 nm after annealing, and the W nanoparticles are still dis-

ersed: many particles remain at the grain interiors rather than

he grain boundaries. This retention of nanoparticle dispersion is

imilarly seen in the cross-section images, Fig. 3 d. 

In contrast, there was significant grain growth for the sample

ithout W nanoparticles, as in Fig. 3 e. The average grain diame-

er increased from 25 nm to 118 ± 54 nm after annealing. This

tark difference in grain growth is evident in the DF-TEM images

n Fig. 3 c and f (with and without W nanoparticles), noting the

cale-bar change. In Fig. 3 e, twin boundaries are evident; these are

lso present in the as-sputtered Cu grains for both samples, but are

ess evident as the as-sputtered grains are smaller. 

The overall W composition of the sample, based on an aver-

ge particle diameter of 4 nm spaced at 9.5 nm, is ~ 0.75 vol.%.
hus, this small volume of nanoparticles was sufficient to signifi-

antly inhibit the grain growth of the nanocrystalline Cu, even at

.57 homologous temperature for 2 h. In fact, one may consider

he pinning potential of the W nanoparticles with radius r on the

rowth of Cu grains, radius R c , according to the generalized Zener

rag equation 

43 : 

 c = 

Kr 

f m 

here the prefactor K , and the exponent m of the particle volume

raction, f , have been determined experimentally for a range of in-

oluable and precipitate particles in engineering alloys to be best

alued at 0.17 and 1, respectively, for f < 0.05, as here. For 4 nm

iameter W particles at 0.7 vol.% this yields Cu grains of 91 nm

iameter – somewhat larger than the measured values following

eat treatment, but nevertheless lower than the Cu grain size in

he absence of W nanoparticles. In fact, further investigations into

ener drag [38] have shown that, as here, additional grain refine-

ent occurs when the particles are stable, and the initial grain size

s both refined and homogeneous. 
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Fig. 3. TEM images of annealed (500 °C, 2 h) Cu films with W nanoparticles (plan view - a, b, c; cross-sectional view - d) and without W nanoparticles (plan view - e, f). 

Note the change in scale-bar in e and f: the grain growth is considerable for the pure Cu sample. 
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The stability of the nanoparticles results from two important

considerations: W is immiscible in Cu, and W has a high melt-

ing point (3695 K vs. 1358 K for Cu). These two properties are

of note for demonstrating the flexibility of this method of co-

deposition. To alternatively have W distributed in Cu would re-

quire co-sputtering of both materials (since they are immiscible),

as has been previously performed for a variety of compositions

[23] . However, subsequent annealing of such co-sputtered mate-

rial may not result in the desired structure, since annealing affects

both phases and independent control of the two structural com-

ponents (matrix and nanoparticles) is hence lost, i.e. Cu grains can

grow before the W nanoparticles are completely formed by seg-

regation. On the other hand, direct deposition of the W nanopar-

ticles into the Cu as performed here allows for a controlled and

thermally-stable as-deposited structure. 

The small amount of W that was required to effect this in-

creased thermal stability also holds promise for producing mate-

rials with certain significantly improved properties (thermal sta-

bility, optical properties, strength), while causing minimal alter-

ations to other properties (electrical and thermal conductivity, den-

sity, corrosion resistance), as the majority phase remains unalloyed.

Further control of the nanoparticle distribution can also be im-

plemented by having nanoparticles embedded both randomly and

in layers, with lateral and depth gradients in particle density also

possible. This allows for additional tuning of the material proper-

ties, see diagram, Fig. 1 , and micrographs, Figure S1. 

The flexibility of the deposition method also lends itself favor-

ably to the possibility of creating model systems to verify funda-

mental theories in Materials Science, such as Zener drag evoked

here, but also particle strengthening in materials mechanics, and
he kinetics of elemental interdiffusion. Indeed, an idealized start-

ng state for diffusion studies can be generated with this method:

 mechanical mixture with a uniform 3D distribution of point

ources of pure elements in a pure matrix. Similarly in the case

f the Zener theory [43] , the core assumptions are fulfilled by the

resent co-deposited system: the W particles are reasonably ap-

roximated as spherical, although the Cu grains are themselves

olumnar, which facilitates use of a 2D model, the particles are in-

oherent in the matrix and are uniformly distributed, and finally

he particle sizes are narrowly distributed and are small enough

elative to the initial grain size to interact with only one grain

oundary at a time. 

Therefore, a method for co-deposition of nanoparticles into

 matrix has been demonstrated that has the same material-

election versatility, which is provided by conventional mag-

etron sputtering. This technique avoids the thermodynamic con-

iderations, which are inherent to most other nanocomposite

o-deposition methods, resulting in many new possible matrix-

anoparticle material combinations. The nanoparticles can be ran-

omly distributed throughout the material, as was done here, or

he spatial distribution can be controlled by varying the deposi-

ion parameters and interrupting the nanoparticle or matrix depo-

ition as needed. As was demonstrated for Cu in this study, ther-

al stability could be immediately improved using such a deposi-

ion method. This technique also holds promise for producing ma-

erials with tuned optical properties, where nanoparticle sizes and

istributions need to be well controlled. Finally, this technique al-

ows for the fabrication of tailored microstructures for fundamental

nvestigations of nanocomposite behavior during mechanical defor-

ation and in other conditions. Overall, this deposition method
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te fabrication. 
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