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A gas aggregation source based on DC magnetron sputtering was investigated using a passive

thermal probe and supplementary diagnostics (Langmuir probe and quartz crystal microbalance).

Parameter variations of pressure, axial distance, and magnetron current have been performed for

three different targets (pure Cu, pure W, composite Cu/W) in argon discharge. The measurements

showed the energy flux to be significantly higher for the case of the pure tungsten and the

composite target compared to the copper target, which is likely a result of the strongly increased

amount of neutrals being reflected from the heavier targets. Furthermore, gas rarefaction by the

sputtered atoms was found to be essential for the understanding of the observed energy flux and

that the dominant contributors to the energy flux in the higher pressure regime are comparable to

those observed in the conventional lower pressure regime. Selected deposited films have been

investigated ex-situ by scanning electron microscopy, which allowed us to gain insight into the

nanoparticle formation in relation to the observed energy conversion. Published by AIP Publishing.
https://doi.org/10.1063/1.5037413

I. INTRODUCTION

Metal nanoparticles (NPs) produced by means of gas

aggregation cluster sources (GAS) represent an ever growing

field in nanoscience.1–5 In the past, the major focus was laid

upon the construction of GAS themselves,6,7 to understand

the basic principles of the nanoparticle formation pro-

cess,1,2,8,9 the properties of single-phase particles, and their

transport to substrates.10–12 Recent developments shift the

focus from a single material to composite nanoparticles,

which resulted in a variety of different approaches to achieve

complex nanoparticle formation. Some methods employ

multiple steps such as in-flight coating or subsequent coating

of single-metal NPs by a thin film of another material.13,14

Although the formation of the core is in this case completely

decoupled from the deposition of the shell, the produced

shell is usually very thin (typically several nm). Another

method utilizes simultaneous sputtering of two or more met-

als from several magnetrons in one aggregation chamber15

allowing for the production of multi-component NPs.

Although control of the component ratio can be well

achieved with this method, the control of the overall homo-

geneity is not straightforward. The same problem arises

when a single magnetron is used with a target composed of

two halves consisting of two different metals.16,17 Other

studies with different forms of composite targets like a silver

target with a concentric thin gold wire inserted in the erosion

track18 or various alloyed targets19–21 were found to reliably

produce nanoparticles with varying results regarding particle

size distribution, composition, and structure. A similar

approach, which is investigated in this study, is based on

small pellets of different materials located in the erosion

track. Although the possibility to produce core-shell NPs

using this method was already demonstrated,22 the formation

and growth of such NPs is still not well-understood. This is

partially due to insufficient knowledge of the processes

occurring inside the aggregation chamber, such as heating/

cooling of growing NPs. To gain insight into the energy flux

inside the aggregation chamber and, thus, also on the energy

conversion relevant for the formation process of the par-

ticles, energy flux measurements using a passive thermal

probe (PTP) were performed for different settings of dis-

charge power, gas pressure, and distance to target.

Supplementary to the measurement of the power density

(energy flux) with the PTP, the deposition rate was measured

using a quartz crystal microbalance (QCM), and plasma

parameters were monitored with a Langmuir probe (LP). To

correlate the obtained experimental values with the forma-

tion process of the particles, these test films were deposited

for selected parameter sets and analyzed using a scanning

electron microscope (SEM).

II. EXPERIMENTAL SETUP OF THE GAS

The investigated system represents a typical gas aggre-

gation cluster source consisting of an indirectly cooled 3 in.

magnetron inserted on the axis of a cylindrical vacuum

chamber of 100 mm diameter. The distance between the tar-

get and the exit orifice (2 mm diameter) was 131 mm for the

standard magnetron position (distance magnetron to PTP:

16 mm). To allow extraction of particles, the aggregation

chamber is connected to the main, differentially pumped

vacuum chamber (p< 1 Pa, 210 l/s from turbo pump). The

operation pressures of 20–210 Pa inside the aggregation
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chamber were obtained with a gas flow of 2–40 sccm of

argon introduced at the top of the chamber (see Fig. 1).

Differential pumping creates a pressure gradient directed

from the gas input of the aggregation chamber towards its

exit orifice, allowing efficient transport of clusters and par-

ticles. Both the magnetron and the chamber walls were

cooled with water. The position of the magnetron in the

chamber was adjustable via a sliding vacuum feedthrough,

see Fig. 1. The magnetron was powered by an Advanced
Energy MDX500 DC power supply operated in constant cur-

rent mode. The magnetron voltage, current, and power were

continuously recorded to monitor the process. Pure Ar was

used as a process gas.

For all measurements, the probes were side-mounted to

the aggregation chamber facing the magnetron target. Since

the probes could not be moved along the vertical axis of the

magnetron, the distance variation was performed by moving

the magnetron to the most distant position (dmax ¼ 66 mm)

and then successively moving it closer to the probes with

intermittent measurements until reaching the minimum dis-

tance of dmin ¼ 16 mm.

Identical parameter variations as summarized in Table I

have been performed for three different targets: a pure tung-

sten target, a pure copper target, and a composite target

made from copper with 37 tungsten pellets of 3 mm diameter

distributed over the race track (see Fig. 2). All targets were

3 mm in thickness and exhibited similar erosion depths in the

race track area. To identify systematic errors such as time-

dependent changes in the surface condition of the target, sev-

eral parameter settings have been measured twice at different

times during the variation. The resulting deviation is repre-

sented as error bars in the presented measurement results.

III. UTILIZED PROBES

All measurements were performed subsequently with

three different kinds of probes centered on the chamber and

magnetron axis at approximately the same distance to the

target. The Langmuir probe measurements were performed

using the PTP substrate as a planar Langmuir probe which

was biased using a copper wire. The corresponding plasma

parameters were primarily calculated to allow an estimation

of the energy flux by ions and electrons and are, thus, not

discussed in greater detail in this study.

A. Quartz crystal microbalance

For the measurement of the deposition rate, a commer-

cially available quartz crystal microbalance (QCM) IL150
from Intellemetrics Global Ltd with a gold coated 14 mm

diameter crystal without water cooling has been used. As

described in Sec. II, the QCM was introduced to the chamber

using the same mount as used for the PTP. Due to the differ-

ent probe geometry, the QCM sensor was positioned at a

slightly farther distance of 20 mm to the target surface at

standard position. Since the QCM detects the change of mass

on the quartz crystal, it is necessary to provide material spe-

cific constants to allow the calculation of the deposition rate

in nm/min.23 Since the determined deposition rate calculated

from the change of mass is directly proportional to the

assumed film density that has been set as an input parameter

in the IL 150, it is necessary to obtain realistic densities for

the different utilized targets. This was achieved by perform-

ing test depositions at different parameters allowing us to

deduce effective densities from thickness and weight mea-

surements. The resulting densities which were used for the

determination of the deposition rates presented in Sec. IV A

are summarized in Table II. It should be noted that the mea-

sured densities are lower as compared to the values of bulk

FIG. 1. Schematic drawing of the

aggregation chamber. The probes were

mounted inside the aggregation cham-

ber at a standard distance of 16 mm

from the magnetron.

TABLE I. Experimental parameters used for the parameter variations per-

formed for three different targets, with the varied values printed bold. All

experiments were performed with argon and the magnetron was operated in

current regulated mode. The standard condition was chosen to be at 16 mm

distance to the target, 500 mA current, and 60 Pa pressure.

Variation of

distance

Variation of

current

Variation of

pressure

Distance (mm) 16–66 16 16

Current (mA) 500 50–500 500

Pressure (Pa) 60 60 20–210 FIG. 2. Photograph of the utilized Cu/37W (left) and pure Cu (right) 3 in.

targets used in the gas aggregation source. The pure W target is not shown.

073301-2 Gauter et al. J. Appl. Phys. 124, 073301 (2018)



metals which is due to the highly porous character of depos-

ited nanoparticle films.

Although the determined densities from these test depo-

sitions showed relatively small errors, later depositions with

different substrate holder configurations or substrate material

showed strongly deviating results. For this reason, the results

of the QCM are only evaluated regarding their relative

changes for each investigated target. Here it should be noted

that the change of film density for the different investigated

conditions will result in somewhat erroneous deposition

rates. However, this effect is expected to be small compared

to the general trends and is not further considered for the

sake of simplicity.

B. Passive thermal probe

For the energy flux measurements inside the aggregation

chamber, a passive thermal probe was side-mounted at a dis-

tance of 16 mm to the magnetron target and facing the target

(see Fig. 1). A detailed description of this probe and the eval-

uation of the measurement are presented here as the under-

standing of the procedure is important for the discussion of

the results in Sec. IV. The probe utilized in the experiments

consists of a sensor plate (substrate dummy) made of copper

with a diameter of 11 mm and a thickness of 70 lm. Spot-

welded to the back of it is a Type K thermocouple and an

additional copper wire for biasing and current readings.24

The sensor plate is surrounded by a metallic shielding to

make sure that only contributions from the upper half-space

are considered. A schematic drawing of the PTP design is

shown in Fig. 3.

It should be noted that the PTP always measures a time-

averaged and integrated energy flux that is generated by vari-

ous energy sources and processes such as charged and neu-

tral particles, and surface processes like film formation or

radiation from a hot target or chamber walls, respectively.

The basic idea of the PTP is to calculate the energy flux from

the relation between the time derivative of the enthalpy ( _H)

and the time derivative of the temperature ( _Ts) of a well-

defined substrate dummy. During the heating (Th—energy

source on) and the cooling (Tc—energy source off) of the

substrate dummy, this relation yields

Heating : _Hh ¼ Cs
_Th ¼ Pin � Pout;h; (1)

Cooling : _Hc ¼ Cs
_Tc ¼ �Pout;c: (2)

Here, Cs is the heat capacity of the probe, Pin gives the

power from the source, and Pout;h and Pout;c denote the power

leaving the probe during heating and cooling, respectively.

Assuming that the negative cooling terms of Eqs. (1) and 2

are equal for the same substrate temperatures (Pout;hðTsÞ
¼ Pout;cðTsÞ), the equations for heating and cooling can be

combined to calculate the energy flux Jin

Jin ¼
Pin

As
¼ Cs

As

_Th � _Tc

� �
: (3)

There are several different methods of evaluating calori-

metric temperature curves; however, if the power source is

capable of fast switching between off- and on-states, the

most desirable method is the so-called kink method. The

main reason for this is that for the assumption of equal cool-

ing terms during the heating and the cooling phase, any

energy flux originating from secondary heat sources has to

be constant for the investigated time period. When evaluat-

ing with the kink method, as described in Ref. 25, only a

short time period of about 2 s around the kinks between the

cooling and heating phases is evaluated. This means that the

above-mentioned assumption only needs to apply in this

short time frame. Accordingly, any contribution to the

energy flux which is relatively constant during this time

period does not significantly influence the measured energy

flux. Through different measurement procedures, this allows

us to eliminate certain effects from the measurement results.

For example in the case investigated in this study, the contri-

bution from target radiation does not appear in the measure-

ment since the target temperature can be assumed to be

approximately constant during the short measurement time

of a few seconds. If instead the probe would be turned away

on plasma shut-off or if a cooled shutter is used to shut off

the energy flux, the target radiation would be included in the

measurement.

The kink that evolves when switching the power source

on from an off-state is referred to as heating kink and the

kink that is created when the power source is switched off

TABLE II. Experimentally determined film densities for the three investi-

gated targets.

Density (g/cm3)

Target material Bulk Determined

Composite (Cu/37W) 11.4 6 0.9

Copper 8.96 7.4 6 0.6

Tungsten 19.3 11.4 6 0.8

FIG. 3. Schematic drawing of the PTP sensor head. The Type K thermocou-

ple and the bias wire are spot-welded to the back of the copper platelet that

represents the substrate. The whole sensor is housed in a stainless steel cyl-

inder to shield it from any surrounding influences other than the ones com-

ing from the upper half-space.

073301-3 Gauter et al. J. Appl. Phys. 124, 073301 (2018)



again, and the next cooling phase starts, is referred to as

cooling kink. From both kinks, an accurate measurement of

the energy flux at these times is obtained and any potential

discrepancy between those two results can already be a valu-

able hint for the stability of the investigated process and the

reliability of the measurement method. In Fig. 4, an exem-

plary temperature curve with clearly labeled cooling and

heating phases as well as evaluated points and corresponding

linear fits around the kinks are presented.

By subtracting the slopes of the two linear fits around the

kinks, _Th � _Tc can be easily obtained and the energy flux can

be calculated from Eq. (3), using the heat capacity Cs and sur-

face area As of the probe. The heat capacity was determined

before and after the measurement campaign using a calibra-

tion experiment introduced in Ref. 24. The obtained values

Cs;before ¼ 0:027 J/K and Cs;after ¼ 0:036 J/K show a signifi-

cant deviation which is a result of the film deposited on the

probe surface through the course of the measurement cam-

paign. Figure 5 shows a microscopic photograph of the cross

section of this film onto the PTP, where the temporal sequence

of the measurements is mirrored by the color of the coating;

first the copper target was investigated, second the composite

target, and last the pure tungsten.

To compensate for the gradual increase in the heat

capacity, for each variation, the value used for the evaluation

of the PTP data was approximated by an interpolation taking

into account the time the probe was exposed to the plasma,

e.g., for the data from the first variation (distance-Cu), the

initial value of 0.027 J/K was used, for the variation in the

middle (e.g., pressure-Cu/37W), an adjusted value of

0.030 J/K was used, and for the last variation (pressure-W)

the final value of 0.036 J/K was used.

IV. RESULTS AND DISCUSSION

A summary of the results obtained with the QCM and the

PTP together with the corresponding values of the magnetron

power is presented in Fig. 6. In Sec. IV, these complex corre-

lations will be described along the discussion focused on the

calorimetric results using QCM and Langmuir data to gain

insights into the composition of the energy flux. The SEM

images are used to provide a concrete connection between the

measured values and the nanoparticle growth and are shortly

discussed at the end of this section.

A. Deposition rate

The trends for the deposition rate, which were obtained

for the parameter variations introduced in Table I, are shown

in the second row of Fig. 6. Here, we observe an almost lin-

ear trend for the distance- and the magnetron current varia-

tion, while the pressure variation exhibits a somewhat more

complex dependence.

In a simple model, the deposition rate is mostly defined

by two basic processes: (i) the production of sputtered atoms

and (ii) the transport of sputtered atoms. The production of

sputtered atoms depends on the sputter yield cs and the

amount of species (energetic ions and neutrals) impinging on

the target surface. A characteristic value which can be asso-

ciated with the latter quantity is the magnetron current since

it is approximately proportional to the amount of kinetic spe-

cies arriving at the target surface. The sputter yield can be

expected to be a function of the mass ratio between target

and impinging species as well as of the energy of the imping-

ing particles. This dependence has been investigated and

semi-empirically described by many groups; however, espe-

cially for the lower energy range, still no universally

accepted model is available.26,27 However, qualitatively all

studies describe an approximately linear increase with

increasing energy of the bombarding species and impinging-

to target-mass ratio for the parameter region relevant in this

study.28 Taking into account the changes of magnetron

power presented in the first row of Fig. 6(b), the observed

evolution of deposition rate as a function of the magnetron

current can be understood directly due to the changes in par-

ticle production. For Cu and W, we observe an increase in

the deposition rate with an approximately linear dependence,

while for Cu/37W we observe an above linear increase as a

function of the magnetron current. This evolution is mostly

driven by the increase in the amount of kinetic atoms arriv-

ing at the target cathode which was increased by one order

of magnitude. While this would result in a strictly linear

dependence, the effect of increased magnetron voltage

(DUmdx � 40 V from 50 mA to 500 mA) provides an addi-

tional factor due to the aforementioned increase in sputter

yield. The increasing magnetron voltage is likely a result of

stronger rarefaction, which indicates that the mean free path

is also increasing for higher magnetron currents.29

FIG. 4. Exemplary evaluation of a PTP curve with heating and cooling

kinks. The highlighted areas in red and blue denote the data points that were

used for the linear fits.

FIG. 5. Photograph of the deposited film on the PTP after the measurement

campaign. The film was broken off from the probe and investigated under a

microscope. Note the copper layer at the bottom exhibiting a somewhat

grainy growth structure, followed by the film deposited with the composite

target (middle layer) and the top tungsten layer, which exhibits a more

columnar growth structure.
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To explain the results obtained for the variation of dis-

tance and pressure [second row Figs. 6(a) and 6(c)], the

transport of the species from the target to the probe surface

needs to be taken into account as well. In the investigated

pressure regime, the transport is strongly dominated by colli-

sions with the background gas and with a mean free path in

the sub-millimeter range; a diffusion-dominated transport

can be expected. Using the common approach based on a

Maxwellian gas with collisions described by the Poisson dis-

tribution, the mean free path kmfp for copper and tungsten in

argon can be plotted as a function of the background pressure

as shown in Fig. 7.30 When comparing this figure to the

deposition rate obtained for the pressure variation, the resem-

blance between the two curves suggests that the observed

dependence is dominantly defined by the collision frequency

of the sputtered particles with the background gas. This trend

is additionally amplified by the increase in magnetron power

and voltage shown in the first row of Fig. 6(c) which leads to

an increased sputter yield for lower pressures.

The linear decrease for greater distances between target

and probe can be directly understood as a result of the line-

arly increasing number of collisions the sputtered particles

undergo as they drift towards the probe. While the axial drift

does not result in a decreasing flux, the diffusion perpendicu-

lar to the chamber axis and associated losses on the wall

result in a decrease in the sputtered flux. For comparable sys-

tems with diffusion transport, this has been theoretically and

experimentally observed by Westwood31 and Ecker and

Emel�eus.32

FIG. 6. Summary of the deposition rates obtained for the investigated targets and parameter variations. (a) Variation of distance between probe and target with

500 mA current and 60 Pa. Unfortunately, no distance variation while measuring the deposition rate for tungsten has been performed. (b) Variation of magne-

tron discharge current at 60 Pa and 16 mm distance; (c) variation of gas pressure with 500 mA current at 16 mm. Error bars obtained from repeated measure-

ments are shown for the variation of magnetron current (b) and argon pressure (c), although in the latter case no repeated measurements were performed with

tungsten. For most conditions, the energy flux measurements showed a very good reproducibility, making the error bars smaller than the data points. The bold

letters mark the data points for the corresponding SEM images (see Figs. 9 and 10) in the different conditions.

FIG. 7. Calculation of the mean free path for copper and tungsten in argon

at 300 K according to kinetic gas theory.

073301-5 Gauter et al. J. Appl. Phys. 124, 073301 (2018)



The conspicuous deviation between the values obtained

by the QCM for the compound target compared to the other

two targets is not explicable from the data obtained in this

study. Since separate determination of the deposition rate by

sample deposition and subsequent measurement of the film

thickness have not shown a strongly increased deposition

rate for Cu/37W, the deviation is likely attributed to some

systematic error. Similarly, the absolute QCM values for Cu

and W did not match with the values obtained from sample

depositions and ex-situ investigations that were performed

for selected discharge parameters. The similarity, in spite of

different sputtering yields, between copper and tungsten is

thus likely attributed to systematic errors as well.

B. Energy flux measurements

As described in Sec. III B, the energy flux obtained with

the PTP is a time- and energy integrated quantity which

reflects the energy flux originating from a complex set of

processes.30,33 In the case of magnetron sputtering in the

conventional pressure regime of up to a few Pa, important

contributions typically arise from the kinetic impact of par-

ticles (ions, electrons, energetic neutrals), from recombina-

tion processes at the surface or from the sublimation

enthalpy which is released during film formation on the sub-

strate. In typical DC magnetron sputtering experiments, the

contributions originating from the ion-electron recombina-

tion and the kinetic flux of ions and electrons to the probe

surface only contribute a few percent unless the substrate is

biased to voltages significantly different from the floating

potential.34,35 The Langmuir measurements performed in

this study resulted in ion current densities in the range of

10–3–10–1 mA/cm2, maximum differences between plasma

and floating potential of �12 V, approximate electron tem-

peratures of around 2 eV, and electron densities of �1015

m�3. According to the common theory described, e.g., by

Kersten et al.36 and Depla et al.,37 the contribution due to

ions and electrons can be easily calculated to be in the range

of only a few mW/cm2. Considering the measured energy

flux values of up to several 100 mW/cm2, the observed

trends must, thus, be determined by other contributions like

film condensation, kinetic neutral particles, or radiation from

the plasma or the cathode, respectively.

As the pressure increases and accordingly the mean free

paths of ions and neutral particles decreases to values several

times smaller than the distance between substrate and cath-

ode, an increasing amount of energy is transferred to the Ar

background gas. This transfer of kinetic energy into the gas

volume was investigated by Hoffman for a cylindrical mag-

netron sputtering source and resulted in the concept of

“sputtering wind” which illustrates the directional non-

uniform aspect of these energetic fluxes.38 Inspired by this

work, a detailed study investigating the reduction of the gas

density in front of a planar magnetron cathode has been per-

formed by Rossnagel.39 Herein, the so called “rarefaction”

of the gas was measured as an apparent pressure reduction

and was thoroughly investigated for different combinations

of gases and target materials. These investigations revealed a

density reduction of up to 85% for high pressure (4 Pa) and

high magnetron power and pointed out the sputtered particles

as the main driver of the gas rarefaction. Using the Monte

Carlo technique, Turner40 calculated similar results which

coincided with the observations made by Rossnagel. From

these calculations, additional parameters affecting the effi-

ciency of the energy coupling between the sputtered and the

background gas atoms have been identified. Besides the sput-

tering yield, the binding energy of the target material and the

collision cross section and average fraction of energy trans-

ferred between sputtered particles and background gas have

all been found to produce greater rarefaction for higher val-

ues. The corresponding values for the two materials used in

this study are summarized in Table III.

Although the above-mentioned measurements and simu-

lations were performed in a lower pressure regime (<20 Pa),

the same principles apply in the GAS discharge investigated

in this study. As mentioned above, due to the short mean

free paths, we expect the sputtered flux to be thermalized

within a short distance from the cathode surface. However,

as demonstrated by Urbassek and Sibold, this distance is sig-

nificantly underestimated if the coupling between the ener-

getic copper particle flow and the argon background gas is

neglected.44 It is difficult to estimate the exact distance

where the gas reaches the highest temperature or to estimate

the actual mean free path; however, taking into account the

obtained measurement data, we can make the following

assumptions for our system:

I. strong rarefaction with severe reduction of gas density

close to the target surface,

II. the rarefaction is dominantly driven by the sputtered

metal atoms, and

III. due to the rarefaction, the mean free path for reflected

Ar neutrals is sufficiently long for them to reach the

probe with high energies.

Assumptions I and II can be directly derived from the

recorded magnetron power. A typical signature of rarefaction

is the increase in magnetron voltage due to the increased

impedance of the plasma.39 From the parameters given in

Table III, it can be expected that the rarefaction is more pro-

nounced and strongest at a position much closer to the target

for the cases where copper is present in the system as com-

pared to the case where only tungsten is driving the rarefac-

tion. This can be understood as a result of the shorter mean

free path and more efficient energy exchange between the

sputtered atoms and the background gas. The resulting

reduction of gas density can be observed as an increase in

TABLE III. Relevant parameters for energy transfer from sputtered atoms to

the background gas: sputtering yield Y for sputtering ion energy of

300 eV,41 binding energy Ebin, collision cross-section r,30 and average frac-

tion of energy transferred from the sputtered atom per collision Rte.
31 The

last column gives the energy reflection coefficient RE of the target material

for bombardment by 400 eV argon ions.42,43

Y Ebin (eV) r (nm2) Rte RE

Cu 1.59 3.5 0.54 0.57 0.01

W 0.40 8.8 1.18 0.31 0.12
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magnetron voltage and power in the first row of Fig. 6. Here,

we see almost identical values for the pure copper and the

composite target, while for tungsten persistently lower val-

ues are obtained. Although this could be an effect of differ-

ent secondary electron yields of copper (1.3) as compared to

tungsten (1.0),45 this should actually result in a lower

required voltage for copper as for tungsten to sustain the

same current setpoint. However, Fig. 6 exhibits higher volt-

age values for copper which contradicts with this hypothesis

and emphasizes the importance of rarefaction for the dis-

charge parameters in this pressure regime. The similarity

observed between the composite target and the pure copper

target also underlines the dominance of copper as a driver of

the rarefaction close to the target, and it indicates that the

rarefaction close to the target is already saturated with the

amount of copper available from the composite target.

Assumption III can be derived from the similarity

between the energy flux of the composite and the tungsten

target which is observed in all measurements in the third row

of Fig. 6 and from an analysis of the possible contributions

to the integral energy flux.

From the Langmuir probe measurements, it was derived

that the energy flux is not strongly affected by the contribu-

tion due to electrons and ions and must, therefore, originate

from other processes. The plasma radiation can also be elim-

inated from the list of possible origins since the typically

observed values42,46 are too low and the expected changes

do not reflect the observed trends. Thus, the energy flux can

only be attributed to the sputtered particles, to the reflected

particles, or to the conduction from the heated gas.

In terms of energy flux, rarefaction can primarily be

understood as a loss mechanism. Since the directed energy

flux of the sputtered particles is transformed into thermal

energy of the gas, the energy is transferred less directly and

with losses due to the isotropic nature of the energy flux

from the heated gas. In general, the maximum of gas temper-

ature can be expected to be close to the region where the

majority of the sputtered particles are thermalized. For the

investigated high pressures, we expect this region to be quite

close to the target, i.e., less than 16 mm away from the target.

While the sputtered atoms are expected to be mostly ther-

malized, the longer mean free path of the fast reflected argon

atoms allows them to reach the probe with a significant frac-

tion of their initial energy. The energy flux should, thus, be a

composition of the energy released during the film forma-

tion, the kinetic energy transferred upon impact of reflected

argon, and the heat conducted from the hottest point of the

gas towards the substrate surface. As mentioned above, this

last contribution increases as a result of stronger energy

losses of the sputtered atoms and is expected to be strongest

for copper since the most efficient rarefaction is expected for

this material. If this effect would be critical for the energy

flux, we should expect, analogous to the results of the mag-

netron power, a similar energy flux for the copper- and the

composite target. Instead, we observe a strong resemblance

between the energy flux of the composite- and the tungsten

target. This observation suggests that the energy flux is

directly related to the presence of tungsten in the target.

From Table III, it can be seen that tungsten exhibits more

than twice the binding energy of copper, which accordingly

results in about twice the energy flux from film condensation

per deposited atom. However, to achieve energy flux values

as high as obtained here solely from the released heat of con-

densation, deposition rates five times the values observed in

the QCM measurements would be required. Therefore, the

energy deposited by the reflected argon is assumed to be the

dominant contribution to the integral energy flux, especially

in the cases of the composite and the tungsten target. The

energy reflection coefficient RE describes the ratio of energy

reflected from the target upon impact of an ion and is given

in Table III for the case of 400 eV argon ions. Due to the

small mass ratio between argon and tungsten, more than

10% of the energy is reflected in the form of fast neutrals,

while for copper only about 1% is reflected. From Fig. 2, it is

visible that for the composite target, a high percentage of the

racetrack area is made up of tungsten and we can, thus,

expect a comparable amount of fast reflected particles as

compared to the pure tungsten target. Taking into account

the different magnetron powers, a similarly high energy flux

between the two target systems can be expected. We con-

clude that the kinetic energy from the sputtered particles is

likely dissipated by the heating of the gas and that conduc-

tion of heat through the gas only contributes a relatively

small portion to the integral energy flux. The energy released

during film formation is expected to contribute a consider-

able amount. However, it is found to be significantly smaller

than the energy flux attributed to the kinetic impact of

reflected neutral particles.

Since the energy flux can be understood as power trans-

fer from the target towards the substrate, it is expected that it

changes proportionally with the input power of the magne-

tron. If a strong change in power is present, this usually dom-

inates the change in the energy flux as it is evident in the

strong resemblance between magnetron power and energy

flux for the variation of the magnetron current [see Fig.

6(b)]. Eliminating this direct proportional effect, the mea-

surement data allow for better comparison between different

systems and emphasizes other, less dominant effects. One

way to achieve this is by combining the results obtained for

the magnetron power Pmag and the energy flux Js to calculate

a value for ratio g of the power transfer with the following

equation:

g ¼ Js

Pmag=Amag
; (4)

with Amag being the target surface area. Such normalized

results are summarized in Fig. 8.

After taking into account the increased magnetron

power for Cu and Cu/37W, tungsten exhibits the highest

energy flux values compared to the other two targets in all

variation runs (see Fig. 8). A similar difference in energy

flux between Cu and W has been observed by Harbauer

et al.47 in the conventional lower pressure regime. Although

they observed three times higher deposition rates for copper

as compared to tungsten, they obtained three times higher

values for the energy flux for tungsten, which was argued to

likely be a result of the higher heat of condensation (8.8 eV
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for W, 3.5 eV for Cu48) Thornton et al.46,49 obtained similar

results from their investigations of the energy flux per depos-

ited atom. They found that the energy transfer per deposited

particle of tungsten yields about eight times the one obtained

for copper. In addition to the aforementioned higher heat of

condensation, Thornton points out the importance of

reflected argon atoms with energies up to the cathode poten-

tial as an important contribution.

Although these investigations were done at a pressure of

roughly 1 Pa, the findings coincide with our results shown in

Fig. 8 and, thus, they further support the assumption that the

relevant contributions to the integral energy flux in the

higher pressure regime of 20–210 Pa are similar to the ones

found in the conventional pressure regime.

Albeit, as argued in Sec. III A, the absolute values

obtained for the deposition rate likely exhibit a significant

systematic error; for the sake of comparison, we shall use

them here to obtain an estimate for the obtained energy per

deposited atom. For example, for the variation of the magne-

tron current, we calculate relatively constant energies per

atom of �500 eV for tungsten and �100 eV and �150 eV for

pure copper and the composite target, respectively. As

argued above, these values are too high to be only a result of

film deposition, but are most likely attributed to the impact

of reflected neutrals and heat conduction through the gas.

Compared to the values obtained by Thornton et al., our val-

ues are approximately 5 times higher and compared to

Dr€usedau et al.,42 they are 2.5 times higher. In agreement

with the observations by Dr€usedau who observed a linear

increase in the energy per atom in the pressure regime from

0.1 to 10 Pa, we observed a comparable increase for pres-

sures below 60 Pa. Taking this trend into account, the higher

values obtained in this study fit reasonably well with the

results obtained by the studies in the conventional pressure

regime. Dr€usedau also supports the assumption that reflected

neutrals play a significant role as a part to the energy flux

since they calculated the fast neutrals to account for roughly

75% of the energy per atom in the case of tungsten [Fig. 9(b)

in Ref. 42].

The observation that the composite target exhibits

slightly lower normalized energy flux values than the pure

tungsten can be understood as a combination of the smaller

contribution from film formation due to the smaller binding

energy of copper and a reduction of the contribution from

reflected neutrals as a result of the reduced race track area

covered by tungsten.

C. SEM investigations

To investigate the effect of the different energy flux val-

ues on film formation and to compare them to the well-

established structure zone model, additional investigations

have been performed by an ex-situ study of four deposited

films using the composite target at a substrate distance of

16 mm. Three films were deposited with 500 mA and pres-

sures of p¼ 20 Pa, p¼ 60 Pa and p¼ 210 Pa and one film

was deposited with a lower current of 100 mA at 60 Pa. The

deposited films have been investigated using a scanning elec-

tron microscope (SEM) and are presented in Figs. 9 and 10.

In Fig. 9, it can be seen that the sample for the lowest

pressure (20 Pa) exhibits a structure as it is known from com-

mon film growth. The columnar growth appears to be signifi-

cantly disrupted by particles and less organized for 60 Pa and

at 210 Pa the film appears to be completely composed of big-

ger particles. Comparing the structure observed for the 20 Pa

sample to the structure zone diagram (SZD) by Thornton50

or Movchan and Demchishin,51 we find a zone 1 structure

which was observed by Thornton for the highest investigated

FIG. 8. Summary of PTP results normalized with the magnetron power according to Eq. (4). (a) Variation of distance between probe and target with 500 mA

current and 60 Pa, (b) variation of magnetron discharge current at 60 Pa and 16 mm distance, and (c) variation of gas pressure with 500 mA current at 16 mm.

FIG. 9. SEM images of deposited film structures using the Cu/37W compos-

ite target. The first row shows top view images of the film surface and the

second row shows cross sections revealing the growth structure. All deposi-

tions were performed at a distance of d¼ 16 mm and a magnetron current of

Imag ¼ 500 mA. The bold letters correlate to the letters in Fig. 6, indicating

the corresponding magnetron power, deposition rate, and energy flux.

073301-8 Gauter et al. J. Appl. Phys. 124, 073301 (2018)



pressures (�4 Pa) or at low substrate temperatures indepen-

dent of the pressure. The surface exhibits tapered crystallites

separated by voids, and the structural growth direction is

characterized by the incoming particle flux.

Similar to the case for 210 Pa (C), for condition of

100 mA magnetron current and 60 Pa pressure (D), we find

a film which is completely composed of particles as shown

in Fig. 10. However, now the particles exhibit a distinc-

tively different form and size. While in C the film appears

to be formed from relatively evenly sized �20 nm particles

or clusters of those particles, in D we find a variety of

different particles with smooth surfaces and sizes ranging

from �20 nm to 100 nm. This difference indicates that

the particles in D were formed at a lower rate by surface

growth (attachment of single atoms), whereas the particles

in C are likely formed by cluster-cluster collisions. Taking

into account the more structured film obtained in B at

the same pressure of D but at a significantly higher

magnetron current, the role of rarefaction and initial energy

of the sputtered atoms for the NP formation becomes

apparent.

V. CONCLUSIONS

Although gas aggregation cluster sources are usually

operated in higher pressure regimes than conventional DC

magnetron sputtering systems, the basic mechanisms con-

tributing to the integral energy flux are comparable. The

current study confirms that contributions from charged par-

ticles (i.e., electrons and ions) and radiation have compara-

bly small influences on the integral energy flux. Similar to

the conventional low pressure sputtering regime, the inte-

gral energy flux is mainly driven by the contribution due to

film condensation and reflected neutrals, with the latter

being strongly dependent on the mass ratio between gas and

target atoms. This was especially evident in the strong

resemblance observed in the energy flux between the pure

tungsten and the composite target. Gas rarefaction and its

accompanying effects were argued to be a significant mech-

anism in the investigated system as the reduction of the gas

density and the associated increase in kmfp allowed the

reflected neutrals to reach the substrate surface with high

energies creating a significant contribution to the energy

flux.
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Pe�sička, D. Slav�ınsk�a, and H. Biederman, “Characterization of nanoparti-

cle flow produced by gas aggregation source,” Vacuum 96, 32–38 (2013).
12P. A. Skovorodko, S. A. Brown, and D. Belić, “Gas dynamic consider-
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