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A B S T R A C T

Minimizing the impurity concentration in magnetron sputter deposited thin films is desired for the exploration of 
composition – structure – property relations. Thus, the integral impurity incorporation during growth into Mg 
and Al sputter deposited thin films is studied by systematic variations of the base pressure, the deposition rate, 
and the working gas purity. The deposition rate and the base pressure, which was measured before each 
deposition, were varied simultaneously, resulting in a variation of the impurity-to-metal flux ratios of factor >
40. During growth, Ar gas purities of 99.999 and 99.9999 % were employed. Surprisingly, these systematic 
growth condition variations did not significantly alter the impurity concentration incorporated into Mg and Al 
thin films. While the modified parameters clearly are relevant for impurity incorporation, there appears to be at 
least one additional mechanism affecting the impurity incorporation during thin film growth operational. Mass 
spectrometry data revealed that residual gases desorb from surfaces within the vacuum chamber as soon as they 
are heated. Based on the measured thin film composition data, it is inferred that the magnitude of thermally 
desorbed residual gas appears to affect the impurity concentration to a larger extent than the systematic 
deposition parameter variations studied here. Therefore, it is reasonable to assume that the here investigated 
impurity incorporation is governed by the incorporation of thermally desorbed residual gases during thin film 
growth. Future impurity incorporation studies should, in addition to the base pressure before deposition, also 
quantify the residual gas partial pressures present during deposition.

1. Introduction

Venting the vacuum chamber exposes all surfaces to ambient air and 
gas adsorption is enabled [1]. During evacuation, the resulting pressure 
is affected by removal of gas by pumping, desorption, adsorption, as well 
as permeation [2]. In equilibrium, the gas desorption rate from the 
chamber walls depends on a variety of factors including the nature of the 
gas-surface-interaction [3], the amount of adsorbed and absorbed gases 
[4], and the temperature [5] and contributes to the base pressure, i.e., 
the pressure reached before processing is initiated. While baking, the 
increase in chamber surface temperature results in additional gas 
desorption enabling a reduction of the ultimate base pressure [1]. The 
remaining gas molecules and atoms present in the vacuum chamber are 
called residual gases [2,6]. During growth, the residual gases can be 
incorporated into the thin films [7] and may result in alteration of 

interatomic bonding [8–11], thin film microstructure [12–18], and 
consequently also the film properties [16–20]. For example, a reduction 
in average binding energy was noted for amorphous Al2O3 thin films in 
the presence of H, causing a decrease in its elastic modulus [9]. More
over, it has been indicated that for SrTiO3 an increase in H impurities 
results in the formation of non-ionic bonds, and thus strontium titanium 
oxide hydroxide forms instead [8]. Furthermore, the increase in O 
concentration in (V,Al)N and (Ti,Al)N and the concurrent replacement 
of N with O on the non-metal sublattice was shown to induce metal 
vacancies to attain charge neutrality, as well as larger transition metal-O 
bond length compared to metal-N bond length. Consequently, bond 
weakening and a lower elastic modulus are obtained [10,11]. The effect 
of impurities on thin film microstructure and, therefore, film properties 
has also been discussed in the literature. For example, incorporated 
impurities stemming from residual gases such as O and H2O have been 
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shown to result in finer grains during growth of Al thin films [15]. 
Similarly, the presence of impurities in Ni90Cr10 resulted in a decreased 
grain size which is ascribed to the increased number of nucleation sites 
facilitated by impurity incorporation [7]. Moreover, a more pronounced 
preferred orientation and porosity, as well as a lower defect density and 
film hardness was induced by O incorporation into (Ti,Al)N [16]. In 
another study, it was shown that the impurity-to-metal flux ratio 
effectively controls the texture, grain size, porosity, and elastic proper
ties of nanocrystalline CoCrCuFeNi thin films [17]. Specifically, with 
increasing impurity-to-metal flux ratio, the grain size decreases, while 
the porosity was reported to increase [17]. Further effects of impurities 
on thin film properties have also been documented. For example, in Si 
thin films, the incorporation of O resulted in lower photosensitivity since 
O is positively ionized during normal solar cell operation, acts as an 
electron donor, and leads to the presence of undesirable free electrons 
before illumination [20]. In another study, partial oxidation of Ni83Fe17 
by residual gas incorporation was observed leading to a change in its 
magnetic properties [14].

All these examples demonstrate the impact of impurity incorporation 
on thin film properties, which are often undesirable from an application 
perspective as well as from a material science point of view, for 
exploring composition – structure – property relationships. Therefore, it 
is important to identify sources and incorporation pathways of impu
rities to avoid or at least reduce their incorporation.

Impurity incorporation occurs either during growth by interaction 
with residual gas or after growth, when the film is exposed to atmo
sphere [21]. Impurity incorporation by atmosphere exposure has been 
studied for Mg, Al, and Ca [22], where deposition temperature and at
mosphere exposure time were systematically varied. Morphological 
modifications induced by variations in deposition temperature were 
reported. The film morphologies exhibiting the lowest O concentrations 
were reported at a homologous temperature of 0.4 for both Mg and Al 
thin films.

Furthermore, Ca was reported to chemically react with H2O and 
transform to Ca(OH)2 upon atmosphere exposure leading to the subse
quent film delamination after a period of five days. Therefore, Al- 
capping was studied in an effort to prevent impurity incorporation 
through atmosphere exposure by depositing a 70 nm Al-capping on Mg 
and Ca thin films. Comparison of impurity concentrations in Al-capped 
and uncapped thin films demonstrated that Ca thin films are locally 
protected by Al-capping, whereas Mg (and Al) form self-passivation 
layers [22]. By considering the target, vacuum chamber, and working 
gas as the main sources of impurities, several factors may affect growth- 
related impurity incorporation during film growth such as target 
oxidation [23], target purity [24], deposition rate [25], base pressure 
[26] and working gas purity [19,26]. Selected influencing factors of 
impurity incorporation are further discussed below.

For conventional magnetron sputtering, a working gas is required 
and, in the case of reactive sputtering, a reactive gas is added addi
tionally. The intentional introduction of these gases into the deposition 
chamber, already containing residual gases that have not been pumped, 
is accompanied by the unintentional introduction of impurity gases, 
which are present in the working and reactive gases. Examples of at
mosphere related impurity gases are H2O, CO2, CO, O2, and N2, where 
the magnitude thereof depends on the working and reactive gas purities. 
Naturally, these unintentionally introduced impurity gases may be 
incorporated during thin film growth [19,26].

In light of the above discussion, the base pressure is equal to the 
residual gas species present in the vacuum chamber [8,9,17,23]. These 
species can be directly incorporated as impurities into the film during 
synthesis and influence the process of film growth [27] and the film 
properties [9]. Kuo et al. investigated the effect of base pressure on 
hydrogenated amorphous silicon (a-Si:H) thin film synthesis by 
increasing it from 1.3 × 10− 5 to 1.3 × 10− 1 Pa (10− 7 to 10− 3 Torr) and 
reported a higher O incorporation into the films with increasing the base 
pressure [28]. Furthermore, in the presence of magnetic fields, the field 

strength thereof has a strong influence on the plasma composition [29]. 
Ionization of residual gases was shown to be magnetic field strength- 
dependent and the incorporation probability thereof in the film is 
larger than that of the neutral species [30].

Generally, the incorporation of residual gas species during thin film 
growth is related to the gas impingement flux (Fimp), which expresses the 
number of gas atoms impinging on a unit surface area per unit time [5]. 
Fimp can be estimated from the average speed of gas molecules based on 
the Maxwell-Boltzmann distribution. Assuming a uniform density of 
molecules, Fimp is given by: 

Fimp =
1
4

n〈v〉 (1) 

where n is the gas (particle) density and 〈v〉 is the average speed of gas 
molecules based on the Maxwell-Boltzmann distribution, which leads to 
the impingement flux: 

Fimp =
1
4

n
̅̅̅̅̅̅̅̅̅̅̅
8kBT
πm

√

(2) 

where kB is Boltzmann’s constant, T is absolute temperature, and m is the 
mass of the gas atom or molecule [3]. Using the ideal gas law and 
substituting 

n =
pNA

RT
(3) 

where p is the gas pressure, NA is Avogadro’s number (6.02 × 1023 

particles mol− 1), and R is the universal gas constant (8.314 J mol− 1 K− 1), 
Eq. (2) becomes 

Fimp =
pNA
̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
2πMRT

√ (4) 

where M = m NA is the molar mass of the considered gas. When assuming 
a sticking coefficient of 1, monolayer formation time τc can be estimated 
based on: 

τc =
B

Fimp
= B

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
2πMRT

√

pNA
(5) 

where B is the number of atoms per unit area, which is assumed to be 
1019 atoms/m2 in one monolayer, and M is the molar mass of the re
sidual gas, which is approximated by an averaged molar mass of O- 
containing species present in the residual atmosphere: H2O, O2, CO, and 
CO2 (M = 30.5 g mol− 1) [5].

Similarly, the metal flux (Fm) can be calculated using the following 
equation: 

Fm =
RdρNA

Mm
(6) 

where Rd, ρ (Mg 1.738 g cm− 3, Al 2.7 g cm− 3), and Mm (Mg 24.3 g mol− 1, 
Al 26.98 g mol− 1), are the deposition rate, mass density, and molar mass, 
respectively. The deposition rate is determined by dividing the film 
thickness by the time required for deposition. To quantify the relation
ship between deposition rate, metal flux, and impurity flux, knowledge 
of the sticking factors and the incorporation probabilities for each spe
cies is required [31,32]. The metal flux as well as the impurity flux in
fluence the deposition rate as these species arrive at the substrate 
concurrently and contribute to the overall film growth. Hence, impurity 
incorporation is the result of a complex interplay between intentionally 
and unintentionally deposited fluxes.

Considering a deposition rate variation assuming a constant popu
lation of impurities in the gas phase and a constant impurity incorpo
ration probability, the amount of incorporated impurities is expected to 
be lowered as the deposition rate is increased [17].

In the present work, various potential impurity sources as well as 
impurity incorporation pathways are systematically studied during the 
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synthesis of Mg and Al thin films. To allow for an investigation of solely 
growth-related impurity incorporation pathways, additional impurity 
uptake due to atmosphere exposure needs to be avoided [22]. Here, this 
is accomplished by self-passivation [22] and utilizing capping layers 
[21,22]. To this end, systematic variations in the base pressure, working 
gas purity, and deposition rate are compared to the measured impurity 
concentrations in Mg and Al thin films to identify impurity sources and 
incorporation pathways during sputtering.

2. Materials and methods

Thin film deposition was carried out by direct current magnetron 
sputtering in a high vacuum chamber using elemental targets of Mg 
(99.95 % as certified by MaTecK GmbH, < 80 ppm = 0.008 at.% of 
oxygen, 50.8 mm diameter) and Al (99.99 % as certified by Hydro 
Aluminium High Purity GmbH, 100 ppm = 0.01 at.% of oxygen, 50.8 
mm diameter), respectively, on Si (100) substrates at floating potential 
at and target-to-substrate distance of 10 cm. The aforementioned oxygen 
concentrations were determined at a certified commercial materials 
analysis laboratory using carrier gas hot extraction (CGHO). The pre
viously atmosphere-exposed Mg and Al targets were sputter cleaned at 
200 W for a prolonged period (approx. 30 min) prior to each deposition 
series to ensure a clean target surface. Furthermore, sputter cleaning 
behind a shutter was done for 1 min at a deposition power between 50 
and 200 W (Table 1) before each deposition. Prior to the initial depo
sition, the chamber was baked for 48 h at 100 ◦C using externally 
applied heating bands, followed by raising the temperature of the sub
strate heater to 460 ◦C for 2 h. Subsequently, the average chamber base 
pressure at room temperature was 5.7 ± 1.7 × 10− 6 Pa (measured by a 
hot cathode ionization Bayard-Alpert type pressure gauge integrated 
into an IONIVAC Transmitter ITR 200 S, Leybold) resulting in a mono
layer formation time τc of 70 ± 20 s, respectively (see Eq. (5)). Subse
quently, the substrates were heated to the deposition temperature of 
100 ◦C, and after a heating dwell time of 20 min, the base pressure 
reached 5.5 ± 1.5 × 10− 6 Pa, equivalent to τc of 80 ± 22 s.

To study the impurity incorporation pathways and to identify im
purity sources, the deposition parameters, working gas purity, base 
pressure, and deposition rate were varied systematically. While targets 
and gases constitute impurity sources, we have varied the Ar gas purity 
systematically and used Al and Mg targets with identical purity, sup
plying corresponding constant impurity fluxes. Gas purities of ≥99.999 

% (5N) and ≥99.9999 % (6N) (Air Products GmbH) were used during 
the experiments. The gas lines were cleaned by flushing.

Single-layer thin films were deposited with varying working gas 
purities of ≥5N and ≥6N. At a total pressure of 0.5 Pa, where the total 
pressure is the sum of the Ar partial pressure plus the base pressure, the 
impurity partial pressures, introduced via the Ar, were calculated, based 
on the impurity information given by the supplier, to be ≤5 × 10− 6 Pa 
(5N) and ≤5 × 10− 7 Pa (6N). These contributions need to be added to 
the base pressure to calculate a combined τc to consider the impurity 
contributions from the Ar as well as from the base pressure. Thus, at a 
deposition temperature of 100 ◦C and a base pressure of 5.5 ± 1.5 × 10–6 

Pa (resulting in a τc of 80 ± 22 s as described above), introducing Ar gas 
with a purity of ≥5N results in a combined τc of 39 ± 6 s. Hence, the 
addition of the impurities contained in Ar with a purity of ≥5N reduces 
the τc by ≥49 ± 7 %. Furthermore, at a deposition temperature of 100 ◦C 
and a base pressure of 5.5 ± 1.5 × 10–6 Pa and therefore τc of 80 ± 22 s, 
introducing Ar gas with a purity of ≥6N results in a combined τc of 72 ±
18 s. Thus, the addition of the impurities contained in Ar with a purity of 
≥6N reduces the τc by 9 ± 2 %. For details of the synthesis parameters 
see Table 1.

In a second set of experiments, 3-layered stacked thin films were 
synthesized using Ar with a purity of ≥5N. Here, both the base pressure 
and deposition rate were kept constant within each individual layer but 
were varied from layer to layer. For the first and third deposited layers of 
the Mg stacked configuration, the base pressure was intentionally 
increased to 5.0 × 10–5 and 6.0 × 10–5 Pa, respectively. Similarly, for the 
Al stacked configuration, the base pressure was intentionally increased 
to 5.5 × 10–5 and 4.0 × 10–5 Pa, for the deposition of the first and third 
layers, respectively. This intentional increase in base pressure is 
accomplished by throttling the turbomolecular pump by partially clos
ing a gate valve thereby reducing the combined τc by an order of 
magnitude in both stacked thin film configurations. For the second layer, 
a base pressure of 6.2 × 10–6 Pa for Mg stack and of 5.0 × 10–6 Pa for Al 
stack was achieved by pumping with a completely open gate valve and 
therefore maximum pumping speed.

In the case of Mg, the ratio of base pressure to deposition rate of the 
first and third layers was 9.3 ± 0.9 × 10–6 Pa min/nm while, this value 
dropped by two orders of magnitude to 5.3 × 10− 8 Pa min/nm for the 
second layer corresponding to impurity-to-metal flux ratio of 0.003. 
Similarly, for Al, the ratio of base pressure to deposition rate was 2.0 ±
0.3 × 10–5 Pa min/nm for the first and third layers, while the ratio 

Table 1 
Synthesis parameters of Mg and Al thin films and the corresponding combined monolayer formation 
times τc at 100 ◦C considering both sources of impurities - the base pressure and the used Ar gas (5N 
refers to 99.999 %, while 6N refers to 99.9999 %). Layers 1, 2, and 3 in the stack configuration refer 
to the deposition sequence of the stack. Hence, layer 1 is deposited onto the substrate and layers 2 
and 3 onto layers 1 and 2, respectively. The higher base pressure was achieved by throttling the 
vacuum pump.

Mg Al

Base
pressure 
( 10-6 Pa)

7.0 4.8

layer 3 layer 2 layer 1

4.0 4.5

layer 3 layer 2 layer 1

60* 6.2 50* 40* 5.0 55*

Ar purity 5N 6N 5N 5N 5N 5N 6N 5N 5N 5N

(s) 34 76 6 36 7 45 81 9 40 7
DC target 
power (W)

50 50 10 200 10 200 200 20 200 20

Al-capping Yes Yes No No No No

Configuration
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decreased by two orders of magnitude to 2.0 × 10–7 Pa min/nm in the 
second layer. This corresponds to impurity-to-metal flux ratio of 0.010 
for layer 2 and 0.461 for layer 3. Thus, in both stacked thin film con
figurations, a significantly lower impurity content is expected in the 
second layer compared to the first and third layers.

Details of the synthesis parameters are summarized in Table 1. For 
the synthesis of all thin films, the substrate was rotated at 15–20 rpm. Al- 
capping layers with a thickness of approximately 70 nm were deposited 
onto selected thin films for 3 min at a temperature ≤50 ◦C at 200 W [22], 
see Table 1.

Chemical composition analysis was performed by energy dispersive 
X-ray spectroscopy (EDX) using an EDAX Genesis 2000 analyzer in a 
JEOL JSM 6480 scanning electron microscope. The acceleration voltage 
was set to 8 kV and the measurement time was 100 s at a magnification 
of 1000×. Background deconvolution was optimized with respect to the 
O Kα transition. Error bars correspond to standard deviations deter
mined from 3 to 5 measurements of each sample. Chemical composition 
depth profiles were obtained with time-of-flight elastic recoil detection 
analysis (ToF-ERDA) at the Tandem Laboratory of Uppsala University 
[33]. 36 MeV 127I8+ primary ions were directed onto the thin films at an 
angle of 67.5◦ with incidence and exit angle of 22.5◦. The time-of-flight 
measurement was carried out with thin C foils [34] and the time-energy 
coincidence spectra were converted to depth profiles with the CONTES 
software package [35]. The systematic uncertainty of 10 % relative to 
the deduced values for O and H originates from uncertainties of stopping 
powers from primary ions as well as the recoiling particles as discussed 
in the supplementary material of to Baben et al. [36]. Conversion of the 
areal density of depth profiles to nanometers was done using a measured 
density of 1.7 and 2.7 g cm− 3 for Mg [37] and Al [38], respectively. 
Error bars correspond to the standard error of the measured concen
trations in the depth profiles of thin films excluding the surface.

The chamber pressure and residual gas composition were assessed 
using a hot cathode ionization Bayard-Alpert type pressure gauge, in
tegrated into a Leybold IONIVAC Transmitter ITR 200 S, and a Pfeiffer 
Vacuum Prisma QME 200 residual gas analyzer (RGA), respectively. 
Hereby, the deposition scenario utilizing maximum pumping speed and 
the corresponding impurity incorporation resulting from heating during 
deposition caused by, for example, plasma ignition was mimicked. For 
this purpose, the chamber was baked out to reach a pressure of 3.0 ×
10− 7 Pa after cooling down to room temperature. Subsequently, changes 
in chamber pressure and gas composition, occurring during heating the 
substrate from room temperature to 100 ◦C, were monitored.

3. Results and discussion

To allow for a systematic study of impurity incorporation during thin 
film growth in the presence of residual gas, surface composition modi
fication upon atmosphere exposure needs to be prevented [39]. In an 
effort to exclude chemical reactions with the atmosphere, selected films 
listed in Table 1 were capped. Our previous study showed that the Mg 
thin film surfaces form a self-passivating layer [22] and that the capping 
was not required. However, as the presence of the Al capping layer does 
not affect the conclusions drawn here, we decided against regrowing the 
capped films. Furthermore, it was previously [22] demonstrated that 
deposition temperature and, consequently, morphological modifications 
as well as evaporation, determine impurity incorporation by atmosphere 
exposure. Thus, in this study, a deposition temperature of 100 ◦C, cor
responding to a homologous temperature of 0.4 for Mg and Al [23], was 
chosen, since the evolution of a dense microstructure was triggered by 
activation of both, surface and bulk diffusion, while desorption was 
avoided due to the low vapor pressure at this temperature [40,41].

3.1. Working gas purity

The influence of working gas purity was investigated for Mg and Al 
thin films, where Ar with purities of ≥5N and ≥6N were used. The 

impurity incorporation in Mg deposited in Ar with a purity of ≥5N was 
taken from [22].

To study impurity incorporation, it is instructive to compare the ratio 
of impurity flux (Fimp) to metal flux (Fm). The impurity flux is calculated 
based on the kinetic gas theory using Eq. (4) and the metal flux is 
determined by Eq. (6) (see Section 1). Deposition rate, metal flux, im
purity flux, and the averaged impurity concentrations in the films based 
on ToF-ERDA (Mg) and EDX (Mg and Al) are summarized in Table 2.

By increasing Ar purities from ≥5N to ≥6N for Mg, the impurity-to- 
metal flux ratio is decreased by 60 % from 0.010 to 0.004, see Table 2, 
however, ERDA measurements reveal identical average O and H con
centrations of 0.1 ± 0.1 and 0.1 ± 0.1 at.%, respectively, for the cor
responding Mg films. For this composition evaluation, the first 70 nm 
below the film surface were excluded since surface oxidation by atmo
sphere exposure [22] affects the chemical composition. Similarly, cor
responding O concentrations of 0.4 ± 0.1 and 0.5 ± 0.1 at.% are 
determined with EDX.

In the case of Al, an increase in Ar purity from 5N to 6N results in an 
impurity-to-metal flux ratio decrease by 50 % from 0.008 to 0.004, 
respectively. Despite this variation, for the corresponding thin films 
similar O concentrations of 0.1 ± 0.1 and 0.3 ± 0.1 at.% are obtained by 
ERDA.

The fact that for the Al films grown with the 6N and 5N Ar purity 
result, within the measurement error, in similar O concentrations clearly 
shows that the impurity incorporation is not controlled by the purity of 
the Ar. Also, it can be concluded that the target purity does not control 
the impurity incorporation of the here-deposited Mg and Al thin films as 
the impurity concentration in the target is at least one order of magni
tude lower than the minimum oxygen concentration measured in the 
corresponding films. However, it is reasonable to assume that impurities 
contained in the target as well as in the Ar contribute towards the 
measured impurity concentrations.

3.2. Base pressure and deposition rate

Impurity incorporation is the result of the complex interplay between 

Table 2 
Deposition rate (Rd), metal flux (Fm), impurity flux (Fimp), and averaged O and H 
concentrations of Al-capped Mg films (measured by ToF-ERDA) and of Al- 
capped Mg and Al films (measured by EDX) synthesized in Ar atmosphere 
exhibiting different purities. The base pressure (pbase) at 100 ◦C was 5.5 ± 1.5 ×
10− 6 Pa. Average O and H concentrations are measured by ERDA excluding 70 
nm of the surface.

Mg Al

Experimental 
conditions

pbase (× 10− 6 

Pa)
7.0 4.8 4.0 4.5

Argon purity 5N 6N 5N 6N
P (W) 50 50 200 200
Al capping Yes Yes No No
Rd (nm/min) 39.0 46.8 27.3 31.6

Calculations Fm (1017 ptcl./ 
m2s)

279.9 335.8 274.1 317.3

Fimp (1017 

ptcl./m2s) 
from argon

1.2 0.1 1.2 0.1

Fimp (1017 

ptcl./m2s) 
from pbase

1.7 1.2 1.0 1.1

Fimp (1017 

ptcl./m2s) 
total

2.9 1.3 2.2 1.2

Fimp/Fm 0.010 0.004 0.008 0.004
Concentration O (at.%) 

ERDA
0.1 ±
0.1

0.1 ±
0.1

0.1 ±
0.1

0.3 ±
0.1

H (at.%) 
ERDA

0.1 ±
0.1

0.1 ±
0.1

0.1 ±
0.1

0.1 ±
0.1

O (at.%) EDX 0.4 ±
0.1

0.5 ±
0.1

0.5 ±
0.1

0.7 ±
0.1
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intentionally and unintentionally deposited fluxes of materials. There
fore, to determine the effect of the impurity-to-metal flux ratio on the 
impurity concentration, both, the base pressure, affecting the impurity 
flux, and the deposition rate, affecting the metal flux, are varied. Both 
variations are conducted within one deposition experiment utilizing 
configurations comprised of three individual layers. Each layer within 
the stack is deposited with different impurity-to-metal flux ratios as the 
deposition rate and the base pressure were varied see Fig. 1 a) and b). 
Within one layer, the base pressure and the deposition rate are kept 
constant, while in the next layer, the magnitude of both parameters is 
changed. For the deposition of the first and third layers, a low deposition 
rate is combined with a high base pressure, in an effort to maximize 
impurity incorporation. For the second layer, a high deposition rate is 
combined with a low base pressure, thereby minimizing impurity 
incorporation. As described in the experimental section, in the case of 
Mg, the ratio of base pressure to deposition rate of the first and third 
layers is 9.3 ± 0.9 × 10− 6 Pa min/nm while, this value is reduced by two 
orders of magnitude to 5.3 × 10− 8 Pa min/nm for the second layer 
corresponding to impurity-to-metal flux ratio of 0.003. Similarly, for Al, 
this ratio is 2.0 ± 0.3 × 10–5 Pa min/nm for the first and third layers 
while the ratio is decreased by two orders of magnitude to 2.0 × 10–7 Pa 
min/nm in the second layer. This corresponds to impurity-to-metal flux 

ratio of 0.010 for layer 2 and 0.461 for layer 3. Chemical composition 
analysis conducted along the stack film thickness – through the various 
layers – was utilized to unravel the significance of the base pressure and 
deposition rate for the impurity incorporation during thin film growth.

To this end, ToF-ERDA depth profiling was performed, see Fig. 1 c) to 
f), and the corresponding metal and impurity fluxes were calculated in 
Table 3 using Eqs. (4) and (6) described in Section 1. Moreover, the O 
and H film concentrations measured by ToF-ERDA, excluding the 70 nm 
below the film surface, reported in Table 3 are averaged over each in
dividual layer within the Mg and Al stacks. Layers 1, 2, and 3 refer to the 
deposition sequence of the stack. Hence, layer 1 is deposited onto the 
substrate and layers 2 and 3 onto layers 1 and 2, respectively.

As observed in Fig. 1 a) and b), and detailed in Table 3, the impurity- 
to-metal flux ratio of layer 1 (or 3) is with 0.321 (or 0.377) two orders of 
magnitude larger compared to layer 2 with an impurity-to-metal flux 
ratio of 0.003. Nevertheless, the measured O concentrations are 0.1 ±
0.1, 0.1 ± 0.1, and 0.3 ± 0.1 at.% for layers 1, 2, and 3, respectively, in 
the case of Mg. Moreover, irrespective of the impurity-to-metal flux 
ratio, H incorporation of 0.1 ± 0.1 at.% is observed in all layers within 
the Mg stack. Hence, comparing the variation in impurity concentrations 
with the impurity-to-metal flux ratios of the individual layers assembled 
in Mg stack, see Table 3, with a constant oxygen flux of < 80 ppm from 

Fig. 1. Schematics of stacked films deposited at 100 ◦C of a) Mg and b) Al. The impurity to metal flux (Fimp/Fm) and deposition rate (Rd) are shown for each layer of 
the stacks. ToF-ERDA composition depth profiles of c) and e) Mg; d) and f) Al thin films synthesized at varying base pressures and deposition rates. e) and f) show 
detailed information in logarithmic scale of O and H compositional depth profiles in c) and d), respectively. In instances where the concentration is zero, a value of 
0.05 is depicted in Figures e) and f).
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the target, it can be concluded that the systematic changes in deposition 
rate and base pressure studied here show no causal correlation with the 
O and H concentrations incorporated into the individual layers in the 
stack.

Regarding Al, the impurity-to-metal flux ratio of layer 1 (or 3) is with 
0.614 (or 0.461) > 46 times larger compared to layer 2 with an 
impurity-to-metal flux ratio of 0.010. Despite this, the measured O 
concentrations in layers 1, 2, and 3 are 0.2 ± 0.1, 0.5 ± 0.1, and 0.8 ±
0.1 at.%, respectively. The oxygen flux from the target is with 100 ppm 
at least one order of magnitude lower than the concentration measured 
in the films. Moreover, irrespective of the impurity-to-metal flux ratio, H 
incorporation of 0.1 ± 0.1 at.% is observed in all layers within the Al 
stack. As for the Mg stack discussed above, comparing the variation in 
impurity concentrations with the impurity-to-metal flux ratios of the 
individual layers assembled in Al stack, see Table 3, indicates that the 
systematic changes in deposition rate and base pressure performed here 
show no causal correlation with the O and H concentrations incorpo
rated into the individual layers. Hence, it is reasonable to assume that at 
least one other, uncontrolled parameter affects the impurity incorpo
ration during growth.

The measured O incorporation can be affected by the target purity 
[24], the gas purity [19,26], impurities in the gas lines [42], and of 
course the incorporated O from atmosphere exposure [22], which may 
proceed along the grain boundaries. While the target and gas purities 
were discussed previously, the gas lines, which were kept as short as 
possible, were prior to experiments flushed and thereby cleaned. Con
cerning the atmosphere exposure, it was shown previously for self- 
passivating Mg and Al thin films that O incorporation occurred over 
several days prior to passivation [22]. However, a previously overlooked 
incorporation pathway could be based on stimulated desorption. Indeed, 
it is plausible that desorption of residual gases from the reactor surfaces 
resulting from plasma surface interactions as well as indirect and direct 

heating from heat sources could contribute to impurity incorporation 
during thin film growth. Thus, to critically appraise this hypothesis, the 
substrate heater was utilized as heat source causing desorption 
mimicking direct and indirect heating during plasma processing. The 
chamber pressure and the gas composition were continuously monitored 
using a hot cathode ionization Bayard-Alpert type pressure gauge 
(IONIVAC Transmitter ITR 200 S, Leybold) and a residual gas analyzer 
(Prisma QME 200, Pfeiffer Vacuum), respectively. Prior to this assess
ment, the chamber was baked out and, after cooling down to room 
temperature, a chamber pressure of 3.0 × 10− 7 Pa was reached. Initially, 
the substrate was kept at room temperature for 10 min to establish 
baselines for the measured chamber pressure and RGA signals. Then, the 
heater was turned on and the substrate temperature was increased to 
100 ◦C, maintained for 30 min and, subsequently, the heater was turned 
off. The corresponding temporal evolutions of the chamber pressure and 
H2O ion current are illustrated in Fig. 2. The H2O RGA signal is depicted 
here as it constitutes the most abundant residual gas species. The 
measured ion currents of the additional gas species are provided in 
Fig. S1 in the supplementary materials.

In Fig. 2, it is shown that as soon as the heater is turned on and the 
temperature increases from room temperature, the chamber pressure 
rises from 3.0 × 10− 7 Pa by two orders of magnitude to a maximum of 
4.0 × 10− 5 Pa at 100 ◦C. Then, while the substrate temperature over
shoots the 100 ◦C setpoint to 156 ◦C and subsequently decreases to 
100 ◦C, the base pressure decreases and stabilizes at a pressure of 1.2 ×
10− 6, Pa which is close to the experimental base pressure with maxi
mized pumping speed. Notably, as the chamber pressure is increased by 
heating, a corresponding rise in H2O ion current is measured with the 
RGA. A similar trend is observed for the other residual gases as shown in 
Fig. S1, indicating thermally stimulated desorption thereof. The con
centration of H2O in the gas phase prior to heating is approximately 100 
%. After heating for 8 min, the H2O signal decreases to 93 % while the 

Table 3 
Calculated metal flux (Fm) and impurity flux (Fimp), for each layer in Mg and Al stacked films. 
Averaged O and H concentrations are measured by ToF-ERDA excluding 70 nm of the surface. 
Layers 1,2, and 3 are assembled from the substrate to the surface of the film, respectively.

Mg Al

Experimental 

conditions

Layer 3 Layer 2 Layer 1 Layer 3 Layer 2 Layer 1

pbase (  10-6 Pa) 60 6.2 50 40 5.0 55

Argon purity 5N 5N 5N 5N 5N 5N

DC target power 10 200 10 20 200 20

Al capping No No

Configuration

Rd(nm/min) 5.9 117.3 5.9 2.4 24.4 2.4

Calculations Fm (1017 ptcl./m2.s) 42.4 842.0 42.4 24.1 245.1 24.1

Fimp (1017 ptcl./m2.s)

from argon

1.2 1.2 1.2 1.2 1.2 1.2

Fimp (1017 ptcl./m2.s)

from pbase

14.8 1.5 12.4 9.9 1.2 13.6

Fimp (1017 ptcl./m2.s)

total

16.0 2.7 13.6 11.1 2.4 14.8

Fimp/Fm 0.377 0.003 0.321 0.461 0.010 0.614

Concentration O (at.%) ERDA 0.3 � 0.1 0.1 � 0.1 0.1 � 0.1 0.8 � 0.1 0.5 � 0.1 0.2 � 0.1

H (at.%) ERDA 0.1 � 0.1 0.1 � 0.1 0.1 � 0.1 0.1 � 0.1 0.1 � 0.1 0.1 � 0.1

S. Aliramaji et al.                                                                                                                                                                                                                               Surface & Coatings Technology 510 (2025) 132216 

6 



signals for CO/N and CO2 increase to 4 and 3 %, respectively. As the 
substrate temperature is equilibrated at 100 ◦C (at 30 min) the con
centration of H2O in the gas phase is again 100 %, indicating that H2O is 
preferentially desorbed and constitutes the only or the predominant 
species in the gas phase as surfaces within the vacuum chamber are 
heated. The measured signals for CO/N and CO2 are below the detection 
limit except for the time intervals ranging from 11.5 to 13 and 15 to 
23.5 min. It may be speculated that the first peak originates from des
orbed species at the actual heating element, while the second peak is 
caused by desorption from the substrate heater component.

The initial chamber pressure utilized for the desorption measure
ments is with a pressure of 3.0 × 10− 7 Pa one order of magnitude lower 
than the minimum base pressure obtained before the deposition of all 
the thin films, which ranged from 4.0 × 10− 6 to 6.0 × 10–5 Pa. Thus, 
compared to the RGA data presented, the effect on the magnitude of gas 
desorption from chamber surfaces caused by, for example, direct and 
indirect heating as well as plasma-surface interactions, is expected to be 
even more pronounced in the growth experiments reported here due to 
the higher base pressure. It is reasonable to assume that the desorbed 
residual gases provide the feedstock for impurity incorporation during 
growth. As mentioned earlier, the systematic changes in deposition rate 
and base pressure studied here show no causal correlation with the O 
and H concentrations incorporated during growth. Thus, it is inferred 
that the magnitude of desorbed residual gases (here, primarily H2O, 
from the reactor surfaces, as illustrated by the here presented RGA data), 
resulting from plasma surface interactions, indirect and direct heating 
from the plasma sources as well as substrate heater has a more signifi
cant effect on the impurity concentration than the systematic deposition 
parameter variations. Based on these findings, future investigations into 
impurity incorporation should not only assess the base pressure prior to 
deposition but also quantify the partial pressures of residual gases dur
ing the deposition process.

4. Conclusions

The goal of this study was to contribute towards a better under
standing of the impurity incorporation pathways active during growth 
of Mg and Al thin films synthesized by magnetron sputtering to subse
quently be able to improve film purity. For this purpose, the influence of 
impurity uptake relevant deposition parameters, such as the working gas 
purity, the base pressure, measured before deposition, as well as the 
deposition rate, were varied. Al and Mg thin film growth conducted with 
Ar gas purities of 5N and 6N did not result in a significant difference in 
impurity concentrations as revealed by ToF-ERDA and EDX data. 
Moreover, deposition rate and base pressure were varied simulta
neously, leading to a variation in impurity-to-metal flux ratio of > factor 
40. While no significant impurity concentration variation was revealed 
by ToF-ERDA data, mass spectrometry data illustrated that residual 
gases desorb from surfaces in the vacuum chamber as they are heated. 
Hence, it is inferred that the magnitude of thermally desorbed residual 
gases affectthe impurity concentration to a larger extent than the sys
tematic deposition parameter variations studied here, even at a base 
pressure in the ultra-high vacuum range.

Based on these findings, future investigations into impurity incor
poration should not only assess the base pressure prior to deposition but 
also quantify the partial pressures of residual gases during the deposition 
process.

Supplementary data to this article can be found online at https://doi. 
org/10.1016/j.surfcoat.2025.132216.
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