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Abstract
AlMgB14 coatings have been deposited by DC magnetron sputtering from elemental targets on Si (001),  Al2O3 (0001) and 
MgO (001) substrates at temperatures in the range of 25–350 °C. The structural and mechanical properties of  AlMgB14 
films were characterized by X-ray diffraction, scanning electron microscopy, nanoindentation, and analyzed as a function 
of deposition conditions and substrate materials. The results show that all films are X-ray amorphous, and the mechanical 
properties of the deposited films depend on the substrate and growth temperature.  AlMgB14 thin films deposited at 350 °C 
are found to have smoother surfaces and containing more well-formed  B12 icosahedra than the films deposited at lower tem-
perature, which consequently increase the hardness of the deposited films. The maximum hardness and Young’s modulus 
of the as-deposited films are about 32.3 GPa and 310 GPa, respectively, for films deposited on  Al2O3 substrate at 350 °C.
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1 Introduction

Boron-rich solids are materials with boron as their primary 
atomic component. The crystal structures of many high-
boron-content compounds contain  B12 icosahedra based on 
12-atom clusters in which atoms occupy the 12 vertices of 
an icosahedron [1]. These dense B networks with unusual 
bonding generates interesting mechanical and transport 
properties. Hardness values range from 30 to 50 GPa [2, 3], 
bulk moduli from 196 to 235 GPa [4–6] and melting points 
up to 2400 °C, underlining the exceptional bond strength of 
these B-networks [1]. The ternary boride  AlMgB14 is one 
of the promising boron-rich boride materials that can form 
icosahedral structures and has been investigated intensively 
during last years. This material is attractive due to high 

hardness, low density, high thermal stability and interesting 
thermoelectric properties [7, 8].

The formation of B icosahedra can occur both in amor-
phous B compound from icosahedral bonding features (not 
to be confused with icosahedral crystal structures, i.e. some 
quasicrystals) and in crystalline B structures [9, 10]. Tian 
et al. reported that icosahedra partially formed at room tem-
perature [11], and suggested that deposition at temperatures 
between 200 and 350 °C can facilitate the formation of 
icosahedral features [11]. Therefore, it is desirable to study 
the effect of deposition of  AlMgB14 thin film at substrate 
temperatures close to possible formation of  B12 icosahedra 
framework. Up to now,  AlMgB14 in bulk or powder form 
has been prepared by several methods like mechanical alloy-
ing, hot pressing and pulsed electric current sintering [7, 
12]. Although most efforts have been focused on preparing 
 AlMgB14 in bulk or powder form, a few reports have shown 
preparation as thin films [2, 4, 13–17], primarily using 
pulsed laser deposition (PLD). Limited attempts on prepa-
ration by magnetron sputtering have been done. Preparation 
with magnetron sputtering is desirable over PLD since sput-
ter-deposition is a more established technique and allows for 
process control and ease of upscaling. Furthermore, deposi-
tion of complex form of hard coating tools or deposition on 
large substrates is easier than PLD [2].
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In most studies,  AlMgB14 was prepared on Si substrates, 
while, for example, in thermoelectric devices, to avoid ther-
mal and electrical leakage through the substrate, the device 
layer is preferred to be on the insulator. Therefore, deposi-
tion on lower thermal conductivity materials in comparison 
to Si, like  Al2O3 and MgO substrates [18–20] can be pref-
erable for some applications. In this study, we synthesize 
ternary boride  AlMgB14 films by DC magnetron sputtering 
with a three-target magnetron sputtering system on Si (001), 
 Al2O3 (0001) and MgO (001) substrates at temperature range 
of 25–350 °C.

2  Materials and methods

To deposit thin films, an ultrahigh vacuum chamber with a 
base pressure of 3.5 × 10–7 Pa have been used. B, Al and Mg 
elemental magnetron sputtering targets were mounted at a 
distance (from target center to substrate) of 180 mm for Mg, 
B and 150 mm for Al. The deposition system and geometry 
are described in detail elsewhere [19, 21]. The deposition 
was carried out on an MgO (001),  Al2O3 (0001) and Si (001) 
substrates at temperatures of 25, 250 and 350 °C. All sub-
strates were cleaned in acetone and isopropanol for 5 min 
each and finally native oxide was removed from Si substrates 
using HF 0.5% to ensure Si surfaces are identical. Finally, all 
substrates were blown-dried by nitrogen gas and then placed 
into the vacuum chamber immediately. Prior to the deposi-
tion, Ar gas, whose flow rate can be regulated by mass flow 
controller, was introduced into the chamber where a total 
pressure was maintained at 0.53 Pa during deposition. To 
keep uniformity during deposition, substrates were rotated 
at 5 rpm. Prior to the actual film deposition, targets were 
run for 10 min behind shutters to clean the targets and reach 
steady-state condition. To find  AlMgB14 thin film with the 
required stoichiometric composition in each temperature, 
the B, Mg and Al target sputtering powers were tuned until 
reaching the desired composition. The deposition parameters 
for final samples after optimization near the desired stoichi-
ometry are listed in Table 1.

Atomic-force microscope (AFM) and scanning electron 
microscope (SEM) were used to investigate surface topology 

and roughness. X-ray photoelectron spectroscopy (XPS) 
analyses were performed with AXIS Ultra DLD instrument 
from Kratos Analytical (UK) with base pressure during 
spectra acquisition lower than 1.3 × 10–7 Pa and employing 
monochromatic Al Kα (1486.6 eV) radiation. Samples were 
analyzed in the as-received state as well as after sputter-
cleaning to remove adsorbed contaminants following air 
exposure. The cleaning procedure consisted of two steps: 
first 4 keV  Ar+ ion beam incident at an angle of 20° from the 
surface and rastered over the area of 3 × 3 mm2 was used for 
2 min. After that, the  Ar+ ion energy was reduced to 0.5 keV 
for the final cleaning which lasted for 10 min. The bind-
ing energy scale was calibrated according to the procedure 
described in Ref. [22] for as-received samples. Quantifica-
tion of the XPS core-level spectra was performed using Casa 
XPS software (version 2.3.16) and elemental sensitivity fac-
tors supplied by Kratos Analytical Ltd. The error bars for 
XPS-determined element concentrations are around ± 5%. 
Nanoindentation was carried out using a Hysitron TriboIn-
denter with a Berkovich diamond tip with load peaking of 
1000 µN. The tip area function was calibrated on a fused-
silica sample and each sample was measured 15 times to 
get a statistically valid average value. The hardness (H) and 
reduced elastic modulus Er were calculated by the method of 
Oliver and Pharr using the unloading elastic part of the load-
displacement curve. The structure of deposited films was 
investigated by X-ray diffraction (XRD) and finally, the local 
bonding information was extracted by Fourier-transform 
infrared spectroscopy (FTIR). FTIR spectra were obtained 
with a Bruker Vertex 70 spectrometer using the KBr pellet 
method; the system was continuously purged with nitro-
gen before and during the measurements. All spectra were 
acquired at 2 cm−1 resolutions with a total of 200 scans, and 
over a wavenumber range between 600 and 5000 c−1.

3  Results and discussion

The elemental composition of  AlMgB14 thin films was 
characterized by XPS. First, it was confirmed that the Al, 
Mg and B elements from three targets are all present in the 
films. Figure 1a and b shows Al 2p, Mg 2 s, and B1s XPS 

Table 1  Deposition parameters 
of  AlMgB14 thin films Base pressure 3.5 × 10–7 Pa

Working pressure 1.1 × 10–1 Pa
Ar flow rate 71 sccm
Deposition time 3 h (deposition rate ~ 2 nm/min; film thickness ~ 360 nm)
DC power of Mg target 5 W (at T: 25 ℃), 40 W (at T: 250 ℃, 90 W (at T: 350 ℃)
DC power of Al target 3 W (at T: 25 and 250 ℃), 5 W (at T: 350 ℃)
DC power of B target 300 W (at T: 25, 250 and 350 ℃)
Substrate temperature 25, 250, 350 ℃
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spectra obtained from samples grown at different tempera-
tures. All core levels exhibit a minor shift of 0.2–0.3 eV 
towards higher binding energy (BE) with increasing tem-
perature. The BE of the Al 2p peak, in the range 74.0 
(25 ℃)–74.3 eV (350 ℃) shows that Al is in the sub-stoichi-
ometric oxide regime, as both metallic Al and Al-B bonds 
appear at significantly lower BE. B1s signal is present at the 
BE of 188.2–188.4 eV, which is in the range typical for B–B 
[23]or B–metal bond, [24] and definitely lower than that of 
B–O (typically at 192–193 eV) [24]. A relatively large full 
width at half maximum of 1.7–1.8 eV, may indicate multi-
ple chemical states. The BE of the Mg 2 s peaks is in the 
range 89.7–90.0 eV, which is somewhat higher than 89.0 eV 
expected for metallic Mg [23] which could indicate Mg–B 
or Mg–O formation.

The XPS-derived film compositions for sputter-cleaned 
samples are listed in Table 2. The Mg content was esti-
mated based on the Mg 2 s rather than commonly used 
Mg 1 s core-level peak to ensure that photoelectron kinetic 
energy is closer to that of Al 2p and B 1 s electrons which 
should result in similar probing depth, and hence, more reli-
able quantification. It can be observed that with increasing 
growth temperature T the boron content increases from 82 
at % in sample 1 with T = 25 °C to 89 at % in sample 3 with 
T = 350 °C. This is accompanied by decrease in both Al and 
Mg concentration from 7.5 at % with T = 25 ℃ to 4.5 at % 
for both Al and Mg with T = 350 °C. Thus, the substrate 
temperature affects the composition of as-deposited films in 
that the Mg (and Al) content decreases at higher substrate 

temperatures. Since Mg has a high vapor pressure over a 
broad temperature range, this is expected. The residual O 
originates from native oxide, post-deposition incorporation 
when exposed to air and redeposited in UHV during meas-
urement and/or implanted during  Ar+ cleaning step. For all 
as-deposited  AlMgB14 thin films, the oxygen content is in 
the range of 2–3 at.%. The oxygen content is likely under-
estimated due to the fact that electrons originating from the 
O 1 s core level have substantially shorter mean free paths 
on the way to the surface than those from the Al 2p level. 
The difference is caused by difference in the kinetic energy, 
which is 950 and 1410 eV for O 1 s and Al 2p electrons, 
respectively.

Figure 2 shows the θ–2θ XRD patterns of the films depos-
ited at 25, 250 and 350 °C on different substrates. The as-
deposited films are all X-ray amorphous regardless of depo-
sition temperature and substrate types. All observed Bragg 
reflexes are the substrate peaks for Si,  Al2O3 and MgO. It 
can, therefore, be concluded that crystalline  AlMgB14 phase 
is not obtained at these deposition temperatures.

Figure 3a shows an SEM micrograph of sample 1. SEM 
shows segregated islands on the surface. Figure 3b shows a 
line mapping EDX analysis of one large island on this sam-
ple to check composition variation. The EDX result shows 
that this composition changed marginally in the island area 
and there is no evidence of segregation of any of the ele-
ments individually.

To obtain smooth surfaces without islands at room tem-
perature, the processing conditions was adjusted using a neg-
ative bias voltage (− 200 V) and by increasing the target-to-
substrate distance from 15 to 22 cm. As shown in the SEM 
surface image in Fig. 3c, longer distance between substrate 
and target decrease formation of islands and improve qual-
ity of surface. The surface of the sample in Fig. 3d, depos-
ited using − 200 V as bias voltage, has no segregation and 
exhibits a homogeneous and smooth surface, i.e., the ion 
bombardments causes an increased density and smoothens 
the surface of the films compared to the sample without bias.

To investigate the possibility of formation of ico-
sahedral bonding features in the boride films, FTIR 

Fig. 1  XPS spectra of  AlMgB14 
films deposited at 25 °C, 
250 °C, and 350 °C

Table 2  Composition determined by XPS on Si substrate

Temperature °C B at% Mg at% Al at% O at%

Sample 1 25 82 7.5 7.5 3
Sample 2 250 84 6.5 7.5 2
Sample 3 350 89 4.5 4.5 2
Ideal 

 AlMgB14 
composition

90 5 5 –
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measurements of  AlMgB14 thin films deposited at 25, 
250 and 350 °C (sample 1–3) was carried out. The results 
are shown in Fig. 4. The spectra exhibit two absorption 

peaks near 1100 cm−1 and 2100 cm−1, which are attrib-
uted to the vibrational mode of a single  B12 icosahedron. 
The intra-icosahedral vibrations are localized in the range 
of 800  cm−1, whereas the inter-icosahedral vibrations 
appear at higher wave numbers [25].The amorphization 
leads to an enhancement of the vibrations in the range of 
1100–1250 cm−1 [25]. Here, the FTIR data indicate the 
presence of  B12 icosahedra in the amorphous  AlMgB14. 
The low absorption intensity at 25 and 250 °C indicates 
that the  B12 icosahedra were not fully developed at low 
temperatures but suggests that the higher substrate tem-
perature enables the formation of  B12 icosahedra. This, 
together with the FTIR results, indicates the formation 
of amorphous  AlMgB14 with local icosahedral features 
at 350 °C.

To study the mechanical properties of the thin films, 
nanoindentation was used. The indentation depth was kept 
around 10% of the film thickness (360 nm) to avoid substrate 
effects. Fifteen indents were made in each sample. The load-
displacement curves are shown in Fig. 5. The results are the 

Fig. 2  XRD patterns of  AlMgB14 thin film on Si,  Al2O3 (0001), and MgO (111)

Fig. 3  SEM images a as-depos-
ited  AlMgB14 at 25 °C on Si, 
b EDX analysis on semi-segre-
gated areas on sample 1, c as-
deposited  AlMgB14 at 25 °C on 
Si, 7 cm longer distance from 
target, d as-deposited  AlMgB14 
at 25 ℃ on Si substrate of 
− 200 V

Fig. 4  FTIR spectra of  AlMgB14 thin films on Si substrate
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average of these indentations for the hardness and reduced 
Young’s modulus, summarized in Table 3.

The curves in Fig. 5 show the measured hardness of 
the films have an almost constant value for temperature 
25 and 350 °C but more scattered for the film deposited 
at 250 °C. This scattering is expected as a consequence of 
rougher surfaces. The minimum values for hardness and 

Young’s modulus was measured for samples deposited 
at 250 °C, whereas the maximum values are exhibited in 
samples deposited at 350 °C with the peak of hardness 
(32.3 ± 1.7 GPa) and Young’s modulus (310 ± 6 GPa) by 
 AlMgB14/Al2O3. A plausible explanation for observing 
higher hardness at 350 °C on  Al2O3 substrate may be the 
lower thermal conductivity of  Al2O3, in comparison to Si, 

Fig. 5  Load-displacement curves for  AlMgB14 thin films

Table 3  Hardness H, reduced 
Young’s modulus Er and 
roughness in  AlMgB14 (the 
stated error bars correspond to 
the standard deviations)

Temperature °C Substrate Hardness H (GPa) Young’s 
modulus Er 
(GPa)

T1 25 Si 23.2 ± 1 222 ± 4
T2 250 Si 20.5 ± 4 188 ± 23
T3 350 Si 29.5 ± 1 243 ± 6
T4 25 Al2O3 22.3 ± 1 280 ± 5
T5 250 Al2O3 21.3 ± 5 299 ± 27
T6 350 Al2O3 32.3 ± 2 310 ± 6
T7 25 MgO 21.8 ± 1 259 ± 7
T8 250 MgO 21.4 ± 3 254 ± 31
T9 350 MgO 26.4 ± 2 279 ± 17
T10 25 Si (different target to substrate 

distance: 22 cm)
25.3 ± 1 211 ± 4

T11 25 Si (bias voltage − 200 V) 21 ± 1 208 ± 3
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which results in more stable temperature and denser micro-
structure during sputtering at 350 °C temperature. Hardness 
and Young’s modulus values are comparable to other reports 
about  AlMgB14 as hard coating material [5, 11, 14].

4  Conclusions

We have grown  AlMgB14 thin films on Si (001), MgO (001) 
and  Al2O3 (0001) substrates using three elemental targets 
in DC magnetron sputtering at 25, 250 and 350 °C. XPS 
results indicate that the O content is kept under 3% in all 
samples. For increased substrate temperature (350 °C), the 
film composition is closer to ideal  AlMgB14. The hardness 
and reduced Young’s modules of samples are more depend-
ent on temperature which may be due to formation of icosa-
hedral bonding features.
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