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a b s t r a c t
Aluminum nitride (AlN) piezoelectric thin ﬁlms with c-axis crystal orientation on polymer substrates can potentially be used for development of ﬂexible electronics and lab-on-chip systems. In this study, we investigated the effects of deposition parameters on the crystal structure of AlN thin ﬁlms on polymer substrates
deposited by reactive direct-current magnetron sputtering. The results show that low sputtering pressure
as well as optimized N2/Ar ﬂow ratio and sputtering power is beneﬁcial for AlN (002) orientation and can
produce a highly (002) oriented columnar structure on polymer substrates. High sputtering power and low
N2/Ar ﬂow ratio increase the deposition rate. In addition, the thickness of Al underlayer also has a strong inﬂuence on the ﬁlm crystallography. The optimal deposition parameters in our experiments are: deposition
pressure 0.38 Pa, N2/Ar ﬂow ratio 2:3, sputtering power 414 W, and thickness of Al underlayer less than
100 nm.
© 2012 Elsevier B.V. All rights reserved.

1. Introduction
Flexible electronics on polymer substrates has recently become an
important research topic as it provides a low-cost alternative for
high-performance electronic devices and circuits. Signiﬁcant advances have been made to fabricate ﬂexible devices and systems
such as displays [1,2], thin ﬁlm solar cells [3,4], sensors [5,6], thin
ﬁlm transistors [7], and RF/microwave circuits [8]. Microelectromechanical system (MEMS) is an emerging class of electronic devices
with unique electronic and mechanical functions and properties.
They are usually fabricated on rigid substrates such as Si and glass.
MEMS on ﬂexible substrates could offer great advantages over those
on rigid substrates as they are robust, light-weight, low-cost, and
are able to absorb mechanical stress [9]. Various MEMS devices have
been built on polymer substrates, such as micromachined infrared
bolometers [10], piezoelectric actuators [11], and microﬂuidics [12].
Aluminum nitride (AlN) possesses some unique properties such as
high piezoelectric constants, electromechanical coupling coefﬁcient,
degree of hardness, acoustic speed, and dielectric constant. It is one
of most important materials for fabrication of piezoelectric sensors
and actuators, surface acoustic wave devices, and ﬁlm bulk acoustic
resonators (FBARs). Various attempts have been made to develop
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AlN-based MEMS on ﬂexible polymer substrates [13–16]. For these
applications, the key is to grow c-axis oriented AlN thin ﬁlms on
such substrates. Akiyama et al. [13] have deposited AlN on polyimide
substrates and demonstrated piezoelectric effect upon pressure variation, though the piezoelectric coefﬁcient is much lower than that of
the bulk material. With the same structure, they also investigated a
combination of high and low-modulus materials (AlN thin ﬁlms and
polyimide ﬁlms, respectively) in diaphragms for high-sensitivity response [14]. Bu et al. [15] developed a method to measure muscle
movement using a ﬂexible piezoelectric thin ﬁlm sensor made of an
oriented AlN ﬁlm. Petroni et al. [16] fabricated piezoelectric transducers consisting of a molybdenum (Mo) top electrode, an AlN active
layer, and a Mo bottom electrode on a Dupont Kapton HN polymeric
tape.
Many attempts have been made to deposit AlN on rigid substrates
by varying the underlayer materials and deposition conditions such
as pressure, substrate temperature, gas ratio etc. High-quality AlN
ﬁlms have been obtained with controllable preferred crystal orientation, mainly (002) [17]. However, growth of AlN on ﬂexible substrates
is very different from that on rigid substrates due to temperature limitations, differences in thermal expansion coefﬁcient, and amorphous
state of the polymer substrates, thus presenting a technological challenge to deposit high-quality AlN ﬁlms on ﬂexible substrates. Although some effort has been made to fabricate AlN thin ﬁlm-based
devices on polymer substrates, the research is at a very early stage.
How the deposition conditions and underlayer affect the growth of
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the crystal structure remains highly unclear at this time. And the
properties of the thin ﬁlms on ﬂexible substrates and the deposition
process are far from optimized. In this paper, we report results on deposition of AlN thin ﬁlms on polyimide substrates by reactive directcurrent (DC) magnetron sputtering without intentional heating, and
elucidate the effects of deposition parameters and underlayer on the
crystal structure of the AlN ﬁlms.
2. Experiments
A Kapton® polyimide ﬁlm 100H (Toray, Dupont, thickness 25 μm)
was chosen as the substrate for the deposition of Al layers owing to its
excellent mechanical and electrical properties, chemical stability, and
wide operating temperature range (−269 °C to +400 °C). AlN was
deposited using a DC magnetron sputtering system built in our laboratory. The base pressure of the chamber was 1 × 10 − 4Pa before deposition. The Al target with purity 99.999% and diameter of 60 mm
was water-cooled. The distance between the target and the substrate
was ﬁxed at 70 mm. The size of polyimide used as substrate is
80 mm × 80 mm, on which a grounded aluminum mask with a
60 mm-diameter opening is placed, resulting in an area of deposited
AlN ﬁlm with the same diameter. Before depositing the AlN ﬁlm, an
Al underlayer was deposited on the polyimide substrate as a transitional electrically conducting layer with deposition pressure of
0.27 Pa and DC power of 300 W as Al can be used as the bottom electrode for fabrication of FBARs. AlN was then deposited on the Al coated polyimide substrate in N2/Ar atmosphere. The effect of deposition
conditions such as pressure, N2/Ar ﬂow ratio, and DC sputtering
power, as well as thickness of the Al underlayer, on the properties
of the AlN ﬁlms was investigated. Table 1 summarizes the deposition
parameters for four groups of samples. All samples were deposited for
1 h without intentionally heating the substrates.
The crystalline structure and crystal orientation of ﬁlms were analyzed using X-ray diffraction (XRD) (Shimadzu XRD-6000) with
Cu-Kα radiation (λ = 0.154 nm) working at 40 kV and 36 mA. The diffraction patterns were obtained in the 2θ model with scanned angle
of 2θ = 20°–70°. The degree of c-axis crystallization was examined
at full-width at half maximum (FWHM) of the AlN (002) diffraction
peak. The strain and crystallite size of the thin ﬁlm were extracted
from the XRD data using a standard methodology [18]. Strain is

Table 1
Deposition parameters for AlN thin ﬁlms by reactive DC magnetron sputtering.
Sample no.

Deposition parametersa
N2/Ar ﬂow
ratio

Sputtering
power
(W)

0.38
0.45
0.53

1:1

266

0.38

1:4
1:2
2:3
1:1
3:2

266

Deposition
pressure
(Pa)
A1
A2
A3
B1
B2
B3
B4
B5
C1
C2
C3
C4
C5
C6
D1
D2
D3
D4
D5
a

0.38

0.38

2:3

2:3

calculated from εz = (c − c0)/c0, where c0 is the strain-free lattice constant (4.979 Å) and c the lattice constant which is equal to twice the
interplanar spacing d, measured from the position of the (002) peak
using the Bragg equation. Crystallite grain sizes were calculated
from the Debye–Scherrer formula: D = Kλ/(β cos θ), where K is
the shape factor of the average crystallite with a value of 0.94, λ the
X-ray wavelength (1.5405 Å for Cu target), β the FWHM in radians,
θ the Bragg angle, and D the mean crystallite gain size normal to diffracting planes. The crystallinity is analyzed with MDI Jade 5.0 software, and is deduced from the ratio of diffraction peak intensity to
total intensity. For cross-sectional structure analysis, a Scanning Electron Microscope (SEM) (Hitachi S-4800) was used at the accelerating
voltage of 5 kV. The morphology of roughness of the ﬁlm surfaces was
observed by atomic force microscopy (AFM) (SPI-3800N, Seiko Co.)
under tapping mode. Tap300Al-G Si probes (Budget sensors AFM
probes, Soﬁa, Bulgaria) were used with the normal resonant frequency of 300 kHz.
3. Results and discussion
The effects of deposition pressure, N2/Ar ﬂow ratio, sputtering
power, and Al underlayer thickness are discussed in the following
subsections, respectively. By changing one deposition parameter
while ﬁxing the other three, we examine the effect of each on the
properties of AlN thin ﬁlm, leading to an optimized set of deposition
parameters.
3.1. Deposition pressure
The deposition pressure was varied and values of 0.38, 0.45 and
0.53 Pa were used with a ﬁxed N2/Ar gas ﬂow ratio of 1:1
(55:55 sccm) and sputtering power of 266 W (1 A, 266 V) to investigate the effect on the crystal structure of the AlN ﬁlms. Fig. 1 shows
the XRD pattern of the AlN ﬁlms deposited under different deposition
pressures. Each AlN ﬁlm shows a main XRD peak near 2θ = 36.1°
which corresponds to the AlN (002) crystal orientation. The results
demonstrated that the AlN crystal structures are perpendicular to
the polymer substrate with a (002) orientation. It is clear from the ﬁgure that with the increase of pressure, the intensity of the AlN (002)
peak decreases. Further, as shown in Fig. 2, the FWHM of the AlN
(002) peak increases as the grain size decreases, consistent with the
results of the AlN ﬁlms deposited on rigid substrates such as Si [19]
and Sapphire [20]. The decreased intensity of the XRD indicates that
increased amorphicity presents in the ﬁlm. As increasing the deposition pressure leads to the decrease of kinetic energy of sputtered

Thickness of Al
underlayer
(nm)

100
100
183
266
351
414
504

414

18
35
70
100
200

Other deposition parameters are: Al target with purity 99.999% , 70 mm targetsubstrate distance, unheated substrate.

Fig. 1. XRD patterns of AlN thin ﬁlms deposited on polymer substrates with Al electrodes under different deposition pressures (the different spectra are presented on
top of each other for clarity).
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Fig. 2. The effect of deposition pressure on the FWHM of XRD of AlN (002) thin ﬁlms.

atoms and to a low surface mobility of the condensing species, especially at low deposition temperatures [21], the (002) crystallization
decreases as the pressure increases. The lowest deposition pressure
is 0.38 Pa, beyond which the glow discharge disappears.
Fig. 3 shows SEM micrographs of the cross-sectional structure of the
AlN ﬁlms deposited on polymer substrate at different deposition pressures, and Fig. 4 shows the AFM images. Each AlN ﬁlm exhibits a typical
(002) oriented columnar structure. The surface of the ﬁlm deposited at
0.38 Pa is smoother than the other two ﬁlms, and the columns are more
neatly arranged and compact. The mounds that appear in Fig. 3(a) may
be dust particles, since the experiments were not performed in a clean
room. As the pressure increased, the surface became rougher and the
structure became much coarser and non-columnar, consistent with
the XRD-result. This phenomenon can be explained by considering the
scattering events and adatom mobility. At high deposition pressure,
the probability of scattering increases and more particles lose their kinetic energy via collisions, resulting in lower adatom surface mobility.
Generally, higher adatom mobility promotes the growth of the AlN
thin ﬁlm with a c-axis orientation, because if the particles have higher
mobility they are more likely to ﬁnd the low energy binding sites
which leads to crystal growth. Furthermore, at high deposition pressure, the tendency for ﬁlm bombardment by particles at an oblique
angle increases due to scattering, resulting in low ﬁlm density.
3.2. N2/Ar ﬂow ratio
The effect of the N2/Ar gas ﬂow ratio on the crystal structure of the
AlN ﬁlms on polymer substrates has been investigated at a ﬁxed sputtering power of 266 W (1 A, 266 V) and deposition pressure of
0.38 Pa. Fig. 5 shows the dependence of the FWHM and deposition
rates on the N2/Ar gas ﬂow ratio. The results show that the sample deposited with a N2/Ar ﬂow ratio of 2:3 has a minimum FWHM of
0.306°, implying an optimum gas ﬂow ratio for the best crystal quality.
The degree of AlN (002) texture improves as the N2/Ar ﬂow ratio was
increased from 1:4 to 2:3, and decreases with further increase of the
ﬂow ratio. Hang et al. [22] pointed out that a high N2/Ar ﬂow ratio is
beneﬁcial for depositing AlN ﬁlms with the desired c-axis orientation.
The ﬂux of the bombarding particles increases with the N2/Ar ﬂow
ratio which enhances the mobility of adatoms on the ﬁlm surface,
thus beneﬁcial for the growth of the (002) AlN oriented crystal. On
the other hand, too much N2 leads to superﬂuous N elements and Al vacancies in the ﬁlms, resulting in a high density of defects and poorquality AlN ﬁlms. Therefore, there exists an optimal N2/Ar ﬂow ratio
for well-deﬁned c-axis orientation and crystal structure. Fig. 5 also
shows the corresponding deposition rate which continuously decreases
with the increase of gas ﬂow ratio owing to the low sputtering yield of
the Al target by N+ bombardment and the target poisoning effect [23].

Fig. 3. The SEM images of AlN thin ﬁlms on polymer substrates with Al electrodes
under different deposition pressures: (a) 0.38 Pa; (b) 0.45 Pa and (c) 0.53 Pa.

The AlN thin ﬁlms deposited at higher N2/Ar ﬂow ratios exhibited
a higher crystallinity as shown in Figs. 6 and 7 owing to reduced nitrogen deﬁciency (nitrogen vacancies) [17]. As the N2/Ar ﬂow ratio
increases, the grain size increases from 230 Å to 290 Å at a N2/Ar
ﬂow ratio of 2:3, and then reduced to 228 Å at a N2/Ar ﬂow ratio of
3:2. The microstructure and morphology of the ﬁlms is shown in
Fig. 7. All ﬁlms exhibit a typical (002) oriented columnar structure
from the XRD curves. However, from the SEM images it is clear that
the ﬁlms deposited at low N2/Ar ﬂow ratio shows ﬁne grains, and
the columnar structure gradually becomes more pronounced with
the increase of N2/Ar ﬂow ratio. Based on these results, we conclude
that the optimal N2/Ar ﬂow ratio is around 2:3.
3.3. Sputtering power
Generally, high sputtering power is beneﬁcial for growth of AlN
with an (002) orientation, since the incident atoms have sufﬁciently
high energies to allow growth normal to the substrate [17]. However,
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Fig. 4. The AFM images of AlN thin ﬁlms on polymer substrates with Al electrodes under different deposition pressures: (a) 0.38 Pa, (b) 0.45 Pa, and (c) 0.53 Pa.

for deposition of thin ﬁlms on polymer substrates, high sputtering
power may damage the polymer substrates signiﬁcantly, causing
curling and burning. Therefore, the power must be optimized to obtain the best crystal structure yet retain the integrity of the substrate.
Sputtering power was varied to elucidate its effect on the properties
of the AlN ﬁlm on polymer substrate. The power used was 100 W
(0.4 A, 252 V), 183 W (0.7 A, 262 V), 266 W (1 A, 266 V), 351 W
(1.3 A, 270 V), 414 W (1.5 A, 276 V) and 504 W (1.8 A, 280 V), with
a ﬁxed deposition pressure of 0.38 Pa and N2/Ar ﬂow ratio of 2:3. It
was found that the AlN ﬁlms crack and peel off from the polymer substrates once the sputtering power is larger than 504 W, and this is believed to be caused by the large difference in thermal expansion
coefﬁcients between the substrate and the ﬁlm at high temperatures.
Fig. 8 shows the XRD patterns of these samples and Fig. 9 shows
the FWHM and deposition rate of the corresponding samples. The intensity of the AlN (002) peak increases, while the FWHM decreases
from 0.62° to 0.346° when the sputtering power reaches 414 W. The
results demonstrated that the (002) crystal orientation is enhanced
with increase in sputtering power, consistent with the results
obtained by others on rigid substrates [17,24]. It is believed that a reasonably high sputtering power could increase not only the sputtering
yield, but also the incident particle kinetic energy which enhances the
mobility of the atoms deposited and the migration distance, thus beneﬁcial for the growth of (002) oriented crystallites [24]. However,
once the sputtering power exceeded 500 W, the intensity of the AlN
(002) peak is reduced and the FWHM increases to 0.376°. This may
be caused by the deterioration of the substrate at high temperatures
at high power deposition as evidenced by the peeling off of the samples deposited at powers higher than 500 W, and/or insufﬁcient atom
migration at such a high deposition rate and the high energy incident

atoms. At high deposition rate, atoms do not have sufﬁcient time to
rearrange on the surface before the next atoms are deposited, leading
to a deteriorated crystal structure. Furthermore, the incident atoms
have very high energy, which can damage the surface of the newly
formed AlN layer, thus destroying the (002) crystal orientation.
Fig. 10 shows the dependence of strain and grain size on the deposition power. The grain size increases from ~ 130 Å to ~ 250 Å with increase in deposition power up to 414 W. As the power increases
further, the grain size reduces. This is probably due to the deposition
of mixed crystal and amorphous phases at such high deposition rate,
leading to reduced grain sizes. The strain was found to be b0.5% for all
deposition powers except 100 W, and decreased with increase in deposition power, contrasting most observations on rigid substrates. It
is generally understood that the strain of thin ﬁlms deposited by
physical vapor depositions on rigid substrates normally increases
with deposition power due to increased impinging energy at high
powers [25]. For polymer substrate, high-power deposition may increase the substrate temperature, thus “softening” the substrate,
leading to stress relaxation, as evidenced by peel-off of the ﬁlms at
a power over 500 W.
Fig. 11 shows the SEM micrographs of AlN ﬁlms on polymer substrates at different sputtering powers. It is clear that thickness increases with increase in power, and as shown in Fig. 11(b) and (c),
there exists a thin transition region between the (002) oriented AlN
ﬁlm and the polymer substrate where the ﬁlm is randomly oriented
relative to the columnar structure, which is consistent with the observation for (002) AlN ﬁlms deposited on rigid Si substrates [26]. The
lines in Fig. 11(c) were caused by scratches on the polyimide substrate, since the polyimide substrate is very thin and not completely
planar. These results imply that the early ﬁlm growth is a random

Fig. 5. The effect of N2/Ar ﬂow ratio on the FWHM of XRD curves and the deposition
rate of AlN thin ﬁlms.

Fig. 6. The effect of N2/Ar ﬂow ratio on the grain size and crystallinity of AlN (002) thin
ﬁlms.
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Fig. 7. The SEM images of AlN thin ﬁlms on polymer substrates under N2/Ar ﬂow ratios of (a) 1:4; (b) 1:2; (c) 2:3; (d) 1:1 and (e) 3:2.

Fig. 8. XRD patterns of AlN thin ﬁlms deposited on polymer substrates under different
sputtering powers (the different spectra are presented on top of each other for clarity).

Fig. 9. The effect of sputtering power on the FWHM of XRD and the deposition rate of
AlN thin ﬁlms.
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and non-oriented process and the preferred (002) crystal orientation
becomes dominant after transitional growth [21].
3.4. Underlayer thickness

Fig. 10. The effect of sputtering power on the strain and grain size of AlN thin ﬁlms.

Al is used as the underlayer for growth of AlN in this study. It
serves as a transition layer to improve the quality of the AlN thin
ﬁlm as well as an electrode for the development of FBAR devices,
the ultimate objective of the project. Fig. 12 shows XRD patterns for
the AlN thin ﬁlms deposited on an Al underlayer with thicknesses of
18, 35, 70, 100 and 200 nm, respectively. Fig. 13 shows the dependence of grain size and strain that were extracted from the XRDcurves on the Al layer [18]. The deposition conditions were ﬁxed at
a pressure of 0.38 Pa, a N2/Ar ﬂow ratio of 2:3 and a power of
414 W (1.5 A, 276 V). The thickness of the Al layer was controlled
by varying the deposition time at a ﬁxed DC power of 300 W.
It is obvious that with the increase in the Al underlayer thickness,
the intensity of the (002) peak decreases, while that of Al (111)

Fig. 11. The SEM images of AlN thin ﬁlms on polymer substrates with Al electrodes under different sputtering powers of (a) 100 W; (b) 183 W; (c) 266 W; (d) 351 W; (e) 414 W
and (f) 504 W.
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Fig. 12. XRD patterns of AlN thin ﬁlms deposited on polymer substrates with different thicknesses of Al underlay (the different spectra are presented on top of each other for clarity).

increases. The sample with an 18 nm Al layer has the best quality,
with a FWHM of AlN (002) being 0.416°and the grain size being
316 Å. As the Al underlayer thickness increases to 200 nm, the
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FWHM of AlN (002) increases to 0.63°and the grain size decreases
to 175 Å. Fig. 12 also shows that a thicker Al underlayer (70 nm,
100 nm, and 200 nm) leads to the formation of a mixture of AlN
(002) and AlN (103) crystallites. The corresponding AlN (103) relative peak intensities are 8.5%, 8.6%, and 8.1%, respectively, compared
to those of the AlN (002) peak. When the thickness of the Al underlayer is 200 nm, the peaks of many other crystals appear, indicating
the formation of ﬁne grain and randomly orientated crystals. AlN
(100) orientation is observed and the relative peak intensity is 30%
of that of AlN (002). A possible explanation is that thicker Al underlayers have larger surface roughness, leading to various crystal orientations. As shown in Fig. 13, the surface roughness of Al underlayer
clearly increases with increase in thickness. The growth of AlN deposited on rough surfaces follows the crystals of Al with different orientations, leading to the formation of various AlN crystal orientations.
The rough surface may also increase the migration distance for the
adatoms, enhancing localized, non-preferential crystal growth. It is
generally believed that underlayers with a preferred crystal orientation are needed for the growth of high-quality AlN layers as this can
minimize the undesirable crystal orientation caused by lattice mismatch. However, some experiments have also shown highly c-axis
oriented AlN thin ﬁlms can be grown on different substrates as long
as the rms roughness of the substrate surface is less than 4 nm, independent of the lattice mismatch between substrate and AlN [17]. Our
results show that surface roughness is more important than the crystal orientation of the underlayer for (002) AlN growth. And the amorphous transition layer plays a key role in reducing the dependence of
AlN ﬁlm properties on substrate crystal orientation.
Fig. 14 shows the strain increases while the grain size decreases
with increase in the Al underlayer thickness. The strain is about
b0.5% for most of the samples and then abruptly increases to 0.63%
when deposited on a 200 nm Al layer. The results show that the thickness of Al layer below 100 nm would be better for (002) oriented AlN
growth. Fig. 15 shows the SEM images of these AlN samples. The microstructures of the deposited ﬁlms are not homogeneous and have
ﬁne grain structures. Furthermore, the samples with the thinner Al
underlayer have better columnar structures compared to those with
thicker Al underlayer due to the decrease in surface roughness with
decrease in underlayer thickness.
4. Conclusions

rms = 23.6 nm
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In this study, we investigated the synthesis and characteristics of
AlN thin ﬁlms on Dupont Kapton® polyimide ﬁlm 100H polymer substrates with reactive DC magnetron sputtering. XRD and SEM were
used to characterize the orientation, cross-sectional structure, surface
morphology, and thickness of AlN thin ﬁlms. Results show that at low
deposition pressure, optimized N2/Ar ﬂow ratio, sputtering power
and Al underlayer thickness are likely to yield AlN (002) orientation.
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Fig. 13. The AFM images of Al underlayer with different thicknesses: (a) 18 nm,
(b) 35 nm, (c) 70 nm, (d) 100 nm, and (e) 200 nm.

Fig. 14. The effect of Al underlayer on the strain and grain size of AlN thin ﬁlms.
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Fig. 15. The SEM images of AlN thin ﬁlms deposited on polymer substrates with different thicknesses of Al underlayer: (a) 18 nm; (b) 35 nm; (c) 70 nm; (d) 100 nm and
(e) 200 nm.

In addition, deposition rate is almost proportional to sputtering
power and decreases with increase in N2/Ar ﬂow ratio. The Al underlayer has strong inﬂuences on the AlN ﬁlm crystallography. In these
experiments, the optimal deposition parameters for depositing
(002) oriented AlN ﬁlms on polymer substrates are at a deposition
pressure of 0.38 Pa, N2/Ar ﬂow ratio of 2:3, and sputtering power of
414 W (1.5 A, 276 V), with an underlayer Al thickness below 100 nm.
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