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ABSTRACT

Flexible surface acoustic wave (SAW) device is one of hot point areas for

wearable communication technology because of their ductility and bendability,

but the deterioration problem of device performance after bending experiments

is limiting its wide application for future wearable communication devices. In

this work, the effect of sputtering power on microstructure properties and

bending piezoelectric characteristics of aluminum nitride (AlN) film on poly-

imide (PI) with molybdenum (Mo) buffer layer for high-frequency flexible SAW

device was discussed in detail from 200 W to 280 W. Microstructure results

show that the high oriented (002) AlN films with narrow full width at half

maximum (FWHM) of 0.29� and low roughness of 3.2 nm are obtained under

240 W sputtering power. Piezoelectric and frequency results of SAW devices

after cyclic bending indicate that the relative piezoelectric coefficient d*33 is

about 8.01 pm/V, and the center frequency of the flexible SAW devices is as

high as 4.95 GHz, especially the piezoelectric and frequency characteristics can

maintain high satiability after 10,000 bending cycles. This work may be of useful

for the flexible high-frequency SAW devices in the wearable communication

area.
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1 Introduction

Potential application of flexible and wearable func-

tional electronics with good compatibility and sta-

bility in human body has attracted widespread

attention [1, 2]. The rapid development of real-time

communication wearable equipment puts forward

higher requirements for bendable, high frequency,

and sensitivity communication devices. Piezoelectric

materials introduced into flexible device architectures

can further expand flexible electronic devices appli-

cations to both energy harvesting and bending

resistance [3, 4]. Aluminum nitride (AlN) is a piezo-

electric ceramic material with good piezoelectric

properties. C-axis-oriented AlN thin film prepared on

polyethylene terephthalate at room temperature has

been used to fabricate stress sensor which frequencies

respond from 0.3 Hz to over 100 Hz [5]. FBARs

consisting of Mo/AlN/Mo-layered structures were

fabricated on a polyimide (PI) substrate [6]. The

flexible SAW devices made by combining AlN

piezoelectric film with flexible substrate own bend-

ability, good thermal conductivity, and ductility [7].

However, current challenges are the growth of high-

quality piezoelectric film on a polymeric flexible

substrate and serious deterioration of device perfor-

mance caused by excessive bending times [8, 9].

It is noteworthy to mention that PI flexible sub-

strate has the prospect of being able to low cost and

good mechanical properties (bending strength at

room temperature C 170 MPa, tensile strength C 100

MPa). Therefore, AlN film deposited on PI substrate

with smaller surface roughness for flexible SAW

devices will add flexibility to the design of technol-

ogy for practical application, due to the simple device

structure and low cost [10, 11]. AlN film grown

directly on PI substrate has poor crystallinity, but it

can be improved by annealing or adding underlying

metal as buffer layer, or by controlling the Al content

to improve the confinement of the two-dimensional

electron gas to optimize a good interface [12], which

has a significant effect on the c-axis orientation and

piezoelectric properties of AlN film [13]. Depositing

the AlN/metal stack onto a polymer substrates

should enhance the piezoelectric coefficients of the

AlN film [14]. The lattice mismatch coefficient

between Mo (110) and AlN film is only 0.87% [15], so

Mo film is selected as a buffer layer to promote AlN

film growth oriented along the c-axis perpendicular

to flexible substrate [16–18]. Reactive magnetron

sputtering can produce high-quality AlN films with

guaranteed uniformity of film thickness and low

surface roughness [19–21].

In this work, the AlN film on PI substrate has

excellent c-axis orientation and maintenance of

bending properties by inserting the Mo-buffered

layer and optimizing the power of the magnetron

sputtering. Especially, the piezoelectric and fre-

quency characteristics can maintain high satiability

after 10,000 bending cycles, and the d*33 value

reported in this work has the largest value for a

flexible AlN film on PI of 8.01 pm/V compared to the

high of around 4.87 pm/V reported by Nathan

Jackson et al. [13], which are attributed to the pref-

erential orientation along c-axis and good crystal

quality of the obtained AlN films. These results imply

that the potential of using the AlN/Mo/PI composite

structures in flexible SAW applications.

2 Experimental

AlN thin films were deposited on 50-lm-thick PI

substrates through inserting the 200-nm-thick Mo

film buffer layer using a DC reactive magnetron

sputtering system at room temperature. The targets

were 60 mm diameter, 99.999% pure Mo, and Al

disks, respectively, and distance between the sub-

strate and target was about 45 mm. Before depositing

AlN film, (110) oriented Mo thin film was deposited

on PI substrate as a buffer layer, with sputtering

pressure of 1.0 Pa, sputtering power of 100 W, and

argon flow of 40 sccm. AlN films with (002) preferred

orientation were optimized after studying growth

mechanism. The total gas flux rate during deposition

process was maintained at a constant of 40 sccm,

where the flux ratio of Ar (99.999% pure) and N2

(99.999% pure) gases was 1:2, and deposition pres-

sure was maintained at 0.3 Pa at ambient tempera-

ture. The sputtering power is changed from 200 W to

280 W to optimize the growth process of the AlN film

and maintain its thickness constant at 800 nm.

Thicknesses of Mo and AlN films were estimated

using a Dektak Veeco 150 profilometer. Crystal ori-

entation of the films was investigated by X-ray

diffraction (XRD, Rigaku-Ultima IV) using Cu-Ka
radiation. The Al and N concentrations were ana-

lyzed by X-ray energy dispersive spectrometers (EDS,

Oxford Instruments). The surface morphology char-

acterizations of AlN films were examined by atomic
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force microscopy (AFM, Agilent 5500) in contact

mode. The piezoelectric properties were, respec-

tively, analyzed by piezoresponse force microscopy

(PFM, Agilent 5500) and cyclic bending tester.

To evaluate the piezoelectric and acoustic proper-

ties of deposited AlN films, SAW devices were real-

ized in a resonator configuration. The IDTs consisted

of an 80-nm-thick titanium (Ti) film were structured

by electron-beam lithography (EBL, Raith) and elec-

tron-beam evaporation (SKY EB500-I), polymethyl

methacrylate (PMMA) was used as a mask in this

process. The SAW devices were finally obtained by

lift-off technique. Frequency responses of the IDT/

AlN/Mo/PI composite structure were tested by a

network analyzer (Keysight PNA N5232A) and a

radio frequency (RF) microprobe equipped with

ground-signal-ground (G-S-G) probe.

3 Results and discussion

Figure 1 shows the obtained crystallinity results. It is

clear that all samples have the (002) orientation of

AlN films. XRD patterns of the AlN films grown at

different sputtering powers on Mo film are shown in

the left part of Fig. 1, two obvious diffraction peaks

are observed, namely AlN (002) at 2h&36.08� and Mo

(110) at 2h&40.74�. The presence in the spectrum of

the (002) peak confirms the preferential orientation of

the AlN film. A slight shift of the peak towards

higher 2h angle respect to the bulk 2h = 36.03� value
can be noted, indicating a film growth in-plain com-

pressive strain due to unit cell distortion. The XRD

intensity of AlN (002) peak first increases and then

decreases with increasing sputtering power, and

reaches the maximum values at a sputtering power of

240 W. The corresponding full width at half maxi-

mum (FWHM) of the AlN (002) peak can be observed

on the right part of Fig. 1, which reaches a minimum

value of 0.29� at 240 W when the sputtering power

was varied between 200 W and 280 W. Narrow peaks

confirm the c-axis highly oriented texture of piezo-

electric layer, and it is very important to enhance the

piezoelectric coefficient of the material.

XRD analysis is aimed to verify the preferential

orientation of the AlN film along the c-direction. In

the hexagonal wurtzite structure of AlN, each Al

atom is surrounded by four N atoms to creating a

tetrahedral structure. Three short-bonded N atoms

(B1 bond) are located on the c-plane while a long-

bonded N atom (B2 bond) is located in the vertical

direction along the c-axis. The c-axis is the polar axis,

and the wurtzite crystal structure is non-centrosym-

metric only along the c-direction. Therefore, AlN

exhibits the highest piezoelectric response when the

growth axis coincides with the (002) crystal direction.

Appropriate sputtering growth conditions facilitate

the arrangement of target atoms with preferential

orientation along c-axis after arriving on the sub-

strate. The effect of deposition power on the prop-

erties of AlN films was examined by varying one

parameter while holding the remaining ones fixed. In

the hexagonal AlN cell, the binding energy of B2

bond along the c-axis is less than that of B1 bond and

the surface energy of the (002) face is slightly lower

than that of the other faces. Sputtering power is the

Fig. 1 Effect of different sputtering power on (002) crystal direction and FWHM of AlN (002) peak. Left: XRD spectra, right: amplified

AlN (002) peak and FWHM of the AlN (002) peak as a function of sputtering power
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main energy source of sputtered atoms. Appropri-

ately increasing sputtering power can improve crys-

tal quality and promote (002) preferred orientation

growth. When the sputtering power values are lower

than 240 W, as the sputtering power increases, the

aluminum (Al) atoms reaching the substrate have

higher kinetic energy, which enables the Al atoms to

be sufficiently relaxed near the deposition location

and move to a position where the system energy can

be reduced. As a result, the (002) oriented grains with

lower surface energy are more likely to grow.

Therefore, higher sputtering power contributes to the

enhancement of AlN (002) peak intensity. But when

the sputtering power is greater than 240 W, the high-

energy incident atoms destroy the newly formed AlN

layer and reduce the adatom diffusion length, thus,

deteriorating the (002) orientation. The FWHM is also

an important parameter to evaluate AlN piezoelectric

films quality. The smaller the FWHM, the more pre-

ferred the c-axis orientation of AlN films, indicating

that the alignment of the crystal grains perpendicular

to the substrate is better. We can conclude that the

c-axis preferential orientation is improved signifi-

cantly by optimizing sputtering power, and optimal

structure is achieved with the sample AlN-240 W.

Figure 2 shows the influence of different sputtering

powers on the content of elements in the AlN films

analyzed by EDS. Figure 2a displays that with the

increase of sputtering power, N at% / Al at% (N at%

is the atomic percentage of N atom, Al at% is the

atomic percentage of Al atom) decreases gradually.

The sputtering power affects the activation energy of

the sputtering Al atoms and the N atoms formed by

the ionization of nitrogen. When the sputtering

power is as low as 200 W, the sputtered Al atoms and

the N atoms formed by ionization are both less, and

the activation energy is low. The sputtered Al atoms

need to pass the distance between the target and

substrate to reach the surface of the films, while N

atoms are relatively close to the films surface. There

are more N atoms adsorbed to the surface of Mo films

than Al atoms, so N-rich AlN films are formed. When

the sputtering power is as high as 280 W, a large

number of Al atoms on the surface of the target are

sputtered out. Since the activation energy transferred

by the collision of Ar ions to Al atoms is greater than

that of N atoms, there are more Al atoms than N

atoms adsorbed on the surface of Mo film. Redun-

dant Al atoms adsorbed on the surface of AlN films

do not react with the unsaturated bonds and gather

on the films surface, thus, forming the Al-rich AlN

films. For ideal sputtering, if all the sputtered Al

elements are combined with the N elements to form

AlN, the N at% / Al at% would just be 1:1 in the

films. Figure 2a shows that the N at% / Al at% is

close to 1:1 at the sputtering power of 240 W, and the

EDS surface scan map at this condition is shown in

Fig. 2b. And Fig. 2c–e illustrates that both the N ele-

ments and the Al elements are uniformly distributed

in the surface scan map, indicating that the element

composition in the AlN films is uniform. It also

contains oxygen elements in the AlN films as shown

in Fig. 2d, which is due to the residual oxygen in the

chamber or the films being oxidized during storage to

form the Al2O3 films.

It is important to examine the morphology of AlN

films deposited on the Mo films which previously

prepared on PI substrates for the preparation process

and performance stability of the device in the next

step. From Fig. 3, with the increase of sputtering

power (200 * 280 W), crystallinity of the prepared

AlN thin films is improved, grain grows and becomes

larger, and the grain size is uniform and dense. Fig-

ure 3a shows the AFM surface scan of AlN films

deposited at 200 W. The low power results in the

lower energy of Ar ions and N atoms formed by the

ionization of argon and nitrogen, and the activation

energy of Al atoms generated by the collision of Ar

ions with Al target is also relatively small. So the

activation energy of Al atoms and N atoms adsorbed

on the surface of Mo film is low, which is not con-

ducive to the reaction with unsaturated Al–N bond

and the formed AlN film has poor crystallization

quality. Figure 3b–e demonstrates that as the sput-

tering power increases, the atomic energy of N atoms

and Al atoms are increased, which lead to the

enhanced migration ability of Al atoms and N atoms

adsorbed on the surface of Mo film. The Al–N bonds

formed by Al atoms, N atoms, and unsaturated

bonds increase, which is conducive to the formation

of a uniform AlN film surface. It is clear in Fig. 3c that

the AlN films have dense grains and excellent surface

morphology when the sputtering power is 240 W.

When the sputtering power continues to increase to

280 W, the AlN films are excessively crystallized,

resulting in abnormal growth of crystal grains and

uneven grain size. The grain size is mainly affected

by sputtering power and increases with the

improvement of power, so the root-mean-square

surface roughness (RMS) of the AlN film also
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Fig. 2 EDS spectrum of AlN films with 200 W, 220 W, 240 W,

260 W, and 280 W sputtering power. a the ratio of the atomic

percentage of N element to the atomic percentage of Al element,

b EDS surface scan map when sputtering power is 240 W,

c distribution map of N element, d distribution map of O element,

e distribution map of Al element

Fig. 3 AFM of AlN films with different sputtering powers. a 200 W, b 220 W, c 240 W, d 260 W, e 280 W, f effect of sputtering power on

root-mean-square surface roughness of AlN thin films
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gradually increases, as shown in Fig. 3f. Since the

surface acoustic wave is only propagated near the

surface, all the energy is concentrated nearly within a

wavelength distance from the surface. If the surface

roughness is higher than the wavelength, the surface

acoustic wave will not be able to propagate properly.

It is reported that the surface roughness of the

piezoelectric films has to be less than 30 nm for GHz-

grade SAW devices. The RMS of AlN film is about 3.2

nm at the sputtering power of 240 W, which meets

the requirement of SAW device preparation.

Figure 4 depicts the micro-area piezoelectric

properties of the AlN films deposited on Mo/PI

flexible substrate at 240 W in different bending times.

The PFM module of Agilent 5500 AFM system was

used to characterize the piezoelectric properties of

AlN thin films. Due to the inverse piezoelectric effect,

a deformation in AlN films appeared under the

action of electric field between the conductive probe

and the bottom electrode of the sample, the variation

between deformation amplitude and pre-set voltages

is recorded as a butterfly curve. The piezoelectric

properties of AlN films are represented by butterfly

curve and relative piezoelectric coefficient (d*33).

d*33 curve is calculated by formula (1):

d�33 ¼ Ai � A0ð Þ= Vi � V0ð Þ; ð1Þ

where, (Ai, Vi) is the amplitude and voltage at any

single point in the butterfly curve and (A0, V0) is the

intersection of the butterfly curve [22]. Figure 4a–c

shows butterfly curves of AlN films at different

bending times and relative piezoelectric coefficient

(d*33) curves calculated using Eq. (1). By applying an

alternating voltage of -10 V to ? 10 V to -10 V

between the conductive probe and the bottom elec-

trode of sample, the generated electric field causes

the piezoelectric material to deform. The external

alternating electric field polarizes the internal charge

of piezoelectric film, and electric field strength

increases gradually from 0, so that polarization

intensity increases to a certain value. At this time, the

electric field is gradually reduced, and the partial

arrangement of charge is still maintained, so change

of polarization strength always lags behind the

change of electric field strength, in other words, the

change of amplitude strength lags behind the change

of electric field strength. According to Fig. 4a, in the

unbent condition, it can be seen that the relative

Fig. 4 PFM spectrum of AlN films prepared at 240 W. Butterfly curve measured and the corresponding piezoelectric coefficient spectrum:

a AlN film was not bent, b bending 5000 times, c bending 10,000 times, d the bending tester used for cyclic bending test
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piezoelectric coefficient d*33 (pm/V) of AlN film has a

relatively full curve window with the change of bias

voltage and d*33 (max) = 8.01 pm/V, indicating that

the AlN film deposited at 240 W after power opti-

mization has a good piezoelectric response charac-

teristic and a strong piezoelectric effect. Relative

piezoelectric coefficient d*33 is a characterization of

the relationship between stress and generated charge

of piezoelectric materials. The higher piezoelectric

constant of the general film, the better piezoelectric

performance.

Figure 4d is the photo of the bending tester with a

curvature of 45�, a bending radius of 25.47 mm, and

the arc length L = a (radian) 9 r (radius) that was

calculated to be 20 mm. The stability of the piezo-

electric properties of the prepared AlN/Mo/PI

composite structure was explored after cyclic bend-

ing. The selected PI substrate has excellent mechani-

cal properties, and both ductility and flexibility can

withstand the experimental requirements. The cyclic

bending times were 0, 5000, and 10,000 times,

respectively. Clearly shown in Fig. 4b–c, the window

of butterfly curve decreases with the increase of cyclic

bending times, and the maximum values of relative

piezoelectric coefficient d*33 (pm/V) are 7.12 and 7.07

at 5000 and 10,000 times, respectively, which decrease

slightly and remain stable. Because of tens of thou-

sands of cyclic bending times, the internal lattice cells

of AlN film were deformed under the action of stress,

and the arrangement along the c-axis direction was

shifted to some extent, which leading to the decline of

piezoelectric performance. When the voltage was

applied to the surface of the AlN film, the polariza-

tion intensity of the internal charge of the piezoelec-

tric film was weakened and the amplitude dropped.

So the piezoelectric coefficient d*33 also decreased,

but the change was not significant. The test results

indicate that the AlN film deposited at 240 W through

inserting Mo film buffer layer has good piezoelectric

response characteristic and maintains high stability

after 10,000 cycles of bending.

Flexible SAW device with IDT (80 nm)/AlN (800

nm)/Mo (200 nm)/PI (50 lm) stacked layer structure

was constructed as shown in Fig. 5a and the inset is

its SEM cross-sectional image. Figure 5b shows that

the pad was in contact with corresponding G-S-G

microwave probe at the time of measurement, the

lower left probe is the SAW generation port, and the

upper right probe is the SAW receiving port. The

device was consisted of two identical interdigitated

Fig. 5 Device fabrication. a IDTs devices fabricated on AlN thin films, inset: SEM cross-sectional image of the IDT/AlN/Mo /PI-stacked

layer, b IDTs device test frequencies for prepared G-S-G structures, c and d SEM images of 200 nm IDTs devices
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transducers (IDT) with a wavelength of k = 800 nm,

Np = 50 (IDT finger pairs), W = 100k (acoustic aper-

ture), and M = 80k (delay distance). The reflectors

were used to enhance the strength of standing wave.

Obviously shown in Fig. 5c–d that the electrode lines

of interdigital electrodes are well prepared which

width is the same as the width of the gaps, indicating

that the prepared IDTs have a good quality.

Frequency response of the unencapsulated SAW

device was tested using multi-function probe station

and vector network analyzer, and the results are

shown in Fig. 6. The prepared AlN film has a c-axis

oriented and a smaller surface roughness to obtain a

higher frequency. From Fig. 6, frequency of the 200

nm SAW device is 4.95 GHz and insertion loss is

-35.04 dB; the high insertion loss may be caused by

parasitic parameters such as actual process parame-

ters and packaging. After cyclic bending for 5000 and

10,000 times, the center frequency decreases slightly

but still remains within a range of 4.95 GHz, and the

insertion loss drops slightly from -35.04 dB to -39.54

dB due to the minor damage to device during cyclic

bending. In general, the frequency response charac-

teristics of device remain stable under high bending

times, indicating that the flexible SAW device has

good quality and bending performance.

4 Conclusions

In this work, the effect of sputtering power on c-axis

oriented, element composition, and surface mor-

phology of AlN films on PI with Mo buffer layer was

investigated in detail from 200 W to 280 W. Both

XRD, EDS, and AFM results show that the high ori-

ented (002) AlN films with narrow FWHM of 0.29�,
uniform Al and N element distribution (N at% / Al

at% = 1), and low roughness of 3.2 nm are obtained

under 240 W sputtering power. PFM results indicate

that the peak relative piezoelectric coefficient (d*33) is

about 8.01 pm/V and butterfly curve window is rel-

atively full, which confirmed that AlN films on PI

with Mo buffer layer deposited at 240 W have uni-

form piezoelectric performance. The center frequency

of the flexible SAW devices with IDTs/AlN/Mo/PI

composite structure is as high as 4.95 GHz. Cyclic

bending test results especially show that both the

piezoelectric and frequency characteristics can

maintain high satiability after 10,000 bending cycles.

This work may have certain reference value for the

flexible high-frequency SAW devices in the field of

wearable communication.
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