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A B S T R A C T

AlN based surface acoustic wave (SAW) filters with an acoustic wavelength (λ) of 8 µm have been fabricated
based on sputtered AlN films on sapphire. The acoustic velocity of 1-µm-AlN/Sapphire bilayer structure is
5536m/s, 60% higher than that of LiNbO3. The central frequency, insertion loss, out-of-band rejection, and
bandwidth of fabricated AlN based two-port type SAW filters with a delay gap of λ are 692MHz, 25.58 dB,
35.40 dB, and 2.7MHz, respectively. The impact of delay gap on the performance of AlN based filters have been
studied experimentally. By the analysis of frequency response of SAW filters with delay gaps of λ, 15λ, and 30λ
with and without time gating technique, we find that increase the delay gap of AlN based SAW resonators can
improve the out-of-band rejection effectively because of the reduction of electromagnetic coupling, with a cost of
a little degradation of insertion loss due to the small propagation loss of AlN/Sapphire bilayer. When the delay
gap is increased from λ to 15λ, out-of-band rejection of AlN based filters is increased by 4.75 dB, while the
insertion loss is only increased by 0.81 dB. When the delay gap is further increased from 15λ to 30λ, the
suppression of out-of-band rejection is not obvious.

1. Introduction

Surface acoustic wave (SAW) devices have attracted increasing at-
tention due to their widely applications in mobile communications as
well as various kinds of sensors [1–7]. Bulk piezoelectric substrates,
such as LiNbO3, and LiTaO3, are the most widely used materials for
SAW resonators and filters in front-end radio frequency modules for
mobile communications. However, the working frequency of most SAW
devices based on these traditional piezoelectric materials is below
3 GHz, which can’t meet the increasing demand of high working fre-
quency from advanced mobile communication systems [8]. Usually,
operating frequency of SAW device can be increased by introducing
smaller interdigital transducer (IDT) fingers width or piezoelectric
substrates with higher acoustic velocity. However, reducing the width
of IDT fingers will propose a great challenge for photolithography.
Moreover, the quality factor and power handling capability of SAW
resonators degrades severely with the reduction of width of IDT fingers
[9]. As a result, AlN based SAW devices on sapphire have attracted
much attention for high frequency applications due to its high acoustic
propagation velocity (more than 5500m/s) and low acoustic

propagation loss [10,11].
A well-performing AlN based SAW filters are required to exhibit a

small insertion loss, a large out-of-band rejection, and usually a wide
bandwidth [12]. The insertion loss of AlN based resonator can be re-
duced by improving crystal quality of AlN films [13,14], and the
bandwidth of filters can be tuned by the doping of AlN films [15,16].
The out-of-band rejection of AlN based SAW resonators and filters is
mainly influenced by substrate, because the background noise of SAW
devices is determined by the electromagnetic coupling between the
input and output IDTs of SAW devices. For example, I. Ingrosso, et al.
have reported that the out-of-band rejection of AlN based SAW filters
on Si can be increased by the increase of substrate resistivity [17]. They
also have reported that the out-of-band rejection of AlN based SAW
filters on Si can be improved by 30 dB by inserting a Si3N4 interlayer
between Si and AlN films, however, the insertion loss shows severely
degradation, which is more than 30 dB [17]. Except the impact of
substrate, little work has been done focusing on out-of-band rejection
capability improvement for AlN based SAW filters. Very recently,
Junning Gao, et al. have reported that the out-of-band rejection of two-
port type AlN based SAW filters can be improved by increasing the
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number of IDT fingers, however, the bandwidth were reduced sharply
with the increase of number of IDT fingers [18].

In this paper, we try to improve the out-of-band rejection of AlN
based SAW filters by increasing the distance between input and output
IDTs (delay gap), because we think that the electromagnetic coupling
between input and output IDTs of SAW filters will be reduced with the
increase of delay gap. However, with the increase of delay gap, the
insertion loss of SAW resonators will also be increased due to the pro-
pagation loss increment. As a result, with the increase of delay gap, out-
of-band rejection will be improved while insertion loss will be de-
graded, however, which one is dominant for AlN based SAW filters is
unknown. In this paper we study the impact of delay gap on insertion
loss, out-of-band rejection and bandwidth of AlN based SAW filters
systematically, which may be meaningful for the design of high per-
formance AlN based SAW filters for communication or sensor applica-
tions.

2. Experimental details

AlN films with thickness of 1 µm were deposited on 2 inch sapphire
wafers by RF reactive sputtering with a high purity Al target in Ar and
N2 gas mixture at 650 °C. Then, two-port type Rayleigh wave SAW fil-
ters with Ti/Al electrodes (10 nm/150 nm) were fabricated by electron
beam evaporation and lift-off photolithography process. The SAW fil-
ters on AlN/Sapphire bilayer include an input IDTs, an output IDTs and
a pair of reflectors, as shown in Fig. 1(a). For comparison, two-port type
SAW filters on a 64° Y-Z cut bulk LiNbO3 substrate were also fabricated
with the same fabrication process. Fig. 1(b) shows the magnified mi-
croscope of IDTs. The IDTs contains 100 pairs of equal-interval-finger
electrodes with a width of 2 µm and a metallization ratio of 50%, cor-
responding to an acoustic wavelength (λ) of 8 µm. The acoustic aper-
ture of the IDT fingers is 30λ. Each reflector contains 100 short-
circuited gratings. To investigate the impact of the distance between
input IDTs and output IDTs (delay gap) on the performance of AlN
based SAW filters, SAW filters with different delay gaps of λ, 15λ and
30λ have been fabricated, and we refer to them as sample A, sample B
and sample C, respectively.

The crystal quality and surface morphology of sputtered AlN films
are characterized by high resolution X-ray diffraction (HRXRD, Bede
D1) and atomic force microscopy (AFM, Veeco D3100), respectively.
The RF characteristics of SAW devices were measured by network
analyzer (Rohde & Schwarz ZVB8) with a standard calibration method.

3. Results and discussion

Fig. 2(a) shows the 2θ-ω XRD scan pattern of sputtered AlN films on
sapphire. The diffraction peaks at 2θ=36.1°, and 41.8° correspond to
the (0002) plane of AlN phase with hexagonal structure and the (0006)
plane of sapphire, which means a highly c-axis textured AlN thin film
was successfully grown on the sapphire substrates. The inset of Fig. 2(a)
shows the XRD rocking curve of AlN films, indicating that the full width
at half maximum (FWHM) value of AlN films is as low as 0.2°. In fact, a
low FWHM of AlN films is very important to fabricate SAW devices with
better electric properties [19]. The surface morphology of AlN films was
characterized using AFM. As shown in Fig. 2(b), the AFM image of AlN
films reveals a homogeneous surface without abnormally grown grains.
The root mean square (rms) roughness value of AlN film is 1.37 nm in a
range of 10×10 µm. The low surface roughness of AlN films is helpful
to reduce the propagation loss of SAW filters [20].

Fig. 3 shows the measured frequency responses (S21) of sample A.
For comparison, the inset in Fig. 3 shows the S21 of LiNbO3 based SAW
filters with the same λ of 8 µm. The central frequency ( fc) of sample A
and LiNbO3 based SAW filters are 692MHz and 427MHz, respectively.
The velocity of Rayleigh wave (vSAW ) can be calculated according to Eq.
(1) [21]

=v λ f·SAW c (1)

where fc is the central frequency and λ is the acoustic wavelength of
SAW devices, which gives 5536m/s for AlN/Sapphire bilayer structure,
and 3416m/s for LiNbO3 bulk substrate. The results indicate that the
vSAW of AlN/Sapphire structure can be increased by 60% than that of
LiNbO3. The insertion loss of sample A is defined as the insertion loss at
fc, the out-of-band rejection is calculated by the average out-of-band
rejections from 670MHz to 680MHz, and the bandwidth is a 3-dB
bandwidth with the insertion loss of fc as a reference. As shown in
Fig. 3, the insertion loss, out-of-band rejection, and bandwidth of
Sample A are 25.58 dB, 35.40 dB, and 2.7MHz, respectively.

Fig. 4(a) shows the frequency response (S21) of the SAW filters with
different delay gaps between input and output IDTs without time gating
technique. The delay gap of sample A, sample B and C are λ, 15λ, and
30λ, yielding a distance of 8 µm, 120 µm, and 240 µm, respectively. All
the three samples exhibit an obvious typical filter performance with a
central frequency around 692MHz. The fc, insertion loss, out-of-band
rejection, and bandwidth of the three samples are listed in Table 1. As
shown in Table 1, when the delay gap is increased from λ to 15λ, the
out-of-band rejection of AlN based filters are increased greatly from
35.40 dB to 40.15 dB, showing a 4.75 dB improvement, while the in-
sertion loss is only increased by 0.81 dB, from 25.58 dB to 26.39 dB. The
out-of-band rejection of AlN based filters increase a little from 40.15 dB
to 40.71 dB when the delay gap is further increased from 15λ to
30λ.The out-of-band rejection improvement may be attributed to a
reduced electromagnetic coupling between input and output IDTs of
SAW filters [22], and the insertion loss degradation is resulted from the
increase of propagation loss with the increase of delay gap from λ to
15λ. The propagation loss (α) of Rayleigh wave on the AlN/Sapphire
bilayer calculated by Eq. (2) [23] is 0.057 dB/λ.

=

−

−

α IL IL
Gap Gap

B A

B A (2)

where ILA and ILB are the insertion losses of sample A and B, GapA
and GapB are the delay gaps of sample A and B, respectively. The
bandwidths of sample A, B, and C are 2.7MHz, 2.6 MHz, 2.4MHz, re-
spectively, indicating a small bandwidth reduction with the increase of
delay gap.

In order to obtain an ideal frequency response spectrum of SAW
filters with different delay gaps, it is necessary to eliminate the effect of
electromagnetic coupling between the input and output electrodes by
using the time gating technique [24,25]. Time gate goes from 20 to
6000 ns. Fig. 4(b) exhibits the frequency response (S21) of the SAW

Fig. 1. Microscope of (a) two-port type AlN based SAW filter, and (b) magnified
picture of IDT fingers.
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filters with time gating. The fc, insertion loss, out-of-band rejection, and
bandwidth of the three samples with time gating are listed in Table 1.
Compared with the data without time gating, the three samples with
time gating still exhibit similar fc around 692MHz. With time gating,
the insertion loss of sample A, sample B, and sample C are increased
from 25.58 dB, 26.39 dB, and 26.65 dB, to 28.01 dB, 28.14 dB, and
28.21 dB, exhibiting a 2.43 dB, 1.75 dB and 1.56 dB degradation, re-
spectively. The insertion loss degradation can be attributed to the re-
duction of electromagnetic coupling at the resonant frequency with

time gating. The electromagnetic coupling of sample A is larger than
that of sample B and C due to its smallest delay gap, as a result, sample
A exhibits the largest insertion loss degradation. With time gating, the
propagation loss (α) of Rayleigh wave on the AlN/Sapphire bilayer
calculated by Eq. (2) is 0.009 dB/λ. This indicate that the propagation
loss of AlN based SAW filters is overestimated without time gating due
to the impact of electromagnetic coupling between input and output
IDTs. With time gating, the out-of-band rejection of sample A, sample B,
and sample C are increased from 35.40 dB, 40.15 dB, and 40.71 dB, to
47.11 dB, 50.22 dB, and 50.27 dB, exhibiting a 11.71 dB, 10.07 dB and
9.56 dB improvement, respectively. Because electromagnetic coupling
of sample A is the largest among the three samples, therefore, sample A
exhibits the largest out-of-band rejection improvement with time
gating. Finally, we find that with time gating the 3-dB bandwidth of
sample A, sample B, and sample C are increased from 2.7MHz,
2.6 MHz, and 2.4MHz, to 3.2MHz, 3.5 MHz, and 3.4MHz, respectively,

(a)                                  (b)
Fig. 2. (a) The 2θ−ω XRD scan pattern of AlN thin films, and the inset shows the XRD rocking curve of AlN films. (b) 3D AFM image of AlN films in a range of
10×10 µm.
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Fig. 4. Frequency response (S21) of AlN based SAW filters with different delay gaps (a) without time gating and (b) with time gating.

Table 1
Measured SAW filters characteristics with different delay gaps.

Without time-gating With time-gating

Delay gap λ 15λ 30λ λ 15λ 30λ

Central frequency (MHz) 692.1 692.8 692.7 692.5 692.7 692.7
Insertion loss (dB) 25.58 26.39 26.65 28.01 28.14 28.21
Out-of-band rejection (dB) 35.40 40.15 40.71 47.11 50.22 50.27
3-dB bandwidth (MHz) 2.7 2.6 2.4 3.2 3.5 3.4
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due to the reduction parasitic capacitor effect introduced by electro-
magnetic coupling.

Compare the frequency response of AlN based SAW filters with and
without time gating, we find that for AlN based SAW filters, when the
delay gap is increased, insertion loss will be degraded due to the in-
crease of propagation loss, and out-of-band rejection will be improved
due to more energy can be transferred through the acoustic path rather
than electromagnetic coupling. The experimental results indicate that
within 15λ, the improvement of out-of-band rejection will be dominant.
Moreover, the insertion loss degradation with the increase of delay gap
can be further suppressed by the reduction of propagation loss, which
can be effectively attenuated with the improvement of crystal quality
and surface roughness [26].

4. Conclusion

In conclusion, highly c axis-oriented AlN films with a FWHM value
of XRD rocking curve for AlN (0002) plane of 0.2° and a roughness of
1.37 nm were prepared by RF reactive sputtering, and two-port type
Rayleigh wave SAW filters based on AlN/Sapphire structure were fab-
ricated by lift-off photolithography technique. The acoustic velocity
and propagation loss of 1-µm-AlN/Sapphire bilayer structure are
5536m/s and 0.057 dB/λ, respectively. We have systematically studied
the impact of delay gap on the performance AlN based SAW filters. With
the increase of delay gap from λ to 15λ, the out-of-band rejection is
greatly increased by 4.75 dB and the insertion loss is increased a little
by 0.81 dB. When the delay gap is increased from 15λ to 30λ, the out-
of-band rejection almost does not change. Moreover, the impact of
electromagnetic coupling on the performance of device is studied by
time gating technique. With time gating, we find that the out-of-band
rejection of sample A, sample B, and sample C are increased by
11.71 dB, 10.07 dB and 9.56 dB, respectively. Based on the experi-
mental results with and without time gating, we find that increase the
delay gap of AlN based resonators can improve the out-of-band rejec-
tion effectively because of the reduction of electromagnetic coupling,
with a cost of a little degradation of insertion loss due to the small
propagation loss of AlN/Sapphire bilayer.
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