
1486 ieee transactions on ultrasonics, ferroelectrics, and frequency control, vol. 54, no. 7, july 2007

Correspondence

Combination of e-Beam Lithography and of High
Velocity AlN/Diamond-Layered Structure for

SAW Filters in X Band

Philippe Kirsch, Mohamed B. Assouar, Omar Elmazria,
M. El Hakiki, Vincent Mortet, and Patrick Alnot

Abstract—In this work, we report on the fabrication
results of surface acoustic wave (SAW) devices operating
at frequencies up to 8 GHz. In previous work, we have
shown that high acoustic velocities (9 to 12 km/s) are
obtained from the layered AlN/diamond structure. The
interdigital transducers (IDTs) made of aluminium with
resolutions up to 250 nm were successfully patterned on
AlN/diamond-layered structures with an adapted techno-
logical process. The uniformity and periodicity of IDTs
were confirmed by field emission scanning electron mi-
croscopy and atomic force microscopy analyses. A highly
oriented (002) piezoelectric aluminum nitride thin film was
deposited on the nucleation side of the CVD diamond by
magnetron sputtering technique. The X-ray diffraction ef-

fectuated on the AlN/diamond-layered structure exhibits
high intensity peaks related to the (002) AlN and (111) di-
amond orientations. According to the calculated dispersion
curves of velocity and the electromechanical coupling coef-
ficient (K2), the AlN layer thickness was chosen in order
to combine high velocity and high K2. Experimental data
extracted from the fabricated SAW devices match with the-
oretical values quite well.

I. Introduction

Surface acoustic wave (SAW) devices, initially devel-
oped for electrical filter applications [1]–[3], have be-

come more and more important during the last decades.
Considering all the advantages of such devices, efforts have
been made during the last decade to extend their appli-
cation range to gas [4], [5] and liquid sensing applications
[6], [7].

There has been a drastic improvement in their perfor-
mances as well as in their domains of application. The op-
erating frequency of SAW devices is directly proportional
to the acoustic wave velocity of the considered structure
and considered mode, and inversely proportional to the
spatial periodicity of the interdigital transducers (IDTs).
SAW devices operating in the X band for communication
systems require combinations of submicron or nanometric
IDTs [8] and high acoustic velocity substrates. The highest
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frequency SAW devices are expected from diamond sub-
strates with an aluminium nitride piezoelectric layer, be-
cause diamond presents the highest acoustic wave velocity
among all materials [9], and aluminium nitride has a very
high acoustic wave velocity, in comparison to other piezo-
electric materials. AlN film also exhibits a good piezoelec-
tric coupling coefficient along its c-axis [10]. Theoretical
analysis of the AlN, ZnO/diamond substrates [11] show the
high velocities. In previous work, we have demonstrated
experimentally that the diamond/AlN structure exhibits
phase velocities up to 12 km/s [11], [12]. E-beam lithog-
raphy (EBL) is one of the most versatile techniques for
the fabrication of submicron and nanometric structures [8],
[13]–[15]. Hence, the EBL technique is an attractive solu-
tion for the development of prototype devices. Resolutions
down to 20 nm are obtained on silicon with low density
patterns [16], [17]. However, EBL used for piezoelectric
materials such as aluminum nitride must deal with diffi-
culties arising from its high electrical resistivity. Moreover,
IDT structures exhibit nonsymmetrical geometry with a
large length (0.1 to 1 mm), submicron lines, and a very
dense pattern. One of the common methods to overcome
these drawbacks consists in evaporating a thin metal layer
over the e-beam sensitive resist layer, and connecting this
metal to the electrical ground of the e-beam system [16],
[17]. Another technique consists in the deposition of an
antistatic agent on the resist to evacuate the charges [15].
In this work, we present a method to overcome the charge
accumulation problem using a thin charge evacuation layer
deposited on top of the resist [8]. A lift-off process is used
to pattern the electrodes [13], and it should be carefully
combined with EBL for the realization of SAW devices.
This paper first describes the fabrication process of SAW
devices using EBL and lift-off technique. This process al-
lows the achievement of well-defined IDT finger patterns
with a line width down to 250 nm. Second, in this work, we
present, the frequency responses of SAW devices obtained
using this fabrication process, which exhibits a very high
operating frequency, around 8 GHz. This work points out
the technological process for EBL on high-resistivity piezo-
electric materials and the realization of high-frequency
functional SAW devices based on AlN/diamond layered
structures.

II. Experimental Setup

The present submicron fabrication process was applied
to the realization of high-frequency SAW devices based
on a 1 µm piezoelectric aluminum nitride layer, deposited
on the nucleation side of the free standing diamond sub-
strates. The size of the diamond substrates used is 10 mm,
10 mm, and 0.1 mm.
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A. Diamond Substrate

Polycrystalline diamond films were grown on silicon
wafers by plasma-enhanced chemical vapor deposition
(PECVD), using an ASTeX reactor operating at a mi-
crowave power of 6 kW and a pressure of 160 mbar, with
a volume mixture of 3% of CH4 in H2 [12]. After deposi-
tion, the polycrystalline diamond layer was removed from
the silicon substrate by a wet chemical etch in HNA so-
lution (HF:HNO3:CH3COOH), leading to a freestanding
diamond layer with a flat surface on the nucleation side.
The nucleation side of the freestanding diamond surface is
smooth with an average root-mean-square roughness Rrms

of 1 nm, determined by nucleation density and by the sur-
face quality of sacrificial wafer.

B. Aluminum Nitride Deposition

AlN thin films were prepared by reactive RF magnetron
sputtering on CVD substrates. The experimental growth
conditions of our process were published elsewhere [18],
[19]. The growth rate is 0.5 µm/hour. The film thick-
ness was measured by field emission scanning electron mi-
croscopy (FESEM) using a cross section of the structure.

C. Realization Process

The electrosensitive resist used in our process is a dou-
ble layer consisting of two different electrosensitive resists:
MMA and 950 K PMMA from Micro Chem. The first resist
spun onto the substrate is the MMA copolymer. Right af-
ter the spin coating of the substrate, it is baked for 1 hour
at 160◦C. Then, the 950 K PMMA resist is spun onto the
substrate, and the substrates is baked for 1 more hour at
160◦C. Both resists were spun with the same experimental
conditions. The double layer of resist is used to facilitate
the lift-off process step. In fact, the MMA resist is more
sensitive than the PMMA resist. Hence, for a given expo-
sure dose, the aperture in the MMA layer will be wider
than in the PMMA layer after development. This induces
an under-cut profile in the resist double-layer itself. The re-
sulting thickness of the resist layers is 225 nm for the MMA
resist and 75 nm for the PMMA resist. As the substrate
material combination used is electrically rather insulating,
and to overcome the charge accumulation on the surface
of the substrate [20], a 10 nm layer of gold was deposited
by thermal evaporation on top of the resist.

After this step, the EBL is carried out on a field emission
scanning electron microscope (JEOL JSM-6500F) modi-
fied to accommodate a DEBEN PCD Beam Blanker. The
whole system is controlled by RAITH Advanced SEM/FIB
Nanolithography System hardware and RAITH Quantum
software. The lithography was done at an acceleration volt-
age of 30 kV and a current of 55 pA. The exposure dose for
each structure strongly depends on its size and on its geo-
metrical aspect. The used doses range from 200 µC/cm2 up
to 500 µC/cm2. After the exposure of the IDT structures,
the gold charge evacuation layer is selectively etched away

Fig. 1. SAW realization process.

using a KI/I2 solution. The resists’ development is done
by rinsing the exposed substrate into a methyl-isobuthyl-
ketone: Isopropanol (1:3) solution for 60 seconds. The de-
velopment process is stopped by rinsing the substrate in
pure Isopropanol for another 60 seconds. The substrate is
then quickly dried using a dry nitrogen flow.

The resist double layer is now structured, and a 100 nm
aluminum layer is deposited onto the top surface by
thermal evaporation. The deposition occurs at about
10−6 mbar, the deposition rate is 1.2 Å/s. After the alu-
minum deposition, a lift-off is performed to set the IDT
structures free. Fig. 1 shows the different process steps of
the e-beam lithography based lift-off technique.

III. Results and Discussion

Several SAW devices with submicron features were
made using the technological process previously described.
SAW devices with various spatial periodicities from 1 µm
to 3.2 µm have been made. The corresponding finger
widths vary from 250 nm to 800 nm. For all these de-
vices, the aperture is fixed to 90 µm, and the gap between
the IDT emitter and receiver is fixed to 20 µm, except for
the device with the lowest spatial resolution of 1.2 µm, in
which the gap is fixed to 10 µm, and the aperture is fixed
to 80 µm. Each IDT consists of 50 pairs of fingers. The
devices made with 250 and 300 nm lateral resolution were
performed with two geometric features, 50 and 75 finger
pairs. We presented in this paper only the results concern-
ing the design with 75 finger pair. The same results were
obtained for 50 pairs of finger.
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Fig. 2. XRD spectrum in θ–2θ scan mode of AlN film deposited on
the nucleation side of the PECVD diamond substrate.

In the case of the IDTs structure, the proximity effect
constitutes the main difficulty in the EBL technique [21],
[22]. After a series of process optimizations, the proxim-
ity effect could be overcome by using a nonhomogeneous
exposure technique. This technique consists in modulating
the real dose of the exposure, depending on the geometry,
size, and density of the structure [23].

Structural characterizations of AlN/diamond-layered
structures were carried out by X-ray diffraction (XRD).
Fig. 2 shows the XRD in θ–2θ scan mode for the AlN film
deposited on the nucleation side of the CVD diamond sub-
strate. The deposited AlN film is highly oriented on (002),
which means that the c-axis of the AlN is perpendicular
to the substrate surface. The diamond substrate itself also
shows a high degree of orientation on (111). The control
of the quality and of the IDTs resolutions were carried out
by FESEM and atomic force microscopy (AFM) analysis.
Fig. 3(a) shows a FESEM image of a realized SAW de-
vice with an IDT of 300 nm finger widths. The regularity
of the IDTs is rather good, although there are local im-
perfections, as well as a nonnegligible surface roughness of
the IDT fingers that can be observed. The FESEM im-
age gives quite a good representation of the top aspect of
the fabricated SAW, but there is no information available
about the thickness, regularity, or definition of the IDTs.
Therefore, AFM was used to characterize the fabricated
structures.

During the evolution and improvement of the fabrica-
tion process, smooth and regular IDTs have been obtained.
This was achieved by decreasing the aluminum deposition
rate to 1.2 Å/s and using an appropriate crucible allowing
a constant deposition rate during the deposition process.
Adding 30 s to the ultrasonic bath at the end of the lift-off
process improved it and allowed the realization of the first
operational devices [Fig. 3(a)].

Fig. 3(b) shows the AFM image, which presents the
results of all the process improvements applied. One can
observe a regular spatial periodicity of the IDT fingers, and

a very regular IDT thickness. Despite the improvements
achieved, the proximity effects are still problematic when
finger widths smaller resolutions on very high resistivity
substrates.

After the structural analysis, we have proceeded to the
frequency characterization of the SAW devices obtained,
using an Agilent 8752A network analyzer and an RF mi-
croprober (Suss Microtech). The first device based on an
AlN/diamond structure has been realized with a wave-
length of 2.4 µm corresponding to lateral IDT resolution
of 600 nm. The finger width: inter-finger distance ratio is
1:2. The thickness of AlN film used for the SAW struc-
ture is 1 µm. Then, the normalized thickness kh (where
k is the wavenumber and h is the thickness of the AlN
film) for this device is 2.61, taking into account the wave-
length of 2.4 µm. In Fig. 4, one can observe the frequency
response of this SAW device, which exhibits three peaks
related to different acoustic propagation modes in the
AlN/diamond-layered structure. The first peak located at
3.89 GHz (Mode 1) corresponds to a propagation mode
with a phase velocity of 9336 m/s, which is close to the
theoretical one (9749 m/s) [24]. The second peak located
at 4.67 GHz (Mode 2) corresponds to a phase velocity
of 11200 m/s, which is hardly different to the theoretical
value of 11890 m/s. This very slight difference between
experimental and theoretical values of phase velocity is
due to the fact that, in our calculations, we do not have
taken into account the mass loading effect of aluminium
IDTs, which induces the decreasing of phase velocity. Oth-
erwise, a good filtering performance of this SAW device,
when Mode 1 is considered, was obtained: relatively low
insertion loss (less than 31 dB) at the center frequency
(f = 3.89 GHz), and more than 20 dB of stop band re-
jection. The low intensity of the Mode 2 peak and the ab-
sence of the Mode 0 peak, which are generally generated in
the AlN/diamond-layered structure, are explained by the
low electromechanical coupling coefficient values of these
modes at this normalized thickness of 2.61. In fact, the K2

values are near zero for Mode 0 and 0.022% for Mode 2
[24]. We can note that no particular design of IDTs was
performed to improve the rejection or to limit the insertion
loss.

The second SAW device we performed was made with
a 300 nm lateral resolution IDTs on a layered structure.
One can observe in Fig. 5 the frequency response of this
second SAW device with a wavelength of 1.2 µm. We ob-
serve two peaks, of which the first one (Mode 1) is located
at 6.7 GHz, and corresponds to a propagation mode with a
phase velocity of 8040 m/s. Knowing that the normalized
thickness kh of this second structure is 5.23 (1 µm AlN
thickness), the theoretical value of phase velocity of this
mode is 8473 m/s [24]. The second peak observed in Fig. 5
located at 7.7 GHz, corresponds to the Mode 2 with a
phase velocity of 9300 m/s, which is very slightly different
to the theoretical value of 10,000 m/s. These differences
between experimental and theoretical phase velocity val-
ues are due, as we said before, to the loading mass effect
inducing by aluminium thickness. Concerning Mode 0, al-

https://www.researchgate.net/publication/256626991_A_Monte_Carlo_study_of_proximity_effects_in_electron-beam_patterning_of_high-Tc_superconducting_thin_films?el=1_x_8&enrichId=rgreq-c897e78a78d6f884e98c1fcb13df647a-XXX&enrichSource=Y292ZXJQYWdlOzMyNjI4ODk7QVM6MzU1MDE5MDgyNzQ3OTA1QDE0NjE2NTQ1NTM2MzI=
https://www.researchgate.net/publication/229126592_Fabrication_of_sub-10-nm_Au-Pd_structures_using_30_keV_electron_beam_lithography_and_lift-off?el=1_x_8&enrichId=rgreq-c897e78a78d6f884e98c1fcb13df647a-XXX&enrichSource=Y292ZXJQYWdlOzMyNjI4ODk7QVM6MzU1MDE5MDgyNzQ3OTA1QDE0NjE2NTQ1NTM2MzI=
https://www.researchgate.net/publication/224667625_A_simple_transducer_equivalent_circuit_parameter_extraction_technique?el=1_x_8&enrichId=rgreq-c897e78a78d6f884e98c1fcb13df647a-XXX&enrichSource=Y292ZXJQYWdlOzMyNjI4ODk7QVM6MzU1MDE5MDgyNzQ3OTA1QDE0NjE2NTQ1NTM2MzI=
https://www.researchgate.net/publication/224667625_A_simple_transducer_equivalent_circuit_parameter_extraction_technique?el=1_x_8&enrichId=rgreq-c897e78a78d6f884e98c1fcb13df647a-XXX&enrichSource=Y292ZXJQYWdlOzMyNjI4ODk7QVM6MzU1MDE5MDgyNzQ3OTA1QDE0NjE2NTQ1NTM2MzI=
https://www.researchgate.net/publication/224667625_A_simple_transducer_equivalent_circuit_parameter_extraction_technique?el=1_x_8&enrichId=rgreq-c897e78a78d6f884e98c1fcb13df647a-XXX&enrichSource=Y292ZXJQYWdlOzMyNjI4ODk7QVM6MzU1MDE5MDgyNzQ3OTA1QDE0NjE2NTQ1NTM2MzI=


kirsch et al.: ebl and high velocity aln/diamond-layered structure 1489

Fig. 3. (a) FESEM image of an IDT structure of 300 nm. (b) 3-D AFM image showing the good profile regularity of the realized IDT
structure, and AFM profile confirming the aluminum thickness.

Fig. 4. Frequency response of a SAW device of wavelength 2.4 µm.

Fig. 5. Frequency response of a SAW device of wavelength 1.2 µm.

Fig. 6. Frequency response of a SAW device of wavelength 1 µm.

though expected by numerical simulations, the peak of this
mode could not be found during measurements.

To achieve 8 GHz operating frequency, we present in
Fig. 6, a last SAW device realized with a 250 nm lateral res-
olution, corresponding to 1 µm wavelength. The observed
peaks correspond to the Mode 1 and 2 with velocities of
7410 m/s and 8640 m/s, respectively. The theoretical ones
are 7909 m/s and 9530 m/s, respectively, for Modes 1 and
2. The difference between these experimental and theoret-
ical values achieves 9%. This difference is between 4% and
7% for the two first devices. We can deduce that the dif-
ference between the experimental and theoretical values
of phase velocity increase with decreasing the wavelength.
This result confirms that this difference is due mainly to
the loading mass effect of aluminium thickness.

In this work, the experimental K2 coefficient was de-
termined using measured data of the S11 parameter (re-
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flection) and using the following equation derived from
Smith’s equivalent model [24], [25]:

K2 =
G(f0)

8.f0.C.N2
=

π

4N

G(f0)

B(f0)
,

where G(f0) and B(f0) are, respectively, the radiation con-
ductance and susceptance measured by network analyzer
Smith chart at center frequency f0, C the capacitance be-
tween an IDT finger pair of interdigital transducer, and N
the number of finger pairs of IDT.

For the second device with a normalized kh value of
5.23, we found a value of 1.37%. This value is higher than
the theoretical one, which is equal to 1.02% with regard
to the dispersion curve of the electromechanical coupling
coefficient published elsewhere [11], [26]. The theoretical
calculations underestimate the K2 value as mentioned in
the studies of Adler and Solie [26]. They showed that
the electromechanical coupling coefficient calculated at a
constant frequency is about four times larger than that
calculated at a constant wavelength. This method was
used in our study. Wu and Chen [27] showed, by an ex-
act analysis using effective permittivity to calculate K2

in a ZnO/diamond structure, the obtaining of a theoret-
ical value higher than the theoretical one obtained using
the Adler and Solie approach [26], and the obtained value
agreed well with the measurements reported by Nakahata
et al. for a ZnO/diamond layered structure [28]. We also
can explain the difference between theoretical and exper-
imental values of K2 by the fact, that in the theoretical
calculations, we do not take into account the mass loading
effects of aluminum thickness. In experimental approaches,
this effect is observed and the increasing of K2 is also due
to the aluminum grating that operates as resonator.

The temperature coefficient of frequency (TCF) mea-
surement of SAW devices was done in order to evaluate
the temperature stability of such a very high frequency
device. Fig. 7 shows the dependence of frequency to the
temperature that gives a TCF value of −9 ppm/◦C of the
SAW device achieved with a 2.4 µm wavelength. This value
remains small, and can be reduced with an SiO2 thin layer
compensation, or by increasing the AlN film thickness, be-
cause AlN and diamond films have opposite TCF signs [1].
This second solution should be carried out taking into ac-
count that we will induce a slight phase velocity decrease
in the layered structure. The best compromise between the
higher phase velocity and the lowest TCF has to be found.

IV. Conclusions

A gigahertz SAW device operating at frequencies up
to 8 GHz was performed on an AlN/diamond multilayer
structure using EBL combined with a lift-off process. The
technological process was pointed out for high electrical
resistivity materials in order to overcome electrons accu-
mulation on the substrate surface. The proximity effects
were avoided by adjusting the dose injected in the resist
and by the nonuniform dose exposure of the pattern. The

Fig. 7. Temperature coefficient frequency of SAW device with 2.4 µm
wavelength.

obtained results show the good quality of the operating
SAW device achieved using the developed technological
process. The lateral resolution of 250 nm was reached. The
obtained frequency responses showed very interesting fre-
quency characteristics, and pointed out the different prop-
agation modes in concordance with the theoretical values
of acoustic velocities and electromechanical coupling coeffi-
cients. The combination of high acoustic velocity materials
such as diamond and the EBL technique allows realization
of SAW devices operating at frequencies up to 8 GHz.
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