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Abstract.
This paper presents the experimental investigation results of the technological dispersion
effect on the response of Surface Acoustic Wave Resonators (SAW-R) fabricated on GaN/Si.
Two types of SAW-R test structures with interdigital transducers having the digit/interdigit
widths of 200 nm were processed on a quarter of a 3 inch wafer. The fabricated structures
were investigated using SEM, AFM and ellipsometry techniques. The structures were measured on-wafer and the resonance frequencies around 5.4 GHz were recorded. The resonant
frequency deviation as a function of the position on the wafer was analyzed. A numerical model was developed in COMSOL software and multiphysics analyses were performed.
The main technological parameters that can influence the resonance frequency of the SAW-R
(GaN layer thickness, the metallization thickness, the electrode width, the variation of the
elastic constants due to the thermal strain) were varied around the nominal values. It is shown
that the thermal strain variation has the highest influence on the resonant frequency deviation
of the SAW-Rs. The other possible influences have only a small effect that cannot explain the
total measured variation of the series resonance frequency of about 100 MHz. The results lead
to the conclusion that the position on the wafer and frequency shift compensation techniques
need to be taken into account for narrow band SAW-R based applications designed for this
technological approach.
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1.

Introduction

Wide availability of Gallium Nitride (GaN) thin films deposited on a variety of substrates
(silicon, silicon carbide, sapphire) was enabled by the remarkable progress in epitaxial growth
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technology such as Metal-Organic Chemical Vapor Deposition (MOCVD) and Molecular Beam
Epitaxy (MBE). The large bandgap of GaN (3.44 eV) compared to Si (1.17 eV) and GaAs
(1.43 eV) translates in a high breakdown voltage making it desirable for high-power applications [1]. Other benefits such as its piezoelectric properties, good electromechanical properties
and good performance at high frequencies ranging up to millimeter waves, make GaN a unique
platform for compact MMICs with increased functionality. Active devices such as HEMTs can
be monolithically integrated with high-Q piezoelectric resonators [2] that can operate as sensors
or bandpass filters at frequencies up to 10 GHz.
Surface Acoustic Wave (SAW) structures manufactured on GaN/Si for frequencies beyond
5 GHz were reported in [3]. They were based on Interdigital Transducers (IDT) with equal
digit/interdigit widths of 200 nm and an operating frequency of about 5.6 GHz. Similar structures
were reported in [4] as temperature sensors, where the temperature difference is measured by the
resonance frequency shift.
For narrow bandpass filter applications a very important topic is the technological dispersion
of the SAW resonator (SAW-R) parameters across the GaN on Si wafer and especially their
effect on the resonance frequency. Common channel bandwidths in the above 5 GHz frequency
range for mobile communications are in the range of few tens of MHz with strict requirements
regarding necessary filters.
Results of the investigation of the effect of the technological dispersion on the resonance
frequency of SAW-R structures were reported in [5]. Measured results for parallel connected
SAW-Rs showed a dependence of the resonance frequency on the position of the resonator on the
wafer. The acoustic wave propagation mode corresponding to the analyzed resonance frequency
was determined by means of numerical simulation. This revealed that the measured resonance
around 5.4 GHz was due to the Sezawa mode and the acoustic wave propagation is influenced by
the interface between the GaN layer and the silicon substrate (which includes the buffer layer).
The main cause of this dispersion was presumed to be the thermal strain induced by the GaN
layer deposition conditions on high resistivity silicon.
This paper presents new results regarding the effect of the technological dispersion on the
resonance frequency of the SAW-Rs. Two types of test structures were designed, fabricated
and measured over a quarter of a 3” wafer of GaN on silicon substrate. The first type of test
structure (type A) consists of a set of two SAW-Rs connected in parallel between the signal line
and the ground plane of a coplanar waveguide transmission line (CPW-TL). The second type of
test structure (type B) consists of a SAW-R placed in series with an inductive section of metallic
strip connected to the ground plane of the CPW-TL. The properties of this type of structure were
presented in [6].
Section 2 presents the fabrication and structural characterization of the SAW-Rs. The test
structures were fabricated using a 3-step process with the second step based on electron beam
lithography. The structures were investigated using scanning electron microscopy (SEM), Atomic
Force Microscopy (AFM) and ellipsometry. Section 3 presents the on-wafer characterization
technique and S-parameter measurement results. The resonance frequency is extracted and plotted as a function of the distance to the center of the wafer. The measurement results show a
maximum difference in the resonance frequency of the S11 parameter of 87 MHz for type A
structures and of 99 MHz for type B structures.
Section 4 presents the results of numerical multiphysics simulations for the SAW-Rs. Multiphysics analyses are performed for the main technological parameters that can influence the
resonance frequency of the SAW-R: the GaN layer thickness, the metallization thickness, the
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electrode width, the variation of the elastic constants due to the thermal strain. The final Section
summarizes the conclusions of the study.

2.

Fabrication of SAW-R test structures

The manufacturing of SAW-Rs operating at frequencies higher than 3 GHz is not at all trivial. The interdigital transducer (IDT) requires finger widths smaller than 300 nm and therefore
advanced nanolithography and lift-off techniques that severely limit the thickness of the metallization. Meanwhile, the high operating frequency requires thick enough metallization for
the connecting pads, CPW-TL, inductive components, etc. The technological process was thus
adapted to combine the thin metallization of the IDT with the thicker metal for the surrounding
CPW-TL and components, while ensuring a good contact between the two areas. Thus, a three
step fabrication process was developed. First, the CPW-TL and alignment marks are fabricated
by means of classical photolithography and deposition of 5 nm Titanium adherence layer and
150 nm Gold layer. The alignment marks are placed on each chip and help provide accurate
alignment of the electron beam lithography (EBL) during the direct writing process of the IDT
area. The second fabrication step is dedicated to the nanolithographic processing of the SAW-Rs
by EBL, followed by the deposition of the thin metallization (Ti/Au – 5/95nm). A third processing step is employed in order to deposit an overlay metallization on the CPW and over the
SAW-R contacts (Ti/Au – 5/150nm). This step ensures that any ruptures that might have occurred
when depositing the 100 nm thin SAW-R metallization over the 150 nm CPW-TL are covered,
thus providing good contact and overall thicker metallization for the CPW-TL areas (in total
∼300 nm). The e-beam lithography was performed in a dedicated EBL machine - Raith e-Line,
using as electron resist PMMA 950k A4. The metal layers were deposited using a highly directional e-beam evaporation equipment (Temescal FC 2000) in order to favor the lift-off process
and to ensure a good quality of the deposited metal traces – neat lines without side walls.
A schematic of the 3-step process is presented in Fig. 1.

Fig. 1. Schematic representation of the fabrication process: (a) top view of the circuit layout and mask
number; (b) cross-section of the structure in the thin-metal/thick-metal contact area; (c) SEM image of the
fabricated contact area (color online).

A quarter of a 3 inch wafer of high-resistivity Silicon ((ρ > 5kΩ)), with a 0.25 µm buffer
layer and a 1 µm thick mono-crystalline GaN layer was used to fabricate 10 identical chips with
various SAW-based test structures. The wafer was purchased from NTT Advanced Technology
Corporation from Japan on custom request of specifications [7]. A photo of the processed quarter
wafer is shown in Fig. 2. The individual chips have a size of 9 × 5.7 mm2 .
SEM images of the type A and type B test structures are shown in Fig. 3 and Fig. 4, respectively. Both types consist of IDTs with 100 digits with 200 nm width/space of the digit and
75 µm digit length. Type A has one reflector, while type B has two reflectors placed on either

Effect of Key Technological Parameters on GaN/Si SAW Resonators

357

side of the IDT. The reflectors consist of 60 digits each, are connected at both ends and are placed
at a distance of 2 microns from the IDT.
The non-uniform CPW-TL is used for a better matching between the pads for the probe tips
and the SAW-R.

Fig. 2. Photo of processed quarter of a 3 inch wafer with 10 identical chips (color online).

Fig. 3. Type A SAW-R test structure.

Fig. 4. Type B SAW-R test structure.
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The test structures from different chips were inspected visually and by means of SEM imaging for structural integrity. SEM images of all selected test structures are similar to the ones
shown in Fig. 3 and Fig. 4, which demonstrates the reproducibility the nanolithographic process.
Structures with visible defects (short-circuited digits, exfoliated digits, etc.) were excluded from
the microwave measurements.
In order to check the surface roughness, metal thickness and digit width/spacing an AFM
inspection was performed for selected structures. Fig. 5 (a) shows the 3D profile of a 5×5 µm2
area, while Fig. 5 (b) shows the 2D profile of the digits. A very low surface roughness can be
noticed. The metal thickness is around 95 nm with variations of under 5 nm. It is quite difficult
to estimate the digit width using the AFM since the geometry of the tip results in a trapeze like
profile. A more accurate measurement was done using the SEM (Fig. 6). The accuracy depends
on the operator but at these dimensions it is better than 2%. An inspection of all test structures
was performed and a tolerance lower than ±5 nm was measured.
Using an SE800 Spectroscopic Ellipsometer, the thickness of the GaN layer and buffer layer
were estimated in twenty points (corresponding to two points per chip) over the quarter wafer.
The total deviation of the GaN layer thickness was of 22 nm, while for the buffer, it was of 7 nm.
These values are well within the specifications of the manufacturer.

Fig. 5. AFM inspection: (a) 3D profile of a 5×5 µm2 area; (b) 2D profile of digits.

Fig. 6. SEM detail of processed digits with 200 nm digit width and spacing.
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On-wafer RF characterization

The two types of structures were characterized on wafer using a Vector Network Analyzer
system from Anritsu. The short-open-load-thru calibration was performed on a CS-5 ceramic
calibration kit. G-S-G probes with a 150 micron pitch were used for contacting. The measurements were performed with a 250 kHz step with averaging of 4 measurements per point and an
intermediate frequency of 1 kHz. The ambient temperature was held at 21-22◦ C and the measurements were performed in a single session. The measurement results for Type A structures
from the 10 chips (see Fig. 2 for placement details) are shown in Fig. 7 (a)-(d). A frequency
shift of 87 MHz in the resonance frequency of the S11 parameter can be noticed in Fig. 7 (a).
The phase is also affected, especially the slope (Fig. 7 (b)). This is a measure of the losses,
with a steeper slope corresponding to lower losses and a higher quality factor. Fig. 7 (c) and
(d) correspond to the real part of the input impedance (the input resistance) and the real part of
the input admittance (the reactance), respectively, for all 10 test structures, with indication of the
chip placement. According to the IEEE standard 176–1987, the maximum of the resistance corresponds to the parallel resonance frequency and the maximum of the conductance corresponds
to the series resonance frequency of the SAW-R. A variation of 94.5 MHz in the series resonance
frequency and of 85.9 MHz in the parallel resonance frequency of the type A test structures was
registered. The effective coupling coefficient (k2eff ) varies accordingly between 0.0591 – 0.265%.

Fig. 7. Type A test structures: (a) reflection parameter; (b) phase of reflection parameter; (c) input resistance; (d) input conductance (color online).

The deviation of the resonance frequency of the S11 parameter from the mean value, as a
function of the distance to the center of the wafer (reference point from Fig. 2) is plotted in Fig. 8
for the 10 type A test structures. The resonance frequency has a maximum value at a distance of
about 15 mm and decreases towards the edge of the wafer quarter.
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Fig. 8. Type A test structures: frequency deviation from the mean value as a function of the distance to the
wafer center.

The reflection parameter (S11) was recorded for 9 type B structures and the results are plotted
in Fig. 9 (a). The deviation of the resonance frequency is of 99 MHz. The maximum of the phase
varies for the same chips with 90 MHz (Fig. 9 (b)). The steepest slopes of the phase as a function
of frequency, corresponding to the highest quality factor, were measured for the structures placed
at a distance of about 15 mm from the reference point from Fig. 2.
The input resistance and the input conductance for the 9 type B test structures are plotted
in Fig. 9 (c) and (d) respectively. The maximum frequency difference of the parallel resonance
frequency is of 94 MHz, while for the series resonance frequency it is of 97.7 MHz. The effective
coupling coefficient varies between 0.863 – 1.017%.

Fig. 9. Type B test structures: (a) reflection parameter; (b) phase of reflection parameter; (c) input resistance; (d) input conductance.
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The deviation of the resonance frequency of the S11 parameter from the mean value, as a
function of the distance to the center of the wafer (reference point from Fig. 2) is plotted in
Fig. 10 for the 9 type B test structures. As was the case with the type A structures, the resonance
frequency has a maximum value at a distance of about 15 mm and decreases towards the edge of
the wafer.

Fig. 10. Type B test structures: frequency deviation from the mean value as a function of the distance to the
wafer center.

4.

Numerical investigation of technological dispersion causes

The technological dispersion that affects the SAW-R cannot be explained by the metal patterning accuracy, since the SEM inspection revealed the same quality of the nanolithographic
process. The uniformity of the metal layers is guaranteed by the Electron Beam Evaporation
(TEMESCAL FC-2000), followed by lift-off processes.
On the other hand, the Rayleigh waves phase velocity for the GaN is about 3857 m/s [8]. For
a digit/interdigit of 200 nm, and a gold metallization thickness of about 100 nm, the electrode
loaded phase velocity is 3182 m/s, which, for a wavelength of 800 nm, corresponds to a resonant
frequency of about 4 GHz. The measured value of the resonance frequency of about 5.4 GHz
shows that the mode propagating at this frequency is most likely the Sezawa mode [9].
In order to check this hypothesis and to analyze in more detail the SAW propagation the
structure was simulated in COMSOL Multiphysics [10]. The modeling of the whole SAW-R
structure is not possible because the overall dimensions are roughly hundreds of micrometers
and the spatial details are of the order of tens of nanometers. Besides the huge amount of memory needed for more than 1012 meshcells, the accuracy of the results strongly depends on the
accuracy of the model and material parameters. Both the mechanical and electrical material parameters depend on the fabrication technology. The typical approach in modeling consists in
identifying the device region that describes the basic operating principle.
The model shown in Fig. 11 meets these requirements. It is a 2D model and represents a
section through 2 pairs of digits of the IDT. For the modeling of the acoustic wave propagation, periodic boundary conditions were defined on the left and right side of the structure [11].
The four electrodes were defined as gold with the thickness hmet = 95 nm and with a width
of W=200 nm and a space of S=200 nm. They were either connected to ground (0V) or to a
constant amplitude voltage of 1 V. The piezoelectric layer has a total thickness of 1.25 µm and
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it was deposited on high resistivity silicon. It consists of a 1 µm thick GaN piezoelectric layer
(hgan) and a 0.25 µm thick buffer layer. The structure simulation requires the “Solid mechanics”,
“Electrostatic” and “Multiphysics: Piezoelectric” modules.
The equivalent admittance of the structure was recorded in frequency domain. Because the
model does not include the losses, the series resonance frequencies were extracted from the
maximum value of the imaginary part of the admittance (the susceptance).

Fig. 11. COMSOL Multiphysics 2D model description (color online).

The material parameters used in simulations were taken from [1] and from the COMSOL
material library. The wideband simulated susceptance of the structure is displayed in Fig. 12 and
shows multiple resonances with different amplitudes at 3.8515 GHz, 5.4025 GHz, 5.84 GHz and
6.534 GHz. The measured wideband reflection parameter for several type A structures is shown
in Fig.13. The main resonances are visible at 5.44 GHz and 6.31 GHz.

Fig. 12. Wideband simulated susceptance (S) as a function of frequency (logarithmic scale).

Effect of Key Technological Parameters on GaN/Si SAW Resonators

363

Fig. 13. Measured wideband reflection parameter for several type A structures.

The simulated distributions of the electrical potential (color surface) and the displacement
field (arrow surface) for the four resonant frequencies are shown in Fig. 14. The mode shape
presented in Fig. 14 (a) was simulated at 3.8515 GHz and corresponds to the standard Rayleigh
waves [8, 9]. The maximum vertical displacement is present at the structure surface and the
wave penetrates only slightly in the GaN layer. For the Sezawa mode [5, 9] with the resonance
at 5.4025 GHz (Fig. 14 (b)) the wave propagation is mainly inside the GaN layer and penetrates
also into the buffer layer and into silicon substrate. The acoustic energy is propagating mostly
inside the GaN layer and at the interfaces between GaN layer, buffer layer and silicon. The third
simulated mode with the resonance at 5.84 GHz is displayed in Fig. 14 (c) and the fourth mode
at 6.31 GHz in Fig. 14 (d).
The displacement scale for (a) and (c) was set to 300, the displacement scale for (b) and (d)
was set to 50. The low displacement amplitude for the 1st and the 3rd mode explains why they
are not visible in the measurements presented in Fig. 13. Another cause is the large mismatch between the resonators impedance at those resonance frequencies and the characteristic impedance
of 50 Ohm. The 3rd and the 4th resonances are not documented in the literature. From the mode
shape of the 3rd resonance it looks like a parasitic mechanical resonance of the gold electrodes
superimposed on the piezoelectric effect. The mode shape of the 4th resonance shows a strong
piezoelectric effect (the maximum potential of 3 V is three times larger than the 1 V potential
applied on the electrodes) but the energy of the acoustic wave is propagating not only at the surface, but also toward the substrate. The losses associated with this propagation mode can explain
why the corresponding dip in the measured response has such a low selectivity.
The agreement between the measurements and the simulations is fair. The differences are
due to the lack of information regarding the buffer layer (the NTT-AT wafer provider invoked
the commercial confidentiality clause). Anyhow, this will not affect the simulated results that
will be presented below in order to identify the cause of the technological dispersion presented
in Section 3.
The main model parameters are varied and the effects on the series resonance frequencies of
the second (Sezawa) mode are presented. For filter applications this mode looks to be the only
one of practical importance in the case of SAW-Rs with gold electrodes on 1 µm thick GaN layer
grown on high resistivity silicon layer.
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Fig. 14. Electric potential and displacement field: (a) at 3.8515 GHz (first resonance); (b) 5.4025 GHz
(second resonance); (c) 5.84 GHz (third resonance) and (d) 6.534 GHz. The displacement scale for (a) and
(c) was set to 300, the displacement scale for (b) and (d) was set to 50 (color online).

First, the thickness of the GaN layer (hgan) was varied between 0.95 and 1.05 µm and the
simulated results are presented in Fig. 15. The resonance frequencies varied from 5.378 GHz to
5.426 GHz, corresponding to a rate of 0.48 MHz/nm. Because the measured total deviation of the
GaN layer thickness is 22 nm (Section 2), the maximum frequency deviation which corresponds
to the GaN layer thickness variation would be of only 10.5 MHz. This does not explain the resonance frequency deviation of 86 MHz and 99 MHz presented in Fig 8 and Fig 10, respectively.
Fig. 16 presents the effect of the gold metallization thickness variation hmet. For a change
in hmet of 10 nm, the resonance frequency varies with 50 MHz, corresponding to a rate of
5 MHz/nm. This means that the metal thickness over the quarter wafer would need to vary by
at least 17 nm which is not supported by either the AFM measurements (see Section 2), or
the metal deposition process (using the highly directional e-beam evaporation equipment). The
curves from Fig. 8 and Fig. 10 would also not be explained by the metal layer variation.
Another effect that was studied is the dispersion of the width of the electrodes W. Because
the SEM investigations demonstrated that W+S = 400 nm (pitch) is constant across the wafer
and it is accurately determined by the EBL technology, an offset parameter off was defined in
the model and the new IDT parameters from Fig. 11 were W+off and S-off. Fig. 17 presents
the simulated results for off = –0.005 ... +0.005 µm. The resonance frequency varies from 5.396
GHz to 5.403 GHz at a rate of 0.7 MHz/nm. This low value and the shape of the curves from
Fig 8 and Fig 10 demonstrate that this can not explain the resonance frequency deviation from
Section 3.
The strain evolution in a GaN layer grown on Si (111) was reported in [12]. The wafer bow is
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Fig. 15. Simulated admittance as a function of frequency (in GHz) for different GaN layer thicknesses
(in µm).

Fig. 16. Simulated admittance as a function of frequency (in GHz) for different gold metal layer thicknesses
(in µm).

caused by the thermal mismatch between the film and the substrate and by the high temperature
required for the film growth by metal-organic chemical vapor deposition (MOCVD) process.
The optimization of the growth technology performed by NTT-AT wafer provider guarantee a 3
inch wafer bow of about 30 µm for the wafers with 1 µm thick GaN layer on silicon. Although
small, this bow induces a thermal strain (relative change in shape or size) of the layered media.
This strain changes the elastic coefficient tensor components [13] and thus the velocity of the
SAW [14]. The thermal strain effect cannot be modeled directly in the COMSOL software. For
its modeling a new parameter was defined, the fractional change “eta” of the elastic coefficients.
This parameter was introduced in the GaN material model.
Fig.18 presents the simulation results for eta = 0; 2%; 4%. The resonant frequency shifts
from 5.3325 GHz to 5.4025 GHz. The total variation of 70 MHz is in good agreement with the
results from Fig. 8 and Fig. 10. The shape of those curves indicated that the strain effect is
maximum at o distance of about 15 mm from the reference point from Fig. 2. This can be due to
the temperature gradient during the MOCVD process and to the attempt to keep the wafer bow
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Fig. 17. Simulated admittance as a function of frequency (in GHz) for different electrode widths (offset
in µm) for a constant pitch (W+S=400 nm)

as small as possible.

Fig. 18. Simulated admittance as a function of frequency (in GHz) for different fractional changes of the
elastic coefficients.

5.

Conclusions

The paper presented the investigation results regarding the technological dispersion of the
resonance frequency for SAW-Rs fabricated on a GaN/Si wafer. Two types of test structures
were designed, fabricated and measured over a quarter of a 3” wafer of GaN on silicon substrate.
The fabricated structures were characterized using SEM, AFM and ellipsometry techniques. A
95 nm metal layer thickness was measured, with a variation of less than 5 nm. The digit width
variation was of ±5 nm from the designed value of 200 nm. The measured thickness of the
GaN layer varied with 22 nm. The test structures were measured on-wafer with in a 400 MHz
bandwidth centered around 5.4 GHz. The reflection parameter showed a maximum difference in
the resonance frequency of 87 MHz for type A structures and of 99 MHz for type B structures.
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The series resonance frequency had a maximum variation of 94.5 MHz for type A structures and
of 97.7 MHz for type B structures.
A model was implemented in the COMSOL software and multiphysics analyses were performed. The main technological parameters that can influence the resonance frequency of the
SAW-R (GaN layer thickness, the metallization thickness, the electrode width, the variation of
the elastic constants due to the thermal strain) were varied around the nominal values. The simulated variation rates of the different parameters combined with the structural characterization
results give an estimate of the expected deviation of the series resonance frequency of the SAWR which is summarized in Table 1. Even when considering the combination of the worst case
scenario for the GaN layer thickness, metal layer thickness and digit width variation, the total
frequency deviation doesn’t fully account for the measured results. The only parameter which
has a strong enough influence is the thermal strain, which for an induced variation of only 4%
of the elastic coefficients gives a frequency deviation of 70 MHz. Furthermore, the variation of
the thermal strain, together with the compensation techniques for minimum bowing of the wafer,
offer an explanation for the maximum positive deviation which occurs at a distance of about
15 mm from the center of the wafer.
Table 1. Summary of simulated influence of technological parameters on the series resonance frequency of
the resonator and comparison with measurement results
Expected deviation
Total measured
based on structural
variation of the series
Parameter
Variation rate
characterization results
resonance frequency
GaN layer thickness
0.48 MHz/nm
10.5 MHz
Metal layer thickness
5 MHz/nm
25 MHz
94.5 MHz for type A
Digit width
0.7 MHz/nm
7 MHz
97.7 MHz for type B
Thermal strain
17.5 MHz/1%
N.A.

In conclusion, for narrow band SAW-R based applications designed for this technological
approach (gold IDT metallization on 1 µm GaN/Si), operating at frequencies above 5 GHz it is
important to include factors such as the position on the wafer and the estimated technological
dispersion in the design procedure.
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