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1.  Introduction

Phononic crystals (PnCs) have drawn wide attention in recent 
years because they can manipulate acoustic waves efficiently 
[1–9]. One striking feature of PnCs is that bandgap structure 
may exist and the wave propagation will be prohibited [1]. 
The introduction of defects into the otherwise perfect PnCs 
will lead to vibrations with frequencies within the bandgap 
localized in the defects, i.e. defect modes [7–9]. The local-
ized defect modes, which have high quality (Q) factors, are 
promising in both signal processing and sensing applications. 
Recently, silicon (Si) based 2D linear defect PnC devices [7, 8]  
and point defect on steel plates [9] have been investigated. 
In all cases, high Q factors are obtained. However, the better 
energy confinement by point defects and the compatibility 
with CMOS processing determine that a study of Si based 
point defect cavities is still needed.

Although PnCs have been widely investigated, their sensing 
applications have seldom been explored. Lucklum et al first 
applied PnC cavities to sense liquid sound velocity [10]. 
Amoudache et al further discussed the simultaneous sensing 
of light and sound velocities of liquids by combining phon-
onic and photonic crystals—phoXonic crystals with defects 
[11]. PnC cavities usually support several distinct resonant 
modes. The multimode behavior in sensing applications can 
help to realize multiple parameter measurement on a single 
device [12–15]. With their high Q performance and tiny reso-
nant mass, PnC point defects can be good candidates for high 
Q mass sensors like quartz crystal microbalance (QCM). But 
compared with QCM, the PnC mass sensor is easily interfered 
with by ambient temperature drifts, which can seriously distort 
the measurement of mass sensing. The passive temperature 
compensation utilizing the opposite temperature sensitivities 
of the symmetric mode and antisymmetric mode in liquid 
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Phononic crystal cavities with high quality (Q) factors are attractive in both signal processing 
and sensing applications. In this paper, 2D phononic crystal point defect cavities are 
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temperature compensation experiment reveals that temperature interference is effectively 
compensated from mass measurement and the mass sensitivity of the sensor is 5.4 Hz ng−1. 
The conclusion of mode selection or sensing mechanism will help to design resonators or 
sensors with high performances.
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has been demonstrated by Lamb-wave sensors [12]. But the 
same strategy is not applicable to the bulk Si PnC mass sensor, 
because all defect modes are expected to have similar temper-
ature sensitivities of about  −31 ppm°C−1 [16]. However, the 
diverse vibration energy distributions of the defect modes can 
lead to striking mass sensitivity differences in some parts of 
the sensor surface [14] and provide another approach to cancel 
out thermal disturbances. While the multimode characteristic 
of point defects can help with temperature compensation, it 
also brings the difficulty of exciting the modes efficiently.

The PnC point defect structures in this paper are actuated 
by piezoelectric aluminum nitride (AlN) film deposited on 
top of a Si substrate, and the electrode layout affects mode 
displacements greatly. As the interdigital electrodes outside 
the defect [7] that produce plane waves are inefficient for the 
point excitation, we put the electrode in the cavity and thus 
can control mode responses more directly. The selective mode 
excitation of linear defect PnC resonator has been realized by 
simply shifting the electrode [17], but it still needs further sys-
tematic investigations. The concept of modal sensors/actuators 
was initially proposed in [18], and further developed to con-
trol the mode displacements of microplate resonators [19, 20]. 
Motivated by this concept, and based on the Butterworth–Van 
Dyke equivalent circuit model for piezoelectric resonators 
[21, 22], we propose an electrode design method to maximize 
the displacements of the point defect modes.

In the second part of this paper, we analyze the point defect 
modes and introduce the fabrication procedure. In the third part, 
we deduce the mode selection method and apply it to design 
resonators with different port numbers. In the fourth part, we 
show the temperature compensation experiments. Finally we 
discuss the experiment results and make conclusions.

2.  Mode analysis and device fabrication

The hexagonal PnC structure is built by etching holes in a 
380 μm thick Si slab. In order to maximize the band gap, the 
distance between the nearest holes a is equal to the slab thick-
ness d [23]. The radius of holes r is 170 μm. A unit cell is 
shown in figure 1(a) and there is an anticlockwise rotation of 
the PnC coordinate axes xyz through an angle of 45° about the 
z′ axis of the Si coordinate system x′y′z′. Using the finite ele-
ment method (FEM) software COMSOL and applying Bloch 
boundary conditions for periodic systems, the band struc-
ture of the PnC in the reduced Brillouin zone (figure 1(b)) is 
calculated. The values of the stiffness tensor for Si used are 
C11  =  166 GPa, C12  =  64 GPa, C44  =  80 GPa and the density 
is 2330 kg m−3, taken from COMSOL. The band structure 
reveals a complete band gap extending from 4.3 to 6.0 MHz, 
as shown in figure 1(c).

The investigated point defect is formed by simply 
removing one unit cell. Using the supercell method and the 
FEM, six defect modes are obtained whose mode shapes are 
presented in figure 2. It should be noted that the 45° rotation 
angle in figure 1(a) is selected after calculations to ensure that 
the defect modes are away from the lower bound of the band 
gap, for better energy confinement. The defect modes exhibit 

distinct vibration types, including torsion, extension, flexure 
or a combination, which is favorable in meeting various appli-
cation requirements. The resonant properties of the modes can 
be modulated by adjusting the defect structure. In the passive 
temperature compensation utilizing dual modes, the normal-
ized relative resonant frequency shifts of both modes, i.e. 
Δf1/f1 and Δf2/f2, can be approximated as the linear function 
of mass attachment Δm and temperature drift ΔT, that is,
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where α1 and α2 are mass sensitivities expressed in Hz ng−1, and 
β1 and β2 are temperature sensitivities expressed in ppm °C−1. 
Since β1 and β2 are expected to be about  −31 ppm°C−1, we turn 
to find the specific sensing surface where there is a huge differ-
ence in α1 and α2. Based on perturbation theory [24], the mass 
sensitivity of the point cavity on surface A can be evaluated as
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where Δm is the loaded mass, A0 is the area of surface A, f0 is 
the mode frequency, U is the amplitude of total displacement 
field, ρ is the cavity density (Si) and V refers to the cavity 
body. The mass sensitivity of our device is determined by the 
energy percentage of surface A in the total stored mechan-
ical energy of the cavity body. In the region of the red circle 
in figure 2, the energy percentage of the 5th mode is much 
larger than that of the 3rd mode, which implies the huge mass 
sensitivity difference between the two modes. From equa-
tion (2), the theoretical mass sensitivities of the two modes 
are 7.3 and 0.2 Hz ng−1. If mass is selectively loaded here, 
the 5th mode responds to both mass and temperature changes 
greatly while the 3rd mode is only sensitive to temperature 
changes. By monitoring frequency shifts of the two modes 
simultaneously, temperature interference can be efficiently 
removed from mass measurement. So this area is selected as 
the sensing surface. The 3rd and 5th modes need to be excited 
simultaneously and efficiently with a proper electrode design.

We fabricate the PnC point defect structure by micro elec-
tromechanical system (MEMS) technologies. The 380 μm  
thick Si wafer is first cleaned using sulfuric acid solution  
and deionized water. After lithography and developing, an 
Al film about 300 nm thick is deposited by evaporation.  
The Al film is lifted off in acetone to form the mask for deep-
reactive ion etching (D-RIE) (figure 3(a)(i)). Then the wafer 
is etched by the D-RIE process and the etching depth is  
190 μm. By repeating similar procedures on the other side of 
the wafer, the through holes of PnC are built (figure 3(a)(ii)). 
A 100 nm molybdenum (Mo) layer is deposited as the ground 
electrode and the seeding layer of the 1.5 μm thick piezo-
electric AlN film, which is deposited by direct current (dc) 
reactive sputtering (figure 3(a)(iii)). The top Al electrode is 
then patterned by using the lift-off procedure. Finally, part of 
the AlN film at the edge is etched by KOH solution to expose 
the Mo ground electrode (figure 3(a)(iv)). The fabricated 
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Figure 1.  (a) A unit cell of the hexagonal lattice PnC with geometry parameters a  =  380 μm, r  =  170 μm and d  =  380 μm. a, r, and 
d represent the distance between the two nearest holes, radius of holes, and the slab thickness, respectively. The main axes of the PnC 
coordinate system xyz are rotated about the z′ axis of the Si coordinate system x′y′z′ though an angle of 45°. (b) The reduced Brillouin zone 
of the PnC. (c) The band structure of the PnC. The shaded region represents the complete band gap ranging from 4.3 to 6.0 MHz.

Figure 2.  Simulated mode shapes and frequencies. The color bar represents the displacement amplitude in an arbitrary unit. The circled 
area in the mode shapes of the 3rd and 5th modes is selected as the sensing area. xyz is the PnC coordinate system.

Figure 3.  (a) Fabrication process of the PnC resonator: (i) deposition and patterning of Al mask, (ii) two-step etching of Si to build through 
holes of PnC, (iii) deposition of Mo ground electrode and AlN piezoelectric layer, and (iv) deposition and patterning of top Al electrode and 
etching of AlN at the edge. (b) Microscope image of the fabricated PnC resonator. The white part is the top Al electrode.

J. Micromech. Microeng. 25 (2015) 125027
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PnC resonator is shown in figure 3(b) and the white part is 
the top Al electrode.

3.  Method and experiment of mode selection

The BVD equivalent circuit model is widely used to charac-
terize the performance of MEMS resonators. Based on this 
model, we propose an electrode design method to maximize 
the displacements of a single defect mode. In figure 4(a), C0 
denotes the parasitic capacitance of the electrode and each 
Rm–Lm–Cm (motional resistance, inductance and capacitance) 
branch represents the motional behavior of a specific mode. At 
the resonance of the mode, the branch is purely resistive and 
lower motional resistance Rm means a larger current passing 
through the branch at constant excitation voltage. According to 
an electrical–mechanical analogy, a larger current corresponds 
to larger mode displacements. Thus, to selectively excite one 
mode is to minimize the corresponding Rm. According to the 
continuity of current, the peak current I0 through the branch 
corresponding to the mode can be calculated by integrating 
the normal surface charge density Dn in the electrode covered 
region A at maximum displacements, that is

I D Ad ,
A

0 s n∬ω=� (3)

where ωs is the angular frequency of the mode. The Q factor 
of the mode is defined as
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E refers to the total energy of the resonator. E is constituted 
by the electromagnetic and mechanical energy in the AlN 
film (1.5 μm) and the mechanical energy in the Si (380 μm).  
However, the former part is negligible compared with the 
latter part because of the thickness contrast. The Q factor of 
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Then Rm can be expressed as
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The distribution of Dn can be estimated through the surface 
charge Dn

m at maximum deformation in modal analysis and the 
superscript m refers to modal analysis. In the modal analysis, 
the top and bottom electrodes are short-circuited to remove 
the effect of C0. Because of the linear and quadratic depen-
dence of the charge and energy on deforming displacements, 
respectively, Rm can be evaluated as
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where Em is the mechanical energy in the Si slab in the modal 

analysis. To minimize Rm, the absolute of D Ad
A n

m∬  should 

be maximum. The cavity comprises two subdomains Ω+ and 

Ω-, representing the areas where signs of the normal surface 
charge are uniformly positive and uniformly negative, respec-

tively. To maximize the absolute value of D Ad
A n

m∬ , it is easy to 

see that one should choose either Ω+ or Ω− to be the metallized 
area. The charge distributions of the cavity modes at maximum 
deformation obtained using the modal analysis are shown in 
figure  4(b). Given a random Q factor (for example 104) for 
all modes, the corresponding optimum motional resistances 
according to equation  (6) are presented at the same time. It 
should be noted that with known Q factors, besides predicating 
the optimum electrode for any single mode, equation (6) can 
also be used to evaluate the performance of the resonator under 
any electrode coverage.

To test the validity of the method, according to the charge 
distribution of the 4th and 5th modes, we design two kinds of 
one-port devices (electrodes shown in figure 5) to excite them. 
The FEM simulated conductance results corresponding to the 
two electrode designs are plotted in figure 5. The independent 
elastic constants of AlN is C11  =  410 GPa, C12  =  149 GPa, 
C13  =  99 GPa, C33  =  389 GPa, C44  =  125 GPa and the density 
is 3300 kg m−3. The independent piezoelectric stress con-
stants of AlN are e15  =  −0.48 C m−2, e31  =  −0.58 C m−2, 
e33  =  1.55 C m−2 and the relative permittivity is 9, taken from 
COMSOL. The loss factors in simulations are given according 
to the extracted Q factors by fitting the equivalent circuit (men-
tioned below). The conductance curves of these two one-port 
devices are measured by a network analyzer (Agilent 4395a) 

Figure 4.  (a) The BVD equivalent circuit model for a resonator with multiple resonant modes; (b) the normal surface charge distributions 
of all defect modes at maximum deformations and the minimum motional impedances Rm in the case of Q  =  10 000. The color bar denotes 
the charge density amplitude in an arbitrary unit. The circled area in the charge distribution of the 3rd and 5th modes marks the place to put 
the common excitation electrode of the two modes.
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and also shown in figure 5. The frequencies of the resonant 
peaks are in good agreement with simulations. Therefore, 
the desired 4th and 5th modes can be selectively excited effi-
ciently. The 5th mode has realized single mode excitation.

Shown in figure  6(a) is the complete electrode layout to 
excite the 5th mode. The electrode consists of three parts: 
the cavity electrode, the connection wire and the contact 
pad. The corresponding equivalent circuit model is plotted in 
figure 6(b). In part I, the Rm–Lm–Cm branch still represents the 
motional behavior of the 5th mode, while C0 accounts for the 
parasitic capacitance of the cavity electrode. The resistance of 
the connection wire (part II) and capacitance of the contact pad 
(part III) are represented by R1 and C1. R1 cannot be neglected 
because of the long electrical connection between the contact 
pad and defect electrode. The experimental conductance of 
the 5th mode is in good agreement with our model (figure 
6(c)). This model also explains the upshift of the conductance 

baseline and the asymmetry of resonant peaks in the experi-
ment (figure 5). The fitted values are listed in the same plot. 
The extracted Q factors of the 4th and 5th modes are 21 300 
and 14 800, respectively, which prove the efficient energy con-
finement by point defect. The extracted Rm of the two modes 
are 986 and 608 Ω, which are larger than the calculated 710 
and 410 Ω by substituting the fitted Q factors into equation (6). 
This can be attributed to the imperfection of the deposited AlN 
film in piezoelectric transduction. The extracted Rm is large 
compared with typical MEMS piezoelectric resonators like 
FBARs (film bulk acoustic resonators). The large motional 
resistance can lead to the impedance mismatch of the devices 
with 50 Ω transmission lines, resulting in significant insert 
loss. In this paper, the importance of Rm is not that signifi-
cant if only a high SNR (signal-to-noise ratio) can be ensured. 
The blue solid line in figure 6(c) represents the conductance 
peak of the 5th mode using fitted Rm–Lm–Cm and is sharper 

Figure 5.  Simulated and experimental conductance curves corresponding to two different electrodes. The excited modes are numbered in 
agreement with figure 2. Insets: microscope images of electrode layouts for exciting the 4th and 5th modes.

Figure 6.  (a) The whole electrode for exciting the 5th mode. Part І is the electrode inside the cavity, part II is the connection wire and part 
III is the contact pad; (b) the equivalent circuit corresponding to the three parts in (a); (c) the extracted parameters by fitting the model in 
(b) and the conductance curves of the 5th mode: the measured (red square), the fitted (green line) and plotted by only Rm–Lm–Cm (blue 
triangle line).
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than the measured curve. It is clear that in the impedance (or 
reflection) measurement of one-port devices, R1 decreases the 
sharpness of the resonance peak, which equivalently lowers 
frequency resolution. In the transmission measurements of 
multiport devices, the sensing electrodes only penetrate into 
the Rm–Lm–Cm branch and hardly any signal can be detected 
when there is no resonance. So the effect of R1 on the reso-
nant peak sharpness in transmission measurement can be 
greatly reduced compared with that in the one-port imped-
ance measurement. Multiport devices are expected to be more 
advantageous over one-port devices in frequency resolution.

To excite the 3rd and 5th modes simultaneously, the elec-
trode should be placed where the absolute value of the charge 
integral in equation (6) should be large for both modes. The 
region delimited by the black line in figure 4 is selected because 
most of the positive charge (78% and 85%) of the two modes 
gathers here. In the corresponding two-port electrode layout 
in figure 7, port A excites and port B measures the vibrations. 
The transmission spectrum measured by the network analyzer 
(Agilent 4395a) shows that both modes have strong responses. 
Furthermore, the 2nd and 6th modes are also detected. The 
asymmetry resonant peaks (green) in figure 7 denote the exist-
ence of capacitive coupling between the electrode plates which 
is unavoidable because of the narrow cavity. According to the 
charge distribution of the 4th mode in figure 2(b), we design 
a four-port electrode, in which ports C and D actuate differen-
tially and ports E and F sense differentially. The transmission 
peaks (red) become symmetrical. Hence, differential electrodes 
can greatly suppress capacitive coupling. Thus all modes can 
be excited in groups by the two kinds of electrode patterns. The 
measured frequencies and Q factors by 3 dB bandwidth are 
listed in table 1. The measured mode frequencies agree well 
with simulation. The Q factors of the 4th and 5th modes, 20 200 
and 13 900, generally agree with those extracted by fitting the 
model in figure 6(a), 21 300 and 14 800. Thus Q degradation 
though transmission measurements is considerably weaker 
than that through impedance measurement, proving that trans-
mission measurements perform better in frequency resolution.

4. Temperature compensation experiments

The temperature sensitivities of the 3rd and 5th modes 
were measured by putting the two-port device in a thermal 
oven, which was heated to 40 °C and then cooled. The tem-
perature variation was monitored by Pt100. The experiment 
revealed that temperature sensitivities of the modes are  −31.2 
and  −30.9 ppm°C−1, which agree well with expectation.

The temperature compensation experiment is carried out 
by loading water droplets containing magnetic beads (diam-
eter 2.8 μm, 15.4 pg each) with a metal ring (inner diameter 
~400 μm) to the sensing surface on the Si side of the cavity four 
times. The droplet volumes are about 20 nl. It takes about 20 s 
for a droplet to evaporate, which is enough for the loading. If 
the droplet sizes become smaller, the evaporation problem will 
become serious and quicker transfer will be needed. The method 
of depositing solutes using spray nozzles may be adopted [25]. 
The total mass of the added beads is about 9.3 ng by numbering 
loaded beads. The frequency shifts of both modes are measured 
alternately with a sweeping period of 11.2 s by the network ana-
lyzer (Agilent 4395a). During each period, 401 frequency points 
are measured with a total span of 2 KHz. Since the transmis-
sion peak shapes are hardly disturbed in the loading intervals, a 
weighted centroid method is performed to improve the accuracy 
of the frequency shift measurement. Assuming the transmission 
peak value is Tm, the frequency points with transmission values 
in [Tm  −  3, Tm] were averaged with their transmission differ-
ences to Tm  −  3 as weights. Shown in figure 8 are the frequency 
shifts of the 3rd mode (squares) and the 5th mode (diamonds). 
Once the drop is loaded, the frequency of the 5th mode is 
seriously distorted due to the liquid damping, as indicated by 
the shaded areas, while the frequency of the 3rd mode is less 

Figure 7.  The experimental transmission spectrums of the two-port device (green line) and the four-port device (red line). The excited 
modes are numbered in agreement with figure 2. Insets: microscope images of the electrodes.

Table 1.  Experimental frequencies and Q factors.

Mode 1 2 3 4 5 6

F (MHz) 4.600 4.603 4.623 4.664 4.850 5.244
Q 17 200 9220 15 400 20 200 13 900 14 600
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affected because of the different energy distributions. During 
each loading, the frequencies of both modes are rising due to 
the environmental temperature variation. After each loading, the 
frequency of the 5th mode decreases significantly, while the 3rd 
mode is almost immune to this mass loading. By combining the 
two modes, we can compensate the temperature variation (trian-
gles in figure 8) efficiently and the long-term temperature drift 
is removed. It should be noted that frequency shifts between two 
successive loadings are not exactly the same. This may be attrib-
uted to the liquid volume fluctuations of each loading. At the 
end of the experiment, the total frequency shift of the 5th mode 
with compensation is 50.4 Hz and the estimated mass sensi-
tivity is 5.4 Hz ng−1, which generally agrees with the calculated  
7.3 Hz ng−1. We can see that with only the 5th mode, the relative 
error due to temperature variation is about 27% at the end of the 
experiment.

5.  Conclusions

In summary, we have realized the maximum actuation of a 
single PnC point defect mode by patterning the electrodes 
according to the normal surface charge distributions deter-
mined by mode deformation. The electrode design method 
does not consider the responses of other modes and is fea-
sible with the resonators working in a frequency sweeping 
manner. If combined with optimization methods such as 
topology optimization [26], the electrode design method 
is promising for application in cases where responses of 
unwanted modes need to be effectively suppressed, such as 
oscillators. We have applied the method to design resona-
tors with different port numbers and proved that multiport 
devices are advantageous in frequency resolution. A Q factor 
as high as 21 300 is obtained in air, proving the efficient 
energy confinement by point defect. Additionally, we have 
designed a mass sensor based on a two-port resonator and two 
defect modes with different mass sensitivities are selectively 
excited to compensate temperature changes. The experiment 
reveals that temperature interference is effectively removed 

and the mass sensitivity is 5.4 Hz ng−1. The sensitivity can 
be greatly enhanced by downsizing the device. Considering 
the device fragility and fabrication limitations, devices with 
a thickness of 10–20 μm can be fabricated on SOI (silicon-
on-insulator) wafers. Thus devices with resonant frequencies 
of about 100 MHz can be expected. We believe that mode 
selection or sensing mechanism can promote the applications  
of high Q, mode selected PnC cavities in signal processing 
and sensing.
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