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This Letter presents the effectiveness of an oxide trench array (OTA) as a passive temperature

compensation structure for aluminum nitride on silicon (AlN-on-Si) quasi-surface acoustic wave

(SAW) micromechanical resonators over a wide temperature range. Two types of devices, namely,

those with OTA and their reference counterparts without OTA, are designed, fabricated, and charac-

terized over a wide temperature range of 360 �C. Experimental results show that the resonator with

OTA has a first-order temperature coefficient of frequency (TCf1) at room temperature (20 �C) of

6.66 ppm/�C, which is lower than that of the reference device without OTA by 72% in magnitude. A

high turnover temperature of 197 �C is achieved. Furthermore, the second-order temperature stability

of the device has also improved. OTA is experimentally demonstrated to be an effective structure for

passive temperature compensation, hence paving the way for using AlN-on-Si resonators as ultra-

sonic sensors or timing devices in ruggedized environments where the large fluctuation in tempera-

ture places stringent demands on temperature stability. Published by AIP Publishing.
[http://dx.doi.org/10.1063/1.4976808]

Increasing attention has been paid to piezoelectric

acoustic wave microelectromechanical system (MEMS)

devices suitable for applications in ruggedized environments

such as oil, gas, and aerospace industries.1–3 The high tem-

perature environment demerits the use of quartz, currently a

widely used material in piezoelectric resonators, because it

experiences a phase transition at 573 �C, hence adversely

affecting the piezoelectric property.3 Furthermore, quartz

resonators, as compared to MEMS resonators, are bulky and

not compatible with established complementary metal-oxide

semiconductor (CMOS) processes.4 On the other hand, the

deposition of aluminum nitride (AlN), another piezoelectric

material, is compatible with established CMOS processes,

highlighting the potential of AlN in integrating such ultra-

sonic devices into CMOS circuits at the chip-level.5 Another

significant merit in AlN lies in its excellent piezoelectric

ultrasonic response up to 1150 �C; hence, it is suitable for

use in harsh environment applications.3,6

The thermal stability of resonance behavior has always

been a primary requirement when AlN resonators are used as

AlN mechanical, acoustic, and optomechanical resonators,

filtering devices, and ruggedized pressure sensors.5,7–10 This

is especially in light of the relatively large temperature coef-

ficient of frequency (TCF) of AlN and Si of approximately

�25 ppm/ �C and �30 ppm/ �C, respectively, which has

caused the temperature excursions of resonators made of

these materials to be significantly more pronounced than that

of quartz crystals.11–13 Till date, several active and passive

temperature compensation methods have been proposed for

AlN and Si resonators, in which the latter offers advantages

such as eliminating the need for external circuits and reduc-

ing power consumption. A popular method is to grow a layer

of silicon dioxide (SiO2) in the resonator structure. SiO2 has

a uniquely positive first-order temperature coefficient of

elasticity, which results in a positive TCF of 85 ppm/
�C.1,11,14,15 Further compensating structures such as a matrix

of oxide pillars, of various designs, have been demonstrated

on silicon resonators, which employ AlN as the active mate-

rial, for the purpose of temperature compensation of the bulk

modes. The bulk oxide compensation techniques have the

potential of achieving full temperature compensation of reso-

nance frequency for different resonance modes.16,17 Other

temperature compensation methods reported include varying

the propagation direction of quasi-surface acoustic waves

(SAWs) and degenerate doping of the resonator structure.2,18

This Letter reports on the extension of our previous

work19 by experimentally demonstrating the effectiveness of

an oxide trench array (OTA) as a passive temperature com-

pensation structure in AlN-on-Si quasi-SAW micromechani-

cal resonators. Two types of devices, namely, those with

OTA and the reference counterparts without OTA, are

included. In order to evaluate the effectiveness of OTA as a

passive temperature compensation structure, the two types of

devices (with and without OTA) are fabricated on the same

wafer with the same stack thickness and a similar lateral (xy-

plane) design. Cross-sectional illustrations of the two types

of devices are presented in Fig. 1.

The resonator employs a thin layer of AlN of thickness

1.0 lm as the piezoelectric material. An inter-digitated trans-

ducer (IDT) is introduced on top of the piezoelectric layer to

excite acoustic waves in the device. In the devices presented

in Fig. 1, a sinusoidal voltage is applied to the signal electro-

des, labeled as “S,” while electrodes labeled as “G” are
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grounded. A layer of molybdenum (Mo) is introduced

between the AlN and poly-Si/OTA layers to create a strong

time-harmonic electric field between this metallized surface

and the IDT.

An oxide trench array, a passive temperature compensa-

tion feature, is introduced in the layer of poly-crystalline sili-

con (poly-Si) of the same thickness, as presented in Fig.

1(b). Each oxide trench is exactly centered between the adja-

cent signal and ground electrodes. These positions on the

surface of the resonator and along the x-axis correspond to

the regions of maximum strain, which results in the most

effective passive compensation, because the contribution to

strain by thermal effects will be reduced.17 The OTA extends

in the y-direction to match the overlapping length of the sig-

nal and ground electrodes. The geometry of the OTA, includ-

ing the width and height of each trench, was carefully

designed using a methodology reported in our previous

work,19 in order to ensure effective temperature compensa-

tion over a wide range of temperature while achieving the

desired resonance frequency.

Finite element method (FEM) simulations were per-

formed using COMSOL Multiphysics to investigate the RF

performance of our proposed design. In 2D simulations of

the frequency response, one pair of fingers was used with

periodic boundaries in the left and right sides of the device.

The periodicity of the IDT was designed to be 10.36 lm and

9.22 lm for the devices without and with OTA, respectively.

The split IDT design was employed. Each oxide trench is

designed to be of width 2.4 lm. The height of the silicon

device layer, buried oxide (BOX), and poly-Si/OTA layers

are 50 lm, 1 lm, and 2 lm, respectively.

Figs. 2(a) and 2(c) illustrate the quasi-SAW mode shape

supported by each type of device at the room temperature

(Trm) of 20 �C. The resonance frequencies of the devices

without and with OTA are 463.28 MHz and 440.35 MHz,

respectively. The phase velocities of the fundamental mode

of the quasi-SAW are deduced as approximately 4800 m/s

and 4060 m/s, respectively. The main cause of reduction in

phase velocity (by 15%) is attributed to the addition of sub-

stantial amounts of silicon dioxide into the composite struc-

ture. In particular, from the simulation mode shapes reported

in Fig. 2(c), it is observed that the acoustic wave induces sig-

nificant displacement in the OTA regions, possibly indicat-

ing the effect of oxide in the reduction of phase velocity of

quasi-SAW. The flexibility of this design provides an option

to tune the spacing between the IDTs to obtain desired reso-

nance frequencies for a particular mode, hence allowing this

resonator design to be customized for a wide range of

frequencies.

The temperature dependence of the resonance profile

was investigated by introducing temperature-dependent

material properties into each of the two device models. Figs.

2(b) and 2(d) present the shift in S11 over the same tempera-

ture range for the devices without and with OTA, respec-

tively. For a similar quasi-SAW mode, the resonance

frequency of the device with OTA experiences a signifi-

cantly smaller magnitude shift as compared to the resonance

frequency of the device without OTA. The aforementioned

simulations support that OTA improves the temperature sta-

bility of the resonance frequency of the designed devices.

Two types of devices, namely, those with OTA and their

reference counterparts without OTA, were fabricated based

on our in-house AlN-on-Si platform. The fabricated devices

are designed to have the same dimensions as those of the

simulation model. The CMOS-compatible process flow

begins with an 8-inch silicon-on-insulator (SOI) wafer with a

device layer of 50 lm and a buried oxide (BOX) layer of

1 lm. First, a layer of thermal oxide of thickness 2 lm is

grown and patterned. All regions other than regions of OTA

are etched and are filled with poly-Si. Chemical-mechanical

polishing (CMP) is performed to ensure a uniform thickness

of OTA and poly-Si. Next, layers of AlN (seed layer), bot-

tom Mo, AlN, and top Mo of thicknesses 20 nm, 0.2 lm,

1.0 lm and 0.2 lm, respectively, are deposited successively.

In order to obtain the IDT, the top Mo is patterned. Lastly, a

backside etch is performed to release the structure. Images of

FIG. 1. Illustration of designed devices. (a) Cross-section of the AlN-on-Si

resonator without OTA, as the reference design. (b) Cross-section of the

designed device with OTA.

FIG. 2. Results of FEM simulation: (a) Quasi-SAW mode shape supported

by the device without OTA; (b) shift in the S11 spectrum of the mode in (a)

over a range of temperatures; (c) quasi-SAW mode shape supported by the

device with OTA; and (d) shift in the S11 spectrum of the mode in (c) over a

range of temperatures.
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the fabricated devices, taken using a scanning electron micro-

scope (SEM), are presented in Fig. 3.

In order to quantify the sensitivity of the device reso-

nance frequency against temperature T, the following Taylor

polynomial is used:14,16

f ðTÞ ¼ f ðT0Þ
XN

n¼0

TCfnðT0Þ � ðT � T0Þn; (1)

where T0 is an arbitrary reference temperature. The limit

N !1 may be used to theoretically include all higher-

order terms of T. It follows from (1) that TCfn (T0), the n-th

order temperature coefficient of frequency at T0, may be

evaluated as

TCfn T0ð Þ ¼
1

n!f Tð Þ
@nf Tð Þ
@Tn

( )�����
T¼T0

(2)

with units of 1/ �Cn.

The temperature coefficients of frequency of the fabri-

cated devices were investigated to evaluate the effectiveness

of our proposed design for temperature compensation. The

devices were characterized over a wide temperature range of

360 �C (�60 �C to 300 �C) using a Cascade Microtech vac-

uum probe station. The frequency response of the device at

each operating temperature was measured using a network

analyzer (Agilent E5071B), which is calibrated by the Short-

Open-Load-Through (SOLT) method. In order to ensure a

relatively uniform temperature throughout the structure of

the device, the final microwave readings were only extracted

after significant time of stabilization. Fig. 4 presents the S11

output of the devices at various operating temperatures for

both resonators with and without OTA.

The fractional shift in the resonance frequency of

the resonator, here defined as Df ðTÞ=f ðTrmÞ, where Df ðTÞ
¼ f ðTÞ � f ðTrmÞ, is presented in Fig. 5(a). In this work, the

second-order version of (1), where N ¼ 2, is used as the

regression model. It is evident from Figs. 4(b) and 5(a) that

the introduction of OTA into the resonator has significantly

FIG. 3. SEM images of fabricated devices. (a) Top view of a device, with a

close-up view of the IDT included as an inset; (b) Cross-section A–A0, illus-

trating one oxide trench; (c) Cross-section A–A0 of the device without OTA;

(d) Cross-section A–A0 of the device with OTA. The materials are labeled

on the images.

FIG. 4. Device S11 measurements over various operating temperatures, for

devices (a) without OTA and (b) with OTA.

FIG. 5. Summary of extracted TCF results. (a) Comparison of fractional res-

onance frequency variation between the devices with and without OTA. A

second-order best-fit line according to (1) (N ¼ 2) is drawn. (b) Plot of TCf1
of both devices as a function of the reference temperature T0. The location

of turnover temperature is indicated as a hollow bullet. Note that TOT is in

range only for the device with OTA. (c) Plot of TCf2 of both devices as a

function of the reference temperature T0.
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reduced the fractional shift in the resonance frequency,

therefore improving the temperature stability of the resonator

performance. The phase velocity of quasi-SAW decreased

by 13% after the addition of OTA. This is a similar result as

predicted by simulations.

Table I summarizes the temperature parameters of the

devices with and without OTA. Notably, the introduction of

OTA has decreased the TCf1 by 72% in magnitude (from

�24.00 ppm/ �C to 6.66 ppm/ �C) at room temperature. The

variation of the TCf1 against reference temperature is pre-

sented in Fig. 5(b). The TCf1 of the resonators with OTA is

significantly lower in magnitude than that of the resonators

without OTA, across the entire wide range of temperatures

measured. This indicates the effectiveness of such structures

as a passive temperature compensation structure for AlN-on-

Si micromachined resonators over a wide temperature range

of 360 �C. The turnover temperature, which is inferred from

the condition TCf1¼ 0, is 197 �C. The high turnover temper-

ature makes this resonator most suitable for deployment at

such an operating point.

The effectiveness of our designed OTA is also reflected

in the smaller magnitude and higher stability of the resona-

tor’s TCf2 over the wide measured range of temperatures, as

presented in Fig. 5(c). TCf2 at room temperature has been

reduced in magnitude from �12.18 ppb/ �C2 to �9.42 ppb/
�C2, while TCf2 at turnover temperature is �9.41 ppb/ �C2.

All of the above-mentioned temperature coefficients reveal

that OTA has significantly reduced the temperature variation

of the device resonance behavior.

In summary, OTA is verified to be an effective passive

temperature compensation structure in AlN-on-Si resonators

using a combination of simulation and characterization of

fabricated devices. The design is experimentally proven to

significantly reduce the TCf1 by 72% in magnitude to

6.66 ppm/ �C. The above-mentioned temperature coefficients

reveal that OTA has significantly reduced the temperature

variation of the device resonance behavior over a wide tem-

perature range of 360 �C. A high turnover temperature of

197 �C is achieved in order to deploy this resonator in harsh

environments. This temperature compensated resonator

exhibits a huge potential as an ultrasonic sensor (e.g., pres-

sure sensor) in ruggedized environments with wide tempera-

ture fluctuations, thanks to the excellent thermal stability of

the resonator with an oxide trench array.
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