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Visible-light photoresponse of an AlN-based film bulk acoustic wave resonator (FBAR) is

demonstrated. It is found that the FBAR exhibits a resonant frequency downshift under purple light

illumination and the magnitude of the frequency downshift increases as the power density

increases within the range of 5–40 mW/cm2. A resonant frequency downshift of 1313 KHz is

observed under 40 mW/cm2 illumination, corresponding to a minimum detection power of

6.09 nW. A sub-bandgap photoresponse of the AlN thin film is proposed to explain this

phenomenon. VC 2013 AIP Publishing LLC. [http://dx.doi.org/10.1063/1.4807135]

Film bulk acoustic wave resonators (FBARs) have been

widely used for wireless communications as filters and

duplexers,1 and numerous sensing applications such as pres-

sure sensors,2 gas sensors,3 biosensors,4 and photoelectric

sensors.5 Due to their high operating frequency and digital

output characteristics, FBAR-based microsensors are very

promising for constructing the sensor nodes for wireless

applications. Recently, the development of optical communi-

cation requires high-speed, compact photoelectric sensors

for optical front-end module.6 Commonly used piezoelectric

thin films in acoustic wave devices such as ZnO and AlN are

wide-bandgap semiconductors. Their sensitivities to illumi-

nation result in the resonant frequency shift for the acoustic

wave devices. Several authors have reported the effect of

ultraviolet radiation on ZnO-based FBARs and ZnO, GaN,

and AlGaN-based surface acoustic wave devices.5,7–10 It is

noteworthy that different combinations of materials and light

source wavelengths were used in those studies, suggesting

that indirect-bandgap photoresponses are responsible for the

resonant frequency shift observed. Those experimental

results indicate that it might be possible to develop visible-

light photosensors based on the fabricated devices. In view

of the potential applications of FBARs to visible-light com-

munications, integration of visible-light sensor with wireless

filter can provide a cost-effective solution to implement an

optical front-end module.

Unlike ZnO, AlN is CMOS-compatible and chemically

stable, which is the primary motivation for using it for this

study. The working frequency of the AlN-based FBARs is

chosen to be around 2.4 GHz, a standard ISM band for wire-

less communications. In this letter, the design and fabrication

of the test device are described and the mechanisms underly-

ing the frequency shifts for different photon wavelengths are

discussed.

The test device is fabricated using a 4 in. silicon wafer

with a 400 nm thermally oxidized SiO2 as the starting

substrate. The bottom electrode Pt/Ti (150 nm/30 nm) and

the top electrode Au/Cr (50 nm/10nm) are deposited using

e-beam evaporation and patterned with a lift-off process.

The piezoelectric AlN film with a thickness of �1 lm is de-

posited with DC reactive sputtering. The sputtering condi-

tions, power, N2/Ar gas flow rate, and substrate temperature

are optimized to obtain a c-axis-oriented AlN film. Cavities

are formed by etching off the SiO2 film surrounding the reso-

nant structure. By using the XeF2 as the etching agent, the

final resonant structure is obtained after etching off the sili-

con substrate beneath the supporting SiO2 film.

Figure 1(a) shows the schematic cross-section of the

AlN-based FBAR (not to scale), and Fig. 1(b) is the top-

view photograph of a fabricated FBAR. The middle elliptical

region is the resonant area (�0.01 mm2) with the AlN film

sandwiched between the bottom and the top electrodes. The

surface morphology and the orientation of the AlN film are

characterized using atomic force microscopy (AFM) and

X-Ray diffraction (XRD), respectively. The AFM image of

the AlN film is shown in Fig. 1(c), with a RMS roughness of

5.7 nm. Figure 1(d) shows the XRD spectrum of the AlN

film on the Pt/Ti bottom electrode. Only (002) crystalline

orientation is observed for AlN, indicating the AlN film

exhibits the preferred c-axis orientation which is critical for

achieving high-performance FBARs.

First, the frequency response of the FBAR reflection

coefficient S11 in the dark is measured using a vector net-

work analyzer and microprobe station. The IFBW is at

100 Hz and 1601 data points are obtained over the specified

frequency range. Figure 2(a) shows the S11 parameter for a

typical FBAR. For this device, the serial resonant frequency

(fs) and parallel resonant frequency (fp) are 2.395 GHz and

2.449 GHz, respectively, yielding a coupling coefficient K2
eff

of 5.39%, where K2
ef f ¼ p2

4

fp�fs
fp

� �
. The quality factor at the

resonant peak (2.409431 GHz) is 485, calculated from the

measured results using the phase gradient method.5

Next the photoresponse of the FBAR to visible light is

characterized at wavelengths of 650 nm (red), 532 nm

(green), and 405 nm (purple), respectively. The initial power
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density of the laser is set at 5 mW/cm2. The spanned fre-

quency range is 3 MHz with the center frequency at the reso-

nant peak of S11. This gives rise to a noise floor of �2 kHz

for the number of data points measured. The measured data

are to reveal small resonant frequency shifts due to illumina-

tion, as shown in Fig. 2(b). When the FBAR is illuminated

with green or red laser, there is no resonant frequency shift

but only a small difference in the S11 magnitude. However, a

frequency downshift of 123 kHz appears when the sample is

illuminated with purple light.

To study the dependence of the frequency shift on the

power density of the purple light, we have characterized the

FBAR with power densities between 5 mW/cm2 and 40 mW/

cm2, and the results are shown in Figure 3. The frequency

downshift increases with increasing power density of the

purple light, with a downshift of 1313 KHz at 40 mW/cm2.

This corresponds to a minimum detection power of 6.09 nW,

assuming a resonant area of 0.01 mm2. It is important to note

that the S11 spectrum returns to its dark version immediately

after the light is turned off, indicating a fast response of the

AlN-based FBAR to illumination.

Before examining the exact origin of the visible-light

photoresponse of the AlN-based FBAR, we have determined

that the observed frequency downshift is not due to the tem-

perature change of the FBAR. The time required for obtaining

a S11 spectrum is less than 1 s and the frequency downshift

occurs instantaneously after the light is turned on. Even if the

entire laser energy is converted to heat, the temperature

increase will not exceed 0.3 �C when the laser power density

FIG. 1. (a) Schematic cross-section of

AlN-based FBAR (not to scale). (b)

Top-view photograph of a fabricated

FBAR. (c) AFM image of AlN film sur-

face morphology. (d) XRD spectrum of

AlN film on Pt/Ti bottom electrode.

FIG. 2. (a) Measured S11 for an AlN-based FBAR in the dark; (b) S11 spec-

tra for an-AlN based FBAR under illumination at three wavelengths.

FIG. 3. Resonant frequency downshift of an AlN-based FBAR versus purple

light power density.

191914-2 Zhou et al. Appl. Phys. Lett. 102, 191914 (2013)



is 40 mW/cm2. Assuming a temperature coefficient of

�19.5 ppm/ �C for the fabricated AlN-based FBAR, this tem-

perature increase will induce a frequency shift of at most

�14 kHz, which is two orders of magnitude lower than the

frequency downshift observed in the experiment.

Generally, the resonant frequency of the FBAR is given

by f0¼va/2 d, where d is the AlN thickness and va its acoustic

velocity given by va ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
C33þe2 =e3

q

q
, with C33 and e3 being the

elastic and dielectric constants along the thickness direction,

respectively, and e the piezoelectric constant. We argue as

follows that the sub-bandgap photoresponse of the AlN thin

film is the origin of the observed frequency downshift under

purple illumination. AlN is a direct-gap semiconductor with

a bandgap of 6.2 eV (corresponding to photon wavelength of

200 nm), and using doped single-crystal AlN thin film for

210 nm deep-ultraviolet laser emission has been reported.11

In our study, the illumination laser is in the visible range,

suggesting that the photoresponse of the FBAR is not due to

the direct bandgap because of the much lower photon ener-

gies used. Since the AlN film used in this study is polycrys-

talline, it is very likely that photoresponses from states in the

bandgap due to the defects such as oxygen and nitrogen

vacancies in the sputtered film are responsible for the signifi-

cant frequency downshift. Further, ultraviolet emission with

wavelengths longer than 200 nm was obtained utilizing AlN

nanostructures synthesized by different methods.12,13 When

the AlN thin film is illuminated with purple light, the photo-

generated charge carriers contribute to an increase in the ca-

pacitance of the AlN film. This is equivalent to an increase

in the dielectric constants e3, which in turn decreases the

acoustic velocity propagated along the thickness direction.

Accordingly, the resonant frequency of the AlN-based

FBAR decreases.

To extract changes in the dielectric constants, the

measured S-parameters are converted to admittance or

Y-parameters. The imaginary part of the input admittance is

mainly due to the static capacitance of the FBAR at a lower

frequency than the resonant frequency. An estimation of the

decrease in acoustic velocity due to the change of static

capacitance is presented as follows.

Consider the case of 40 mW/cm2 power density resulting

in a downward frequency shift of 1313 kHz, the increase in

the static capacitance is 1.3% (xC0 changes from 0.0153 S to

0.0155 S at 1 GHz). Using the material constants of AlN:14

q¼ 3260 kg/m3, C33¼ 395 GPa, e3¼ 11, and e¼ 1.55, the

dark acoustic velocity and the acoustic velocity under illumi-

nation are computed as 11346 m/s and 11342 m/s, respec-

tively, yielding a frequency downshift of 892 kHz. There is a

small discrepancy between the measured downshift of

1313 kHz and this estimated value, which is attributed to fre-

quency dependence of the static capacitance. Since we cannot

determine directly the static capacitance near the resonant fre-

quency because of acoustoelectric interference, the static

capacitance extracted at a lower frequency is probably slightly

different from that closer to the resonant frequency.

Nevertheless, such estimation confirms the validity of the pro-

posed mechanism that provides a simple interpretation of the

visible-light sensitivity of the AlN-based FBAR.

In summary, AlN-based FBAR with a working fre-

quency of 2.4 GHz has been designed and fabricated and its

photoresponse to various visible-light illuminations has been

studied. While there is no observed frequency shift under red

and green illumination, a resonant frequency downshift

of 1313 kHz is observed under purple illumination with

40 mW/cm2 power density, corresponding to a minimum

detection power of 6.09 nW. A sub-bandgap photoresponse

of the AlN thin film due to the presence of defects is proposed

to explain this visible-light photoresponse phenomenon.
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