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We have derived a general formula for sensitivity optimization of gravimetric sensors and use it

to design a high sensitivity gravimetric sensor using unidirectional carbon fiber epoxy composite

(CFEC) guiding layer on (1-x)Pb(Mg1/3Nb2/3)O3-xPbTiO3 (PMN-xPT) single crystal substrate.

The normalized maximum sensitivity ðjSf
mjkÞmax exhibits an increasing tendency with the

decrease of ðh=kÞopt: For the CFEC/[011]c poled PMN-0.29PT sensor configuration with k ¼ 24 lm,

the maximum sensitivity jSf
mjmax can reach as high as 1230 cm2/g, which is about 3 times that

of a traditional SiO2/ST quartz configuration gravimetric sensor. VC 2013 AIP Publishing LLC.

[http://dx.doi.org/10.1063/1.4817266]

Love-mode acoustic wave sensors have been employed

in liquids and gases for biochemical applications and gas

contamination detections.1,2 It is known that Love waves

exist only when a thin layer is attached on a substrate, and

the velocity of the shear wave in the layer must be slower

than that in the substrate.3 At present, almost all Love wave

devices use ST-quartz as the substrate material.1–6 By

analyzing the gravimetric sensors made of fused quartz, pol-

ymethylmethacrylate (PMMA), SiO2, ZnO, etc., as the wave-

guide layers, a general guideline for improving the device

sensitivity has been summarized: the waveguide material

should have low shear velocity, low density, and low acous-

tic attenuation.7,8 In a Love mode device, insertion loss can

be reduced by selecting a substrate with larger electrome-

chanical coupling coefficient.9 In recent years, a new genera-

tion of relaxor-PT piezoelectric single crystal materials have

been developed, including Pb(Mg1/3Nb2/3)O3-xPbTiO3

(PMN-xPT) single crystals, whose piezoelectric effect is five

times as high as that of Pb(Ti,Zr)O3 (PZT) piezoelectric

ceramics and their electromechanical coupling factors is bet-

ter than 90%.10 In particular, the electromechanical coupling

coefficient k32 of [011]c poled PMN-0.29PT single crystal

reached as high as 94% and the piezoelectric constant d32

reaches �1883 pC/N at room temperature.11 The PMN-xPT

single crystals possess high electromechanical coefficients,

which help enhance the efficiency of converting electrical

energy into mechanical energy (and vice versa). Hence, the

sensor performance can be improved due to the increase of

the efficiency. It is expected that gravimetric sensor made of

PMN-PT single crystal substrate can offer high sensitivity

due to the confinement of the acoustic energy to the sensing

surface. In order to design higher sensitivity gravimetric sen-

sors, it is important to know the optimal design parameters

in a specific sensor configuration.

Partial wave theory is the most commonly used method

for analyzing acoustic wave propagation in anisotropic

materials.12–15 In this work, we have derived the dispersion

relation of Love wave by employing partial wave theory for a

specific sensor structure using PMN-xPT (x¼ 0.28–0.33) sin-

gle crystals poled along [001]c, [011]c, and [111]c pseudo-

cubic directions as substrates. Based on modal analysis and

perturbation theory, optimal parameters have been derived for

designing a gravimetric sensor with a unidirectional carbon

fiber epoxy composite (CFEC) waveguide layer. More impor-

tantly, a general design rule to improve the sensitivity of such

sensors is presented for the selection of substrate materials.

The wave guiding layer and piezoelectric substrate are

bonded as shown in Fig. 1. It is a basic structure supporting

Love waves without the mass-loading layer. The substrates

are Pb(Mg1/3Nb2/3)O3-(0.28–0.33)PbTiO3 single crystals

poled along [001]c, [011]c, and [111]c pseudo-cubic direc-

tions. The elastic wave equations in the media are given by

q
@2uj

@t2
� cijkl

@2uk

@xi@xl
� ekij

@2u
@xi@xk

¼ 0; (1a)

eikl
@2uk

@xi@xl
� eik

@2u
@xi@xk

¼ 0 ði; j; k; l ¼ 1; 2; 3Þ; (1b)

where q is the density, cijkl is the elastic stiffness tensor com-

ponent at constant electric field, ekij is the piezoelectric coef-

ficient tensor component at constant strain, and eik is the

dielectric permittivity tensor component at constant strain.

FIG. 1. Illustration of the sensor design and the coordinate system.
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The particle displacements and the electric potential in the

media can be written as

uj ¼ aj expðikbx3Þexp½ikðx1�vtÞ�; (2a)

u ¼ a4 expðikbx3Þexp½ikðx1�vtÞ�; (2b)

where v is the phase velocity, k is the magnitude of wave

vector k, b is the decay coefficient along x3, a’s give the rela-

tive amplitudes. Since the guiding layer thickness h is finite

and the substrate is considered infinite half-space (assumed

that the thickness of substrate is much greater than the wave-

length), the general solution of the displacements and the

electric potential can be written as16

ûj ¼
nX

n

Cna
ðnÞ
j expðikbðnÞx3Þ

o
exp½ikðx1�vtÞ�;

ðn ¼ 1; 2; � � � ; 8Þ; (3a)

û ¼
nX

n

Cna
ðnÞ
4 expðikbðnÞx3Þ

o
exp½ikðx1�vtÞ�;

ðn ¼ 1; 2; � � � ; 8Þ; (3b)

uj ¼
nX

m

CmaðmÞj expðikbðmÞx3Þ
o

exp½ikðx1�vtÞ�;

ðm ¼ a; b; c; dÞ; (3c)

u ¼
nX

m

CmaðmÞ4 expðikbðmÞx3Þ
o

exp½ikðx1�vtÞ�;

ðm ¼ a; b; c; dÞ; (3d)

where Cn and Cm are weighting factors of these partial waves

in the guiding layer and substrate, respectively. The symbols

marked with ‘̂ ’ are parameters of the waveguide layer to dis-

tinguish them from that of piezoelectric substrate.

At the surface (x3¼ h) of the basic structure, the traction

must vanish. The particle displacements and the three com-

ponents of stress tensor must be continuous across the inter-

face (x3¼ 0) assuming no slippery interface. The electrical

boundary conditions involve the continuity of the electric

potential and the normal component of the electric displace-

ment across both the surface and the interface. In the coordi-

nate system shown in Fig. 1, the boundary conditions of the

problem are as follows:

At x3 ¼ 0 : u1 ¼ û1; u2 ¼ û2; u3 ¼ û3; T31 ¼ T̂31;

T32 ¼ T̂32; T33 ¼ T̂33; u ¼ û; D3 ¼ D̂3; (4a)

At x3 ¼ h : T̂31 ¼ 0; T̂32 ¼ 0; T̂33 ¼ 0; D̂3 ¼ ke0û: (4b)

The traction stresses are expressed by

T3j ¼ c3jklð@uk=@xlÞ þ ek3jð@u=@xkÞ; (5)

and the normal component of the electric displacement is

given by

D3 ¼ e3klð@uk=@xlÞ � e3kð@u=@xkÞ: (6)

When being poled along [001]c, the PMN-xPT single

crystal has a 4 mm macroscopic symmetry,17,18 and the

macroscopic symmetry is orthorhombic mm2 for PMN-xPT

single crystal polarized along [011]c,
11,19 while the [111]c

poled PMN-0.33PT single crystal has 3 m symmetry at room

temperature.20,21 Although the theoretical maximum sensi-

tivity of a Love-mode sensor with a PMMA guiding layer

can reach a very high value, the design thickness is not prac-

tical because the PMMA material is very lossy.7,8 Hence, we

must search for a waveguide material with a low acoustic

absorption. The CFEC provides acoustic impedance compa-

rable to that of aluminum, so that CFEC with the fibers paral-

lel to the x1-axis is a good choice for the waveguide layer. In

order for the CFEC-on-PMN-xPT structure to fit the NP53

symmetry,16 the [111]c poled PMN-0.33PT single crystal is

rotated 90� (or 270�) about the [111]c to meet the symmetry

requirement. All three [001]c, [011]c, and [111]c poled

PMN-xPT single crystals are used as testing substrates, and

the wave propagation is along the x1 direction in our design.

This symmetry leads directly to pure Love mode. It should be

pointed out that the unidirectional CFEC is not elastically iso-

tropic. Substituting Eq. (2) and material constants from Table I

and Refs. 11, 17–20 into Eq. (1) and using Eqs. (3)–(6), we

can derive the related dispersion relation of Love waves

tanfkhd̂½ðv=v̂sÞ2 � 1�1=2g ¼ g
d

d̂

1� ðv=vsÞ2

ðv=v̂sÞ2 � 1

" #1=2

; (7)

where v̂s < v < vs (for exact real solutions of k), g ¼ c44=ĉ44;

d ¼ ðc66=c44Þ1=2; d̂ ¼ ðĉ55=ĉ44Þ1=2; vs ¼ dðc44=qÞ1=2; v̂s¼
d̂ðĉ44=q̂Þ1=2; and k¼2p=k: Using Eqs. (1)–(7), the distribu-

tions of Love mode displacements, normalized to the values at

the surface (x3¼h), can be expressed as

U
ð1Þ
ðx3Þ ¼ cosfkd̂½ðv=v̂sÞ2 � 1�1=2 hgexpfkd½1� ðv=vsÞ2�1=2 x3g;

ðx3 � 0Þ; (8a)

U
ð2Þ
ðx3Þ ¼ cosfkd̂½ðv=v̂sÞ2 � 1�1=2 ðx3 � hÞg; ð0 � x3 � hÞ:

(8b)

In practical sensor configuration, a thin mass layer

(density q3, shear modulus l3, shear velocity vS3, and thick-

ness d) is loaded on the surface of the guiding layer. Based

on the perturbation theory,23 the relative frequency sensitiv-

ity definition for a gravimetric sensor is given by3,7

Sf
m ¼

1

f0

lim
Dms!0

Df

Dms

� �
¼ 1

q3d

Df

f0

¼ �ð1� v2
S3=v

2
0Þ

2q̂CðhÞ ; (9)

where Df ¼ f � f0, f and f0 are the oscillation frequencies for

perturbed and unperturbed cases, respectively, Dms is the

mass per unit area, and CðhÞ is given by

TABLE I. Material constants of unidirectional carbon fiber epoxy composite

(CFEC) with fibers parallel to the x1-axis.

Elastic constants (1010 N/m2)a Density (kg/m3)a

c11 c12 c22 c23 c44 c55 q

12.6 0.67 1.37 0.71 0.33 0.58 1580

aReference 22.
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CðhÞ ¼
ð0

h

���Uð2Þðx3Þ

���2dx3 þ
q
q̂

ð�1
0

���Uð1Þðx3Þ

���2dx3: (10)

When the Rayleigh hypothesis is applicable, i.e.,

when the elasticity of the mass-loading layer can be ignored

ðv2
S3 ¼ l3=q3 ¼ 0Þ; the sensitivity formula can be simplified to

Sf
m ¼

�1

2q̂CðhÞ : (11)

Substituting Eq. (8) into Eq. (10) and then into Eq. (11) gives

the sensitivity equation

Sf
m ¼
�1

q̂h
1þ sinðb2hÞcosðb2hÞ

b2h
þ q

q̂
cos2ðb2hÞ

b1h

 !�1

; (12)

with b1 ¼ kd½1� ðv=vsÞ2�1=2; b2 ¼ kd̂½ðv=v̂sÞ2 � 1�1=2; and

k ¼ 2p=k ¼ 2pf=v:
The dispersion relations of Love waves for a [011]c poled

PMN-29%PT single crystal substrate with a CFEC guiding

layer structure are shown in Fig. 2. Each dispersion curve

starts at the shear horizontal (SH) wave velocity (3079.1 m/s)

of the PMN-0.29PT single crystal. At this speed, all higher

order Love modes have low-frequency cutoffs. At high fre-

quencies, the phase velocities of all Love modes approach

asymptotically to the shear wave velocity of 1916 m/s in

CFEC. For other composition PMN-xPT (x¼ 0.28, 0.30, and

0.33), single crystal substrates poled along [001]c, [011]c, and

[111]c, we can obtain similar dispersion curves.

Fig. 3 shows the relative frequency sensitivity jSf
mjk

for the first four modes of the CFEC on [011]c poled PMN-

0.29PT structure. We found that the first order mode pos-

sesses the highest ðjSf
mjkÞmax; and the changing trend shown

in Fig. 3 is consistent with theoretical expectations. For the

first order mode, the optimal ratio of the waveguide thick-

ness to the wavelength is ðh=kÞopt ¼ 0:172; the normalized

maximum sensitivity is ðjSf
mjkÞmax ¼ 2:951ð10�3 m3=kgÞ;

which is about 3 times that of a traditional fused quartz/ST

quartz configuration.3 Since the wavelength used in Ref. 2

was 24 lm, for the CFEC/[011]c poled PMN-0.29PT config-

uration, the optimal design parameters are h ¼ 4.128 lm,

f¼ 113.25 MHz, and the maximum sensitivity of jSf
mjmax

¼ 1230ðcm2=gÞ; which is the highest sensitivity achieved up

to date (see Table II).

Fig. 4 shows the relative scaled frequency sensitivity

jSf
mjk for the first order mode with CFEC/PMN-xPT configu-

ration. The peak data from Fig. 4 are listed in Table III,

which revealed that the maximum sensitivity ðjSf
mjkÞmax

increases with the elastic constant cE
66 for the [011]c poled

PMN-xPT single crystal, while the optimal ratio (h/k)opt

exhibits a decreasing tendency. For the [001]c poled PMN-

30%PT and PMN-33%PT single crystals (the two elastic

constants cE
66 are equal), the maximum sensitivity ðjSf

mjkÞmax

exhibits an increasing tendency with decreasing density.

FIG. 2. Dispersion curves of Love waves for a CFEC/[011]c poled

PMN-0.29PT single crystal structure.

FIG. 3. Relative scaled frequency sensitivity jSf
mjk for the first four modes in

a CFEC/[011]c poled PMN-0.29PT single crystal structure.

TABLE II. Maximum sensitivity jSf
mjmax for Love mode devices made of

different materials.

Basic structure jSf
mjmax (cm2/g)

CFEC/[011]c poled PMN-29%PT 1230

ZnO/90� ST-cut quartza 950

�1.55 lm PMMA/�2.2 lm SiO2/quartzb 640

SiO2/90� ST-cut quartzb 400

aReferences 4 and 5.
bReferences 3–5, 8, and 9.

FIG. 4. Relative scaled frequency sensitivity jSf
mjk for the first order mode

device with CFEC/PMN-(0.28–0.33)PT configuration.
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From Fig. 4 and Table III, one can find that the normal-

ized maximum sensitivity ðjSf
mjkÞmax is strongly dependent

on the elastic constant cE
66 of the piezoelectric substrate.

Thus, it is important to search for a substrate material having

larger elastic constant cE
66; lower density, and higher shear

velocity, in order to maximize the sensitivity of the gravi-

metric sensor. We found that the normalized maximum sen-

sitivity ðjSf
mjkÞmax increases with the decrease of (h/k)opt.

From the dispersion curve for the first order mode, we found

that the velocity increases with the decrease of h/k as shown

in Fig. 2. Because these PMN-PT single crystals have almost

equal density, the one with larger cE
66 possess higher shear

wave velocity. Therefore, among these crystals, the velocity

value at the optimal design has an increasing tendency with

decreasing (h/k)opt as shown in Table III. Obviously, the fre-

quency values at the optimal point have the same tendency

for a fixed wavelength (e.g., 24 lm). While for a given thick-

ness h the sensitivity can be raised by increasing the opera-

tion frequency in a specified sensor configuration,3 so the

increasing trend of ðjSf
mjkÞmax listed in Table III is due to the

increase of operation frequency. Since the unidirectional

CFEC can be fabricated by different carbon proportions, one

may use this advantage to optimize the density and elastic

constants for improving the performance of the sensor.

Therefore, the CFEC is a very promising waveguide material

and the high electromechanical coupling factor makes

PMN-PT single crystals, particularly [011]c poled PMN-PT

single crystals, ideal for making the substrate.

This research was supported in part by the National Key

Basic Research Program (973) of China under Grant No.

2013CB632900 and the NSFC under Grant No. 50602009.

1O. Tamarin, C. D�ejous, D. Rebière, J. Pistr�e, S. Comeau, D. Moynet, and

J. Bezian, Sens. Actuators B 91, 275 (2003).
2F. Moreira, M. E. Hakiki, F. Sarry, L. L. Brizoual, O. Elmazria, and P.

Alnot, IEEE Sens. J 7, 336 (2007).
3B. Jakoby and M. J. Vellekoop, Smart Mater. Struct. 6, 668 (1997).
4K. K. Zadeh, A. Trinchi, W. Wlodarski, and A. Holland, Sens. Actuators,

A 100, 135 (2002).
5K. K. Zadeh, A. Trinchi, W. Wlodarski, Y. Y. Chen, B. N. Fry, and K.

Galatsis, Sens. Actuators B 91, 143 (2003).
6M. D. Schlensog, T. M. A. Gronewold, M. Tewes, M. Famulok, and E.

Quandt, Sens. Actuators B 101, 308 (2004).
7Z. Wang, J. D. N. Cheeke, and C. K. Jen, Appl. Phys. Lett. 64, 2940

(1994).
8J. Du and G. L. Harding, Sens. Actuators, A 65, 152 (1998).
9J. S. Liu and S. T. He, J. Appl. Phys. 107, 073511 (2010).

10S. E. Park and T. R. Shrout, J. Appl. Phys. 82, 1804 (1997).
11F. F. Wang, L. H. Luo, D. Zhou, X. Y. Zhao, and H. S. Luo, Appl. Phys.

Lett. 90, 212903 (2007).
12C. W. Chen, R. Zhang, H. Chen, and W. W. Cao, Appl. Phys. Lett. 91,

102907 (2007).
13A. H. Nayfeh and H. T. Chien, J. Acoust. Soc. Am. 91, 1250 (1992).
14C. H. Yang and D. E. Chimenti, Appl. Phys. Lett. 63, 1328 (1993).
15C. H. Yang and D. E. Chimenti, J. Acoust. Soc. Am. 97, 2103 (1995).
16G. W. Farnell and E. L. Adler, in Physical Acoustics, edited by W. P.

Mason and R. N. Thurston (Academic, New York, 1972) Vol. IX,

p. 35.
17R. Zhang, B. Jiang, and W. W. Cao, AIP Conf. Proc. 626, 188 (2002).
18R. Zhang, B. Jiang, and W. W. Cao, J. Appl. Phys. 90, 3471 (2001).
19M. Shanthi, L. C. Lim, K. K. Rajan, and J. Jin, Appl. Phys. Lett. 92,

142906 (2008).
20R. Zhang and W. W. Cao, Appl. Phys. Lett. 85, 6380 (2004).
21R. Zhang, B. Jiang, and W. W. Cao, Appl. Phys. Lett. 82, 3737 (2003).
22C. Potel, S. Baly, J. F. de Belleval, M. Lowe, and P. Gatignol, IEEE Trans.

Ultrason. Ferroelectr. Freq. Control 52, 987 (2005).
23B. A. Auld, Acoustic Fields and Waves in Solids (Wiley, New York,

1976), Vol. 2, Chap. 12, p. 277.

TABLE III. Maximum relative scaled frequency sensitivity ðjSf
mjkÞmax and

optimal design of normalized layer thickness (h/k) for the first order mode

device with CFEC/PMN-(0.28–0.33)PT.

Piezoelectric substrate

cE
66

(1010 N/m2)a

ðjSf
mjkÞmax

(10�3 m3/kg) (h/k)opt

q
(kg/m3)a

[011]c poled PMN-0.29PT 7.67 2.951 0.172 8090

[001]c poled PMN-0.30PT 6.60 2.617 0.194 8038

[001]c poled PMN-0.33PT 6.60 2.607 0.196 8060

[111]c poled PMN-0.33PT 6.38 2.397 0.202 8060

[011]c poled PMN-0.28PT 5.83 2.311 0.212 8090

[011]c poled PMN-0.30PT 5.00 1.933 0.266 8150

aReferences 11, 17–20.

053507-4 Huang et al. Appl. Phys. Lett. 103, 053507 (2013)

http://dx.doi.org/10.1016/S0925-4005(03)00106-0
http://dx.doi.org/10.1109/JSEN.2006.890140
http://dx.doi.org/10.1088/0964-1726/6/6/003
http://dx.doi.org/10.1016/S0924-4247(02)00038-9
http://dx.doi.org/10.1016/S0924-4247(02)00038-9
http://dx.doi.org/10.1016/S0925-4005(03)00079-0
http://dx.doi.org/10.1016/j.snb.2004.03.015
http://dx.doi.org/10.1063/1.111976
http://dx.doi.org/10.1016/S0924-4247(97)01698-1
http://dx.doi.org/10.1063/1.3359660
http://dx.doi.org/10.1063/1.365983
http://dx.doi.org/10.1063/1.2743393
http://dx.doi.org/10.1063/1.2743393
http://dx.doi.org/10.1063/1.2775093
http://dx.doi.org/10.1121/1.402508
http://dx.doi.org/10.1063/1.109720
http://dx.doi.org/10.1121/1.413045
http://dx.doi.org/10.1063/1.1499567
http://dx.doi.org/10.1063/1.1390494
http://dx.doi.org/10.1063/1.2907702
http://dx.doi.org/10.1063/1.1842365
http://dx.doi.org/10.1063/1.1576510
http://dx.doi.org/10.1109/TUFFC.2005.1504021
http://dx.doi.org/10.1109/TUFFC.2005.1504021

