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Piezoelectric measurements were performed on large single cri&tais along the direction of

an a-quartz-type piezoelectric material, gallium arsenate, GaAsich allow us to extend the
structure-property relationships in the-quartz-type materials. These first measurements on
Y-rotated-cut plates have shown that gallium arsenate is the highest-performance piezoelectric
material of this group. As compared to the coupling coefficients of the other materials with the same
structure (kSi02=8%, kA|po4=11%, and kGapq=16%), gallium arsenate exhibits the highest
piezoelectric coupling coefficient of about 22%, as has been predicted by the structure-property
relationships. Moreover, from these piezoelectric measurementsCgheslastic constant was
determined and compared with elastic constants in quartz-type materials. The proposed value for the
cut angle of the AT plane in GaAsOs —6.3°. In order to extend the previous thermal stability
results, thermal gravimetric analy$iBEGA) and x-ray diffraction have been carried out on GagsO
powder at high temperatures. It has been shown that GaAsGtable up to 1030 °C. The
thermal-expansion coefficient of GaAs@® 4.0x 10°° K™1. The thermal expansion of the predicted

AT plane (Y-6.3° in GaAsQ, is shown to be similar to that of the other materials. Finally, it is
demonstrated that the intertetrahedral bridging amglé—0O-B) of GaAsQ is the most stable in
a-quartz materials, which enables one to predict that GaAsi@uld retain high piezoelectric
performances up to 925 °C. @005 American Institute of PhysidDOI: 10.1063/1.1874293

I. INTRODUCTION distorted materials, such as Ge&hd GaAsQ, for which the
intertetrahedraP—O-B bridging angled and the tilt angles
?f?etrahedral tilt angle with respect to thequartz structure
are, respectively, 130° and 25.7° for Geénd 129.6° and
26.9° for GaAsQ are predicted to exhibit a high piezoelec-
tric coupling coefficient(k=22%) and to have a very high
degree of thermal stabilit§}

Large single crystals of GaAsQ8 mm alongc axis

Over the past decades, many studies have been carri
out to develop piezoelectric materidig’with better proper-
ties than those of the most used materiatjuartz. The can-
didate materials are principallfxO, and ABO, (A=Si, Ge,
Al, Ga andB=P, Ag compounds. All these materials crys-
tallize in the P3,21 (or P3,21) space group with three for-

mula units per cell. The structure type adopted ABO, /
compounds is a cation-ordered derivative of thehave been synthesized by hydrothermal methods. X and Z

a-quartz-type structure with a doubledparameter with re- p!ates W?relzsprepared .in order to rrle_asure dieI’eEtric constants
spect to that of théO,-type materials. e11@ndeg; " The obtained value®;;=8.5 ands3,=8.6) are
Structure-property relationships have been developed fothe.h'ghegst measured farquartz-type materials. The linear
these material&—° The evolution of various physical, elas- Variation® established betweest, and the coupling coeffi-
tic, thermal, dielectric, and piezoelectric properties has beefi€ntk can be used to predict the high piezoelectric proper-
determined in terms of the crystal structure of the varioudies for GaAsQ and particularly a coupling coefficient of
compounds. In the case of quartz, the piezoelectric prop- about 22%. Up to now, no piezoelectric measurements have
erties degrade beginning above 300 °C, well beforedh@  been performed on this material.
transition at 573 °CG! In contrast, based on these relation- In the first part of this paper, the results obtained on
ships, the most distorted structures could be expected to givé-rotated cut crystals are presented. The cut angle is very
rise to the highest-performance materials. Indeed, the mosiose to the value predicted from structure-property relation-
ships. The structural quality was checked by x-ray topo-
dauthor to whom correspondence should be addressed; electronic mafraphic methods and piezoelectric measurements were per-
ocambon@Ipmc.univ-montp2.fr formed on theseY-rotated plates. The first piezoelectric
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X-ray topography was used to check the structural qual-
ity of the GaAsQ crystal. This method corresponds to a
Laue experiment. Due to the very high x-ray absorption of
GaAsQ, synchrotron radiation of DCI ringLURE, Orsay
was used. Each lattice plane is in diffraction condition for
one wavelength and its harmonics in the white spectrum,
which allows us to obtain one image of the crystal for each
diffraction vector. Dark contrasts on the obtained photo are
due to structural defects such as dislocations, twins, or inclu-
sions.

Piezoelectric measurements were performed by the air-
gap method with nonadherent electrodes on the plates. The
air-gap setup used for these measurenfon provide air
gaps varying from zero to several tens of microns with an
absolute accuracy and a reproducibility of 1 om®. Gaps
smaller than this can also be obtained by detecting the con-
FIG. 1. GaAsQ single crystals. tact of the probe with the sample based on the onset of a
larger attenuation and the change of the response. In the

measurements on GaAs@re presented and the results arePresent study, as small gaps as posdialew microns have
used to extend the structure-property relationships ifpeen chosen while avoiding the contact between the_ probe
a-quartz-type materials. In the second part, the thermal stz2"d the sample. The upper electrode was a 5-mm-diameter
bility of GaAsQ, is investigatedn situ by thermal gravimet- rod of Invar with a polished flat face and the lower electrode
ric analysis(TGA) and x-ray diffraction on powder samples. & gold thin film deposited on a flat piece of polished silica. A
Finally, a-quartz-type materials are compared in terms ofHewlett-PackardHP) network analyzer was used to measure

piezoelectric properties and thermal stability to define theith® Piézoelectric performancegesonance Fr and antireso-
field of application. nance Fa frequencies and coupling coefficientThe thick-

ness of the plates was measured by a micrometer with an
accuracy oft1 um.
Il. EXPERIMENT In order to investigate the thermal stability of GaAsO

TGA was performed up to 1250 °C using a Setaram Labsys

Gallium arsenate crystals and powder were prepared by, ment. 190.1 mg of GaAsQpowder were introduced
a hydrothermal method in a polytetrafluorethyld®FE- 15 4 platinum crucible. The heating rate was 5°/mn. The

lined autoclave as described prewou’saly?he faces of a se-  gjgna) of the crucible was subtracted from the experimental
lected crystal were indexed by x-ray diffraction using aN agylts

Enraf-Nonius CAD4 diffractometer. The crystal was cut with High-temperature x-ray powder-diffraction measure-
a Well 4240 single-wire saw. The geometry of the crystaly,anis’ were performed on a PANanalytical X'Pert diffracto-
!eads us to study only one directionyYarotated cutbelong- meter equipped with an X'Celerator detector using Ni-
ing to the IEEE orthogonal referencds The cut angle was filtered, Cu Ka radiation. GaAs@ powder, which had been
checked by x-ray diffraction with the diffractometer de- ground and passed through a 20-sieve followed by an-
scribed above. In order to improve the piezoelectric respons:ﬁea"ng at 800 °C(to eliminate the hydrated compounds
of t_he_ samples, the thickness of the plates was reduced qaxlentually present in the powdewas placed in the sample
polishing. holder of an Anton Paar HTK 1200 high-temperature oven
chamber. X-ray diffraction data were obtained over the 19°—

.
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FIG. 3. X-ray topography of &-rotated plate of GaAsp (The two white
FIG. 2. Orientation of theér-rotated-cut plates. bars at the extremities of the sample are due to the supports.
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TABLE I. Air-gap piezoelectric results.

Third or fifth overtone Fundamental mode Overtone order k Wave velocity Cés
(MHz) (MHz) (n) (%) (m/9) (GPa
Samplel
(d=0.195 mn)
16.690 39 5.435 84 3.0704 25.65 2176 18.8
16.691 46 5.435 84 3.0706 25.69 2176 18.8
16.690 39 5.460 3.0568 23.02 2175 19.0
16.691 46 5.460 3.057 23.06 2175 19.0
Sample2
(d=0.194 mn)
16.833 62 5.519 65 3.0498 21.53 2182 19.2
16.834 57 5.519 65 3.0499 21.57 2182 19.2
16.833 62 5.53301 3.0424 19.86 2181 19.4
16.834 57 5.53301 3.0426 19.90 2181 19.4
16.833 62 5.552 47 3.0317 17.17 2180 195
16.834 57 5.552 47 3.0319 17.22 2180 19.5
28.009 06 5.519 65 5.0744 19.62 2175 19.3
28.0018 5.519 65 5.0731 19.45 2174 19.3
28.009 06 5.53301 5.0622 17.93 2175 19.4
28.0018 5.53301 5.0609 17.74 2174 19.4
Sample3
(d=0.189 mn)
17.062 25 5.611 61 3.0405 19.42 2153 18.9
17.065 06 5.611 61 3.041 19.54 2154 18.9
17.068 01 5.611 61 3.0416 19.66 2154 18.9
Average 20.47 2173 19.2

124° range in 2 over the temperature range up to 925 °C.perature for GaAsQ, should be—5°. This value was se-
Acquisition times were approximately 3 h. Rietveld refine-lected to cut the crystal. After cutting, the orientation of the
ments were performed with the pI’OgI’aHII]LLPROF.Zl Dueto plates was checked by x-ray diffraction. The plane of the
the relatively low scattering factor of oxygen, soft constraintsplates is(041), which corresponds to a cut angle ©6.26°
were applied to the Ga—O and As—O distances. which is in the same range as the target value-6f.

X-ray topography(Fig. 3) of the plates indicates the high
structural quality of the raw material that is necessary to
undertake very accurate piezoelectric measurements. Only a
A. Y-rotated cut plates few contrasts indicate the presence of certain defects. The
black point in the middle of the photo probably corresponds
to a solvent inclusion. The general aspect of the plate is due
to the surface state of the plate which is not of optical qual-

Ill. RESULTS AND DISCUSSION

After growing GaAsQ crystals%8 their faces were in-
dexed by x-ray diffractior(Fig. 1) and Y-rotated-cut plates
were sawn(Fig. 2). A Y-rotated cut is a plate whose surface :
is parallel to the crystallographig axis and produces an ity.
angle (termed cut anglewith the z axis. Structure-property
relationship§2 show that the angle for an AT cgathermal
cut: lowest variation of the resonance frequency with tem-1. Air-gap measurements

B. Piezoelectric characterizations

In the air-gap measurements, complex responses were
observed for the fundamental mode for nearly all the

60 1

——TanX ]
2(5)' —=— /K2 (Si0,) =3 samples, which display many resonances between the ex-
451 n=1 {4 XK (AIPO,) ] pected resonance frequency of the thickness shear mode and

a frequency slightly above the expected antiresonance fre-
quency. This kind of response is due to the coupling of the

thickness shear with several plate modes most probably due
to the boundary conditions at the edge of the plate. The re-
sponse for the third overtone was generally more conven-
tional with less modes and often several resonances very
close to the strongest. The fifth overtone was generally weak
with one or two resonances. No resonance that can be defini-
tively assigned to the seventh overtone was observed in any
FIG. 4. Graphical resolution of tat=X/k? with X=nmaw,/ 2w, for the four ~ S@Mple. The first resonance frequencies observed for two
well-known a-quartz-type materials. samples are given in Table I. In this table, the results given
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TABLE Il. AT-cut characteristic parameters of the well-characterizeduartz materials compared to the
corresponding experimental values obtained for GaAsO

Sio, AIPO, GaPQ
Material (Ref. 32 (Ref. 5 (Refs. 33and3p GaAsQ
AT-cut angle(®) —35.15 —33.02 —-15.9 —6.3
Cristallographic plane for AT cut  (012) (047) (043) (041)
A-O-B angle(°) 143.2 142.4 134.2 129.6
Coupling coefficienk (%) 8 11 16 21-23
Ces (GPA 40 29.4 22.38
C.: (GPa 86.79 69.3 66.58
Cy1, (GP3 6.79 10.5 21.81
Cy3 (GPa 12.01 13.5 24.87
Cy3 (GPa 105.79 88.6 102.1
Cu4 (GP3 58.21 43 37.66
Cui, (GP3 18.12 13 3.91
Ces (GPa 28.9 21.6 21.3 19.2
Density (g/cn) 2.64 2.63 3.57 4.23
AT-cut wave velocity(m/s) 3307 2863 2442 2173
for the samples 1 and 2 were obtained with the same fdate 4K?
polished for the sample 1, and slightly etched for the sample ®a= wr(@ +1), ©)

2).
The calculations were made using the one-dimensionavhereV is the wave velocityd the thickness of the plate,

model for thickness she&t?* This model, in which in the andp the density(4.23 g/cni for GaAsQ).

present case one thickness mode is excited, leads to the fol- C is the stiffened elastic constant of the shear mode. In

lowing expression of the electrical impedance of the resonaorder to take into account the piezoelectric effect, a

tor: correctiod” has to be applied using the following equation:
C=C(1-13). (4)
JtanX ) N7, ) ) )
Z(wy) =~ 1-k*—— | with X= : (1) After this correction, the elastic constaBit(element of
ja)rCO X 20)a

the Christoffel matrix refers to constanD and is compa-

wherek is the coupling coefficient of the mod€, the static rable to the value obtained by conventional methods such as
0 . . .
capacity,o, is the resonance frequency of thth overtone, Brillouin scattering or pulse echo measurements.

w, is the antiresonance frequency of e overtone, and The principle of the calculation is to take for each
isathe order of the overton@ is an odd number ' sample one resonance of an overtgngand one resonance
At any resonance frequency of any overtoneOf the fundamental mode to compute the ratio of their fre-
(n): Z(w,)=0 and tarX=X/k2 guencies. For the “true” thickness shear mode, this ratio
' ' should be greater thamdue to the properties of the roots of
— the Z(w)=0 equation(sincek<1). If this is the case, with
X = MmO _ od with V = wai - \/§ (2)  9raphical resolution(Fig. 4) and considering the previous
2wy 2V n P equations it is possible to solve simultaneously #e)=0
equation for the two modes and extract the coupling coeffi-
and cient k, the wave velocityV, and consequently the elastic
3400 T T T T T T T T T T T T T L} T
SiOs 0
3200+ E ] \
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’é? 3000 | aro, ] g
% 2800 1 é 20
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2200} j
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FIG. 5. Wave velocity of the shear mode vibrati@ssociated with th€gg
elastic constantof the AT cut in thea-quartz materials. FIG. 6. TGA measurements on GaAs@owder.
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TABLE IIl. Unit-cell parameters, volume, and agreement factors for GafeOa function of temperature.

T(°C) a(A) c(A) Vv (R3) Rp Rwp B
25 4.9971) 11.3861) 246.21) 30.7 17.3 9.98
200 5.0111) 11.3931) 247.71) 32.1 17.5 11.4
400 5.0291) 11.4021) 249.71) 32.9 17.4 10.7
600 5.0471) 11.4111) 251.71) 33.2 17.0 10.5
800 5.06%1) 11.4191) 253.11) 34.6 17.3 10.1
850 5.0691) 11.4211) 254.1) 36.1 17.6 11.1
925 5.0771) 11.4251) 255.01) 36.2 17.5 10.9

constantC of the considered thickness shear mode. It can b¢he piezoelectric properties w-quartz-type materials. Based
observed on Fig. 4 that the gap between Fr and Fa increases these results, it was predicted that GajsBould be an
with high electromechanically coupled materials such agxcellent piezoelectric materfalwith high coupling coeffi-
GaAsQ,. This property is often required for large band pi- cient(22%) for an AT-cut angle nea+5°. These first experi-
ezoelectric filters, for example. The elastic constants meamental results ofy—6.3°-rotated cut confirm this prediction.
sured under piezoelectric excitation are corrected as abov&he coupling coefficient of GaAsQs found to be almost
In the present case, the samples émtated cuts for which 50% greater than that of GaR@Table II), until now the
the elastic constant termetf is calculated from the previ- most highly coupled material of this material family.

ous Egs(2) and(4) and is related to the cut angteby the From the elastic constants and the well-known AT-cut
following relationship: angle 6 of the a-quartz materialsC¢g values are determined
CLy= CagSirP 6+ Cog COL 0+ 2C,4 COSOSiN 6. 5) and the wave velocity of the AT cut is compared to the ex-

perimental value found in the case of GaAg@able ). If it
These calculations were performed for all measureds reasonable to consider a linear variation of the wave ve-
modes near the expected fundamental resonance of the thidkcity values in terms of distortion in th&BO, materials
ness shear mode and of its overtofiEsble ). These results (Fig. 5, the experimental value of 2173 m/s fits very well,
indicate that gallium arsenate has the highest coupling coefvhich confirms the value of 19.2 GPa for tB§, constant of
ficient among all known quartz analogs and the lowest wavé&aAsQ,. Moreover, this result confirms that the AT-cut angle
velocity. Some scatter is observed certainly due to differshould be near this experimental value-66.3°. It must be
ences in the materialimpurities or solvent inclusionsof noted thatAO, materials(i.e., SiQ,) are not included in this
these samples. The lowest values tend to underestimate thisear variation because this type of material is built up of
average coupling coefficient, whose value can reach 22% anly one type of tetrahedroAQ,.
23%.
The average values show, from the point of view of pi-
ezoelectric properties, that GaAgCas was predicted, is a C- Thermal behavior
promising material with a high coupling coefficient. It must 1. Thermal analysis
be noted that these first measurements have been made using TGA results(Fig. 6 up to 1250 °C indicate the begin-

t_he air-gap method. Thus,_ the piezoelectric _values and paF{ing of the weight loss at 1030 °C which reaches 46% at the
ticularly the Q value (quality factoj can be increased by

manufacturing conventional resonators with adherent thinEand of the run. This weight loss corresponds to the thermal

film electrodes. TheCg, value obtained from the present decomposition of GaAspollowing the reaction:
measurements is 19.2+0.2 GPa. 2GaAsQ — Ga05 + As,Os.

X-ray diffraction measurements performed on a powder
before and after TGA analysis confirm this reaction. No pres-
In previous studie$'*® many authors have established ence of AsOs is found in the recovered G@; compound

different relationships between the structural distortion andecause A: is not stable and sublimes at 315 2T’

2. Compatrison to the other a-quartz-type materials

TABLE IV. Fractional atomic coordinates and isotropic atomic displacement paranid®ref GaAsQ as a function of temperature. Trigon&3,21 Z
=3, Ga: & sites(x,0,1/3, As: 3b sites(x,0,5/6), O: 6¢ sites(X,Y,2).

T(°C) x (Ga) X (As) Biso (Ga,A9 X(Oy) y(Oy) Z(0,) X(Oy) y(0,) 2(0,) Biso(O1,0,)

25 0.45191)  0.452Q2) 2.502) 0.385512 0.304314) 0.38885) 0.402717) 0.292613) 0.87294)  3.3013
200  0.45281) 0.45432) 3.063) 0.383515 0.301G14) 0.38935) 0.401516) 0.288913) 0.874G4)  2.9713
400  0.45411) 0.45632) 3.513) 0.382214) 0.297513 0.390@5) 0.396115 0.281713) 0.87614)  3.5113
600  0.45501) 0.45782) 3.753) 0.383%14) 0.296713 0.390G5) 0.403916) 0.285413) 0.875G4)  4.2614)
800  0.45561)  0.45902) 4.033) 0.387716) 0.298714) 0.38935) 0.400716) 0.280313) 0.87674)  4.4514)
850  0.45501) 0.45892) 3.973) 0.393518) 0.302716) 0.388@6) 0.403419) 0.283Q15 0.87605)  5.7716)

) )

925  0.45521)  0.45842 4.223) 0.388416) 0.298414) 0.38985) 0.401916) 0.280713) 0.87714)  5.2615)
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TABLE V. Intertetrahedral Ga—O-As bridging and tetrahedral tilt angfesin GaAsQ, as a function of

temperature.
T (OC) Ga—Q—AS (O) Ga—Q_AS (o) Ga—o_A%verage(o) 5avGan §a\ASO4 5av
25 130.53) 130.43) 130.43) 23.1(4) 27.54)  25.34)
200 130.63) 131.03) 130.83) 22.64) 26.94)  24.84)
400 130.93) 131.53) 131.21) 22.04) 26.04) 24.04)
600 131.43) 132.23) 131.83) 21.84) 26.14)  24.04)
800 131.93) 132.83) 132.43) 21.74) 25.44)  23.64)
850 132.24) 132.83) 132.54) 22.25) 2585  23.95)
925 132.43) 133.33) 132.83) 21.54) 2524)  23.34)
2. X-ray diffraction at high temperatures tertetrahedral bridging angles is linear up to 925 °C, whereas

a. Structural stabilityThe structural refinements for tem- the corresponding variation is linear only up to 800 °C for
peratures up to 925 °CTables IlI-V) are in good agreement GaPQ. This behavior leads us to conclude that the piezo-
with and complement the previous single-crystal x-ray dif-electric properties of GaAs{should be stable up to at least
fraction studies up to 800 °€. Very good agreement was 925 °C, whereas the piezoelectric properties of GaB&
obtained between experimental and calculated proff&s  grade beginning at 800 °€&.Thus, for GaAsQ resonators, it
7). The present values indicate that the Ga-O-As intertetrgg probably possible to increase the useful temperature range
hedral bridging angles are very stalleg. 8 in comparison by at least 125° compared to GapO
with those of other mate_rials. The slope of the curve inte- ~ p Thermal expansiorThe temperature dependence of the
grated up to 400°C is the lowest for GaAs@.1 (o) yolume was fitted with a linear function and the thermal

3o H i H 30
E:llq't 1K) 8'”7;‘{(';2?/'3K°” W|thdquartz(7.4>< 16ch “;)2' volume expansion coefficient of GaAs@ormalized at 298
erlinite ~ (8. ), an even aPQ5. K is found to bea,eg =4.0Xx 10° K. This value is in

X 1073 °/K). i -
107 °/K). Thus, GaAsQ is the most thermally stable ' o o range as that of quaitz’or berlinite®! As for the

a-quartz material. Moreover, the variation of Ga—O-As in- . ] . .
other aw-quartz materials, there is a preferential expansion
along thea axis: amog =1.78x10° and aqgg 1=3.78

: x 1078,

F T=25°C ] It is proposed, based on the above piezoelectric results,

E ] to assign the AT-cut plane to tH@41) plane for which the
.t ] interplanar distance can be calculated from the x-ray dif-
N fraction data. It is thus possible to estimate the thermal ex-
z i pansion of the AT plane. By comparing thgr ¢,y at differ-

g 3 E ent temperatures relative to the value at room temperature, it
st ] is possible to determine the thermal-expansion coefficient for
L i ] the AT plane for each materiéFig. 9). Quartz and berlinite

E R 3 TAEY WS BEASIRAASLE S Ra.. exhibit important variations in the interplanar distance of the
i ; AT plane above 400 °C due to the-g transition. Linear
10 10 50 B %0 110 130 regressions ofdar ¢y @s a function of temperatur€l
2% <400 °Q permit the materials to be compared. GaA§@e-
sents an AT-plane thermal-expansion coefficient of
F T=925°C E
i 155 F ome .
Ok ] =+ | % Si0,
s | 1 150k e AIPO, |
) ; A Gapo,
& f 1 < sk " GaAsO, ||
5 f E Ei -
= F E & 140} A
E ! ||“ l W E O:
SN T N R 3 a5t ]
; ; : : ok i
10 30 50 70 90 110 130 \ N , \ \
26 (°) 0 200 400 600 800 1000

T(°O)
FIG. 7. Experimental+) and calculatedsolid line) powder-diffraction pro-
files from the Rietveld refinements of the structure of Gapsihe lower FIG. 8. Temperature dependence of the intertetrahdéeaD-B) bridging
curve is the difference curve between experimental and calculated profilesngle ina-quartz material¢see Refs. 29, 31, 35, and)36
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g & GaPO, a,,, = 1.28x10°K"
=T -1
= 0,995 v Si0, a,, = 132x10°K’
® AIPO,q,, = 1.83x10°K"
0.990 +— T . . . 7
0 200 400 600 800 1000
T(C)

FIG. 9. Evolution of the normalized interplanar distance of the AT plane as

a function of the temperature for the well-characterizedquartz materials
(see Refs. 29, 31, and B6

apT(208 =1.78X 107° K™%, which is the same as those of
thex (or y) axis(confirmation of the cut angle, which is close
to thexz plane and essentially identical to those of berlinite
(1.83x 10°° K™1). GaPQ and quartz exhibit the lowest val-
ues of 1.28<107° and 1.32x 10°° K™%, respectively.

IV. CONCLUSION

The first piezoelectric measurements on gallium arsenat
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