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In view of the numerous methods, often inconsistent, proposed
to quantify the OH content from IR measurements in the piezoelec-
tric materials as quartz and MX0, (M = Al, Ga and X = P, As)
quartz-like crystals, we have reinvestigated this determination.
This knowledge is very important, because it is closely related
to piezoelectric properties, in particular the Q factor, which is
drastically reduced by this impurity. After a brief overview of
previous studies deveted to quartz and berlinite crystals, we de-
velop o formula taking into consideration an anisotropic faclor,
¥, for the OH content distribution. This relation has been applied
to IR measurements of a berlinite bar. Then, the Cg,, content
can be directly estimated from the height, K, of ithe 3300 cm™!
absorption band: Cgyya14p Ppm = 907 K with an isotropic OH
distribution. © 1994 Academic Press, Inc.

INTRODUCTION

Infrared spectroscopy has long been used to character-
ize water molecules and hydroxyl groups bound to cations
inores (1-9). To prevent drastically decreasing piezoelec-
tric properties of materials like a-quartz and berlinite,
AIPO4, the OH content must be minimized (10-14). Un-
derstanding this problem involves accurately determining
their OH content and explaining how their mode of incor-
poration influences physical properties.

For a-quartz crystals, a careful study was first devel-
oped by Kats (15) for hydrogen atom incorporation and,
subsequently, much work has been devoted to answering
questions pertaining to qualitative and quantitative pur-
poses (16-23). Anothcr consequence of this OH content
is its role in material distortion under constraints (24-26).
In view of the strong similarities between properties and
behavior of a-quartz and berlinite crystals, results for a-
quartz have been extended to berlinite (14, 27-29).

These previous studies have demonstrated the impor-
tance of the OH defects for piezoelectric applications of
a-quartz and berlinite materials. Resuits obtained from
infrared spectrometry are strongly related to many fac-
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tors: sample orientation, beam polarization and ori¢nta-
tion, surface state, temperature, etc. All these parameters
are not always specified and make difficult any compari-
son between results. On the other hand, many equations
are proposed to quantify the OH content, but some ambi-
guities exist as regards their application.

Within the framework of our work involving the com-
pounds, MU"XV0Q, (M = Al, Ga, Fe; X = P, As) quariz-
like matcerials, we have first developed growth conditions
and quality decterminations of berlinite crystals (14). For
the OH content, a relation has been proposed to give a
semiquantitative idea. of this amount (12). Thus, one can
follow the OH content evolution in terms of crystal growth
parameters and, then, its influence on physical properties.
Unfortunately, this relation does not give an absolute
value of the OH content. Thus, relying on previous work
devoted to a-quartz, we have tried to quantify the OH
groups for berlinite crystals, taking into account their
orientation. Before developing our results, we recall the
main relations previously established.

1. RECALL OF PREVIOUS RELATIONS

Table | summarizes the different formula proposed to
quantify the OH and H,0 content in e-quartz and berlinite
crystals. These two major hydrogen species, H,C and
OH, can be easily differentiated using near infrared, NIR.
Indeed, molecular water shows an absorption near 5200
c¢m™! due to combination mode [stretching (Wavenumber:
3500cm™"} + bending (1650 cm ™'} modes] which is missing
for the hydroxy! groups. On the other hand, these OH
groups absorb nearly 4500 cm™! due to another combina-
tion mode {(stretching (3500 cm™") + bending Al-O-H
(950 cm ") modes] (5, 22).

In these different proposed relations, we can note some
important differences:

—Sometimes, the entire stretching absorption band is
integrated, whereas in other cases only its height is mea-
sured.

—The & value changes from one study to another.

--The anisotropic factor, v, which depends on the OH
distribution, is never taken into account.
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TABLE 1
Different Formulas Proposed to Quantify the —OH Content in Quartz and Berlinite Crystals
No. Formula Units Observations References
a-Quartz (Si0O,)
k: maximum absorption coefficient
1 c=| Ky _A H liter™ "ﬂwa."ert':mbcfr @1
150v(3780 — v} 1 ¥ - anisotropy factor
I:Integral molar absorption coefficient
A Integral absorbance from 3750 to 2400
2 C=1054,"—: OH/Si ppm em™! 22
polarized E L ¢
NIR
3 C = A" 45,35/ OH/Si ppm &: molar extinction coefficient for H,O (22)
Ele
Molecular water in fluid inclusions
4 C=Aled mole (H,0) liter™! 3400 cm™! 5
e = 81 liter mole™* cm™!
Unpolarized light
Af . K = [Edvid = integral absorption
> c= j Ed" =2.11K OH/Si ppm F=10°%/M (p = quartz density and a7
M = molar weight)
Unpolarized light incident 1, c-axis
6 N=216x 10K OH cm™ K = OH am with am = absorption as)
coefficient at the peak and
C=08tK OH/Si ppm H = corresponding halfwidth
7 _2A{em™) OH liter Unpolarized || to the c-axis G
3 14000
, 2 " T = transmission
8 _l {(1 - R [((1 —R)) zil ] R = reflectivity (23)
a = =lo + + R
4T 2T Unpolarized beam
9 = ";u_m%{hsm (10)
Berlinite (ALPO,)
o H,;0 ppm Used for 5i0; or AIPO,
10 ¢ = B8 oy by weight e = 77.5 liter mole™! cm™' 30
& = molar extinction coefficient
H,O(ppm)} = 1B,000/epd log I/T = 141 liter mole™' ¢cm™!
1 or formula derived from (13}
H,O{ppm) = 48.73/d log{{y/I} one suggested to measure
=483 the water content of B0,
a = 1/dlog I/I
a=1/d !03 TESW'JTHW
definition of « different
12 H,O(ppm) = 48.73 « between 11 and 12 (12)
a = Vd log(Tsge! Trap) Taeop and Tazpq = relative
background transmission
and peak absorption
HI(Al + P) atom. ppm () and f(#) = transmitted
13 C= 107 J'-muu log@dp Cujalspippm - 14.8 X and incident intensities at (28)
2500

d Iw)

107? = Cuoiamo,
weight

the wave number »

¢ A = absorbance, d = sample thickness (cm).
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In view of these differences, we have undertaken to
propose a new method to quantify the OH content in
berlinite crystals, taking all these previous remarks into
account.

II. PROPOSED FORMULA TO QUANTIFY THE OH
CONTENT IN BERLINITE BY IR SPECTROMETRY

Among the different methods already used, it seems
that the Paterson method (21) is the most suitable. In fact,
the same calibration can be used for a wide range of
compounds such as silicate glasses, quartz, and similar
materials. In this case, the distribution of OH orientation
is taken into account. The OH content can be estimated
with the maximum incertitude lower than 40%, which is
not a high value in comparison with the other methods.
Berlinite being a quartz-like material, this relation can
give a good approximation of the OH content related to
wide band absorption of berlinite crystals at 3300 cm™.

Using this calibration,

I = I’y = 150(3780 — 3300) = 72,000cm™!,  [I]
where /) is the equivalent integral molar absorption coef-
ficient for ideally oriented OH groups, in a direction paral-

lel to the electric vector of a plane IR polarized beam.
Then,

Coniter! = Aem ™2} = Aem™/vi;. (2]

If this value is expressed in terms of OH number group
per carrier atom, (Al + P), we have

Conat+Pppm = (108 M/2 X 10° d)(Alvi)), (3]
or
Coniia+pippm = 0-32240y, (4]
with
—M = molar weight — AIPO, = 122 ¢
—d = density — 2.634 for berlinite.

Next, the anistropy factor, v, for berlinite crystals must
be determined,

Determination of the Anisotropy Factor, v

This determination was based on the work of Kats (15)
with regard to quartz. Considering the # angle between
the OH bonds and the c-axis, and using a beam perpendic-
ular to the c-axis, the following anisotropy factors have
been proposed:
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TABLE 2
Infrared Absorption from a Berlinite Bar in Terms of Infrared
Beam Direction and Polarization Direction

Beam direction Polarization KF° K
|| to a-axis L to g-axis 1.81 1770

[ to a-axis 1.96 1880

| to c-axis 1 to g-axis 1.235 1270

| to a-axis 1.3 1310

* Ky = VdlAzp — Assw).
b Ky = 1/d [ Alv) do.

—beam polarization || to c-axis —
y = cos’ — absorption = K|
—beam polarization L to c-axis —
v = 1/2 sin’@ — absorption = K, .

For absorption bands of a-quartz located at 3435 and
3371 cm™!, the value of the ratio found at 78 X is

R=K,/Kj=65=1/21g% [5)

and corresponds to a @ value of 75°. On the other hand,
this R ratio converges to I when the hydroxyl c¢ontent
increases, showing that the OH distribution is becoming
isotropic (18),

Consequently, this method has been applied to berlinite
crystals, the absorption being computed either from the
difference between Ay and Aagy, or from the integrated
peak between 2500 and 4000 cm™'. The results are summa-
rized in Table 2 (see experimental details in the next para-
graph).

From these values and assuming that OH groups make
preferentially a @ angle with the c-axis, the anisotropy
factors corresponding to each possibility have been com-
puted and are given in Table 3,

Regardless of the experimental conditions (polariza-
tion), we can observe that the anisotropy factor brings
up a constant value close to 1/3, correspending to an

TABLE 3
Computed Anisotropy Factors for Berlinite Crystals

Infrared beam direction Polarization Anisotropy factor

| to c-axis In all cases 1/2 sin?0 = 0.326
|| to a-axis | to c-axis cos’0 = 0.349
1 to c-axis 1/2 sin’s = 0.337
Without 1/2 cos?@ + 1/4 sin’9

= 0.326
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TABLE 4
Different Formulas Proposed to Quantify the ~OH Content
in Berlinite

Isotropic hypothesis  Anisotropic hypothesis

Integral absorption COH,’(M+P)ppm = COH#(AHP)ppm = 0'3226"7
2500-4000 cm™! 0.966A
Absorption band Coaelier ' = Kie
at 3300 cm™! (e = 25.5 liter
mole~! ecm™Y)

CGHf(N+P)me = 907 K COH#'(N‘*‘P]})PITI = 302 Kl"}’

isotropic distribution of OH bonds. Indeed, the R ratios,
previously defined, can be considered as equal to 1:

—infrared beam L to c-axis R, = K,,/K,| = 0.95
Rz = KZJ_”KZH = 0.97

—infrared beam | to c-axis R; = 0.93 R, = 0.94,

Thus, we can assume that the distribution of the OH
group in the berlinite crystals is isotropic. Then, regard-
less of the polarization and the direction of the infrared
beam, ¥ = 1/3 and Eq. (4) becomes

Conrar+pyppm = 0.9664, (6]

where A is the absorption coefficient integrated between
2500 and 4000 cm™',

If only the absorption band at 3300 cm™' is taken into
account instead of the integral term, the ¢ value must be
known. As previously specified,

if COH(moleliler_l) =Kie=A/I (Wlth K= Alfd), then
e = IK/A

On the other hand, I = iy = 1/3-72,000 = 24,000 cm™".
From experimental measurements, with K = (Ay —
Asge)/d, an average value,

A/K =940cm™!,

can be obtained and then, ¢ = 25.5 liter mole ' cm ™', a
value which is much lower than the other ones known
(Table 1). Then,

COH.’(AHP)ppm =907K. [7]

We have summarized, in Table 4, the different formulas
that we propose to quantify the OH content of berlinite
crystals. These formulas have been applied to the infrared
measurements of a berlinite crystal, and are compared
with other formulas previously defined in Table 1.

109

L - )

P ] b
v
7

FIG. 1. Shape of the berlinite sample used for the infrared study
(6.0 mm along X, 12.2 mm along ¥, and 10.0 mm along ).

’

III. APPLICATION TO THE IR MEASUREMENTS OF A
BERLINITE BAR

lI1.1. Experiments

HI.1.I. Sample. The bar investigated is a parallelepi-
ped proceeding from a crystal obtained through hydro-
thermal crystal growth by the vertical temperature gradi-
ent method (14).

Its geometrical characteristics are given in Fig. 1 and
its situation with regard to the seed is shown in Fig. 2.
In order to compare easily the different methods, we have
chosen a crystal with a high OH content.

H1.1.2. Infrared spectrometer. The infrared spec-
trometer is a Fourier transform Brucker IF S113. Infrared
measurements have been undertaken at room tempera-
ture, under vacuum, with a 1- X 2-mm diaphragm in the
X and Y direction, Fig. 1 (X, ¥, and Z are three cartesian
axes. Z and X correspond to the ¢ and « crystallographic
axes, respectively}.

11.2 Resulrs

All the spectraare rather similar (Fig. 3) and the molecu-
lar water content at 5200 cm ! is weak. On the other hand,

FIG. 2. Schema showing the position of the investigated berlinite
bar with regard to the seed.
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FIG. 3. Example of an IR absorption spectrum of the berlinite bar
(incident beam paralle! to the Z-axis). The upper NIRS has a magnified
scale (x B).

the existing —OH groups (3000-3500 cm™") are only due
to hydroxyl groups M-~O-H (M = Al, P, or an impurity)
characterized by the absorption band centered on 4200
cm .

H1.2.1. Comparison between the different meth-
ods. The —OH content has been computed from the dif-
ferent methods previously described. The corresponding

results, for the same part of the crystal, are summarized
in Table 5.

DURAND ET AL.

These results show that the two methods, using the
integration of the absorption band or its height peak, lead
to very similar OH concentrations (Table 5). This seems
to demonstrate a rather good and equivalent accuracy of
these two calculations. Furthermore, these results are
close to those obtained from the expression proposed
by Boulogne er al. (28). This was expected because this
method is rather similar to those used in our work with
the integral absorption ¢oefficient. Nevertheless, the rela-
tion of Boulogne et al. leads to slightly higher Cp values.
In fact, these authors have just transposed the formula
given by Paterson (21) for quartz basal samples.

On the other hand, the formula suggested by Steinberg
et al. (12) gives much lower Cp,, values. This important
gap registered with our results can be explained by the
fact that these authors have used a Cyy retationship ob-
tained from an equation used to evaluate the water content
in boron oxide.

Thus, we think that the new proposed formula is ade-
quate for berlinite and, given that the height peak method
is easier to use, we chose this one to quantify OH content
in berlinite crystals.

I11.2.2. —OH distribution in the bar of berlinite. The
bar of berlinite, previously described, has been investi-
gated in X and £ directions, using the 3300 height peak
method, (Cogaripppm = 907 (Aszpp — Asze)) to follow the
—OH distribution during the growth. The results are given
in Figs. 4 and 5. On the bell-shaped curve (Fig. 4), the
—OH contentis in the range 900—1400 ppm. The maximum

TABLE 5
Comparative Results of the OH Content for the Same Part of a Berlinite Crystal
(Units : OH/(Al4+P)ppm)

C=487«

Formula (12) (28)

C = (.07 Tw)dviHp))id

C = 907(A300 — Asgoo)
{this work)

C = 0.966A
(this work)

IR beam || to
a-axis,
polarization ||
to c-axis

595 1895

IR beam | to
a-axis,
polarization L
to c-axis

645 2015

IR beam || to
c-axis,
polarization ||
to g-axis

403 1365

IR beam | to
c-axis,
polarization L
to a-axis

427 1405

1650 1710

1785

1820

1120

1230

1185 1270
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FIG. 4. Step scanning of the OH content of the berlinite bar in the
XZ-plane, along a direction paraliel to the Z-axis (see Fig. 2).

value corresponds to the central part of the crystat, that
is, for the nearest part of the seed. On the other hand, a
continuous decrease of the —OH content can be observed
when the seed distance increases (Fig, 3}. The faster dimi-
nution observed in the Z direction can be explained by
the fact that the V, growth rate (0.11 mm/day - face) is
weaker than the V. one (0.34 mm/day - face), knowing
that the Cy increases with the growth rate (14).

CONCLUSION

After an overview of the different IR methods used to
quantify the OH content in «-quartz and berlinite crystals,
we have proposed, from our IR study of a small bar of
berlinite single crystal, a new relation for OH concentra-
tion determination (Eq. 7). Thus, the IR specirometry
shows a gradual decrease of the OH concentration when

16004
g
=5
B4 1500-
[
3
._S: 140604
S
O 1300J
1200+ r
T L L T T ——
0.5 1.0 1.5 2.0 2.5 3.0
Posttion (mm)
FIG. 5. Step scanning of the OH content of the berlinite bar in the

XZ-plane and following a direction parallel to the X-axis (see Fig. 2).
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the seed distance increases. Furthermore, the OH de-
crease ts emphasized following the Z direction where the
growth rate is lowered in relation to the X direction.

On the other hand, in our field, investigating quartz
analog materials MX0,, we now apply this method to
GaPQ, available crystals,
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