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Effects of solvent and growth conditions on mechanical
Q of quartz single crystals
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Tho effects of basic sodium carbonate solvent, various types of lithium
salt dopants, and growth conditions on mechanical @ of synthetic
quartz crystals have been investigated. Varying concentrations of
bagic solvent wore used, with and without addition of measured quanti-
ties of lithium salt impurities. The impurities were lithium carbonate,
lithium nitrite, lithium nitrate and lithium fluoride. Largoe Y-bar single
crystals of quartz were synthesized in runs of about one month’s
duration. Novelopment of opacity in the erystals by X-ray irradiation
and heat-treatment was investigated and the average Q values of the
crystals were determined from infrared absorption measurements. Tt
is concluded that low growth rate resulting from fine control of experi-
mental variablos vields bhetter crystals and that there are certain
optimum concentrations of impurities and solvents which help in
improving quality of the crystals.

1. INTRODUCTION

For many years the quality of quartz single crystals synthesized in different
laboratorios was inferior to that of flawless natural quartz single crystals, and
much ondeavour was therefore directed to improving their quality. Adding
Li*+ to the hydrothermal solution, tried by King, Ballman & Laudise (1962),
rosulted in & marked improvement in quality of the synthetic erystals. Further
resoarch along this line (Ballman ef al 1966, Rudd ef al 1967, Toyocom 1970),
using NaOH solvent and LiNO, dopant, culminated in the production of crystals
having a mechanical @ as high as 2.5x 108, Sawyer (1972) has shown that syn-
thetic erystals grown at a slow rate in a Na,CO, medium, designated by him as
High @, possoss & maximum @ value of about 2.5x 108, Premium Q Grade Quartz,
reportod by Capone, Kahan & Sawyer (1971) has an oven larger value of Q, i.o.,
about 3x 108. Tt is certain that a lithium salt was used as dopant for production
of the latter, but it is not known whether it was grown in Na,CO4 medium. The
International Electrotechnical Commission (1971a, 1971b) has recently proposed
that the minimum @ for the best grade of synthetic quartz should be raised from
Q@>2x108 to Q>3x 108,

Mechanical @ is the reciprocal of acoustic loss or internal friction (Q-1) of a
crystal. Internal friction is a measure of the energy that is lost in a crystal in the
form of heat as the crystal unit operates and is related to imperfections in the
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crystal structure. Bocause of the small numerical valuos obtained, the reciprocal
of internal friction, namely mechanical @, has been widely used in describing
the quality of quartz provided the frequency and temperature ranges are speci-
fied.

The eoffects of growth condition, and varying concentrations of basic sodium
carbonate solvent and four types of lithium salt dopants (Li,CO;, LiNO,, LiNO,
and LiF) on mechanical Q of the crystals synthesized have been discussed in this
paper. Large Y-bar (about 3"-6” in length along the Y-axis) single crystals of
quartz were grown for this purpose in runs of about one month’s duration. Seven
runs of this series have already been reported in some other connection in an
earlier paper from this laboratory (Chakraborty & Saha (1973), Tablo 3).

2. ExPrRIMENTAL TEOHNIQUE

The method of growing the crystals has been described in great detail in
papers already published from this laboratory (Chakraborty et al 1973, Bandyo-
padhyay et al 1966).

Some of the Y-bar seed rods (approximately 0.1”x0.2" in cross-section)
were sawed from imported synthotic crystals. Some othor flawless natural quartz
Y -bar seed rods were kindly supplied by Messrs. Bharat Electronics Ltd., Tndia.
Seed-processing technique has been described in detail in another paper (Chakra-
borty et al 1973).
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Fig. 1. Relation between absorption coefficient of infrared radiation and @Q-values of
synthetic quartz (after Toyocom 1970)

The grown crystals were sectioned porpendicular to the Y.axis of quartz,
and then ground and polished to exactly S5mm. thick plates. Care was taken
to avoid the capped portions of the crystals since the natural face cappings (pre-
dominantly the major and minor rhombohedra of quartz) have been reported to be
covered by a very imperfect layer of growth (Lang et al 1967) which would
interfore with mechaniocal @ measurements of the thick polished plates.
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Pur 2. Irradiatod (i) and heat-troated (ii) procossed synthetio quartz single erystals (X —Z
plane)
(a) Crystal of run No. 1, table 1: @ = 0.256x 10°
(b) Crystal of run No. 1, table 1: @ = 0.32x 10°
(¢) Crystal of run No. 18, table 1; @ = 0.55x 108
(d) Crystal of run No. 3, table 1; Q = 0.80x 10°,
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Fig. 3. Heat-treated processed plates from synthetie quartz single erystals (X =7) pline)
(@) Crystal of run No. 21, table 1 Q  0.15> 10°
(b) Crystal of run No. 13, table 1 @ -= 0,16, 10°
(¢) Crystal of run No. 5, table 1 @ = 0.26> 14°
(d) Crystal of run No. 6, table 1 @ = 0.51 + 108
(e) Crystal of run No. 8, table 1 @  0.60 10°
(f) Crystal of run No. 3, table 1 Q = (.80 < 104
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Two photographs of each of the X-ray irradiated and heat-treated specimens
(the mothods of X-ray irradiation and heat-treatment are doscribed below) were
taken by transmitting a boam of parallel light through the polished plates
mounted on glass plate and exposing the photographie paper directly to the
beam. The plates of figures 2 and 3 therefore show the reverse print-out effect, i.e.,
the opaque and translucent regions becoming white and the transparent regions
bocoming dark. ‘

(i) X-ray trradiation

Polished plates processod from ten crystals (run nes. 1, 2, 3, 4, 10, 14, 16,
17. 18 and 19, table 1) wero irradiated with X-ray from an instrument opcrating
a0 KV,30mA. Exposure time given for cach sample was 1 hour and tungsten
targot was used*. Some of the irradiated crystals have been shown in figure 2.

(ity Infrared absorption measurement

The method of obtaining the moechanical @ values of the crystals involves
moasurcment of optical absorbanco of the polished platos in the near infrared
(3590 cm- ') rogion. Somo of tho measuremonts were carriod out with the highly
sensitive Hilger Watts infrared spectrophotometer (Model No. H 800) of the
mstitute with a 0.8 em X 0.2 ecm. vertical slit-type aperturo arrangement; most
measurements were however carried out with another Hilger Watts infrared equip-
ment with a 2 em. circular type of aperture arrangement.** Those two types
of measurements have been distinguished in table 1.

The optical ahsorption data are then converted to absorption coefficients
(2y500 ©M~1).  The absorption coefficient is moasured by subtracting the logarithm
of the absorbance at 3590 ecm !, where the OH~ absorption frequency is located,
from logarithm of the absorbance at 3800 cm~! and dividing the result by the
thiekness of the sample in centimeters. It can bo assumed that loss due to re-
fleetion and scattering at the two noighbouring wavelengths are similar. Hence
their offects will be effectively removed by subtraction of the logarithm of 3800 cm—*
absorbance (background absorption) which includes no OH- absorption effect.
The relation between the absorption coeffivient (ase cm-1) and @ for 5 MHz (5th
Overtone) crystal units, at room temperature, is shown in figure 1, adopted from

*We are grateful to Dr. S. Taki, Research Director, Toyo Communication Equipment
Co. Ltd., Japan, for preparing two adjacent polished plates from each of tho crystals of those
ton runs, for measuring the mechanical Q from one set of those platos, and for carrying out
later heating experiments with the same set of plates, when one of the authors went to Japan
m_ 1970 on a JSPS followship. The other set of plates was sent by Dr. Taki for irradiating them
With X.ray to Dr. M. Yoshimatsu, Research Director, Rigaku Denki Co. Ltd. We are indebted
to Dr. Yoshimatsu for kindly irradiating this set of plates.

**Kind courtesy of Bose Institute, Caloutta.
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Toyocom (1970) with the kind permission of M/s. Toyo Communication Equip-
ment Co. Ltd. Jaupan (personal communication with Dr. Taki). The mechanical Q
values of our crystals were derived by plotting our absorption coefficients on this
standard curve***, A method for dotermining the mechanical @ of synthetic
quartz, similar to the mothod described above, has been adopted by International
Electrotochnical Commission for inclusion in a synthetic quartz specifications bro-
chure which is under proparation (Sawyer 1972).

It would have perhaps been better to plot our data on the standard computer-
smoothod curve for slow-growth cultured quartz using sodium carbonato as the
bagic solvent medium, for which the standard equation has also been derived by
Sawyer (1972). Howevor, sinee it had not. heen possible to uge a beam condenser
and N, purge for obtaining precise measuremonts with the infrared oquipment,
and since most of the heat-treated specimens showed growth layering. it was folt
that no significant advantage could be gained by using Sawyer's curve. What-
over data that have been obtained should be treated as average @ of the crystal
over a very large aroa of the sample, which has an inhomogencous distribution
of impurities in the seed, Z, -| X and —X regions, and which inchides inhomo-
geneous growth layors.

Tt has been observed by Dodd & Fraser (1965) that the impuritics (prosence
of which results in imperfections in the erystals) responsible for internal friction
at and around room temperature are hydrogen and hydrogen bonded OH which
has an infrared absorption band at 3590 cm=1. Ro it is easy to determine quali-
tatively OH- content of a crystal and thereby quality, i.e., mechanical @, of the
crystal can bo evaluated. Tt has been reported that absorption band at 3590 ¢m !
is not affected by alkali content of the crystal (Toyocom 1970). Impuritics like
iron do however increaso acoustic loss in quartz, specially in low Q quartz (Sawyer
1972).

It was necessary for the 6" long crystals to process the plates from the top
and bottom portions (with respect to location in the growth zone of the liner)
and carry out measurements on them, in view of the lengthwise variation of
mechanical @ reported by Rudd & Lias (1967). Those data have been incorpo-
rated in table 1. The plates were sawed from the middle in the case of the
smaller crystals (23"-3}" in length).

(iii) Heat treatment

The polished plates used for infrared absorption measurements were then
heat-treated to investigate the development of opacity due to impurities present
in the crystals. Thoy wore slowly heated in a furnace to a temperature of 550°C

**+Dr, Taki’s measurements of mechanioal @ of the ten crystals mentioned in & previous
footnote were exactly duplicated for the same crystals in our laboratory using our highly sen-
sitive infrared equipmont and fairly concordant results were obtained.
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(attained in 5 hrs) and allowed to remain at that temperature for 24 hrs. Some
of the heat-treated crystals have been shown in figuros 2 and 3.

3. RESULTS AND DISCUSSIONS

(i) Nature of the impurities

Figure 2 shows the irradiatod polished plates of crystals of some runs and their
hoat-treated equivalents, the heat-treatment having been performed on adjacent
polished platos. All the seed crystals of those runs ware cut from natural quartz
erystals, kindly provided by Bharat Electronics Ltd. Those natural seod rods
came in two batchos, figuro 2(a, ¢ and d) showing seeds of one lot and figure 2(b)
showing a seed of the other.  An interesting thing to observo is that seod portion
of the X-ray irradiatod plato of figure 2h(i) does not show any development of
opacity whereas X-ray irradiated plates of figure 2 (a(i), e(i) and d(i)) show deve-
lopment. of considerable opacity, usually brownish in colour. Tt is obvious that
the digtribution of impurities which are affected by X-ray irradiation, is differont
for the two different lots of natural quartz sced rods. Morcover, the adjacent
heat-treated plates of figure 2 show that those impurities are not affected by
heat-treatment. Some of those impurities are also present in the -+ X and —X
zones of the irradiated platos and 1o a lesser extent in the Z zonces of a low grade
synthetic crystal (figure 2a(i), = 0.16:<109%).

The heat-treated polished platos have been arranged in order of increasing
mechanical @ in figuro 3. The degree of developmoent of opacity, milky-white
in appearance for heat-troated crystals, docreasos with increasing mechanical Q.
It is woll-known that this development of opacity in heat-treated crystals is mainly
due to the OH- radical (Dodd ef al 1965). This is also quite obvious from the
lact that the milkiness of the heat-treated crystals can bo directly corrclated
with the mochanical @ values of those crystals derived from infrared absorption
measuremont of the 3590 cm-! absorption band for OH-, as in figure 3.

However, the results of figure 2 show that OH- radical is not the only factor
governing mechanical Q. Natural quartz crystals are known to contain very little
OH. Inspite of this the seed portions of the irradiated crystals of figure 2 show
high degree of developmoent of opacity, presumably due to presence of some
other types of impurities. The grown portion of those crystals, specially the
+X and —X zones, show oconsiderable irradiation darkening but not heat-
troatment translucency. Thus it is obvious that some impuritios other than
OH- must have also beon incorporated in the synthetic crystals. The only
possibility seems to be iron in the ferric state substituting for Si¢+, the charge
deficiency being compensated for by substitution of 02~ of the tectosilicate frame-
work by the OH- radical. Since mild steel liners were used for growing our
erystals, this seems to bo quite possible. This leaves behind Na+ and Li+ as the



446 D. Chakraborty and P. Saha

only other possible structural impurities, The ionic radius of Nat is too large
to fit into the a-quartz channel. Li+ seems to he a good possibility. Neverthe-
less, Rudd & Lias (1967) have shown that the synthotic crystals grown in Li+
doped solvent modium do not contain more than 5 ppm of Li+ over undoped
synthetic crystals. Also in a previous paper from this laboratory Bandyopadhyay
et al (1966) have demonstrated that no Lit could be detected in a synthetic
erystal grown in a Lit doped -olvent medium.

The heat-treated crystal of figure 3(h) is quite interesting. Tt is difficult
to realise Jow tho experimontal variablos could suddenly assume such a steady
stato, or the interior of the autoclave and liner could suddenly become so free
from impuritics, so as to give a sharply defined almost clear outer core altor
such a heavily zoned opaque inmer core, The average mechanical @ of this
crystal considering both zoned and unzoned portions is 0.16x 108,

(ii) Nature of experimenial variables

The experimental conditions of the runs, the growth rate along the optic
axis considering both sides of the seed, the average of growth ratos along the
-4+X and —X directions, and the arerage mechanical @ of the grown crystals
have beon listed in table 1.

Before analysing the data of table 1 it would porhaps not be out of place to
characterize the nature of the experimental variables and the dopondence of growth
rate on them in a summary form. Dotails would be available in two papers
already communicated from this laboratory (Chakraborty ef al 1973. Chakraborty
et al 1974). This would make it casier {o propoerly assess the relative impor-
tance of the variables in affecting the quality of the erystals.

Tho variables that will have to bo considered for such long runs are

(1) temporature

(2) fluctuation of temperature

(3) temperature gradient

(4) fluctuation of temperature gradient

(6) prossure

(6) fluctuation of pressure

(7) nature and concentration of solvent and dopant.

These can be examined one by one.

Temperature is a purely independent variable. There will be two independent
temporature variables, i.e., growth zone temperature and nutrient zone tempera-
ture, but their degree of inter-dependence depends on the number of controls
used. For tho system used in this laboratory only the growth zone temperaturo
can be considered as a purely independent variable, because only one control
thormocouple (for the growth zone) was used. The nutrient zone temperature
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depends on (a) growth zone temperature, and (b) the rate of heating. Mention
must be mado here of the fact that furnace characteristics are assumed to be
constant bocause tho same typo of furnaces were usod for all the runs.

The range of temperature fluctuation depends on the nature of controls
available. This was fairly constant for most of tho cases except for fow runs
which were affected by short-time power failure.

Progsure under normal circumstances should also be treated as an independent
variable. But for such closed-gystom hydrothermal oxperiments it is completely
controlled by percentage fill of the autoclave (Bandoypadhyuy ¢f «l 1966), that
is, by the P-V-T relationship of aqueous alkaline solutions. Ohviously, thereforo,
provided there is no leakago in the run, prossurc and it rangoe of fluctuation would
be complotely dependont on temperatiure and its range of fluctuation. Pressure,
then, becomes a dependent variable for such experiments.

Temperature gradient and its rango of fluctuation dopend on (a) rate of
heating, (b) furnace characteristies (for experiments such as ours), (¢) temperature
avl its range of fluctuation. It was curious that temperature gradient should
he depondent on rate of heating, but this was repeatedly found to be true. A
fast rate of hoating usually ensures a high temperature gradient and a slow rate
of heating a low temperature gradient.  As a figuro of merit it can bo stated that
a heating period of 31 hours causes a temperature gradient of 66°C (run no. 18,
table 1) whoreas the normal gradient was about 40°C for a 6 hours heating period.
As noted before, the furnace characteristics boing the same for all the runs, the
experimental set-up did not affect temperature gradient appreciably. Tempera-
ture also indirectly influences temperature gradient. Usually a high tempera-
ture results in a high temperature gradient. As a figure of merit it can be stated
that a temporature of 345°C causes a gradient of about 44°C whoreas a tempora-
turo of 333°C results in a gradiont of 37°C where the same rate of heating was
employed. Range of temperature gradient fluctuations will mainly be dopendent
on rango of temporature fluctuations.

The nature and concentration of solvent and dopant can, of course, be com-
pletely controlled and therefore it is a purely independent but fully controllable
variable.

The discussion will perhaps make it obvious that for an experimental sot-up
liko that of ours the independent variables on which long-time oporation of the
process will depend are (1) temperature, (2) range of temperature fluctuation,
and (3) rate of heating.

The growth rate is a variable which is completely dependent on those inde-
pondent variables. It would therefore be necossary to have very fine control of
temperature and its fluctuations, rate of heating, and the other controllable



448 D. Chakraborty and P. Saha

variables (composition of solvent, percentage baffle opening etc.) to make a
proper assessment of the growth rate data.

In view of thesc {acts it would be impossible to distinguish the influence of
growth rate, a fully dependent variable, on the mechanical @ of the crystals,
from individual offects of the independent variables. The subsequent conclusions
drawn from the data of table 1, given below, should be judged by this criterion.

4. SuMMARY AND CONCLUSIONS

The following conclusions could therefore be drawn by investigating the data

of table 1.

(1) At low concentration of the basic solvent, mochanical ¢ increased with
either increasing concentration of the lithium nitrite impurity or with decreasing
growth rate (run nos. 2, 4-9, 14).

(2) At low concoentration of the impurity, whatever he the nature of tho
impurity, mbcehanicual ¢ increasod with either increasing concentration of the basic
solvent or with decreasing growth rate (run nos. 2, 3, 16-18).

(3) At high concentration of the impurity, however, mechanical @ decroased
with increasing councentration of the basic solvent (run nos. 9, 10, 12-15). Ex-
ception is run no. 11.

(4) Concentrations of basic solvent and impurity romaining the samo and
growth, rate being similar, lithium nitrite yiolded better crystals than lithium
carbonate (run nos. 3, 18). Lithium nitrate and lithium fluoride yielded inferior
quality crystals (run nos. 19, 20).

(8). For the same concentration of basic solvent and same nature and con-
centration of the impurity, quality of the crystals obtained wero better for low
growth rates (run nos. 4-9). The different growth rates obtained in those runs
wore probably due to short-range fluctuations of the cxperimental variables
which oould not be recorded.

(6) For the 6” long crystals (synthesized in an 8” long growth zone) mecha-
nical @ of both top and hottom (with respect to location in the growth zono of tho
liner) portions were measured (run nos. 8, 9, 11, 15 and 20). A very wide rango
of @ was obtained in the case of run no. 9. However, growth rates of both the
basal and X directions of this crystal for the top and bottom portions were
identical. This is rather unusual in view of the fact that incorporation of
crystal gives rise to imporfections and therefore should normally increase tho
impurities in owth rate.

--.._ explanation of this feature can perhaps be put forward. The growth

zone temperature recorded in those runs was an average of the temperatures of
the top and bottom of the growth zone. Normally the temperature at the top of
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the growth zone is lower than that of the bottom of the growth zone, und tho
roverse is true for temperature gradient. Those two effeets have probably com-
pensated for each other in this particular case, rather fortuitously it can be ima-
ginod, to give riso to the same growth rato for the top and bottom portions.

Regarding the nature of impurities present in the synthotic quartz crystals,
it. would not be possible to make any generalised commonts, because different
invostigators might be using different typoes of solvents and dopants, and liners
mado of materials other than mild steel. In our case OH- sooms to be the common
impurity and Fe3+ is also likely to be present.

The general conclusions that can be arrived at from this study is that low
growth rate, resulting from very fine control of the oxperimental variahles, mainly
temperature, its range of fluctuations and moderate temperature gradient, cor-
tainly yields better crystals, and that certain optimum concentrations of basic
solvent and impurity selected are also helpful in improving the quality of the
crystals,
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