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ETCHING STUDIES ON SINGLY AND DOUBLY ROTATED QUARTZ PLATES

John R. Vig, Ronald J. Brandmayr and Raymond L. Filler

/

US Army Electronics Technology and Devices Laboratory (ERADCON)
Fort Honmouth, NJ 07703

Summary respectively, in Mz, and Af is the difference
between the two frequencies, in kHz, results in

It has been shown previouslylthat when lapped a surface roughness of O.5im and a roughness
AT-cut quartz plates are etched in a saturated angle of1.3°0 Chemically polished AT-cut surfaces
solution of ammonium bifluoride (NI1 4 F.HF), the are atomically smooth but microscopically undu-
surface roughness decreases with increasing depth lating, as shown in the scanning electron micro-
of etching, i.e. the plates are chemically pol- oranh of Fisure 1.
"ished. Experiments on other cuts of quartz have
shown that etching in n saturated solution of
ammonium bifluoride can also polish the (singly
rotated) BT and ST-cuts, but not the (doubly
rotated) 10oV. FC, IT and SC-cuts. The surfaces
of these doubly rotated cuts become rougher with
increaoing depth of etching in ammonium bifluoride.

Experiments aimed at finding a chemical pol-
ish for the SC-cut have been performed with a
variety of etchants. The surface morphologies
of etched SC-cut plates depend strongly on the
compositions of the etchiag solutions. Some of
the solutions evaluated did not produce chemical 4,
polishing on either side of SC-cut plates, some
produced chemical polishing on one side but not
the other, and some were able to chemically polish
both sides.

Chemically polished ( A f/foif - 15) AT-cut
5 Miz 5th overtone biconvex resonators have exhib-
ited Q's as high as 2.7 million, the Q of 10MlHz
3rd overtone plano-convex chemically polished AT- Figure 1 - Chemically Polished AT-Cut. Surface
cut resonators was 0.98 million, and the Q's of
5.3 MHz fundamental mode chemically polished SC- The objectives of the experiments reported
cut resonators ranged up to 1.2 million. Thus, in this paper were to determine if other cuts of
at least up to 10 MHz, the chemical polishing quartz, particularly the SC-cut, can be similarly
does not produce a significant Q-degradation. chemically polished, and to answer the question
Etching conditions that can lead to activity anom- of whether or not the chemical polishing produces
aies will also be described, an inherent Q degradation.

Key Words. Etching, Polishing, Chemical Pol- Experimental Methods
ishing, Quartz Crystals, Quartz Resonators, SC-cut.

IntrodctionThe experiments were performed mostly onIntroduction natural quartz plates lapped with 1pm or 3pm

At the 31st Annual Symposium on Frequency MICROGRIT 2 aluminum oxide abrasives. The main

q the reported that Sywhen lappe ATutc plat exceptions were the ST-cut plates, which were

Control, e e reported that when lapped AT-cut plates cultured quartz. The reason natural quartz was
a etched (nH4a sa),thaed sourface rouganess de-used in most of the experiments is that, as we
bifluoride (NH 4 P.HF), the surface roughness de- had shown previously, when cultured quartz plates
creases with increasing depth.of etching, i.e. the are etched deeply, the results can vary greatly.
plates are chemically polished. Etching a 3u In most commercially available cultured quartz,
lapped surface to a depth of Af - 15 foff, where the deep etching produces large numbers of etch
fo and ff are the initial and final frequencies, channels and etch pits which can interfere with



the etaluation of tie surf... topography.

ý.ý"The etching was performed to~ directly heated
Tqoabp bkeakrs. The temperature woo controlled
t1iwithin about + 20 C, and was measured with a_________
leOlie coated tý*ieisometer4. The carefully cleaned
ceopcx plates wore held lit Teflon fixtures, and
v*i agitated during etching.

,The surface topographies were evaluated byMO 1! 111
* scanvong electron microscopy (SEN) and a profile

meter, as described previously'. All 5SEX micro-
grophs were taken at a 600 observation anglq, wilth
the' 5-directions being along the top to bottom
direction in each micrograph.

The WiU IFU? solutions were prepoard from
337.1? flat;;$'. The ameopium fluoride (MUM?
containing solutions were prepared from premaixed ........
403 solutioiiw. The HY containigs soluttons were
prepared from 492 HY solutionsil. The concentra- Fgr hmclvPlsidB-u ufc*~ ~ ~ ~~~la ~In the various mixtures used In our exper- Fgr hmclv~ijhdB-u ufc

Iseno wre edued romtherelative volumes used
to 100pars the solutions. The. concentratlepis were

in~ pasuedIndependently.

Rithinis "To1 1S. 10LV IS., IT and SC-qut Plates

Etching in aL saturated solution of ameouium
bfifisoride produced chemical polishing on (the
(sh doubly rotated) 10V, PC, IT and SC-cut

a. ST..cvt PlAfts

Wase lapped IT-cut plates were ettehd In a
bAbsfited solution of amonium bifluortde. the
surfaces became smoother and smoother with in-
are" ,Ing depth of etching. Figure 2 shows an SIX4
4§46Ijrep of the surfact of a IT-out Plato which

Itenetched for 2 hours at 700C. On cerium
ii~bpolihad 3T-cut plates that wore deeply

HOW., the surfaces did not develop the striati ons Figure 3 -Chemically Polished STr-cuL Surface
chenrtable Inm Figure 2. The surfaces remained Rough Cround Side
featureless, except at defects (such as scratch
inora) which cre attacked preferentially by the
etthest. The IT-cut plates' etch rate was six
tI.- slower (in units of fctf) than the AT-cut
OW",SS rats.

ST-cut cultured quartz plates,* which had been

Sytom polished on one side and rough ground on
the other, were etched deeply In 0 saturated solu-*1 to* of amonuim bifluoride, at 750C. Figure 3
above that the tough ground side became chemically
0014bed. The surface topography Is similar to
the hiT-cuts'. figure 4 shows that the polished
.1* temaimed polished. The surface topography Is
MSeteleass. except at crystallographic defects
w"ip are attacked preferentially by the etchant.
Ift Migures also show the presence of etch--
dam` els.

Figure 4 - hemically Polishied STl-cut Surface
Polished Side

A



10 0 V, FC, IT and SC-cut Plates

W1hen the etching procedure that chemically
polished the AT, BT and ST-cuts was attempted on

the (doubly rotated) 10OV, PC, IT and SC-cuts, the

surfaces did not become smoother and smoother with

•' •increasing depth of etching, but remained luster-

less in appearance. SEM and Talysurf examinations

revealed that as the etching progressed, the sur-

faces became rougher.

Figures 3 - 7 show examples of the surface

topographies of doubly rotated cuts after deep

etching in a saturated solution of ammonium
bifluorlde.

Figure 7 - Deeply Etched SC-cut Plate (NH4 F.HF)

Chemical Polishing SC-cut Plates

Aj discussed previously', etching will produce
chemical polishing when the etching process is
diffusion controlled. Since the chemistry of
etching quartz is not fully understoode, and since
the rates of diffusion, adsorption and desorption
are also unknown, ft was not possible to predict
the etching processes that could produce chemi-
cally polished SC-cut surfaces.

A series of etchants were therefore evaluated.
Figure 5 - Deeply Etched 10°V-cut Plate (NH4 F.HF) These etchants were of three categories: 1. hydro-

fluoric acid (HF) in various concentrations; 2.
ammonium bifluoride (NH4 F.HF) in various concen-
trations, and -3. mixtures of 402 ammonium fluoride
(NH4 F) with 49% HF, in various ratios. Mixtures

of such " buffered fluoride" solutions of NH4F and
HF are used in the semiconductor industry, and
are commonly referred tc by the ratios of the two
components. For example, a "5:1 solution" is a

Smixture of five parts (by volume) of 40% NH4P with
one part of 492 HF.

Etching SC-cut plates in a corcentrated 492
a' HF solution at 400 c produced surfaces which were

lusterless in appearance. Examination of the
surfaces by SEM indicated, however, that the sur-

- face topographies of these deeply etched ( A f =
26 f ff) SC-cut plates differed considerably from
the topographies of plates etched to the same
depth in the saturated solution of NH4 r.HF at 70 0 C.Moreover, although both sides of the plates were
rough, the topographies of the two sides were dif-
ferent, as is illustrated in Figure 8. Differences
between the two sides of the plates etched in
saturated NH4F.HF were also noticable, but were
such less obvious.

Figure 6 - Deeply Etched PC-cut Plate (NOH4F.HF)

3
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SALONG Y-AXIS ALONG Z-AXIS
q Figure 9 - Deeply Dissolved Quartz Sphere

came dome-L;•ke features which became flatter and
flatter as the HF concentration decreased. Even-
tually, the plates became chemically polished on

one side. As the HF was further diluted, the

plates became chemically polished on both sides.
The transitions from the rough/rough to the
rough/shiny to the shiny/shiny surface topographies

S~could be readily observed with the unaided eye.
I Plates etched in the 1:3, 1:1, 2:1 and 3:1 solu-

S/ tioris at 750C became polished on one side only.,
! Those which were etched at 75°C in the 4:1, 5:1
•'• iand 10:1 solutions became polished on both sides.

S' Figure 10 shows SEH micrographs of the two
sides of an SC-cut plate etched in the 2:1 solu-
tion ( A f a 16 ruff). Figure 11 shows the two
sides of an SC-cut plate etched In the 4:1 solu-

I tion ( A f - 16 ruff). The surface roughn~eas of
I the smoother side to O.04jum, the rougher *ide's is

o.ogpm. These surfaces are therefore smoother
S~than the surfaces of AT-cut plates chemically pol-
i ~ Ished to the same depth In saturated NHi4F.HF.

:• According to Judge! in dilute buffered fluo-
ride solutions the species determining the etching
rate of SiO, are primarily Hr2 and HF (but' not the

rigtrre 8 - 1•o Sides of an SC-cut Plate Deeply free fluoride ion). Since the concentration of
Etched In 49% Hr these species vary with pH, one might expect that

I ~by diluting the HF with water instead of the Nh•4F
solution, the etching kinetics would change signif-

One can explain the different topographies on icantly.
! the two sides of SC-cut (and other doubly rotated)
Splates by reviewini the etching studies performed When the HF was diluted by four parts water
Sby Bond and others between 1889 and 1940, or the instead of the NH4P, the resultant 11% HF solution

paper by Suds et. al. In these Proceedings. In at 75°C was also able to chemically polish both
the early experiments, it was found that polished sides of SC-cut plates, as can be seen In Figure 12
quartz spheres, when etched in concentrated HF, ( A f - 15 * fof ). The surface roughnesseo of the
dissolved in a highly anisotroplc manner. The tuo sides are O.04pm' and 0.07jum. The etching times
dissolving spheres took on a "triangular, lenti- were also comparable, 2 hours for the 4:1 solution

'cular appearance", as shown in Figure 9. vs. 2.5 h~urs for the 112 HF. However, when the
same HP concentration was prepared by diluting the

Since the etching progresses wuch faster &long HF with two parts NlH4F Plus two parts 20, the
the +X directlon than along the -X, and since the resultant solution produced chemical pofishing on
thickness direction of doubly rotated plates have one side only.
a componeit along the X-direction, the two sides
of doubly rotated plates will etch differently. A diueNH4F.HF solution, prepared by mixing
For example, dramatic variations in surface one part by eight of NH4F.Ffae ihfv
topographies were observed for SC-cut plates etched parts H20, was also able to chemically polish both
to the same depth In different solutions. In sides of SC-cut plates, 42 shown in Figure 13.
Figure 8, the topographies consist of arrays of The etching time to Af - 15 fuff, at 750C, was
pyra=10-like features. As the HF solution was approximately 3 hours, vs. 30 0minutes to etch an
diluted with the M1F solution, the pyramids be- AT-cut plate to Uf 15 foff In saturated M4F.Hr.

44



Figure 10 -Two Sides of an SC-cut Plate Deeply Figure 12 -Two Sides of an SC-cut Plate Deeply
Etched in a 2:1 Solution Etched in 11% HY

At

Figure 11 -Two Sides of an SC-cut rlate Deeply Figure 13 -Two Sides of an SC-cut Plate Deeply
Etched in a 4:1 Solution Etched In Dilute MII4 F.HF



/

The etching rates were slower for the more
dilute solutions. It is more difficult to deter-
mine the etching rates for the chemical polishing
solutions of the SC-cut than It waS for the satu-
rated NflF.HF. Since the SC-cut's polishing solu-
tions are not saturated, the concentrations chante ....
more rapidly during etching, due both to the
etching and to evaporation.

The Effects of Chemical PolishinA on Resonator Q

a. AT-cut Resonator.

To anhwer the question of whether or not chem-
ical polishing produces an Inherent Q degradation,
a group of biconvex 5 MHz 5th overtone AT-cut
platos were etched in a saturated solution of
N4i1F.H7, at 75 0 C. to Mf - 15 fefl. Three of the
resonstors were fabricated and evaluated at Fre-
quency Electronics Inc. (FRI), three were fab-
ricated and evaluated at the General Electric
Neutron Devices Dept. (GEND) and three were
fabricated and evaluated by the authors. Some of
the blanks were Premium Q swept, some were natural
quarts. FBI measured Q's of 2.7 x 10', 2.5 x 106
and. 2.1 x 106. about the same as the Q's of *imi-
larly fabricated resonators made with cerium oxide
polished blanks. GEMD measured Q's of 2.1 x 106,
2.1 x 106 and 1.2 x 106, and the authors measured
2.6 x 106, 2.4 x 10' and 0.7 x 106.

An attempt was made to determine the causeof the low Q for the resonator with the Q of 0.7 x i'i1_,ure , - Blank Defects in Low Q Resonator
10 . An SEN examination of the blank surfaces,
Figure 14, revealed an ipproximately 300un gouge
near the center of one of the electrodes, plus
several smaller defects, a few of which are also
shownin Figure 14. It is not certain, however,
that these defects produced the Q degradation, be-
cause when the blank of the resonator with a Q of a
2.6 x 10 was similarly examined, several less ddeep, but similarly prominent defects were revealed" -- -- •
as can be seen In Figure 15.

More work needs to be done to define the
relationship between blank defects and Q degrada-
tion. However, the fact that Q's as high as 2.7 x
10' could be measured indicates that the chemical
polishing does not produce an inherent Q degrade-'
tion, at least not at 5 MXI:.

Q's as high as 980,000 have also been measured
frr 10 M&a 3rd overtone resonators made with chem-
ically polished (f - 15 feff), 14m diaseter,
0.37 diopter plane-convex blarek. This Q is com-
parable to the highest Q achievable for the blank
geometry selected. (The 0.37 diopter contour pro-
vides the minnmum resistance, not the himhest O!') 4
b. SC-cut Resonators

A group of four 5.3 M•s, fundamental mode,
plao-convex 14qm diameter chemically polished
SC-cut resonators were fabricated. The contours
were 1.0 dlopter for tvo of the blanks, 2.5 diopter
for the other two. The blanks were etched Af - 15
foff in a 5:1 solution, at 75 0 C. The c-mode Q'swere 1.2 x 10', 1.1 x 10', 1.0 x 10w and 0.96 x
106 (the b-mode Q's ranged from 0.53 x 106 to Figure 15 - Blank Defects in High Q Resonator
1.3 x 10'). The c-mode Q's are higher th#n the

S~6



Q's we have been able to achieve for 5 MHz funda- whereas for concentration below 40%. no such
mental mode AT-cut revonators of the some blank anomalies were observed,
diameter, regardless of surface finish. This
is not too surprising in view of the fact that
the capacitance ratios of SC-cut resonators are Conclusions
signiflcantly higher thah the corresponding AT-
cuts,.-. Etching solutions capabla of chemically pol-

C. Etching Both Concentration/Teperature Effects ishing SC-cut quartz plates have been found.
.a .eChemical polishing can be a simple, inexpeusiv-

When AT-cut crystalf are etched in sat~u- batch process. If good quality quartz plates are
rated so -utions of FH ate ethedmer saturs uused, the process can provide high yields, withrated solutions Of N4F-Hi at temperatures up

to 75oC,the etching8 can be readily mon.tored no significant Q degradation at least up to 10 MHz.
Chemical polishing produces plates of extremely

by measuring the blank frequencies in an air gap. hIgh strength, which reduces yield losses due to
However, as the etching bath temperature is in- breakage during processing and provides the res-
creased to above 80 0 C, the blank activities
frequently decrease so drastically that it be- onators witt' extremely high shock resistance.

The process also ieveals defects in the quartz due
comes difficult to impossible to measure the fre- both to material defects and surface finirhing
quencies by using only an air gap and a crystal defects. Tt thereby should also minimize the

impedance meter. Even when the modes are dis- co'tributi• of such defects to resonator insta-
played on an oscilloscope, using a microcircuit bilities and failures. The etching aolutions
bridge system"1, it can be difficult to determine which produce a very smooth surface on one side
the main mode frequency. After electrodes were of doubly rotated plates and a rough surface on
deposited onto such low activity 22 MHz blankt, tbe other side may be useful for the chemical
the resonator activities showed no comparable de- polishing of doubly rotated surface acousticcrease. Th. mode spectrum, however, did exhibit plsigo obyrttdsraeaosi
asignificamoderadation. however, doint exha t awave (SAW) devices, since for SAW devices a rough

explanation for these phenomena. surface is generally lesired on one side of the

When the surface topographies of the lowe
"activity blanks etched in a saturated solution of ica. polishing the SC-cut are not saturated, it

YH14 F.HF at 90 0 C were compared with the high activ- is more difficult to control the etching rates, .

Ity blanks etched at 70 0 C, no significant differ- The quantity of etchant in solution decreases as
emces could be observed in either the SEM micro- the etching progresses, however, if an open etch-
graphs or the profile meter scans. Ing container is used, the ttchant concentration

can increase due to water evaporation. For
Both concentration and temperature appear to example, the partial pressure of HY over a 10%

play a role in producing suppressed activity. For HF solution at 80°C is 4.5 tort, whereas the
example, whom AT-cut crystals are etched in a partial pressure of H2 0 over the same solution

saturated solution of NH4F.HF at 750 C, the crystal is 312 torrti.

activities remain nigh, If the solution that was
Saturated at 75 0 C is heated to 90 0 C without per- HF can be a major health hazard. The hazard
mitting additional NH F.HF to be dissolved, then can be minimized by arking adequate precautions

the solution does produce a drastic loss of act- cn storagemand h a k ing a ppr ecations

ivity. If on the other hand a dilute solution,
the concentration of which is 25% of a saturated up measures, and by properly dealing with exposure

situations.
solution's at 750 C, is heated to 90 0 C, no signif-
Icant activity loss is observed. Acknowledgements
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