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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 (ERADCOM) A
. Fort Monmouth, NJ 07703

Summary

It has been shown previously®that when lapped
AT-cut quartz plates are etched in a saturated
solution of ammonium bifluoride (NH,F.HF), the
surface roughness decreases with increasing depth
of etching, {.e. the plates are chemically pol-
ished. Experiments on other cuts of quartz have
shown that etching in a saturated soluticn of
ammonium bifluoride can also polish the (singly
raqtated) BT and ST-cuts, but not the (doubly
rotated) 10°V. FC, IT and SC-cuts. The surfaces
of these doubly rotated cuts become rougher with
increauing 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 degend strongly on the
compositions of the etching solutions. Some of
the solutions evaluated did not produce chemical
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 ( Af/£,f; = 15) AT-cut
5 Mz 5th overtone biconvex resonators have exhib~
ited Q's as high as 2.7 million, the Q of 10 MHz
3rd overtone plano-convex chemically polished AT-
c¢ut resonators was 0.98 nillion, and the Q's of
5.3 MHz fundamental mode chemically polished SC~
cut resonators ranged up to 1.2 million. Thus,
at least up to 10 MHz, the chemical polishing
does not produce a significant Q-degradation.
Etching conditions that can lead to activity anom-
alies will aiso be described.

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

Introduction

Ac the 31st Annual Symposium on Frequency
Control, we reported that when lapped AT-cut plates
are etched in a saturated solution of ammonium
bifluoride (NH,F.HF), the surface roughness de-
creases wvith increasing depth,of etching, i.e. the
plates are chemically polished. Etching a 3um
lapped surface to a depth of Af = 15 f,f¢, where
fo and ff are the initial and final frequencies,

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

a surface roughness of 0.15um and a roughness

angle of 1.3, Chemically polished AT-cut surfaces
are atomically smooth but microscopically undu-
lating, as shovn in the scanning electron micro-
oraph of Figure 1.

Figure 1 - Chemically Polished AT-Cut. Surface

The objectives of the experiments reported
in this paper were to determine 1if other cuts of
quartz, particularly the SC~cut, can be eimtlarly
chemically polished, and to answer the question
of whether or not the chemical polishing produces
an inherent Q degradation.

Experimental ‘Methods

The experiménts were performed mostly on
natural quartz plates lapped with lym or 3um
MICROGRIT? aluminum oxide abrasives. The main
exceptions were the ST-cut plates, which.were
cultured quartz. The reason natural quartz was
uged in most of the experiments is that, as we
had shown previously, when cultured quartz plates
are etched deeply, the results can vary greatly.’
In most commercially available cultured quartz,
the deep etching produces large numbers of etch
channels and etch pits which can interfere with
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m-ﬁuutton of the surfeae topography.

m.,.‘nu etching was performed in directly heated
beakers’., The tempersture vas controlled
0 .within abouz + 29, nnd was weasured vwith a
Teflow costed tharmometer®. The carefully cleaned
qmrts plates vere held in Teflon fixtures, and
wers agitated during stching.

.The surface topographies wers evaluated by
lﬂn@&ng electron micrescopy (SBH) and 8 profile
meter, as described previously’. All SEM micro-
graphs vere taken at a 60° observation angle, with
the B-directions being along the top to bottom
dmcuon in each micrograph.

. The MR r.ur solutions were prapared from
M, P.HF flakes®. The ammonium fluoride (NH,F)
containing soluticns were prepared from premixed
40X solutions®. The NP conteining solutions ware
prépared from 49% HF solutions®:’ The concentra-
tioms in the various mixtures und in our exper-
iments were deduced from the relative volumes used
to. Wpan the gsolutions. The concentratiocas were
m .uuund independently.

!&Q AT, ST, ig 2 JG, 1T and 8C-cut Plates

Etching in & satursted solution of ameonium
biflworide produced chemical polishing on (the
singly rotatad) BT and 8T-cut plates, but not on
(the doubly rotated) 10°V, FC, IT and SC-cut
'ht“.

& hnd |21

, When lapped BI-cut plates were otched in a
shtufited solution of swmonium bifluoride, the
surfaces bacame smoother and swoother with in-
cmiu depth of etching. Pigure 2 shows an SEM

aph of the surface of a BT-cut plate which
bind etched for 2 houra at 70°C. On cerium
%"’ponllml BT~cut plates that weve deeply
#teRid, the surfaces did not devalop the stristions
obsgrvable in Figure 2. The surfaces remained
featuzeless, excapt at defects (such as scratch
warks) vhich ere attacked mummuy by the
stéimt. The BT-cut plates' etch rate was six
tisds slower (in mits of £,24) than the AT-cut
imn' Tate.

b n’-' '-ﬂ cut Plates

8T-cut cultured quarts plates, which had been
Syton polished on ons sids and rough ground on
the other, were qtched desply in . saturated solu-
tién Of ammonium difluoride, st 75°C. Pigure 3
shows that the rou;h ground side becams chemically
pdlished. The surfsce topography is similar to
the AT-cuts', Vigure & shows that the polished
wida' temained polished. The surface topsgraphy ie
fNitwtelass, except at crystsllographic defects

are attacked preferentially by the etchant.

. Figures also show the pressnce of etch

chaamels.
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Figure 3 - Chemically Polished ST-cut Surface
Rough Cround Side

Figure 4 - Chemically Polished S$T-cut Surface
Polished Side
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[ ;gfy, FC, IT and SC-cut Plates

When the etching procedure that chemically
polished the AT, BT and ST-cuts was attempted on
the (doubly rotated) 10°V, FC, 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 $ - 7 show examples of the surface
topographies of doubly rotated cuts after deep
stching in a saturated solution of ammonium

b1fluoride.

Figure 7 - Deeply Ftched SC-cut Plate (NH4F.HF)

Chemical Polishing SC-cut Plates

AS discussed previously?, etching will produce
chemical polishing when the etching process is
diffusion controlled. Since the chenistry of
etching quartz is not fully understood®, and since
the rates of diffusion, adsorption and desorption
are also unknown, It was not possible to predict
the etching processes that could produce chemi-
cally polished SC-cut surfaces.

A series of etchants were therefore evaluated.
These etchants were of three categories: 1. hydro-
fluoric acid (HF) in various concentrations; 2.
ammonium bifluoride (NH, F.HF) in various concen-
trations, and 3. mixtures of 407 ammonium fluoride
(NH4F) 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 "S5:1 solution" 1s a
mixture of five parts (by volume) of 40% RH,F with
one part of 497 HF.

Etching SC-cut plates in & corcentrated 49%
RF solution at 40°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 ( Af =
26 foff) SC~cut plates differed considerably from
the topographies of plates etched to the same
depth in the saturated solution of NH,TI'.HF at 70°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 NH,F.HF were also noticable, but were
wuch less obvious.

Figure 6 - Deeply Etched FC-cut Plate (NH,F.HF)
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Figure & - ‘lwo Sides of an $C-cut Plate Deeply
Etched in 49X HT

One can explain the different topographies on
the two sides of SC-cut (and other doubly rotated)
plates by reviewing the etching studies performed
by Bond and others’between 1889 and 1940, or the
paper by Suda et. al. in these Proceedings. In
the early experiments, it was found that polished
quartz spheres, when etched in concentrated HF,
dissolved in a highly anisotropic manner. The
dissolving spheres took on a "triangular, lenti-
cular appearance", as shown in Figure 9.

Since the etching progresses wuch faster along
the +X direction than along the -X, and since the
thickness direction of doubly rotated plates have
a componeit along the X~direction, the two sides
of doubly rotated plates will etch differently.

For example, dramatic variations in surface
topographies were observed for SC-cut plates etched
to the same depth in different solutions. In
Figure 8, the topographies consist of arrays of
pyramid-like features. As the HF solution was
diluted with the NH4F solution, the pyramids be-
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ALONG Y-AXIS ALONG Z-AXIS
Figure 9 - Deeply Disscvlved 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 botn sides.
The transitions from the rough/rough to the
rough/shiny to the shiny/shiny surface topographies
could be readily observed with the unaided eye.
Plates etched in the 1:3, 1:1, 2:1 and 3:1 solu~
tions at 75°C became polished on one side only..
Those which were etched at 75°C in the 4:1, 5:1
and 10:1 solutions became polished on both sides.

Figure 10 shows SEM micrographs of the two
sides of an SC-cut plate etched in the 2:1 solu-
tion ( Af = 16 £,f¢). Figure 11 shows the two
sides of an SC-cut plate etched in the 4:1 solu~
tion ( Af = 16 f f.). The surface roughness of
the smoother side 18 0.04pum, the rougher side's ia
0.08pm. These surfaces are therefore smoother
than the surfaces of AT-cut plates chemically pol=-
ished to the same depth in saturated NH4F.HF.

According to Judge® in dilute buffered fluo-
ride solutions the species determining the etching
rate of S10; are primarily HF; and HF (but not the
free fluoride ion). Since the concentration of
these species vary with pH, one might expect that
by diluting the HF with water instead of the NH4F
solution, the etching kinetics would change signif~-
icantly.

When the HF was diluted by four parts water
inetead of the NH,F, the resultant 11X HF solution
at 759C was also able to chemically polish borh
sides of SC~cut plates, as can be seen in Pigura 12
( Af = 15.4 £ f.). The surface roughnesses of the
tvo sides are 8 prm and 0.07pm. The etching times
were also comparable, 2 hours for the 4:1 solution
va. 2.5 hours for the 11X HF. However, when the
same HF concentration was prepared by diluting the
HF with two parts NH,¥ plus two parts H,0, the
resultant solution produced chemical polishing on
one side only.

A dilute NH, F.HF solution, prepared by mixing
one part by weight of NH,F.HF flakes with five
parts Hy0, was also able to chemically polish both
sides of SC-cut plates, as shown in Figure 13,

The etching time to Af = 15 f fy, at 75°C, was
approximately 3 hours, vs. 30 minutes to etch an
AT~cut plate to Af = 15§ fofe in saturated NH4FP.HP.
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Figure 10 - Two Sides of an $C~cut Plate Deeply Figure 12 -~ Two Sides of an SC-cut Plate Deeply
Ztched in a 2:1 Solution Etched in 11X HF

Figure 11 - Two Sides of an SC-cut Flate Deeply Figure 13 - Two Sides of an SC-cut Plate Deeply
Etched in a 4:1 Solution Etched in Dilute NH,F.HF
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The etching rates were slower for the more
dilute solutions. It is more difficult to deter-
wine the etching rates for the chemical polighing
solutions of the $C-cut than it was for the satu-
rated NHyF.HF. Since the 8C-cut's polishing solu-
tions are not saturated, tha concentrations change
more rapidly during cetching, due both to the
etching and to evaporation.

The Bffects of Chemical Polishing on Resonator Q

;,’ 8. AT-cut Resonators

To ansver the question of whathdr or not chem-
g ical polishing produces an inherent Q degradation,
[ a group of biconvex S MHz 5th overtone AT-cug
platos were etchad in a saturated solution of
NH.F.HP, at 75°C, to Af = 15 fofg. Three of the
regonators vere fabricated and evaluated at Fre-
quency Electronics Inc. (FEI), threae were fab-
ricsted and evaluatad at the Geaneral Electric
Neutron Devices Dept. (GEND) and three were
fabricated and evaluated by the authors. Some of
the blanks were Premium Q swept, eome were natural
quartx. FEI measured Q's of 2.7 x 10%, 2.5 x i0°
and 2.1 x 10%, about the same as the Q's of simi-
gt arly fabricated resonstors made with cerium oxide
' polished blanks. GEND measured Q's of 2.1 x 10°,
2.1 x 10* and 1.2 x 10%, and the authors measured
. 2.6 x 10°, 2.4 x 10* and 0.7 x 10°.

An attempt was made to determine the cause
of the low Q for the resonator with the Qof 0.7 x
10°. An SEM exsmination of the blank surfaces,
Figure 14, revealed an upproximately 300um gouge
near the center of one of the electrodes, plus
several smaller defects, a few of which are also
shown in Pigure 14. It is not certain, however,
that these defects produced tha Q degradation, be-
; cause when the blunk of the resonator with a Q of
) 2.6 x 10* was sinilarly examined, aeveral less
desp, but similarly prominent defacts 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 ‘degrada-
i tion, at least not at 5 Mix.

Q's as high as 980,000 have also been measured
for 10 Mz 3rd overtone resonators made with chem~
ically polished (Af = 15 £,f¢}, 14mm diameter,

E 0.37 diopter plano-tonvex blarks. This Q is com~
F parable to the highest Q achicvable for the blank
4 guometry selected. (The 0.37 diopter contour pro-
1 vides the minimum vesistance, not the highest 0!°)

b. 8C-cut Resonators

A group of four 5.3 Mis, fundamental mode,

pleno-convex 1lémm dismeter chemically polished

‘ 8C-cut rescnators ware fubricated. The contours

| vere 1.0 diopter for two of the blanks, 2.5 diopter

for the other two. The blanks were etched Af = 15

; fole in & 5:1 solution, at 75%C. The c-node Q's

; :;5.(:;‘: :l 10 I; 5’;: :.:2.; };3.'0?23 ;ngoe.:: x Figure 15 - Blank Defects in High Q Resonator
1 1.3 x 10%). The c-mode Q's are higher then the
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Q's we have been able to achieve for 5 MHz funda-
mental mode AT-cut resonators of the ssme blank
diameter, regardleas of surface finish. This

is not too surprising in view of the fact that
the capacitance ratios of SC~cut resonators are
significantlv higher thah the corresponding AT~
cuts’, -

¢. Etching Bath Concentration/Tempevature Effects

When AT-cut crystals are etched in satu-
rated solutions of NH,F.HF at temperatures up
to 75°C,the etching can be readily monftored
by measuring the blank frequencies in an air gap.
However, as the etching bath temperature is in-~
creased to above 80°C, the blank activities
frequently decrease so drastically that it ke~
comes difficult to impossible to measure the fre-
quencies by using only an air gap and a cryatal
fmpedance meter. Even when the modes are dis-
played on an oscilloacope, using a microcircuit
bridge system!!, it can ba difficult to determine
the main mode frequency. After electrodes were
depusited onto such low activity 22 MHz blanke,
the resonator activities showed no comparable de-
crease. The mode spectrum, however, did exhibit
& significant degradation., We do nnt have an
sxplanation for these phenomena.

When the surface topographies of the low
activity blanks etched in a saturated solution of
MH,F.HF at 90°C were compared with the high activ-
4ty blanks etched at 70°C, no significant differ-
ences could be observed in either the SEM micro-
graphs or the profile meter scans.

Both concentration and temperature appear to
play a role in producing suppressed activity. For
example, when AT-cut crystals are etched in a
saturated golution of NH4F.HF at 75°C, the crystal
sctivities remain high, If the solution that was
saturated at 75°C is heated to 90°C without per-
mitting additional NH,F.HF to be dissolved, then
the solution does produce a drastic loss of act~
ivity. If on the other hand a dilute solution,
the concentration of which 1s 25% of a saturated
solution's at 75°C, is hcated to 90°C, no signif-
{cant activity loss is observed.

Interestingly, Wolfskill'? described similar
activity anomalies in a patent application filed
in 1944, He had studied the etching of AT~cut
quartz crystals in hydrofluoric acid as a function
of HP concencration, and found that the etching
rate was maximum at 40% concentrastion. He also
noted that ",...concentraticns less than 40X pro-
duce the highest quality crystals, while concen=-
trations as high as 60% tend to impair the quality
of the crystais..." The activity of crystals
decreased with increasing depth of etching for
concentrations above 40, The rate of decrease
increased with increasing concentrations. For
concentrations above 60X he observed a permanent
reduction of activity immediately upon immersing
the crystals in the etching solution, For these
higher concentration solutions, the activity versus
temperature curves were also "extremely erratic®,

whereas for conceutration below 40X, no such
anomalies were observed.

Conclusions

Etching solutions capabiz2 of chemically pol-
ishing SC-cut quartz plates have been found.
Chemical polishing can be a simple, inexpeusive
batch process. If good quality quartz plates are
used, the process can provide high ylelds, with
no significant Q@ degradation at least up to 10 MHz.
Chemical polishing produces plates of extremely
high strengthﬂ which reduces yleld losses due to
breakage during processing and provides the res-
onators with extremely high shock resistance.

The process also reveals defects in the guartz due
both to material defects and surface finirhing
defects. 7t thereby should also minimize the
coatributica of such defects to resonator insta—
bilities and failures. The etching solutions
vhich produce a very smooth surface on one side
of doubly rotated plates and a rough surface on
the other side may be useful for the chemical
polishing of doubiy rotated surface acoustic

wave (SAW) devices, since for SAW devices a rough
surface is generally -lesired on one side of the
plate.

Since the etching solutions capable of chem—
i{cal polishing the SC-cut are not saturated, ic
is more difficult to control the etching rates.
The quantity of etchant in solution decrcases as
the etching progresses, however, if an open etch-
ing container 1s used, the ztchant concentration
can increase due to water evaporation. VYor
exauple, the partial pressure of HF over a 10%
HF solution at 80°C is 4.5 torr, whereas the
partial pressure of H,0 over the same solutiom
is 312 torr'l.

HF can be a major health hazard. The hazard
can be minimized by teking adequate precautions
in storage and handling, using appropriate clean-
up measures, and by properly dealing with exposure
aituations.
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