VOLUME 78, NUMBER 11 PHYSICAL REVIEW LETTERS 17 MRcH 1997

Etching of Silica Glass under Electric Fields
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The etching rate of silica glass in 40% hydrofluoric acid under the influence of electric fields is studied
with the help of an interferometric technique. A linear dependence of etching rate with field strength
was found, with a~2.5% etching rate change for an applied field of 20 Mf¥. The experimental
results are compared with those of a simple model that attributes this dependence to partial orientation
of the HF molecules in the electric field. The measured dependence is sufficiently significant to account
for the selective etching observed in frequency doubling glasses and fibers.  [S0031-9007(97)02547-7]

PACS numbers: 81.65.Cf

Etching of silica glas$SiO;) in hydrofluoric acid is an dependence of etching rate with field strength was mea-
important step in the processing of microelectronic comsured. The experimental results are compared with those
ponents, and this motivated studies on etching mechanisna$ a simple model that attributes the alteration to partial
[1] and on the role played by dopants [2] in the glass maerientation of the HF molecules in the electric field.
trix. Etching in the presence of an electric field has also An interferometric optical method was used to deter-
been investigated, and contradictory results exist in the litmine in real time the thickness of glass etched that avoided
erature. While the field created bypa junction was ob- low precision mechanical measurements and the necessity
served to be capable of stopping the etching of a film oto interrupt the etching process [10]. The Si€amples
silica [3], recent results were reported where fringing fieldswere fixed approximately horizontally and attacked by hy-
of intensities as high as 10 M¥h were applied to silica drofluoric acid from below. A He-Ne laser beam illumi-
samples and the etching rate in a solution of HF was foundated the glass sample from above and was reflected at the
to be unaffected [4]. The effect of an electric field on thetop and bottom surfaces of the sample. The interference
etching rate of silica is of interest from a fundamental pointof these reflections was registered in real time with a pho-
of view and also with a view to technological applications.todiode and a lock-in amplifier, and the signal recorded in
It has been shown that it is possible to pole by optical [5]a computer. The measured light intensity oscillated with
or by electrothermal means [6] both bulk silica samplesa frequency proportional to the etching rate. One period
and optical fibers, creating a permanent electric field in thef oscillation corresponded to half a wavelength of the
glass that gives rise to a strong optical nonlinearity capalaser light in the glass materi@l217 wm (which includes
ble of frequency doubling light. Etching is a powerful tool a small correction caused by the angle of incidence). In
to study the physics behind poling, and has been used trder to measure the thickness of the glass plate at two
reveal the distribution of the electric field in glass fibersadjacent positions on the sample simultaneously, the laser
[7] and in bulk glasses [8—10]. In order to extract fur- beam was splitin two. Focusing the probe beam to a small
ther information from etching experiments it is necessanspot on the sample~10~' mm diameter) ensured that the
to learn what causes the unequal etching rates observed periodic signal had constant modulation depth.
poled glasses and fibers. In pure Si€ystems (such as  Information about the dependence of the etching rate
found in poled bulk samples or in a frequency doublingon electric fields was obtained by submitting0 wm
fiber cladding) unequal etching can have two possible orithick silica samples to voltages ranging froh2.7 kV to
gins: (1) The etching rate may be influenced by embedded-2.7 kV. In order to prevent electrical breakdown, 1 mm
charges causing structural or chemical changes in the glafisick soda-lime glass slides were attached with a very thin
material and (2) a strong electric field alone could alter théayer of index matching fluid or optical glue to the top
etching velocity. In this paper an etching experiment ofof the silica samples. Since the resistivity of soda-lime
SiO, in HF is described where only an electric field canglass is orders of magnitude lower than that of Siéll
be responsible for an alteration of the etching rate. Thepplied voltage appeared across the silica sample, but the
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thicker glass prevented the occurrence of sparks. Both an a silica sample of72 = 3 um thickness. A positive
thin layer of salty water and a semitransparent film of soofield corresponds to a positive glass and negative acid. A
deposited on the top surface of the soda-lime glass weleear dependence is clearly visible for field strengths in
used as electrodes, giving equal results. Both experimenthe range+20 MV /m. In this experiment, carried out at
were carried out with 40% hydrofluoric acid. room temperaturg€24 * 3 °C), one does not expect any
Figure 1 shows a typical fraction of the resulting signals.macroscopic charge migration in the glass. Infact, the cur-
The etching rate was measured for various field strengthsent measured by applying 3 kV to th20 wm thick silica
This was done by determining for every voltage the averglass samples at temperatures as high 2€80ith 9 mnv
age period of oscillation of the interference trace, i.e., theelectrodes was below 1 nA, the detection limit. The lin-
time taken to etch through217 um of SiO,. A quadratic  ear dependence found indicates that the influence of charge
fit of the data around the extrema was used for determiningnigration on the etching rate was negligible in the present
with accuracy the positions of the maxima (or minima).experiment, since one expects that a change in etching rate
The progressive thinning down of the sample was takeraused by charge migration would have been asymmetri-
into account when relating the voltage applied to the eleceal with respect to the change of polarity, giving rise to
tric field. Although a constant etching rate was expectediifferent slopes in Fig. 2 foE > 0 and E < 0. Other
without the application of an electric field, it was observedchanges, such as of chemical origin, would have led to
that in the initial stages of the experiment the etching ratdysteresis in the etching rate. With several changes in the
n = n(¢) followed an exponential accommodation law sign and value of applied voltage no hysteresis effects were
of the typen(r) = no(1 — 2 X 1072 exp{—t/7}) witha  ever found. Consequently, the resulting dependence of the
time constant = 380 s. This was verified in control ex- etching rate on the applied field must be due to the electric
periments, and could be caused by humidity on the surfackeld itself.
of the SiQ sample or by a small temperature rise due to the The ratio p(E,p,) between the etching rate under the
exothermic reaction before steady state is reached. In oapplication of a field£,,, and that obtained foE,,, = 0
der to eliminate this unwanted time dependence we consids seen from Fig. 2 to be of the forpl(E) = 1 + aE,p,
ered only experimental data with> 1600 s. Also, ithas where
been recently shown that UV radiation or high power visi- _ -9
ble light can affect the etching rate of glass systems in HF @ = (1.26 £ 0.05 X 107" m/V. (1)
[4]. In order to preclude such effects in the present interdt should be noted that the value of the electric field changes
ferometric measurements with the low power HeNe laser@bruptly at the interface glass acid. The valuexohere
the etching rate at the two spots on the sample was contieflects the dependence of the relative etching raten
pared, having momentarily one of the two beams blockedthe fieldinsidethe glass.
Within the experimental error no influence of the He-Ne The above result can qualitatively be explained by a
laser light on the etching rate was found. This test wasimple theoretical model that assumes partial orientation of
carried out with the voltages 0 anre2.4 kV applied. HF molecules in the electric field. The Debye radius of the
Figure 2 shows the etching rate as a function of the apsolution, as determined from conductivity measurements,
plied electric field, obtained with &1 cn? soot electrode is ~13 nm, which gives a measure of how far the electric
field penetrates into the acid. Hydrofluoric acid at a
concentration of 40% is almost nondissociated [1]. It

i is assumed that the dominant etching mechanism is the
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FIG. 1. Typical trace of the etching interferometer measure-
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ment. Two beams are recorded in order to measure at two Applied Electric Field [ kV/um ]
positions of the sample. The number of oscillations, counting

from the beginning of the experiment, determines the etche®IG. 2. Observed etching rate as a function of applied field.
thickness for a given applied field. A linear dependence is clearly seen.
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reaction of HF molecules with silicon atoms. When suchaccounted for by the effect of the electric field alone,
a molecule approaches the glass surface its axis will imvithout having to invoke any change in etching rates that
general form some angle with the normal of the glass would be due to the presence of imbedded charge in the
surface. A chemical reaction is assumed to occur onlynaterial.

for angles smaller than some small angle Considering This important information allows interpreting the etch-
that the polar complex of momept has potential energy ing results of Ref. [10] in the following way: The rela-
—wrE; cog6) in a local electric fieldk,, one finds from tively constant etching rate measured in the depletion
simple statistical mechanics and suppoging- cosf,) X region indicates the existence of a constant electric field
uEp/kT < 1 that the relative etching rate is given by  along the depletion region (with a small variation in the

explx} first2 wm). This implies that the charge that gives rise to
p(E) = 2x , (2) the field is concentrated on either extreme of the depletion
explx} — exp—x} region. Except for a small amount of negative charge in
wherex = wE./kT. Forx < 1 one may approximate the first2 um, the depletion region is free of charge. In
expression (2) as follows: the example of Ref. [10], the layer of negative charge is lo-
cated between-5.8 and6.0 um into the sample, and the
pE)=1+ %EL. (3) positive layer is located at the surface. The optical nonlin-

earity measured with the samples studied would then arise
This implies that for relatively weak fields, the etching from the strong electric field across the depletion region

rate depends linearly on the applied electric field, aghat is essentially neutral.

observed experimentally (c.f. Fig. 2). With the dielectric (b) In the case of optically poled frequency doubling

constant of silica (3.81) and of the acid@3 = 5) one fibers, a periodic structure was observed by etching [7],

expects the local surface field inside the acid to be of thevith period corresponding to the coherence length of

order ofE;, = 1.3 X E,pp. FromkT = (2.55 = 0.03) X  the frequency doubling process. There, a modulation

1072 ¢yV under the prevailing experimental conditions =100 nm was observed in fibers etched frol®5 um

and from the value of the dipole moment of the HFdown to7 um. The question addressed here is whether

molecule u = (1.92 = 0.02) D = (0.400 = 0.004) X the field that extends outside the core of the fiber can

10719 ¢om one finds the theoretical predictianycory = cause such a modulation.

20 X 107 m/V. The experimental value measured The radius of an optical fiber under chemical attack

agrees within a factor of 1.6 with this figure, but confirmschanges in time from its initial valug, as

the model only qualitatively. In fact, the mean field type ¢

approximation that was used is known to give a poor r(t) =ro — f vo(l + aE(r(t)))dt, 4)

description of a strongly polar solution which also exhibits fo

hydrogen bridges. One may, however, use the theoretic@here v, is the etching rate in the absence of the field

expression (2) in order to extrapolate the experimentahnd E(r(1')) is the electric field just inside the fiber

result to strong field§$~5 x 10 V/m). In this case, in surface when its radius i&(r'). As @ is small we may

Eqg. (2)xis taken as the experimental valaé,,, instead  substituter(s') by ry — vo(t’ — 1) in the argument of.

of 1.3 wEyp, /KT With this first order approximation, the modulation of the
Knowing how the electric field affects the etching ratefiber radius due to etchingr = r(r) — [ro — vo(r — )]

of Si0,, it is possible to estimate whether the selectivehecomessr = —a[®(r) — ®(ry)] where ®(r) is the

etching of poled glasses and of frequency doubling fiberglectric potential at radius(z) just inside the glass. Thus

can be ascribed to this mechanism alone. the etching technique provides a way to measure voltages.
(a) Etching experiments with electrically poled silica This dependence of etching modulation and voltages is

were carried out with 1 mm thick samples biased to 3 kWalid as long as the charges, which produce the potential,

at 300°C, as described in Ref. [10]. A region depletedhave not been removed by the acid. In the case of a

of Na atoms just under the anode was measured bftequency doubling fiber with surface charges on the core-

interferometry to be5.8 um thick, and the etching rate cladding interface the above dependence applies in the

was found to be relatively constant and slower there thagladding. In the core$r remains constant, its value being

in an unpoled region of the same sample. The ratio inhe one at the core radius.

etching rates measured between 2.4 3dum wasp = The distribution of electric charges in a fiber prepared

(0.68 *= 0.02) [10]. The frozen-in electric field associated for frequency doubling may be described by a surface

with the depletion region is estimated to bé4 + 1) X density on the core-cladding interface of the form
108 V/m. With the measured value of = (1.26 =

0.05) X 107 m/V one obtainsx = aE = —(0.50 = o(z, @) = oo codp) codkz), (5)
0.16), which gives with Eq. (2) a relative etching rate of where ¢ and z are cylindrical coordinates anir /k is

p = 0.6 £ 0.1, in good agreement with the rate measuredhe coherence length.

in Ref. [10]. This indicates that the change in etching Using this charge distribution, Coulomb’s law was inte-
rate observed in those poled silica can be completelgrated numerically to calculate the potential as a function
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% ———————7F——7——————— __field, even in the absence of frozen charge in the glass.
. 5 The rate of chemical attack is linearly dependent on the
oL ° " | © field, for field strengths as high as2 X 10’ V/m. A
"o oo _ simple model to describe the etching mechanism was de-
o @(r)=d(Noy/dne,s, w veloped. It was applied to extrapolate the field depen-
— 157 = . dence of the etching rate into a region of higher fields.
c g g g
i i ° -f.-;? The result indicates that the electric field alone is capable
10} . °_ 13 of accounting for the variation of etching rate observed in
- o o poled silica samples and frequency doubling fibers. This
s " °n, . ] g) finding provides a new insight into the charge distribution
‘Uon, . £ in poled silica glass. Furthermore, the knowledge of the
" °r g field dependence of the HF-silica etching rate can give
Yo o5 10 15 20 25 30 - insightinto the physics of surface phenomena and polar
/R solutions.
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