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Abstract: A reaction mechanism is proposed for the dissolution process of silicon dioxide networks in aqueous
HF-based solutions. Etch experiments with thermally grown silicon dioxide were used to create a model for
the etch process. Literature data on the etching of other vitreous silicon dioxide materials were used to refine
the model. A new method, using a quartz microbalance, is used to monitor the etch rate in situ and to establish
the reactive species. The first reaction step determines the rate of the etch process. It is the substitution of a
surface SiOH group, which is bonded to three bridging oxygen atoms, by an SiF group. Due to an acid/base
equilibrium reaction of the silanol groups on the surface with its protonated and deprotonated forms, the
substitution reaction rate is pH dependent. At low pHL(5) water is eliminated from the protonated silanol
group and an HF ion or an HF, molecule supplies anRhat binds to the positively charged silicon atom.

At higher pH values £ 1.5), the elimination of an OH group from the Si@ surface becomes the major
reaction route. Once the OHgroup is eliminated, an HF molecule supplies anHon. The g, value of the
deprotonation reaction increases due to the buildup of surface charge at4gHonsequently, the SiOH
surface concentration and the etch rate are higher than expected from a simple acid/base equilibrium reaction.
All subsequent reaction steps to remove the FSunit from the SiQ@ matrix are fast reaction steps (280

times faster) involving HE addition reactions on,Si—0O bonds. Using this reaction model, published etch

rate data of multicomponent glasses can be understood. Metal ions in glass break up,thet®ik and

create Si atoms bonded to less than four bridging oxygen atoms. The nonbridging oxygen atoms are terminated
by a metal ion, and the silicon bonded to these oxygen atoms etches as fast asFhens in vitreous

silicon dioxide. Therefore, the etch rates of multicomponent glasses are higher than that of vitreous silicon
dioxide.

Introduction The first step in controlling the etch rate is to understand the
relationship between the HF concentration, the ionic composition
of the solution, and the etch rat¢dF is a weak acid and is not

e1‘u||y dissociated in a water solution. Moreover, it can dimerize
and the dimers can lose one proton. Equilibrium constants
between the M, F~, HF, HR,~, and HF, species are published
and at 25°C aré10

In 1771, Scheele first prepared hydrofluoric acid and probably
discovered that it etches silicate glasses, which was in his cas
his glasswaré.More than 50 years later, Berzelius found the
reaction products of the reaction between Séd HF to be
tetrafluorosilane and watég It was later found that a strong
acid was formed which was hexafluorosilicic acid, the reaction
product of tetrafluorosilane with HFS - _ —4

Today, etching of vitreous Siand other silicate glasses with [HI[F V[HF] = 6.85x 10 " mol/L
HF is widely used in the glass industhyn the flint industry, [HFE, J[HF][F ] = 3.963 L/mol
in oil recovery, in surface micromachinifgnd in the produc- 2 '
tion of integrated circuits on silicon wafetsThe latter is
extremely critical, because silicon dioxide patterns, on silicon
substrates, of less than 3 nm thick and-200 nm wide are
processed. Due to the introduction of fast-etching silicon oxide
layers, such as the new lokvelielectric material, etch control
is becoming increasingly important. Therefore, the etch rate of
the HF-containing solutions has to be controlled very precisely.

[H,F,J/[HF]? = 2.7 L/mol

The etch rate of glass or silica is not a simple function of the
HF concentration. Judge found that the Sé@ch rate is linearly
related to the HF and HF concentrations and is not related
with the F~ concentration at any pH. However, the linear
relationships were valid only at low HF concentrations and at

* E-mail: Martin.Knotter@Philips.com. low pH (<2). The etch rate was not understood for the data
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that fall outside Judge’s intervals. To serve integrated circuit 300
(IC) engineers, etch data have been fitted into relationships y=059x+11.60
which have no chemical meaning. Judge’s model has been
statistically extended to include™Hand HF,.1?

Born and Prigogine studied the dissolution of glass with a
more kinetic view and postulated a relationship between the
etch rate, HE, and both HF and H in a Langmuir iso-
therm!314 The Langmuir isotherm was introduced to describe L
the concentration of reactive surface sites on the glass surface
with which H" and HF interact. Unfortunately, these researchers
did not include the HF dimerization reaction that results i1 ) o )
which is one of the reactive speci¥s® Again, the etch rate Figure 1. Exa_mpl_es _of the re_sults of the in situ etch rz_ate monitor: (a)
model is valid only in the low pH £2) range. after the monitor is rinsed with DI water and placed in 0.1% HF and

: - (b) after the monitor is rinsed in 37% HCI (5 min), short-rinsed (5 s)
In present IC technology HF concentrathn monltgrs are used with water, and placed in 0.11% HF. The resonance frequency increases
to control the etch rate. These concentration monitors use the

L . . . because the sputtered Sifayer is etched.

resistivity of the solution or determine the concentration of the
reactive species by using near-IR, Raman, or UV spectros€opy. industry. All concentrations mentioned between brackets are in moles
For etch rate control it is assumed that there is a well-defined per liter and do not imply ionic activity. For the calculation of the
relationship between the concentration and etch rate. To controlionic concentrations of the relevant species in HF solutions, the
the etch rate directly, a new method to directly measure the equilibrium constants are used which are tabulated in the Introduction.
etch rate of an HF-based solution has been developed and jgSince it is not possible to analytically calculate the concentration, an
described in this paper. The etch rate of the Si@ich is used i{‘ﬁ;ﬁ‘j\]’e P I[SH gS?d UFCt:I: t]he s of g'ectr?ge]utfa'[ayé %IHF

P ; 41 =[F]+[HF] + [ClI"] and massCr = [F] + +
e oo A7 e S]] rd chyed. I o cose 1o ek i

N . ! it is assumed that it is fully ionized into Clor NH,4*, respectively.

proposed which is valid throughout the pH range of 7 and below.
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. . Results
Experimental Section

The etch rate §) of sputtered silicon dioxide can be
of a quartz microbalance with a first resonance frequency of 5 MHz. dete:‘tmlped USIngha quartz mlcro?al?:nce' T;\gurg. 1 deplc.tts typlcbal
The electrodes on the quartz are made of chromium.Anllayer of results from such measurements. From this diagram It can be
SiO, is sputtered on top of the electrode. The quartz crystal is enclosed S€€N that the measured etch rate is not constant in time. In all
in a PE housing where only one side of the crystal is exposed to the the measurements, where the etch monitor is rinsed with DI
process liquid. The etching of the sputtered Siyer is measured by water prior to the measurement, the etch rate increases as a
the change in resonance frequencf) @f the crystal. The change in  function of time and stabilizes after about 5 min. When the etch
frequency per time unit is related to the mass difference per time unit, rate monitor is rinsed with concentrated HCI prior to the
i.e., the etch raté! o N immersion into the HF solution, the etch rate seems to decrease
Vitreous SiQ is prepared by the oxidation of silicon. Inan oxygen 3 |ittle before it stabilizes. Furthermore, the etch rate becomes
a.tlr.nOSphe]fe aé_gsmt, aqgg'de 'ayFe”g%OO nm 'St%ro""tnk?”mtﬂoj his Stable in a shorter period. This indicates that the previous
silicon watfer (diameter mm). For determining the etch rate on this <06 increase in etch rate is not a systematic error of the

oxidized silicon wafer, a semiautomated wet bench fabricated by ; devi but i f ditioni h
Universal Plastics (Akrion) is used. The HF-based solution in the measuring device, but IS a surface conditioning pnenomenon

process bath is recirculated and filtered through a Millipore filter. The ©Of Sputtered silicon dioxide. )
temperature of the liquid is controlled with a heat exchanger and is set 1 he etch rates of specific etch HF solutions can be extracted

to 25°C (+0.2 °C). A robot arm immerses the wafer in the bath with  from the slope, fidt, of the line obtained after stabilization of

a controlled speed and automatically transfers the wafer to a water rinsethe etch rate. Thisfédt is multiplied by an equipment-specific
position at the end of the etch step. The oxide layer thickness gradientcalibration constant of 0.089 A s, which results in the etch rate
in the direction of the immersion direction is measured at 49 points jn angstroms per second. The in situ etch rate monitor can
using a Tencor UV1250 spectroscopic ellipsometer (difference between measure the etch rates for thermally grown oxides down to 0.001
pre- and postmeasurement) and the least-squares method. The etch ralgys. i can be measured that low because the silicon oxide layer
of silicon dioxide in HF can be determined from the relationship used on the monitor has a higher etch rate than the thermally

between the immersion speed and oxide thickness gradient on the wafer. - s T .
Etch rates will be denotepd in angstroms per Seco?]d grown silicon dioxide to which it has been calibrated. Further-

NH.OH (25% wiw in water), HCI (37% wiw in water), and HF (50% More, the sensitivity can be altered by changing the measuring
w/w in water) have a purity grade which is standard for the ULSI time. ) ) )
In Figure 2, the etch rate results of a series of experiments at

constant pH are plotted as a function of the total fluoride

A patented in situ etch rate monitor was made in-hdfiseconsists

(12) Verhaverbeke, S.; Bender, H.; Meuris, M.; Mertens, P. W.; Schmidt,
H. F.; Heyns, M. M.Materials Research Society Symposium Proceedings

Materials Research Society: Pittsburgh, PA, 1993 Vol. 315, p 457. concentratiort® The etch rate increases gradually with the total
(13) Born, H. H.; Prigogine, MJ. Chim Phys 1979 76, 538. fluoride concentration. In the same plot, the concentrations of
(14) (a) Kline, W. E.; Fogler, X. XInd. Eng Chem Fundam 1981, 20, i i i

155. (b) Prokopowicz-Prigogine, MGlastech Ber, 1989 62, 249. two potentllal nucIeoPhlles are plptted. The observation that the
(15) (a) Kashkoush, I.. Brause, E.. Novak, R.; Grant Materials concentration of HE increases in the same way as the etch

Research Society Symposium Proceedindaterials Research Society: ~ rate and the Fincreases differently strongly suggests that the

EittSburth,APé 1997;(;/'0{- iégaﬂf“h (bl)oF;EI(Ie)tieGr’ M. J.; Eaxiesé rlf L etch rate at constant pH is related to the;HEoncentration. In
aprio, R. A.semicondint. arcn, . (C ljguere, P. A} en, . .
H. J. Raman Spectrosd984 15, 199. (d) Kaigawa, H.. Yamamoto, K. fact, using the proper scaling factor, the curve of the Hfis

Shigematsu, YJpn J. Appl. Phys Part Il 1994 33, 4080. the measured data point of the etch rates. Table 1 shows the

W élgézr%%t;e?r, D. M.;van de Vorst, A. A. M. International Patent Number  scaling factors [HE /R at different pH values. Since the HF
(17) King, W. H., Jr. InVacuum Microbalance TechniquéSzanderna, (18) The pH is determined by the HCI concentration, which acts as a
A. W., Ed.; Plenum Press: New York, 1971; Vol. 8, p 183. buffer for low total fluoride concentrations.
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0.06 0.12 Table 1. Etch Rate Monitor Results: [HF] = SRyn=constant
x 000 % [H*] (mmol I71) scaling factorS (mmol s L't A-%)
0,041 T E 1630 0.094 £0.004)
R
® 0024 € 7.9 13
[ 003 § 2 0One measurement, because pH is not constant with diff&ent
0

0 in etching. Substituting the Langmuir eq 4 into eq 1 results in
0 002 004 006 008

eq 5:

Cr (mol/l) d
Figure 2. In situ etch rate monitor. Measured Si€ich rate k) as a dsio, K ,[H+][Si ivd
function of the total fluoride @) concentration in 0.326 M HCI. The = & afr'v [HF, ] (5)
lines represent the HF and F concentrations. dt 1+ K {H']
concentration follows the same trend asds a function oCr,  Using experimental etch rates, it is not possible to determine
HF can also be excluded as a reactive nucleophile in this the number of active surface sites and taeindependently.
reaction. However, b, follows the same trend as HFand  Thereforeky and [Sicivd can be summarized with one constant,

therefore cannot be excluded as a reactive nucleophile at thisyhich will come out of the experimenkdyy):
point.

~ From the results obtained with the in situ etch rate monitor dsio, KaofH IHF, ]

it can be concluded that for etching silicon dioxide, bothTH = = Kexg m (6)
and the concentration of the nucleophile A®Br HoF; are key dt 1+ Ky fH']

parameters. Without knowing much about the etching mecha-

nism of vitreous Si@ it is safe to say that siliceroxygen bonds ~ This formula can be transformed into eq 7:

have to be broken and replaced by siliedluorine bonds. One

possible mechanism is a nucleophilic substitution reaction (or HF, ] 1 1 1 @)
an elimination reaction followed by addition of a nucleophile). R Kaclkexp [H+] kexp

Nucleophilic substitution reactions are enhanced by Lewis acids,
such as H. Let us assume that the reaction of HF with a silicon gy piotting [HR,"]/R as a function of the reciprocal proton

dioxide surface is a two-step reaction. The first step is the ¢oncentration, one can isolate the two constants from the curve-
protonation of a surface oxygen atom bond to the silicon atom: fitting parameters.

Si—0—X + H* — Si=O(H)*—X (X = Si or H)** The second Etch experiments to verify this simple etch model (eq 7) were
step is thg qqcleophlllc at'gack of HF (or HxF) on the carried out on vitreous Sidayers thermally grown on silicon

electrophilic silicon atom: StO(H)*—X + HF;~ — Si—F + wafers. To eliminate unwanted time effects (see results with
HO—X + HF. The HO-X group is a stable leaving group. the in situ etch rate monitor), the wafers are immersed in the

On the basis of the proposed reaction scheme described aboveatch solution with a constant, low speed (00836 mm/s). The
reaction rates can be expressed as a function of reactankijicon dioxide layer thickness variation after the full immersion

concentrations. The reaction rate depends on the concentrations ysed to determine the etch rate. Etch solutions were made up
of activated surface sites and the concentration of the nucleophilegf HF (variation from 0.054 to 1.22 M) to which HCI (variation

(eq 1): from 0.025 to 2.04 M) or NOH (variation from 0.051 to 0.823
dsio, M) was added. .
R kd[SiO(H)+X][HF2_] (1) In Figure 3, the experimental [HF|/R data are plotted as a
dt function of the reciprocal proton concentration. The experimental

error in the data points at low pH (1/fiff < 10 000) are

The concentration of activated sgrface sjtes depends on the pHreIativer small (3-8%). Closer to the point of equivalency (pH
and the maximum number of available sites®d). Equations g g oy the titration of HF with NHOH), errors in volumetric

2 (aci_d/base equil_ibrium_of §urface sites) and _3 (total number determination of HF and N¥DH have a significant impact on
of active surface sites, [@iid, is constant) resultin a Langmuir o -ajculated [HE] and [H']. Therefore, the experimental

eq 4. error at higher pH (1/[H] > 10 000) becomes significant (30

. 4 40%). Nevertheless, the relationship between JHR and
w = @) 1/[H*] shows a smooth trend. It is not just one straight line,

[SIOX][H ] adt however, and the reaction of vitreous 3i@ith HF appears
not to be one simple reaction. On first examination of the curve,
[SiO(H)+X] + [SIOX] = [Sigeind (3) it looks like there is a reciprocal summation of two reactions

with two linear intervals. For 1/[H] < 10 the reaction rate

K t[H*][Si " constants are different than for 5601/[H*] < 10 000, which

[SIO(H)"X] = == activ (4) indicates that there are at least two reactions paths.

1+ Kac,[H+] Linear curve fits in the two pH ranges are included in Figure

3, and they are both corrected for the contribution of the other
This Langmuir equation describes the adsorption of protons on reaction. This correction is done by extrapolating the etch rate
the SiQ surface, which is different from the approach of HF contribution of the other reaction and subtracting it from the
(or HR,") adsorption on Si@surfaces314 The active surface  experimental value. Both curves show a good linear relationship
sites are these oxygen atoms on the S0rface that can be  between the reciprocal proton concentration and the normalized
protonated and react with a nucleophileHFor H,F), resulting reciprocal etch rate. The equilibrium constarg are 8100
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Figure 4. Selected Si@etch rate data at extreme low pH (1fH<
1 (L/mol)).

Figure 3. Product of the reciprocal etch rate of vitreous silicon dioxide t5p1e 2. Fit Data from Figure 5

(R) and [HR] as a function of the reciprocal proton concentration
([H']). (a) A linear fit of selected Si@etch rate data with 1/[H <

10 (L/mol). (b) A linear fit of selected Sifetch rate data with 50&
1/[H*] < 30 000 (L/mol). The error in the data point strongly depends
on the pH. Data points with 1/[H < 100 have an error bar smaller
than the depicted dots. For 1601/[H*] < 10 000, the error compares
with the dot size, while for 1/[H] > 10 000 it is approximately double
the dot size (mind log scale).

and 0.17 L/mol, and the reaction rate constakgs) are 17
and 33000 A L mot! st for the high- and low-pH ranges,
respectively.

At the extreme low end (1/[H < 1) of the etch rate curves
of 1/[H*] < 10 (Figure 3), a systematic deviation from the linear

relationship is noticed, i.e., the etch rate is higher than expected

from the linear extrapolation. It indicates that in this pH range

a third reaction is proceeding, and it might be a reaction between

[Si—O(H)*—X] and a nucleophile other than HFE In Figure

4, the deviation from the expected etch rate is plotted against

the product of the [SFO(H)"—X] (Kaet= 0.17 L/mol; X=H)
and the HF, concentration (see eq 1 for similar relation with
[HF;7]). A linear correlation is found with ey, 0f 7 A L mol—2

s 1. No linear correlation was found when the residual etch rate

was plotted as a function of the product of {fSd(H)™—X] and
the monomeric HF concentration.

The results discussed above indicate that the reaction of HF B
with SiO, is not a single substitution reaction. There are at least R= (K[H,F,] + K[HF, ])

two different equilibrium reactions with a proton on the surface.
One has alg, value of —0.7, and another one has K value
of 3.9. On the surface of vitreous Si@ is likely to be the
equilibrium between SiQ, SiOH, and SiOH". If this is the

case, then, according to these data, vitreous silicon dioxide

should have an isoelectric point (iep) or point of zero charge
(pzc) at the pH of (3.9- 0.7)/2= 1.6, which is close to the
value of 1.8 found by othei$.The concentrations of SiOH and
SiOH;*™ will be interrelated and result in egs 8 and 9.

. 4 K3K4[H +] 2[Siactivel
[SioR, 1= KK [H 2+ KH™] + 1
— K3[H 7L] [SiactivJ (8)
KH' + 1+ 1K, [HT]
Jr .
[SiOH] _ K4[H ][SlactivJ (9)

CKKHTP A K HT + 1

The reaction rate of the dissolution of vitreous SiIOHF is

the summation of at least three reactions (eq 10), each with a

different pH range in which they become dominant:

(19) Parks, G. AChem. Re. 1965 65, 177.

model | model I
ko (A L mol-ts79) 8(1) 71
ki (AL mol~ts™%) 21 000 (4000) 18 000 (4000)
ko (A L mol-ts7%) 12.7 (0.4) 12.6 (0.5)
Ks (L mol%) 0.27 (0.06) 0.28 (0.06)
K4 (L mol) 15 000 (2000) 13 000 (2000)
o na 0.85 (0.06)

(2) In the reaction that occurs at pH 1, the concentration
of HF,™ is very low and the concentrations of Si@Hand HF,
are high.

(2) At pH between—1 and 3, a large component of the etch
rate is due to the second term consisting of SiOkind HR™.

(3) Above pH 2, the term which is built up of SIOH and
HF,~ becomes the major reaction route.

If the concentrations of SiOH and SiGHare inserted into
eq 10, the overall relationship between the solution composition
and etch rate can be described (eq 11). It is referred to as Model

R = k,'[SIOH, ][H,F,] + k,""[SIOH, [HF, ] +
k,"[SIOH][HF, ] (10)

KoH']
1+ KyH' + 1K, [HT]
S KH']
2 K HT + KK HT?

k,[HF (11)

Statistical analysis was performed on the data published here
and the data published by KikyuarfaA Golub—Pereyra
algorithm was used to calculate thgK values from eq 1%

To obtain a convergent solution, the relationship betwiégn
and K4 was fixed: KzK, = 10@(ep) = 10218) = 3981.
Furthermore, the data for a pH larger than 4 were left out of
the analysis and will be handled in the Discussion, because it
needs an additional explanation. Theand K values can be
extracted more precisely from this analysis and, using the five
new parameters (see Table 2), all the data below pH 4 can be
fitted in one curve using eq 11 (see Figure 5, model ).

Discussion

The current data show that the rate-determining reaction step
of the dissolution of vitreous Sidin HF solutions involves
protonation and deprotonation of the reactive surface sites. Since

(20) Kikyuama, H.; Miki, N.; Saka, K.; Takano, J.; Kawanabe, I;
Miyashita, M.; Ohmi, T.IEEE Trans SemicondManuf 1991 4, 26.

(21) Seber, G. A. F.,; Wild, C. J. INonlinear Regressign]. Wiley &
Sons: New York, 1989; Section 14.7.
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Figure 5. Data fit through experimental values published here and by
Kikyuama using eq 11 (model I, /[ < 10 000) and with a correction
on K4 (model 11, eq 13) using all 105 data poirisit parameters are
given in Table 2.

Scheme 1.Proposed Reaction Mechanism of the Rate-
Determining Reaction Step of the Dissolution of $i® HF
Solutions: Replacement of the SIOH Unit by an SiF Unit
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this can only be a silanol and not an-¥)—Si unit, the rate-
determining step is the substitution of an SiOH group by an

J. Am. Chem. Soc., Vol. 122, No. 18, 204849

Scheme 2.0ne of the Nucleophilic Substitution Reactions
on an Sik (x = 1, 2, or 3) Unit, Which Will Result in the
Removal of the SiF Unit from the SiMatrix
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reactions, because they do not have to form a high-energy
intermediate, such as D. It is, therefore, obvious that less dense
silicon oxide layers, such as chemical vapor deposited (CVD)
layers, etch faste® Since these layers contain silicon atoms to
which less than four bridging oxygen atoms are bonded, not all
Si—OH that emerges to the surface will be a silanol unit. For
example, due to relatively high oxygen content, not all oxygen
atoms in an Si@ layer will be bonded to two silicon atoms,
and these oxygen atoms will generate a certain amount of silan-
diol groups during the etching process. The silan-diols that reach
the surface do not have to undergo the slow elimination reaction
but can immediately undergo the nucleophilic substitution
reactions. All silicon atoms that are bonded to four oxygen bonds
that are, in turn, bonded to other silicon atoms limit the rate of
the SiQ etch process. Indeed, the apparent energy of activation
of the etching of Si@layers with different Si/O ratios are not
much differen* which suggests that the rate-determining step
remains the same.

During etching of very thin Si@layers on silicon, passivation
phenomena have been observed where the etch rate drops to
0.25 Nielsen and Hackleman found that the $i€ch can be
stopped by applying a current, either with a potentiostat or by
illumination of n+ doped silicon under the SiQayer. It was
proposed that a site reaction, elimination of F from an SiF unit,
could result in an Si unit (like in D) on the surface. If the
electric field was strong enough, the"Sinit could be reduced
by electron donation from the silicon substrate to formdsi

SiF group. For a nucleophilic substitution reaction, a nucleophile Si_ - This passivation mechanism would fit the reaction mech-

has to approach the electrophile from the opposite side fro
that of the leaving group. An SiOH group is bound to three
oxygen atoms from the SiOnatrix, and an approach from the

rear side is impossible. Therefore, it can be concluded that the

first reaction step is the elimination of Otbr H,O from the

m anism presented here, becausefSimation would now be part

of the reaction path. Deactivating the reactive intermediate, D,
will stop the etching process.

The formation of long-living Si intermediates as in D is
not very likely. Moreover, if such an intermediate will form,

surface to form the reactive intermediate D (see Scheme 1).F~ would be a good candidate to bind to this site, while it is

After the elimination of both OH or H,O, D can react with
three different nucleophiles. With the addition ob® no
etching will be measured, and since the@{is nearly constant

found not to be reactive. Finally, OHgroups are very poor
leaving groups, which means there should be some kind of
assistance to eliminate them. Therefore, it is proposed that the

in all experiments, this reaction cannot be monitored. In vapor- limination and addition reactions take place in a “closed

phase etching? however, which is out of the scope of this

system. HF, and HF,~ can assist the elimination of OH by

report, this reaction may become measurable. The reaction ofce0rdination with the FH part parallel to the HO side of the

D with HoF> and HR~ will result in the reaction product E, the

silanol group (see Scheme 3). This action brings the second F

SiF unit. The measured reaction rate will be the product of the (0m of FbF2 or HF; close to the silicon atom. The elimination

elimination and the addition reactions.

Once the SiF unit is formed, the reaction can proceed very

and addition can take place consecutively. Monofluorides, such
as HF and F, are not able to do this. Furthermore, this also

quickly. Three subsequent nucleophilic substitution reactions €XPlains why HE™ reacts faster than#ff,: the angle FH—F

(see Scheme 2) will break the SiF unit out of the Si@atrix
and will bring the surface back into its initial form, where an

SiOH unit has to be replaced by an SiF unit to continue the
etching process. The reaction rates of nucleophilic substitution

is probably larger in the HF ion than in the square-shaped
H,F, molecule. The larger angle brings the ©n, which has
to be transferred, closer to the reactive center.

(23) (a) Deal, B. E.; Fleming, P. J.; Castro, P.JLElectrochem Soc

reactions are in general faster than those of elimination/addition 1968 115 300. (b) Kern, W.; Heim, R. CJ. ElectrochemSoc 197Q 117,
568

(22) (a) Helms, C. R.; Deal, B. B. Vac Sci Technol A 1992 10, 806.
(b) Lee, C. S.; Baek, J. T.; Yoo, H. J.; Woo, S.JI.Electrochem Soc
1996 143 10.

(24) Proksche, H.; Nagorsen, G.; Ross,DElectrochemSoc 1992
139 521.
(25) Nielsen, H.; Hackleman, 0. Electrochem Soc 1983 130, 708.
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Scheme 3.HF, -Assisted OH Elimination Reaction with a combined effect results in increased etch rates above the pH of
Consecutive F Addition 4,
It is impossible to establish the relationship between g p
H \H value and the pH from the current data, becausekihaight
also be affected by the pH changes. Moreover, different studies
¥ are dedicated to the laborious relationship between kheapd
Sig the surface charge (which is a function of pH and)pand
S electrolyte concentratio??:2931.32 Most of the approaches
| describe the relationship as an intrinsi€;pralue plus a part
that is a function of ionization level. It is, therefore, proposed

. A . to approach th&, (the K, value for the SIOH/SIO equilibrium)
The surface condition and the pH have a significant impact value by taking an intrinsi&.® value (theK. value from the

on the etch rate and the initial etch rate. Protonation of the ? )

surface enhances the etch rate, which was observed by the ipyrve fit t_)elow p_H .4) and to add Fhe reciprocal proton
situ etch rate monitor. Thelg values found in these experiments concentration multiplied by a factar to it (eq 12).
differ from those published in the literature for silica surfaces.
The lowest and most often cited value for the deprotonation
equilibrium of the silanol group is that of Schindler and
Kamber: 6.8+ 0.22% It was reported that thel, value of the
silanol group of silicic acid (Si(OH) pK, = 9.8) decreases with
the degree of polymerization down to 85Apparently, the K,
value of silanol groups can decrease even further to 4.1 when
silicic acid is polymerized to a quartz-like structure as in
thermally grown silicon dioxide. Furthermore, thermally grown
silicon dioxide is like perfectly polymerized silicic acid, with
only silanol groups on the surface silicon atoms and not more
than one per silicon atom.

The HF solutions used in the work described in this
publication were diluted and prepared from HF and/OH
mixtures. Due to small volumetric errors, the calculated][H
is not well established at higher pH values, because it roughly
depends on the added amount of HF minus that of,O#i
However, in the literature, there are a number of publications
which give silicon dioxide etch rates as a function of solution
composition at higher pH values. Kikyuama reported etch rates g — (ky[H,F,] +
of HF/NH4OH mixtures at high concentrations and pH varying .
from 1.5 to 5.5° In Figure 5, it can be seen that the measured K[HF, ) KalH']
data fit the calculated data beI_ow the pH of 4 (k< 10_000). R K3[H+] + 1/(K4[H+] + )
Above the pH of 4, the experimental etch rates are higher than .
the calculated ones. A similar change in reaction rate was | o KjfH ]+ o
observed for etching with HF as a function of hHaddition* J[HF, 11 + o+ aKJHTT + K JH'T + KK [H+]2 (13
In what the authors call “region 1”, the pH is smaller than 4, 3 4 84
and in what they call “region 2", the pH is above 4.

The reason for the deviations of the etch rate from model |
might be the variation of thely, value of the silanol group as
a function of surface charg€2829:36Qthers have noticed that
the surface charge of silica starts to increase from pH 4

K, =K.+ o/[H'] (12)

In the statistical analysis of all the data using the Gelub
Pereyra algorithm and the modifiéd, value, a fit is obtained
with a residual quadratic error of 0.36 (Table 2). Moreover, no
systematic deviations occur in the residual plot other than a
randomly larger error at p# 4, which is probably caused by
an error in the determination of the pH. These new theoretical
values (eq 13, model Il) are plotted with the experimental ones
in Figure 5. The validity of this model Il is limited to certain
pH values. Since the function in eq 12 increases continuously
with an increasing pH while thel should level off at a certain
pH, this approach is valid only for a small pH range-@®.

The pH where th&, levels off depends, among other things,
on the electrolyte concentration: the higher the concentration,
the lower the level. If thd, value levels off, the etch rate will
drop very quickly to zero. Therefore, eq 13 describes the etch
rate in the pH range from-1 to 6-7.

There is an implication in using the approximation of the
newK, (eq 12). Since, at pH above 4, the reaction rate is mainly
going through the substitution of SiIOH by KiF; the reaction
rate can be approximated by

upward3® The relationship between th&Kpand pH is under- KJH'T+ a
standable, as it will be more difficult to remove a proton from R= k24—+[HF2’] (14)
a more negatively charged surface. The implication for,SiO 1+ o+ KyH]

etching is that the concentration of SiOH groups on the surface

above the pH of 4 is higher than anticipated from the simple At higher pH values, thé,[H*] will become much smaller
acid—base equilibrium, as denoted in eq 2. Higher concentra- than a, which means that, within this limit, bot#,[H"]

tions of SiOH imply a higher etch rate. In addition, a surface increments of eq 14 can be ignored. Consequently, the etch rate
that is negatively charged will eliminate an Olgroup more will become independent of the pH. However, it is valid in a
easily than a less negatively charged surface. Therefore, surfac€ertain pH range, and the [HF remains dependent on the pH.

charging will also increase the reaction rate constit The Etching of multicomponent silicate glasses is not much
different from etching of vitreous SO The diffusion of the

alkali and earth alkali metals out of the Si@®etwork is much

(26) Schindler, P.; Kamber, H. Rlelv. Chim Acta 1968 51, 1781.
(27) (a) Belyakov, V. N.; Soltiuskii, N. M.; Strazhesko, D. N.; Strelko,

V. V. Ukr. Khim. Zh. (Russ Ed.) 1974 40, 236; Chem. Abstr1974 81, faster than the etching of the Si@etwork3® Therefore, the

30378. (b) Strazhesko, D. N.; Yankovskaya, G.Ukr. Khim. Zh. 1959 first few nanometers of glass is a metal-free Si®ix layer.

25, 471. (c) Kirichenko, L. F.; Vysotskii, Z. ZDokl. Akad Nauk SSSR

1967, 175 635. (31) Hiemstra, T.; de Wit, J. C. M.; van Riemsdijk, W. Bi. Colloid
(28) Rudakoff, G.; Sonnefeld, J.; Vogelsberger, W.Phys Chem Interface Sci1989 133 105.

(Leipzig 1988 269 441. (32) Healy, T. W.; White, L. RAdv. Colloid Interface Sci1978 9,
(29) Sonnefels, 1. Colloid Interface Sci1993 155 191. 303

(30) Bolt, G. H.J. Phys Chem 1957, 61, 1166. (:";3) Spierings, G. A. C. MJ. Mater. Sci 1991 26, 3329.
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Figure 6. Etch rate data from Spierings and van Dijk of@a-MgO— x in Si0y

i | in HF with HNQ, HCI 4
Ca0-SIO; glass in wit @ HCI, or FSQ, added Figure 7. Normalized etch rate of silicate glasses as a function of

oxygen contentR, is the etch rate of thermally grown Si@ndR(x)

The NaO—MgO—CaO-SiO; glass etch data of Spierings and g the etch rate of glass with composition Si0

van Dijk have been plotted in Figure 6 in the 1/[Ho [HF,7)/ ) )
R format34 The published HE and H" concentrations were The exceptions to the above-described network model of glass

used but did not result in a linear curve. Recalculated values ®€hing might be due to the difference in the diffusion rates of
using the HF dimerization reaction, which were omitted by the Metal ions that have to diffuse out of the glass whigHand
authors of ref 34, were used (Figure 6). In contrast to the H2O diffuse into the glas¥:

published R/[H] over [HR,] plot, all the data fall on one line  Conclusions

when the dimerization reaction is included. Due to the large  pjssolution of vitreous silicon dioxide and (multicomponent)

error in the intercept value, theintercept is not positive, which  gjjicate glasses in HF-based solutions depends on three param-
means that both thie andKs values should be negative. If the  gters:

sameKz value is assumed as in the vitreous silicon dioxide case, 1. The first is the number of silicon atoms bonded to four
a reaction ratdq = 1.31 x 10° A L mol~* s* follows from bridging oxygen atoms. The replacement of the first oxygen
the slope (MiK3). The etch rate of the glass is about 20 times py a fluorine ion is a slow and rate-determining reaction step.
higher than that of vitreous silicon dioxide. Also visible atlarger The subsequent reaction steps, to remove the SiF unit from the
magnification is the systematic deviation at low pH due to the SiO, network, are 1820 times faster.
reaction of HF. o _ i 2. The pH influences the equilibrium reaction of surface
With this glass etch data it is possible to estimate the etch sjlanol groups with its protonated and deprotonated forms. The
rate of silicon fluoride or silanol groups that are bonded to less g|imination of HO that occurs at low pH is much faster than
than three bridging oxygen atoms. Assume a network model oH-. Deprotonation of the silanol inhibits the etching process.
where the dissolution rate of silicates with the composition of 3 The nucleophile HF (and HF; at very low pH) reacts
SiOMy (x = 2, M is one or more types of metal ions) is  with the silicon center that just lost an® or OH™ group and
composed of a slow reactioR{ due to etching of silicon atoms  probably facilitate the elimination of the® or OH™ groups.
bonded to four bridging oxygen atoms and a fast reacti®®h ( The concentration of HE will decrease at low pH values,

due to the etching of silicon atoms which were bonded to less which works counterproductive to the enhanced elimination of
than four bridging oxygen atoms. Equation 15 should be valid H,0.

in the range from 2< x < 2.5: The effects of superstoichiometric amounts of oxygen in,SiO
.- ) on the etch rate can be studied with glasses. This is difficult
— DX X with silicon dioxide layers applied by chemical vapor deposition
R(x) = + 15
09 =Ry 0.5 Ry 0.5 (15) methods or wet chemical methods followed by a furnace

treatment, because the composition is not reproducible.
Forx > 2.5 and a homogeneous distribution of M, every silicon  The relationship between the Si€tch rate and the solution
atom in the SiQ@ network will have one or more nonbridging  composition is not straightforward. Furthermore, pretreatment
oxygen atoms, and the reaction rate will be constant and equalof the surface with strong acids or bases can influence the initial
to Ry. The Ry/R; ratio would follow from a plot ofR(X)/R, as a etch rates of the Si© Therefore, for proper etch rate control,

function of x: it is best to monitor the etch rate directly with an identical
pretreatment. A high sensitivity can be obtained with an in situ
R(X) R, R, etch rate monitor assuming the two oxide surfaces react
R = R 1x+ 15— 45 (16) identically.
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