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Abstract

The wet chemical etching of silicon by concentrated HF—HM@xtures in solar and semiconductor wafer fabrication requires the strict
control of the etching conditions. Surface morphology and etch rates are mainly affected by the amount of dissolved silicon, thatis continuously
enriched in the etching solution with each etching run. A fast and robust method for the titrimetric determination of the total dissolved silicon
content out of the concentrated etching solution is presented. This method is based on the difference between the two equivalence points of the
total amount of acid and the hydrolysis of the hexafluorosilicic anion. This approach allows a silicon determination directly from the etching
process in spite of the presence of dissolved nitric oxides in the etching solution. The influences of different acid mixing ratios and of the
etching solution density depending on the silicon content is considered and discussed in detail.
© 2004 Elsevier B.V. All rights reserved.
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1. Introduction The challenge is to find the optimum compromise between
maximum utilization of the etching mixtures and economi-

Isotropic wet chemical etching of silicon by HF-HNO  cally reasonable etching rates. Among other parameters like
acid mixtures is an essential step in the processing of semi-the acid concentrations, acid mixing ratio, and temperature,
conductor and solar grade silicon. The dissolution of silicon the content of dissolved silicon affects mainly the etching
is described by the following net equation (according to ref. rate. Therefore, fast and precise determination of the silicon
[1D): in the etching solution independently on the acids contents is
required for technical application.

From the analytical point of view, the acids act as a heavy

Main applications are the removal of surface roughness of Matrix that prevents or complicates the analysis as in the case
wafers after slicing from silicon ingots (saw damage) and the ©f the photometric determination of,8iFs as silicomolyb-
texturing of silicon wafer surfaces for solar cells. dic acid([2], which is applicable only for low silicon contents

In practice, etching solutions of varying acid contents are UP t0 0-3% HSiFs in HF. A silicon determination by AAS
used. In order to obtain a certain etch rate or texturing effect [,3'4] requires a time consuming calibration and several dilu-
either freshly prepared mixtures from concentrated acids arelio" Stéps of the concentrated samples. The methods based on
diluted with water or already used etching solutions are re- Precipitation of KSiFs and subsequent titration of the acid

freshed several times by the addition of concentrated acids.2nd later of 6 SiFs are time consuming as well and affected
by the efficiency of kSiFg precipitation (e.g. in organic sol-

vents or in the cold)5-7].
* Corresponding author. Fax: +49 351 4659 452. The present paper describes a robust determination of
E-mail address: a.henssge@ifw-dresden.de (A. HenRge). silicon by potentiometric titration in synthetic HF—HNO

3Si 4+ 18HF + 4HNO3; — 3H2SiFs +4NO + 8H0. (1)
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etching solutions regardless of the concentrations of HF andTable 1 _ N
HNO3 and their mixing ratio. The pBiFs content can be  CP-OES measuring conditions

obtained for any etching solution, which is unsaturated with Generator power (W) . 1150
respect to silicon according to E(L.). ﬁf p'as_lmaﬂﬁw ('ELm'rT )1) 365
. . . . . . rauxiiary fiow min— .
The titration of complex acid mixtures is characterized Ar nebulizer pressure (MPa) 0.2

by an overlap of the equivalent points. As a general rulg, pK
values for two acids should differ more than four units to sep-

Maximum integration time (s) Low wavelength range 15s;

high wavelength range 15s

arate their equivalence points by titrati@j. Potentiometric Sample rinsing time (s) 60

titration of HF-HNQG-mixtures yields only to a single equiv- \F’)V""Sh'”gt“r?elfs) ) 1585
. ump rate (mL min .

alence pointdueto the close p#alues of 3.17 at 20C for HF Repeating measurements 4

[9]1 and—1.34 at 30'C for HNO3 [9]. In HF=HNOs-mixtures
containing dissolved silicon after etching, silicon is present
as dissociated species 058iFs. H2SiF; has a complex and
widely unresolved speciatidti0]. H»SiFs is considered as a
strong acid comparable to sulphuric acid. The second disso-
ciation constant p&>is estimated as 0.220].

The titration of all the mentioned acids according to the
net simplified Eqs(2)—(4)in one mixture should result in a
common, irresolvable equivalence point.

stock solution were pipetted into a polyethylene titration ves-
sel and diluted with water to a total volume of 60 mL.

Titrant is 0.5 or 1 mol £ NaOH (Titrisol, Merck). The
titer of this solution was steadily determined by titration of
1mol L1 HCI (Titrisol, Merck). The titrations were per-
formed by computerized titrator of the type DL 70 using a
HF resistant electrode InLab 429 (Mettler-Toledo AG) for pH
measurements. The maxima of the first derivative of titration

H5SiFg + 2NaOH — NaySiFs + 2H,0 2 curve were used as equivalence points.
For comparison, the silicon content of the samples was
HNOs +NaOH — NaNO3; +H20 ) determined by ICP-OES (IRIS, Thermo Jarrell Ash Corp.,
Franklin, MA, USA) equipped with a HF resistant spray
HF + NaOH — NaF + H»0. (4)

chamber and concentric nebulizer. The measuring parame-
ters are summarized ifable 1. The samples were diluted
to a total acid concentration of 3% (v/v) HF for one series
and with a NaOH concentration of 0.05 mottfor the other
series. The results for both series agree within 1.5% R.S.D.

In the second step, the hexafluorosilicic ion reacts with
NaOH under formation of silicid acid at a pH aroungild].

NapSiFs + 4NaOH — Si(OH) -+ 6NaF (5)

2. Experimental 3. Results and discussion

HF-HNOs-acid mixtures were prepared from analyt- -1+ Titration of HF-HNO3—~(NH4)2SiF solutions

ical grade acids (HF 40% (w/w), HND65% (w/w),

Merck, Darmstadt, Germany). Pieces of p-type silicon wafers
(4in. diameter, polished, 67&m thickness; Silchem GmbH,
Freiberg, Germany) were slowly dissolved in 50 mL of a mix-
ture of 70% (v/v) HF and 30% (v/v) HN§at 1°C. During

The complex behavior of HF—HN{mixtures after dis-
solution of Si can be approached by titration of HF—HNO
mixtures of known acid concentrations with defined volumes
of a (NH,)2SiFs stock solution added to. Using synthetic

dissolution the reaction vessels were covered with a Teflon HF-HNOs—(NH4)2SiFs mixtures the titration of the HF and
cap. Immediately after dissolution of the silicon, the etch- HNOs protons is clearly separated from the titration of the
ing solution was warmed within 20 min to a temperature of hexafluorosilicate anion in the titration curve. _
20°C. For titration, 0.5-1 mL aliquotes were pipetted and The titration curves show two equivalence points (Fig. 1).
diluted with water to a total volume of 60 mL. For time de- The titrant volume of the first equivalence point is indepen-
pendent studies, all samples were produced and stored in highjem on the §|l|con concentration in the solution and repre-
density polyethylene (HDPE) bottles with screwtop. sents exclusively the sum of protons of HF and H\«@-
The densities of the silicon containing acid mixtures were €0rding to Eqs(3) and(4). The titrant volume at the second
determined by weighing (AT 200, Mettler-Toledo AG, Schw- equivalence point increases linearly with the silicon concen-
erzenbach, Switzerland) the mass of five defined volumes!ration as described by E(f):
(ranging from 1 to 3mL with a precision EHO.S‘_%) of (NH4),SiFs + 4NaOH — Si(OH) + 4NaF + 2NHg4F. (6)
the carefully thermostatted samples of each mixture. For
Comparing titration studies, a stock solution of (R‘)t'BH:G Therefore, the volume difference between the first and the
(99999%, Alfa Aesar, Kar|sruhe’ Germany) was prepared by second equivalence point is a measure of the silicon content
dissolution of 2.7774 g in 500 mL deionised water (18 Mg, in the acid mixtures as demonstratediig. 2. The slope
Seral, Ransbach-Baumbach, Germany). For titration 0.35 mL Of the straight line amounts to 4.640.02 representing the
40% (w/w) HF, 0.15mL 65% (w/w) HN@and 8-40mL  stoichiometry of Eq(6).
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Fig. 1. Titration series of mixtures consisting of 0.35mL 40% (w/w) HF,
0.15mL 65% (w/w) HNQ, and varying Si content, added as (NbBiFs,
titrated with 1 mol =1 NaOH. Titrant volume at the first (M) and second
(@) equivalence point.

3.2. Titration of synthetic HF—-HNQO3-etching solutions
with known silicon content

A typical titration curve of a synthetic etching solution is
shown as trace (a) ifig. 3. The presence of dissolved silicon
results in a strongly asymmetric curve with two separated
equivalent points. The addition of either HF ((curve b) in
Fig. 3) or HNG; ((curve c) inFig. 3) shifts both equivalence
points linearly to a higher titrant volume according to the
amount of added acid.

In Fig. 4, the titrant volume of 1.0 molt! NaOH at the
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Fig. 3. Titration of synthetic etching solutions with 0.5 moil.NaOH.
(a)One milliliter synthetic etching solution (2.1094 g silicon dissolved in
an acid mixture of initially 35mL 40% (w/w) HF and 15mL 65% (w/w)
HNO3z); (b) with 1 mL 1 mol L= HF added to (a); (c) with 1.5 mL 1 mofi!
HNO;3 added to (a).

cording to Eq.(1). The titrant volume at the second equiv-
alence point increases slightly with increasing silicon con-
tent and drops suddenly around 740'LSi when the maxi-
mum solubility with respect to Eq1) is reached. This drop,
whichis less pronounced for the first equivalence point, arises
from the full consumption of HF in the etching solutions. At
maximum saturation, the mixture of 70% (v/v) HF and 30%
(v/v) HNOg contains a slight excess of HNQAny excess of
HNO3 oxidizes silicon formally to Si@Qwhich is subsequent
very slowly dissolved by KSiFg [12]. The drop in the den-

first and second equivalence points, respectively, is shownsity of such over-saturated solutions (Fig. 5) may origin from

for a series of initially 70% (v/v) HF and 30% (v/v) HNO

with increasing silicon content. The first equivalence point
is continuously shifted to lower titrant volumes due to the
consumption of free acid by the dissolution of silicon ac-

Fig. 2. Plot of the molar amount of silicon ((M}}$SiFs) added to the
HF-HNGQO; acid mixture vs. the titrated molar amount of NaOH derived

the loss of HF hydrogen bridge bonds in the etching solution
that leads to an increase of the volume.

As a second feature, the titration curves of HF—HNO
etching solutions exhibit a complex time dependekdy. 6

Fig. 4. Titrant volume of 1.0 molt! NaOH at the first (M) and second (@)
equivalence points as function of the mass concentration of silicon. The plot

from the difference between the equivalence points (EP: equivalence point). covers titrations carried out immediately after preparation as well as time-

The molar amounts are referred to 1 mL etching solution.

dependent titrations continued up to 10 days after preparatie®(95).
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Fig. 5. Densities of synthetic etching solutions of initially 35 mL 40% (w/w)

HF, 1 9 i i i . - . . )
» 15 mL 65% (wiw) HNQ, and different amounts of dissolved Si Fig. 7. Plot of the molar amount of silicon dissolved in the HF—HN{Id

. . . . mixture vs. the titrated molar amount of NaOH derived from the difference
shows a shift for the titrant volume of both equivalence points between the equivalence points (EP: equivalence point). The molar amounts

to higher volumes by ageing, however, the difference betweenare referred to 1 mL etching solution.

the equivalent points remains unchanged. This aging effect

causes the wide confidence intervals for low silicon contents stoichiometry of Eq(5) is caused by increasing densities of

in Fig. 4. It had been found that the shifts of equivalence the etching solution as function of the amount of dissolved

points are caused by the aging of the etching solution, in silicon (Fig. 5). Pipetting a constant volume of etching solu-

which dissolved nitrogen oxides (giving a yellow to brown tions with increasing silicon content results a rising deviation

color to the solution) are partially converted into nitric acid. in the expected stoichiometry.

An increase of the nitrate ion concentration during the aging  The effect of density on the analytical results is avoided

period was proven by ion chromatograghs]. by comparing the results between titration and ICP-OES, in

Fig. 7represents the titration of synthetic mixtures of vary- which the influence of the density is cancelled out (Fig. 8).

ing silicon content which were titrated between four and nine Then, the slope of 3.9 0.02 agrees with the expected stoi-

times each within a period of 10 days. The narrow confi- chiometry of 4 according to E¢5) and proves therefore the

dence intervals, calculated fé&=0.95, proves the reaction applied procedure of titrimetric silicon determination.

of [SiFg]?~ with 1.0mol L~1 NaOH (volume between first The slope of 4.4& 0.03 can be considered as an appli-

and second equivalence point) as time independent. The slop&able calibration curve for etching solutions with unknown

of 4.40+ 0.03 inFig. 7, which significantly deviates fromthe  acid contents (Fig. 7). This curve was used to determine the
silicon content of other synthetic silicon-acid mixtures of dif-
ferent HF—HNQ ratios and known silicon contenfable 2

Fig. 6. Titration curves of 1 mL synthetic etching solution (0.7073 g silicon

dissolved in an acid mixture of initially 35 mL 40% (w/w) HF and 15mL  Fig. 8. Plotofthe molaramount of titrated NaOH vs. the molar concentration
65% (w/w) HNQ3) with 1.0 mol L= NaOH: (a) immediately after prepara-  of Sj determined by ICP-OES. The confidence intervals QF95) of the
tion and thermostating and (b) 3 days after preparation and storage at roomjtration with NaOH are taken frorfig. 7 for the ICP-OES measurements
temperature. calculated fom = 8.
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Table 2

Recovery of the silicon content by the titration method for synthetic etching mixtures of varying HFs-Hii@ and known silicon content

B-Si (gL~1) given HF. (initial mixture) (%, v/v) HNQ. (initial mixture) (%, v/v) B-Si (gL™1) calculated Recovery (%)
53.9 70 30 53.2 98.7

16.3 30 70 16.0 98.2

32.2 60 40 32.7 101.6

21.4 40 60 21.4 100.0

27.0 50 50 26.5 98.2
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